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Preface

In producing this ninth edition of Applied Dental 
Materials we have updated the text in both content 
and appearance. We hope that the book will 
remain helpful to students and teachers of the 
science of dental materials alike by remaining true 
to the core principles and developing them into a 
more comprehensive text which covers a wide 
spectrum of materials falling within the scope of 
‘dental materials’. Hence, there are more refer-
ences to practical issues like handling and clinical 
performance of materials, whilst maintaining a 
strong link to quality issues encompassed within 

newly developed ISO standards. Some areas, such 
as adhesion, ceramics, light activation technology, 
CAD-CAM have been developed and expanded 
signifi cantly from the eighth edition, refl ecting sig-
nifi cant changes or developments in these areas. 
There is a new chapter on endodontic materials. 
All areas have benefi ted from a fresh approach to 
the use of drawings and photographs including 
the use of colour for the fi rst time.

John McCabe
Angus Walls

viii



Chapter 1

Science of Dental Materials

whilst the intake of acid fruit juices or alkaline 
medicaments can extend this range from pH 2 to 
pH 11.

The load on 1  mm2 of tooth or restorative mate-
rial can reach levels as high as many kilograms 
indicating the demanding mechanical property 
requirements of some materials.

Many products, for example direct fi lling mate-
rials, are handled entirely by the dentist and their 
chairside assistant and are rarely encountered by 
the dental technician. Other materials are gener-
ally associated with the work of the dental 
laboratory and in this case both technician and 
dentist require a thorough knowledge of the 
materials in order that they may communicate 
about selection, manipulation and any problems 
which arise. A third group of materials link the 
dental surgery and the laboratory. The most 
obvious example of such products is the impres-
sion materials. Whilst the latter are under the 
direct control of the dentist it is essential that the 
dental technician also has a sound knowledge of 
such materials.

1.2 Selection of dental materials

The process of materials selection should ideally 
follow a logical sequence involving (1) analysis of 
the problem, (2) consideration of requirements, 
(3) consideration of available materials and their 
properties, leading to (4) choice of material. Eval-
uation of the success or failure of a material may 
be used to infl uence future decisions on materials’ 
selection. This selection process is illustrated in 
Fig. 1.2. Many experienced practitioners carry out 
this sequence with no apparent effort since they 
are able to call upon a wealth of clinical experi-
ence. However, when presented with new or modi-
fi ed materials even the most experienced dentist 

1.1 Introduction

The science of dental materials involves a study of 
the composition and properties of materials and 
the way in which they interact with the environ-
ment in which they are placed. The selection of 
materials for any given application can thus 
be undertaken with confi dence and sound 
judgement.

The dentist spends much of his professional 
career handling materials and the success or failure 
of many forms of treatment depends upon the 
correct selection of materials possessing adequate 
properties, combined with careful manipulation.

It is no exaggeration to state that the dentist and 
dental technician have a wider variety of materials 
at their disposal than any other profession. Rigid 
polymers, elastomers, metals, alloys, ceramics, 
inorganic salts and composite materials are all 
commonly encountered. Some examples are given 
in Fig. 1.1 along with some of their uses in 
dentistry.

This classifi cation of materials embodies an 
enormous variation in material properties from 
hard, rigid materials at one extreme to soft, fl exi-
ble products at the other.

Many dental materials are fi xed permanently 
into the patient’s mouth or are removed only 
intermittently for cleaning. Such materials have to 
withstand the effects of a most hazardous environ-
ment. Temperature variations, wide variations in 
acidity or alkalinity and high stresses all have an 
effect on the durability of materials.

Normal temperature variations in the oral cavity 
lie between 32ºC and 37ºC depending on whether 
the mouth is open or closed. The ingestion of hot 
or cold food or drink however, extends this tem-
perature range from 0ºC up to 70ºC. The acidity 
or alkalinity of fl uids in the oral cavity as mea-
sured by pH varies from around pH 4 to pH 8.5, 
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2  Chapter 1

should return to a more formal type of selection 
process based on the criteria mentioned.

Analysis: The analysis of the situation requiring 
selection of a material may seem obvious but it is 
of paramount importance in some circumstances. 
An incorrect decision may cause failure of the 
restoration or appliance. For example, when con-
sidering the selection of a fi lling material it is 
important to decide whether the restoration is to 
be placed in an area of high stress. Will it be 
visible when the patient smiles? Is the cavity deep 
or shallow? These factors and many more must 
be evaluated before attempting materials’ 
selection.

Requirements: Having completed a thorough 
analysis of the situation it is possible to develop a 
list of requirements for a material to meet the 
needs of that situation. For the example men-
tioned in the previous section, it may be decided 
that a fi lling material which matches tooth colour 
and is able to withstand moderately high stresses 
without fracture is required. Some tooth cavities 
are caused by toothbrush/toothpaste abrasion. In 
this special case the restorative material used 
should naturally possess adequate resistance to 
dentifrice abrasion. Hence, it is possible to build 

Fig. 1.1 Diagram indicating 
the wide variety of materials 
used in dentistry and some of 
their applications.

Fig. 1.2 Flow chart indicating a logical method of 
material selection.
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a profi le of the ideal properties required for the 
application being considered.

Available materials: The consideration of avail-
able materials, their properties and how these 
compare with the requirements is carried out at 
two levels. The dentist, faced with the immediate 
problem of restoring the tooth of a patient in his 
surgery, must choose from those materials on 
hand at the time. Previous experience with materi-
als in similar circumstances will be a major factor 
which infl uences selection. On a wider scale, the 
practitioner is able to consider the use of alterna-
tive materials or newly developed products where 
these appear to offer a solution to cases which 
have proved diffi cult with his existing armoury of 
products. It is of paramount importance that the 
practitioner keeps up to date with developments 
in materials whilst taking a conservative approach 
towards adopting new products for regular use in 
his surgery until they are properly tested.

Choice of material: Having compared the proper-
ties of the available materials with the require-
ment, it is possible to narrow the choice to a given 
generic group of products. The fi nal choice of 
material brand is often a matter of personal pre-
ference on the part of the dentist. Factors such as 
ease of handling, availability and cost may play a 
part at this stage of the selection process.

1.3 Evaluation of materials

As the number of available materials increases, it 
becomes more and more important for the dentist 
to be protected from unsuitable products or mate-
rials which have not been thoroughly evaluated. 
It should be emphasized, however, that most man-
ufacturers of dental materials operate an extensive 
quality assurance programme and materials are 
thoroughly tested before being released to the 
general practitioner.

Standard specifi cations: Many standard specifi ca-
tion tests, of both national and international stan-
dards organizations, are now available which 
effectively maintain quality levels for some dental 
materials. Such specifi cations normally give details 
for the testing of certain products, the method of 
calculating the results of the minimum permissible 
result which is acceptable. Although such specifi -
cations play a useful part they should not be seen 
as indicating total suitability since the tests carried 
out often do not cover critical aspects of the use 
of a material. For example, many materials fail by 
a fatigue mechanism in practice, but few specifi ca-
tions involve fatigue testing.

Laboratory evaluations: Laboratory tests, some of 
which are used in standard specifi cations, can be 
used to indicate the suitability of certain materials. 
For example, a simple solubility test can indicate 
the stability of a material in aqueous media – a 
very important property for fi lling materials.

It is important that methods used to evaluate 
materials in the laboratory give results which 
can be correlated with clinical experience. For 
example, when upper dentures fracture along the 
midline they do so through bending. Hence a 
bending or transverse strength test is far more 
meaningful for denture base materials than a 
compression test.

Clinical trials: Although laboratory tests can 
provide important and useful data on materials 
the ultimate test is the randomised controlled 
clinical trial and the verdict of practitioners after 
a period of use in general practice. Many materi-
als produce good results in the laboratory, only 
to be found lacking when subjected to clinical 
use. The majority of manufacturers carry out 
extensive clinical trials of new materials, normally 
in co-operation with a university or hospital 
department prior to releasing a product for use 
by general practitioners.



Chapter 2

Properties used to Characterise 
Materials

and as a result may perform poorly. Such materi-
als are said to have limited shelf life. Some materi-
als have an extended shelf life if refrigerated 
during storage. One technique commonly 
employed to predict stability is to carry out accel-
erated ageing by storing samples at elevated tem-
perature, commonly 60ºC, followed by evaluation 
of material properties.

Containers used for materials generally have a 
batch number stamped or printed onto them from 
which the date of manufacture can be obtained. 
Thus, for materials with limited shelf life it is pos-
sible to ascertain the date at which one would 
expect the properties to deteriorate.

Properties of materials during mixing, manipula-
tion and setting: Properties of materials during 
mixing, manipulation and setting are considered 
together since they mainly involve a consideration 
of rheological properties and the way in which 
these change as a function of time during setting.

For materials of two or more components which 
set by a chemical reaction, thorough mixing is 
essential in order to achieve homogeneous distri-
bution of properties throughout the material. The 
ease of mixing depends on factors such as the 
chemical affi nity of the components, the viscosity, 
both of the components and the mixed material, 
the ambient temperature, the method of dispensa-
tion and the method of mixing.

Several methods of dispensation exist among 
materials used in dentistry. Some involve the 
mixing of powder and liquid components, others 
the mixing of two pastes, while others involve 
paste and liquid components. When the mixing of 
two pastes is required, the manufacturer often 
gives a good colour contrast between the two 
pastes. The achievement of a thorough mix of the 
two components can be judged by the attainment 

2.1 Introduction

Many factors must be taken into account when 
considering which properties are relevant to the 
successful performance of a material used in den-
tistry. The situation in which the material is to be 
used and the recommended technique for its 
manipulation defi ne the properties which charac-
terise the material. Laboratory tests used to evalu-
ate materials often duplicate conditions which 
exist in situ. This is not always possible and some-
times not desirable since one aim of in vitro testing 
is to predict in a rapid laboratory test what may 
happen in the mouth over a number of months or 
years. Many tests used to evaluate dental materi-
als involve the measurement of simple properties 
such as compressive strength or hardness which 
have been shown to correlate with clinical 
performance.

Many materials used in dentistry are supplied 
as two or more components which are mixed 
together and undergo a chemical reaction, during 
which the mechanical and physical properties may 
change dramatically. For example, many impres-
sion materials are supplied as fl uid pastes which 
begin to set when mixed together. The set material 
may be a rigid solid or a fl exible rubber depending 
upon the chemical nature of the product.

The acceptance of such a product by the dentist 
depends upon the properties of the unmixed paste, 
the properties during mixing and setting and the 
properties of the set material (Table 2.1). This 
classifi cation of properties applies to virtually all 
groups of materials.

Properties of unmixed materials: Manufacturers 
formulate materials which give optimal perfor-
mance as evaluated by their quality assurance pro-
gramme and clinical trials. It is known however, 
that certain products deteriorate during storage 

4



Properties used to Characterise Materials  5

of a homogeneous colour with no streaks. When 
powder and liquid or paste and liquid are mixed, 
the achievement of a thorough mix is less certain. 
The components are mixed for a recommended 
time and/or until a recommended consistency is 
reached.

A growing number of materials are mixed 
mechanically. This method removes uncertainty 
and gives a more reproducible result.

The use of encapsulated materials which are 
mixed mechanically is becoming very popular. 
These offer the dual advantages of easier and 
more reproducible mixing coupled with pre-set 
proportions of components within the capsules.

Certain products have specifi ed manipulative 
requirements which will be referred to later. For 
many applications, materials should be in a rela-
tively fl uid state at the time they are introduced 
into the patient’s mouth but should undergo rapid 
setting involving a change to a more rigid or 
rubbery form. From the commencement of mixing, 
two important times can be defi ned which have 
an important bearing on the acceptability of mate-
rials. The fi rst is the working time, defi ned as the 
time available for mixing and manipulating a 
material. For example, an impression material 
should be seated in the mouth before the end of 
the working time otherwise setting will have pro-
ceeded suffi ciently for the viscosity to have 

increased considerably. The other time which 
characterises setting is the setting time. This, like 
working time, is to some extent arbitrary since it 
is defi ned as the time taken for a material to have 
reached a certain level of rigidity or elasticity. It 
is known that many materials continue setting for 
a considerable time after the apparent setting and 
optimum properties may not be achieved until 
several hours later.

Properties of the set material: The properties of 
the unmixed material and those during mixing 
and setting are important and may infl uence the 
practitioner’s selection. Generally, it is the proper-
ties of the set material which indicate the suit-
ability of a product for any application. For 
example, in the case of a fi lling material, the 
method of dispensation, viscosity of the mixed 
material, working time and setting time control 
the ease of handling of the product, but the dura-
bility of the material in the oral environment 
depends on factors such as strength, solubility, 
abrasion resistance, etc. The properties of the set 
material can be conveniently divided into the fol-
lowing categories: mechanical properties, thermal 
properties, chemical properties, biological proper-
ties and miscellaneous other physical properties. 
Naturally, the properties relevant to any one 
material will depend on the application.

Table 2.1 Illustrating the different requirements and associated tests used for materials at different stages during their 
storage and use.

Stage of use Practical issues Tests required

During storage
Before use in surgery or 
laboratory. 

Require material to keep fresh and last 
a long time. Wastage is minimised and 
bulk purchases can be made.

Shelf life, expiry date or date of manufacture 
 given by manufacturer.
Test that certain key properties are within 
 acceptable limits after a period of storage.

During proportioning, 
mixing and 
manipulating.

Easy and accurate to proportion, mix 
and use. Should not ‘drip’ off 
instruments. Should not stick to 
instruments.

Test reproducibility of proportioning.
Test effect of proportions on properties.
Test speed and completeness of mix.
Test rheological properties and ‘tackiness’.

During setting. Material should have a convenient rate 
of set. Dimensional and temperature 
changes on setting should not cause 
problems with accuracy or irritation.

Measure working time and setting time using 
 meaningful tests.
Measure dimensional change during setting.
Measure heat absorbed or evolved using 
 thermometry.

Set material Material should have an acceptable 
appearance and suffi cient durability to 
serve its function. Should be safe and 
harmless.

Measure mechanical properties such as 
 strength, hardness, abrasion resistance.
Evaluate resistance to fl uids such as saliva 
 and dietary liquids.
Evaluate colour, translucency and gloss.
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2.2 Mechanical properties

Most applications of materials in dentistry have a 
minimum mechanical property requirement. For 
example, certain materials should be suffi cient-
ly strong and tough to withstand biting forces 
without fracture. Others should be rigid enough 
to maintain their shape under load. Such proper-
ties of materials are generally characterised by the 
stress–strain relationship which is readily obtained 
by using a testing machine of the type shown in 
Fig. 2.1.

Before considering the various types of experi-
ment which can be carried out and the relevance 
of the data obtained, it is necessary to defi ne the 
terms stress and strain.

Stress: When an external force is applied to a body 
or specimen of material under test, an internal 
force, equal in magnitude but opposite in direc-
tion, is set up in the body. For simple compression 
or tension the stress is given by the expression, 
Stress = F/A, where F is the applied force and A 
the cross-sectional area (Fig. 2.2). A stress resist-
ing a compressive force is referred to as a com-
pressive stress and that resisting a tensile force a 
tensile stress.

Tensile and compressive stresses, along with 
shear, are the three simple examples of stress 
which form the basis of all other more complex 
stress patterns. The unit of stress is the pascal (Pa). 
This is the stress resulting from a force of 1 
Newton (N) acting upon one square metre of 
surface. Whereas the tensile stress can be visual-

ized as a purely uni-axial stress set up within a 
material, the compressive stress is more complex 
and comprises force vectors which act to intro-
duce elements of shear within the specimen under 
compression.

One test method commonly used for dental 
materials is the three-point bending test or trans-
verse test (Fig. 2.3).

When an external force is applied to the mid-
point of the test beam the stresses can be resolved 
as shown. The numerical value of stress is given 
by the expression

Stress = 3
2 2

FL
bd

where L is the distance between the supports, b is 
the width of the specimen and d its depth.

When a cylinder of a brittle material is com-
pressed across a diameter as shown in Fig. 2.4a, 
a tensile stress is set up in the specimen, the value 
of the stress being given by

Stress at the axis of the cylinder= 2F
DTπ

where F is the applied force, D the diameter of the 
cylinder and T the length of the cylinder. This type 
of test is referred to as a diametral compressive 
tensile test and is commonly used when conven-
tional tensile testing is diffi cult to carry out due to 
the brittle nature of the test material. For non-
brittle materials the equation used to calculate 
stress breaks down due to the increased area of 
contact between the testing machine platen and 
the material under test (Fig. 2.4b).

(a) (b)

Fig. 2.1 (a) Mechanical properties testing 
equipment. This shows the equipment used in 
determining mechanical properties of materials. The 
test being performed is a tensile test on a sample of 
impression material. Note the shape of the sample 
which is shown in the inset (b). This shape is referred 
to as a dumb bell shaped specimen and it is designed 
so that the specimen can be gripped at each end and 
stretched. The shape of the specimen will ensure that 
fracture occurs in the middle region and not at the 
ends of the specimen where the specimen is gripped.
The results are given on the computer screen in the 
form of a plot of force against displacement, which 
can easily be converted into stress against strain.
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(a)

(b)

Fig. 2.2 Diagram indicating how the magnitudes of (a) 
compressive and (b) tensile stresses and strains are 
calculated.

(a)

(b)

Fig. 2.3 Diagrammatic representation of a 3-point 
bending test or transverse test (a). Bending of the beam 
introduces both tensile and compressive stresses (b).

(a)

(b)

Fig. 2.4 Diametral compressive test for (a) a brittle 
material and (b) a ductile material.

Fracture stress – strength: There is a limit to the 
value of applied force which a body, or specimen 
of material, can withstand. The maximum stress 
is normally used to characterise the strength of a 
material. In a tensile test, the fracture stress is 
referred to as the tensile strength of a material 
whilst a compression test gives a value of com-
pressive strength. The diametral compressive 
tensile test gives a value for tensile strength.

In the case of a bending test, fracture is nor-
mally initiated from the side of the specimen 
which is in tension. The bending stress at fracture, 
often called the fl exural stress, is closely related to 
the tensile strength.

For brittle materials, the fl exural strength can 
be signifi cantly infl uenced by the presence of 
surface defects, voids or other imperfections which 
may cause stress concentrations at the surface in 
tension. These stress concentrations may cause a 
material to fracture at a force lower than that 
which would otherwise be expected, a fact which 
has obvious implications for engineering design as 
well as dentistry.

Strain: The application of an external force to 
a body or test specimen results in a change in 
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dimension of that body. For example, when a 
tensile force is applied the body undergoes an 
extension, the magnitude of which depends on the 
applied force and the properties of the material. 
The numerical value of strain is given by the 
expression

Strain
Change in length
Original length

=

Thus strain, which has no physical dimensions, 
can be seen as a measure of the fractional change 
in length caused by an applied force (Fig. 2.2). 
When strain becomes large, the dimensions of test 
specimens may change in a direction at 90º to that 
of the applied force. For example, a cylinder of 
material may undergo barrelling in addition to 
uni-axial compression, whilst a specimen sub-
jected to tensile stress may become thinner in 
cross-section as the extension occurs. In order to 
monitor the way in which the stress changes with 
these alterations in specimen shape we need to 
take account of the poissons ratio of the material. 
This gives an indication of the ratio of strain 
occurring at 90º to the direction of the applied 
force to that occurring in the direction of the 
force.

The strain may be recoverable, that is the mate-
rial will return to its original length after removal 
of the applied force, or the material may remain 
deformed, in which case the strain is non-recover-
able. A third possibility is that the strain may be 
partially recoverable or that the recovery is time-
dependent. The extent of recovery and/or rate of 
recovery is a function of the elastic properties of 
materials.

Stress-strain relationship: Stress and strain, as 
defi ned in the previous sections, are not indepen-
dent and unrelated properties, but are closely 
related and may be seen as an example of cause 
and effect. The application of an external force, 
producing a stress within a material, results in a 
change in dimension or strain within the body.

The relationship between stress and strain is 
often used to characterise the mechanical proper-
ties of materials. Such data are generally obtained 
using a mechanical testing machine (Fig. 2.1) 
which enables strain to be measured as a function 
of stress and recorded automatically. Modern 
machines are capable of either increasing strain at 
a given rate and measuring the stress or increasing 
stress at a given rate and measuring the strain. 

Other applications, including fatigue testing, will 
be covered later.

For the simplest type of tensile or compression 
test, the graph displayed on the pen recorder 
would be as shown in Fig. 2.5.

It can be seen that in this example there is a 
linear relationship between stress and strain up to 
the point P. Further increases in stress cause pro-
portionally greater increases in strain until the 
material fractures at point T. The stress corre-
sponding to point T is the fracture stress. In a 
tensile test this gives a value of tensile strength, 
whilst in a compression test a value of compres-
sive strength is obtained. The value of stress which 
corresponds to the limit of proportionality, P, is 
referred to as the proportional limit.

Point E is the yield stress. This corresponds to 
the stress beyond which strains are not fully recov-
ered. Hence, it is the maximum stress which a 
material can withstand without undergoing some 
permanent deformation. The yield stress is diffi -
cult to characterise experimentally since it requires 
a series of experiments in which the stress is grad-
ually increased then released and observations on 
elastic recovery made.

As a consequence of these experimental diffi cul-
ties the proportional limit is often used to give an 
approximation to the value of the yield stress. 
Hence, when a material is reported as having a 
high value of proportional limit it indicates that a 
sample of the material is more likely to withstand 
applied stress without permanent deformation.

A practical example of a situation in which a 
high proportional limit is required is in connectors 
of partial dentures. Such connectors should not 
undergo permanent deformation if they are to 

Fig. 2.5 Typical stress-strain graph obtained from a 
simple compressive or tensile test.
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retain their shape. A material such as cobalt–
chromium (Co/Cr) alloy which has a high value 
of proportional limit is popular for this applica-
tion since it can withstand high stresses without 
being permanently distorted. Another way of 
gauging the level of stress required to produce 
permanent deformation is to measure the proof 
stress. This indicates the value of stress which will 
result in a certain degree of permanent deforma-
tion upon removal of the stress. For example, the 
0.1% proof stress (commonly used for alloys) is 
the level of stress which would result in a 0.1% 
permanent deformation.

The slope of the straight-line portion of the 
stress–strain graph gives a measure of the modulus 
of elasticity defi ned as:

Modulus of elasticity
Stress
Strain

=

This has units of stress. The choice of nomencla-
ture for this property is somewhat unfortunate 
since it, in fact, gives an indication of the rigidity 
of a material and not its elasticity. A steep slope, 
giving a high modulus value, indicates a rigid 
material, whilst a shallow slope, giving a low 
modulus value, indicates fl exible material. Whereas 
it may be advantageous for an impression material 
to be fl exible it is essential for a restorative mate-
rial to be rigid.

The value of strain recorded between points E 
and T indicates the degree of permanent deforma-
tion which can be imparted to a material up to 
the point of fracture. For a tensile test this gives 
an indication of ductility whilst for a compressive 
test it indicates malleability. Hence, a ductile 
material can be bent or stretched by a consider-
able amount without fracture whereas a malleable 
material can be hammered into a thin sheet. A 
property often used to give an indication of ductil-
ity is the elongation at fracture. Alloys used to 
form wires must show a high degree of ductility 
since they are extended considerably during the 
production process. In addition, clasps of dentures 
constructed from ductile alloys can be altered by 
bending.

The malleability of stainless steel is utilized 
when forming a denture base by the swaging tech-
nique. This involves the adaptation of a sheet of 
stainless steel over a preformed cast.

The area beneath the stress-strain curve yields 
some important information about test materials 
(Fig. 2.6). The area beneath the curve up to the 

elastic limit, Fig. 2.6a, gives a value of resilience, 
the units being those of energy. Resilience may be 
defi ned as the energy absorbed by a material in 
undergoing elastic deformation up to the elastic 
limit. A high value of resilience is one parameter 
often used to characterise elastomers. Such mate-
rials which may, for example, be used to apply a 
cushioned lining to a hard denture base are able 
to absorb considerable amounts of energy without 
being permanently distorted. The energy is stored 
and released when the material springs back to 
its original shape after removal of the applied 
stress.

The total area under the stress-strain graph, Fig. 
2.6b, gives an indication of toughness. This again 
has units of energy and may be defi ned as the total 
amount of energy which a material can absorb up 
to the point of fracture. A material capable of 
absorbing large quantities of energy is termed a 
tough material. The opposite of toughness is brit-
tleness. This is, naturally, an important property 
for many dental materials. Its measurement, for 
example in a transverse test, depends on factors 
such as the speed with which the stress is increased 
and the presence of small imperfections in the 
specimen surface from which cracks can 
propagate.

Fig. 2.6 The area under a stress-strain graph may be 
used to calculate either (a) resilience or (b) toughness.
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Fracture toughness and impact strength: For 
brittle materials fracture may occur suddenly at a 
stress which is apparently well below the ideal 
fracture stress. This observation led to the devel-
opment of theories on fracture toughness which 
takes account of the fact that small cracks can 
concentrate the stress at their tips. Griffi th devel-
oped the theory of fracture toughness which led 
to the use of equations used for the calculation of 
stress intensifi cation factor K. When K becomes 
great enough for crack propagation to occur it is 
termed the critical stress intensifi cation factor Kc. 
This is calculated using the applied force, the 
specimen dimensions and the size and shape of 
the notch causing stress intensifi cation. K has the 
units MNm−1.5. In order to calculate K or Kc speci-
mens of the type shown in Fig. 2.7 are most com-
monly used. The notch is moulded or machined 
into the specimen and has very well defi ned dimen-
sions of notch depth and notch tip radius. This 
type of specimen is known as a single-edge-notched 
specimen (SEN). It is likely that fracture toughness 
is more meaningful than strength for brittle mate-
rials as the critical effect of surface defects is 
accounted for by the presence of a notch. The 

equations used to calculate fracture toughness 
should strictly only be applied to materials which 
fail by a purely brittle mechanism. When plastic 
deformations occur before fracture misleading 
results can be obtained. The speed at which testing 
is carried out may affect the extent to which 
plastic deformation may occur. It is more likely to 
occur when the strain is increased slowly than 
when the strain is increased rapidly.

Hence materials are more likely to behave in a 
more brittle fashion when stress or strain are 
increased rapidly. When the stress is increased 
very rapidly it may be termed an impact test and 
the important practical property obtained is the 
impact strength which is normally quoted in units 
of energy. For this type of test the machine shown 
in Fig. 2.1 is often not capable of increasing stress 
rapidly enough and a swinging pendulum impact 
testing device is commonly used (Fig. 2.8). This 

Notch in specimen

Applied load

Crack propagating from notch

Fig. 2.7 Notched specimens are often used in tests of 
toughness in order to overcome the effects of surface 
imperfections in specimens.

Fig. 2.8 Test equipment for the Charpy impact test. This 
shows the equipment used to determine impact strength. 
The essential part of this equipment consists of a 
pendulum which swings from the position shown, down 
and then up again to the equivalent position on the other 
side. If a specimen is located at the bottom of the swing, 
as the pendulum swings through, it fractures the 
specimen and as energy will be absorbed in this process 
the pendulum swings up to a lower position on the other 
side. Hence, the energy absorbed in fracturing the 
specimen is shown on the gauge. Since this equipment 
gives a direct measure of energy absorbed during fracture 
this is strictly speaking a measurement of toughness 
rather than strength.
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type of instrument is known as a Charpy Impact 
tester. The position reached by the pendulum after 
fracturing the specimen gives a measure of the 
energy absorbed by the specimen during fracture. 
The absorbed energy can be resolved into several 
components which include friction and air resis-
tance in the equipment. These minor components 
can be calculated by doing a dummy run with no 
specimens. The major components of energy are 
used in initiating and propagating cracks in the 
material. The relative magnitudes of these two 
components can be investigated by testing speci-
mens with and without preformed cracks or 
notches. When the presence of a small notch or 
crack in the surface of a material has a marked 
effect on impact strength the material is said to be 
notch sensitive. Specimens of the type shown in 
Fig. 2.7 are often used in impact testing. Impact 

strength is not a fundamental material property 
(as is modulus of elasticity, for example) and it is 
not possible to fully account for differences in 
specimen size and shape. Values of impact strength 
measured in this way may only be considered of 
limited use in making direct comparisons with 
other materials of the same specimen size tested 
on the same instrument. For this reason the 
method is of limited scientifi c use, but is widely 
used in industry for quality control and develop-
ment. Impact strength is an important property 
for acrylic denture base materials which have a 
tendency to fracture if accidentally dropped onto 
a hard surface.

Figure 2.9 gives examples of various types of 
stress-strain graphs which may be encountered, 
along with an explanation of the way in which the 
graphs can be used to characterise materials.

Fig. 2.9 Six different types of stress-strain graphs. These may be used to characterise materials as follows: (a) rigid, 
strong, tough, ductile; (b) flexible, tough; (c) rigid, strong, brittle; (d) rigid, weak, brittle; (e) flexible, weak, brittle; 
(f) flexible, resilient.
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Fatigue properties: Many materials which are 
used as restoratives or dental prostheses are sub-
jected to intermittent stresses over a long period 
of time – possibly many years. Although the 
stresses encountered may be far too small to cause 
fracture of a material when measured in a direct 
tensile, compressive or transverse test it is possible 
that, over a period of time, failure may occur by 
a fatigue process. This involves the formation of 
a microcrack, possibly caused by stress concentra-
tion at a surface fault or due to the shape of the 
restoration or prosthesis. This crack slowly propa-
gates until fracture occurs. Final fracture often 
occurs at quite a low level of stress, a fact which 
often surprises patients who claim that their 
denture fractured when biting on soft food.

Fatigue properties may be studied in one of two 
ways. Firstly, it is possible to apply a cyclic stress 
at a given magnitude and frequency and to observe 
the number of cycles required for failure. The 
result is often referred to as the fatigue life of a 
material. Another approach is to select a given 
number of stress cycles, say 10  000, and determine 
the value of the cyclic stress which is required to 
cause fracture within this number of cycles. The 
result in this case is referred to as the fatigue limit. 
Both methods play an important part in materials’ 
evaluation. The most rigorous approach is to test 
many specimens at different cyclic stress levels and 
to determine the number of cycles to failure in 
each case. The result is then given in the form of 
a graph as shown in Fig. 2.10. As the applied 

Fig. 2.10 Fatigue testing. Results are 
often given as a graph of cyclic stress 
versus number of cycles to failure. At 
smaller stress levels a greater number of 
cycles are required to cause fracture.

cyclic stress increases, the number of cycles to 
failure decreases.

One of the most important factors involved in 
such tests is the quality of the specimen used in 
the test since faults introduced during preparation 
can drastically reduce both fatigue life and fatigue 
limit.

Fatigue failure has often received only scant 
consideration in the past as a possible mode of 
failure for dental materials. It is now recognized 
that stress concentrations within materials can 
occur to an extent where cracks can propagate to 
cause failure within the normal lifetime of the 
material. Where fatigue cracks occur near the 
surface of a material and result in material loss 
from the surface they can be considered to con-
tribute towards the overall wear observed for the 
material. Thus it is often not possible to sepa-
rate the fracture and wear characteristics of 
materials.

Abrasion resistance: The oral cavity is a relatively 
harsh environment in which to place either a res-
toration or prosthesis. Wear can occur by one or 
more of a number of mechanisms, some of which 
may be considered to be of mechanical origin and 
others chemical. Wear caused by indenting and 
scratching of the surface by abrasive toothpastes 
or food is termed abrasive wear and the hardness 
of a material is often used to give an approximate 
indication of the resistance to this type of 
abrasion.
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Wear due to intermittent stresses caused by, for 
example, tooth-restorative contacts where the 
degree of scratching may be minimal is termed 
fatigue wear and the fatigue life and fatigue limit 
mentioned in the previous section are thought to 
give a guide to the fatigue wear resistance.

In practice the position is not as clear cut as it 
would seem from the previous two paragraphs 
since most wear processes occur by a combination 
of two or more mechanisms. Consequently, labo-
ratory experiments devised to measure wear rates 
of dental materials often produce unconvincing or 
even misleading results.

Chemical factors may play an important role in 
many wear mechanisms. For example, water 
absorption may cause structural changes within a 
material which accelerate the rate of degradation 
by abrasive wear or fatigue. Likewise, solvents 
may cause surface softening which accelerates 
wear.

A process closely related to wear is erosion. This 
is the loss of surface material caused by impinging 
particles (such as sand or raindrops). The term 
erosion has been used in dentistry to imply the 
loss of material through a chemical effect such as 
acid attack.

The most important comparative information 
about the abrasion resistance values of different 
materials comes from well-controlled clinical 
trials.

Hardness: The hardness of a material gives an 
indication of the resistance to penetration when 
indented by a hard asperity. The value of hard-
ness, often referred to as the hardness number, 
depends on the method used for its evaluation. 
Generally, low values of hardness number indicate 
a soft material and vice versa.

Common methods used for hardness evaluation 
include Vickers, Knoop, Brinell and Rockwell. 
Vickers and Knoop both involve the use of 
diamond pyramid indentors. In the case of Vickers 
hardness, the diamond pyramid has a square base, 
whilst for Knoop hardness, one axis of the 
diamond pyramid is much larger than the other. 
The Brinell hardness test involves the use of a steel 
ball indentor producing an indentation of circular 
cross-section. Figure 2.11 shows the types of 
indentation produced in test specimens. The hard-
ness is a function of the diameter of the circle for 
Brinell hardness and the distance across the diago-
nal axes for Vickers and Knoop hardness. Allow-

ance is naturally made for the magnitude of the 
applied loads.

Measurements are normally made using a 
microscope since the indentations are often too 
small to be seen with the naked eye. In the case 
of Rockwell hardness, a direct measurement of the 
depth of penetration of a conical diamond inden-
tor is made. Table 2.2 shows Vickers hardness 
numbers for some common dental materials.

It is worth giving some consideration to what is 
actually being measured during a hardness test. 
For those methods involving the measurement of 
an indentation with a microscope after the indent-
ing force has been removed, the hardness value is 
related to the degree of permanent deformation 
produced in the surface of the test material by the 
indentor under a given load. The pyramidal 
designs of indentors used in Vickers and Knoop 
tests dictate that when they come into contact 
with the surface of a test material the initial 
contact stress is very high. As the indentor pene-
trates further the applied load is spread over a 
greater area and the stress is reduced. The inden-
tor comes to rest when the applied stress is equiva-
lent to the elastic limit of the test material and the 

Fig. 2.11 Shapes of indentations produced by three 
types of hardness test. A decrease in the size of the 
indentation indicates a harder material.

Table 2.2 Vickers hardness numbers of some selected 
dental materials.

Material VHN

Enamel 350
Dentine  60
Acrylic resin  20
Dental amalgam 100
Porcelain 450
Co/Cr alloys 420
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hardness measurement gives an indication of yield 
stress. Any other deformation of the material is 
likely to be elastic in nature and will not be 
recorded as part of the material’s hardness mea-
surement since elastic recovery may occur before 
the measurement is made with the microscope. 
Occasionally it is possible to observe the size of 
the indentation shrinking as elastic recovery 
occurs. When this happens it is important to allow 
the size of the indentation to stabilize before mea-
surements are made. Methods which involve the 
direct measurement of depth of indentation may 
produce results which are diffi cult to analyse 
unless the elastic and plastic parts of the deforma-
tion can be separated.

Hardness is often used to give an indication of 
the ability to resist scratching. Hence, acrylic 
materials are easily scratched because they are 
relatively soft whereas Co/Cr alloys are unlikely 
to become scratched because they are relatively 
hard. As a corollary to this, harder materials are 
more diffi cult to polish by mechanical means.

Hardness is also used to give an indication of 
the abrasion resistance of a material, particularly 

(a)

Spring

Dashpot

Spring and dashpot in parallel
(Voigt model)

Spring and dashpot in series
(Maxwell model)

(b)

(c) (d)

where the wear process is thought to include 
scratching as in abrasive wear.

Elasticity and viscoelasticity: The property of 
yield stress has previously been used to defi ne the 
elastic range of a material. The yield stress is the 
value of stress beyond which the material becomes 
permanently distorted, that is, the strain is not 
completely recovered after the applied load is 
removed.

Although yield stress is an important property 
it does not, on its own, fully characterise the 
elastic properties of a material. Elastic properties 
are often defi ned in terms of the ability of a mate-
rial to undergo elastic recovery. When a material 
undergoes full elastic recovery immediately after 
removal of an applied load it is elastic. If the 
recovery takes place slowly, or if a degree of per-
manent deformation remains, the material is said 
to be viscoelastic.

Models involving the use of springs and dash-
pots can be used to explain the elastic and visco-
elastic behaviour of materials (Fig. 2.12). When a 
spring, which represents an elastic material, is 

Fig. 2.12 Models used to represent (a) 
elastic materials (b) plastic materials and 
(c) and (d) viscoelastic materials.
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fi xed at one end and a load applied at the other 
it becomes instantaneously extended. When the 
load is removed it immediately recovers its origi-
nal length (Fig. 2.13a). This behaviour is analo-
gous to that of a perfectly elastic material. The 
two things that characterise the material are fi rstly 
the perfect recovery after removal of the force and 
secondly the lack of any time dependency of either 
the deformation under load or the recovery after 
removal of the applied force. The extent of defor-
mation under load is characterised by the modulus 
of elasticity of the material (analogous to the 
spring constant of the spring).

When a load is applied to a dashpot, which 
represents a viscous material, it opens slowly, 
strain being a function of the time for which the 
load is applied (Fig. 2.13b). When the load is 
removed the dashpot remains open and no recov-
ery occurs. This is in distinct contrast to the 
behaviour of an elastic material. The time-depen-
dent opening of the dashpot is akin to the way in 
which the fl ow of a viscous or plastic material is 
controlled by its viscosity.

For the material behaving as a spring and 
dashpot in series (Maxwell model), application 
of a load causes the spring to be extended 

Fig. 2.13 Strain versus time graphs 
obtained for various types of model 
materials: (a) elastic material, (b) plastic 
material, (c) viscoelastic material (Maxwell 
type), (d) viscoelastic material (Voigt type).
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instantaneously followed by slow opening of the 
dashpot (Fig. 2.13c). On removal of the load the 
spring recovers but the dashpot remains perma-
nently distorted. The magnitude of the distortion 
depends on the applied load and the time for 
which the load is applied.

For the material behaving as a spring and 
dashpot in parallel (Voigt model), application of 
load causes slow opening of the spring under the 
damping effect of the dashpot (Fig. 2.13d). Fol-
lowing removal of the load the dashpot and spring 
slowly recover to their original state under the 
elastic infl uence of the spring and the damping 

infl uence of the dashpot. The time taken to recover 
is a function of the applied load and the time of 
application of the load. For materials which 
exhibit either Voigt or Maxwell type behaviour, 
the deformation under load is described by a 
value of modulus of elasticity, viscosity and 
time.

Many viscoelastic materials used in dentistry 
behave like a combination of the Voigt and 
Maxwell models (Fig. 2.14). Such materials show 
an instantaneous increase in strain due to the 
spring (A) followed by a gradual increase in strain 
as the dashpot (B) and spring/dashpot (C/D) 

Fig. 2.13 (continued)
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system open. On removal of the load the spring 
(A) recovers instantaneously followed by gradual 
recovery of the spring/dashpot (C/D). Some per-
manent distortion remains as a consequence of the 
dashpot (B). Again, the magnitude of the perma-
nent deformation is a function of the applied load 
and the time of application.

This type of behaviour has important practical 
signifi cance for many dental materials and partic-
ularly for elastic impression materials. All such 
materials are viscoelastic to some extent and may 
become distorted when being removed over under-
cuts. The permanent deformation depends on the 
applied load, which in this case is a function of 
the force required to remove the impression from 

the mouth, and the time for which that force is 
applied. The magnitude of the force is dictated by 
the modulus of elasticity of the material, its thick-
ness and the severity of the undercuts.

Creep and stress relaxation are two other phe-
nomena which can be explained using the visco-
elasticity models.

Creep involves a gradual increase in strain under 
the infl uence of a constant applied load similar to 
that which takes place in the Maxwell model 
(Fig. 2.12c). The phenomenon of creep can only 
be distinguished from that of fl ow by the extent 
of the deformation and the rate at which it occurs. 
The term creep implies a relatively small deforma-
tion produced by a relatively large stress over a 

A

B

D
C

Fig. 2.14 Universal model which can be 
used to explain the viscoelastic properties of 
most materials.
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long period of time whereas fl ow implies a greater 
deformation produced more rapidly with a smaller 
applied stress.

Stress relaxation involves the application of a 
constant strain. Under such conditions the stress 
decreases as a function of time for Maxwell-type 
viscoelastic materials. Although stress relaxation 
experiments can be used to classify materials, 
creep tests have more practical signifi cance for 
dental materials. Such tests are relatively simple 
to carry out. A constant load is applied to a test 
specimen in either compression or tension. The 
strain or creep is measured as a function of time. 
Dynamic creep tests are also carried out in which 
the load is applied at regular intervals and the 
change in the value of strain measured as a func-
tion of the number of loading cycles.

Values of creep obtained by such techniques are 
particularly important for dental amalgam. It is 
thought that creep is a precursor to fracture at the 
edge of the fi lling and hence failure for such 
materials.

Stress relaxation is a measure of decreasing 
stress at constant strain. It is not of direct rele-
vance for most dental applications.

2.3 Rheological properties

Rheology is the study of the fl ow or deformation 
of materials. The term can be applied to both 
solids and liquids and in the case of solids or 
elastomers involves the use of elasticity and visco-
elasticity theory mentioned in Section 2.2. A study 
of the rheological properties of liquids and pastes 
normally involves the measurement of viscosity 
and the determination of the way in which this 
varies with factors such as rate of shear and 
time.

By defi nition viscosity (η) is given by the 
equation

η = ( )
( )

Shear stress 
Shear rate

σ
Ε

The phenomena of shear stress and shear rate can 
be visualized by considering the extrusion of a 
fl uid material from a syringe (Fig. 2.15). When the 
material is extruded at a constant rate the shear 
stress is related to the pressure required to depress 
the barrel of the syringe, whereas the shear rate is 
a function of the fl ow rate. Thus, a material of 
low viscosity requires only a low pressure to 

Pressure = P

Plunger speed = Q

Extruded material

Viscosity = K P/Q  (K = const.)

Dilatant

Newtonian

Pseudoplastic

Shear rate

V
is

co
si

ty

Fig. 2.15 The rheological properties of fluids 
and pastes can be represented by the 
extrusion of materials from a syringe.
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produce a high fl ow rate, whereas a more viscous 
material may require a high pressure to produce 
a relatively small rate of fl ow.

Further characterization of the rheological 
properties of materials is obtained by reference to 
the equation

Shear stress = K (Shear rate)n

where K and n are constants. The constant n is 
referred to as the fl ow index. For the simplest case, 
where n = 1, the shear stress is directly propor-
tional to shear rate and the viscosity of the mate-
rial is constant and independent of shear rate. 
Materials which behave in this way are referred 
to as Newtonian fl uids.

When the fl ow index value is less than unity an 
increase in shear rate produces a less than propor-
tionate increase in shear stress. Thus the viscosity 
is effectively decreased with increasing shear rate 
(shear thinning). Such materials are referred to as 
being pseudoplastic. When the fl ow index value is 
greater than unity an increase in shear rate pro-
duces a more proportionate increase in shear 
stress, thus effectively increasing viscosity (shear 
thickening). Such materials are said to be 
dilatant.

Figure 2.15 illustrates the result which may be 
obtained for Newtonian, pseudoplastic and dilat-
ant materials when viscosity is measured as a 
function of shear rate. For dental materials, New-
tonian and pseudoplastic behaviour are commonly 
encountered, whereas dilatancy is rare. The rheo-
logical properties are important for many differ-

ent materials since they often control the ease of 
use.

Some materials exhibit so-called Bingham char-
acteristics. Here, a fi nite stress, referred to as the 
yield stress of the substance, is required in order 
to cause the material to fl ow. Once the yield stress 
is exceeded the material may behave as a Newto-
nian, pseudoplastic or dilatant fl uid. In Fig. 2.16 
curve A represents the behaviour of a normal 
Newtonian fl uid, curve B the behaviour of a 
normal pseudoplastic fl uid, curve C the behaviour 
of a material with a yield stress (value E) followed 
by Newtonian behaviour and curve D the behav-
iour of a material with a yield stress followed by 
pseudoplastic behaviour.

Viscosity values of materials are temperature-
dependent, an increase in temperature generally 
causing a signifi cant reduction in viscosity.

Time-dependence of viscosity (working times and 
setting times): Many materials used in dentistry 
involve the mixing of two components, thus initi-
ating a chemical reaction which causes the mate-
rial to change from a fl uid to a rigid solid or 
elastomer. The initial viscosity of the mixed mate-
rial often governs its ease of handling. The rate at 
which the viscosity increases as a function of time 
is of equal importance. Manipulation becomes 
impossible when viscosity has increased beyond a 
certain point. The time taken to reach that point 
is the working time of the material.

Figure 2.17 shows a typical plot of viscosity 
against time for a material setting by a chemical 

Fig. 2.16 Shear stress–shear rate plots of 
four materials. Two (A and B) have no yield 
stress whilst the other two (C and D) exhibit a 
yield stress of value E.
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reaction (curve A). The material may become 
unmanageable when it reaches a viscosity value of 
V1, thus the material has a working time of T1. 
Curve B is the plot of a material for which the 
viscosity does not begin to increase until the time 
T2 and the viscosity has not reached V1 until the 
time T3. Thus the working time for this material 
is considerably longer than that for material A. 
The shape of curve B suggests that the chemical 
reaction involved in setting has an induction 
period, probably produced by chemical retarders 
which manufacturers sometimes use to extend 
working times.

The other important time used to defi ne setting 
characteristics is the setting time. This is related 
to the time taken for the material to reach its 
fi nal set state or to develop properties which are 
considered adequate for that application. Methods 
used for measuring setting characteristics vary 
from one type of material to another. Many types 
of rheometer, both simple and complex, are 
capable of monitoring changes in viscosity as a 
function of time. Unfortunately, few instruments 
are able to monitor both the subtle changes 
occurring during the early stages of setting whilst 
the material is still relatively fl uid and the changes 
occurring later when the material is highly viscous 
and rigid. Hence, two separate instruments are 
sometimes required to fully characterise setting. 
One convenient and commonly used method is 
resistance to penetration. Thus a material may be 
considered set when it is able to resist penetration 

by a probe of known weight and tip diameter 
(Fig. 2.18). It can be seen that in Fig. 2.18a the 
material is readily penetrated by the probe indi-
cating that it has not set, whilst in Fig. 2.18b the 
probe is supported by the material, indicating 
that it is now set. As with most other methods 
of setting-time evaluation, this one is to some 
extent arbitrary in that the value obtained depends 
on the weight and tip diameter of the probe. 

Fig. 2.17 Viscosity increasing with time for 
two materials during setting. Material B has 
an induction period during which the 
viscosity is unchanged.

(a) (b)

Fig. 2.18 Assessment of setting time by determination 
of resistance to penetration. (a) Material is unset. 
(b) Material is set.
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Further consideration of the arrangement illus-
trated in Fig. 2.18 suggests that the setting time 
determined by this method is the time required 
to produce a particular value of yield stress within 
the setting material. For this test to be meaningful 
the critical yield stress which corresponds to the 
applied load and probe tip diameter should have 
some practical signifi cance related to the intended 
use of the material. Some products develop elastic 
properties during setting. These working times 
and setting times can be determined through mea-
surement of the initial onset of elastic behaviour 
and the attainment of the fi nal, optimum elastic 
state.

2.4 Thermal properties

Wide temperature fl uctuations occur in the oral 
cavity due to the ingestion of hot or cold food and 
drink. In addition, more localized temperature 
increases may occur due to the highly exothermic 
nature of the setting reaction for some dental 
materials. The dental pulp is very sensitive to 
temperature change and in the healthy tooth is 
surrounded by dentine and enamel, which are 
relatively good thermal insulators. It is important 
that materials which are used to restore teeth 
should not only offer a similar degree of insulation 
but also should not undergo a large temperature 
rise when setting in situ.

Another consequence of thermal change is 
dimensional change. Materials generally expand 
when heated and contract when cooled. These 
dimensional changes may cause serious problems 
for fi lling materials, particularly in the region of 
the tooth/restorative interface.

Thermal conductivity: Thermal conductivity is 
defi ned as the rate of heat fl ow per unit tempera-
ture gradient. Thus, good conductors have high 
values of conductivity. Table 2.3 gives values of 
thermal conductivity for some dental materials 
along with those for enamel and dentine. It is clear 
that heat is conducted through metals and alloys 
more readily than through polymers such as 
acrylic resin. The relatively high value of conduc-
tivity for dental amalgam indicates that this mate-
rial could not provide satisfactory insulation of 
the pulp. For this reason it is normal practice to 
use a cavity base of a cement such as zinc phos-
phate which has a lower thermal conductivity 
value.

Thermal conductivity is an equilibrium prop-
erty and since most thermal stimuli encountered 
in the mouth are transitory in nature the value of 
thermal diffusivity may be of more practical use 
in predicting materials behaviour.

Thermal diffusivity: Thermal diffusivity (D) is 
defi ned by the equation

D
K

Cp
=

× ρ

where K is the thermal conductivity, Cp is the heat 
capacity and r the density. This property gives a 
better indication of the way in which a material 
responds to transient thermal stimuli. Thus, if a 
cold drink is taken and the cooling effect on any 
tooth or restoration surface is maintained for only 
a second or two, the diffusivity allows calculation 
of the temperature change in the pulp. This should, 
naturally, be as small as possible. The diffusivity 
value recognizes that when transient thermal 
stimuli are applied a certain amount of heat will 
be absorbed in raising the temperature of the 
material itself. This will effectively reduce the 
quantity of heat available to be transported 
through the material.

Measurements of thermal diffusivity are often 
made by embedding a thermocouple in a specimen 
of material and plunging the specimen into a hot 
or cold liquid (Fig. 2.19a). If the temperature 
recorded by the thermocouple rapidly reaches that 
of the liquid, this indicates a high value of diffusiv-
ity. A slow response, on the other hand, indicates 
a lower value of diffusivity (Fig. 2.19b). In many 
circumstances a low value of diffusivity is 

Table 2.3 Thermal conductivity values of some selected 
dental materials.

Material
Thermal conductivity 

(W m−1 ºC−1)

Enamel 0.92
Dentine 0.63
Acrylic resin 0.21
Dental amalgam 23.02
Zinc phosphate cement 1.17
Zinc oxide/eugenol cement 0.46
Silicate materials 0.75
Porcelain 1.05
Gold 291.70
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preferred. However, there are occasions on which 
a high value is benefi cial. For example, a denture 
base material, ideally, should have a high value of 
thermal diffusivity in order that the patient retains 
a satisfactory response to hot and cold stimuli in 
the mouth.

Exothermic reactions: Many dental materials 
involve the mixing of two or more components 
followed by setting. The setting process often 
occurs in situ and very often the chemical reaction 
occurring during setting is exothermic in nature. 
For industrial production processes, exothermic 
reactions must be closely controlled in order to 
avoid explosions. For dental materials this is not 
a problem due to the relatively small sample sizes 
used. However, the heat liberated and the associ-
ated rise in temperature may cause clinical 
problems.

Table 2.4 gives typical values of temperature 
rise recorded for small samples of some dental 
materials. Naturally, the temperature rise increases 
with an increasing amount of material. Hence, 
due regard must be paid to the possible effect that 

such materials may have on the dental pulp when 
used as restoratives, particularly when a large 
bulk of material is used.

Following the course of an exothermic chemical 
reaction using a calorimeter is an accurate way 
of evaluating the setting characteristics of some 
dental materials. Consideration of the tempera-
ture against time curve which results from such 
experiments may produce a convenient method 
for measuring working times and setting times. 
The temperature rise occurring during setting has 
become even more signifi cant with the growing 
number of light-activated materials used in 

Fig. 2.19 (a) Measuring thermal 
diffusivity by embedding a 
thermocouple in a sample of the 
material. The sample is plunged into a 
hot or cold fluid and (b) temperature 
change plotted against time.

Table 2.4 Temperature rise during setting of some 
selected materials (100  mg sample).

Material Temperature rise (ºC)

Zinc oxide/eugenol cement 0.2
Zinc phosphate cement 1.9
Acrylic resin 9.6
Composite resin 4.0
Glass ionomer cement 1.0
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dentistry. For these products setting often occurs 
very rapidly, leading to a more marked rise in 
temperature. In addition, the light sources used to 
activate setting produce heat. Hence, the com-
bined effect of the setting reaction and the heating 
effect of the light can cause short-lived tempera-
ture rises in excess of 20ºC for even small quanti-
ties of some resin-based materials.

Coeffi cient of thermal expansion: The linear coef-
fi cient of thermal expansion is defi ned as the frac-
tional increase in length of a body for each degree 
centigrade increase in temperature. Thus,

α = Δ
Δ

° −L L
T

C
/ 0 1

where the coeffi cient α is defi ned in terms of the 
change in length ΔL, the original length L0 and the 
temperature change ΔT.

Because the values of α are often very small 
numbers (typically 0.000025ºC−1 for amalgam) 
they are often quoted as parts per million (ppm). 
For example, the value for a typical amalgam 
specimen would be quoted as 25  ppm ºC−1. Values 
for some common materials are given in Table 
2.5.

This property is particularly important for 
fi lling materials. When the patient takes a cold 
drink, both the fi lling material and tooth sub-
stance contract, the amount of contraction depend-
ing on the value of α for each. If the value of α 
for the material is signifi cantly greater than that 
for tooth substance a small gap will develop down 
which fl uids containing bacteria can penetrate, as 
illustrated in Fig. 2.20. The magnitude of the gap, 
shown as x in the diagram, is minimized for both 
hot and cold stimuli if the values of α for tooth 
substance and fi lling are matched. Hence, it can 
be seen from Table 2.5 that certain materials, for 
example silicate cements, perform very well in 
this respect, whilst others, such as acrylic resin, 
perform badly.

In practice, however, the situation is not so 
clear cut. Coeffi cient of thermal expansion is an 
equilibrium property and the expansion or con-
traction due to transient stimuli is a function of 
both coeffi cient of thermal expansion and thermal 
diffusivity. For fi lling materials, the most ideal 
combination of properties would be a low value 
of diffusivity combined with a coeffi cient of 
thermal expansion value similar to that for tooth 
substance.

2.5 Adhesion

Adhesion may be defi ned simply as an interaction 
between two materials at an interface where they 
are in contact. The nature of the interaction is 
such that their separation is prevented. The prop-
erty of adhesion is recognized as being of major 
importance for fi lling materials, luting materials 
and fi ssure sealants. In each case the aim is 
to produce a tight seal between tooth substance 
and material with minimal destruction of tooth 
tissue.

Materials which are capable of bonding two 
surfaces together are called adhesives whilst the 
material to which the adhesive is applied is termed 
the adherend. In dentistry, an adhesive may, typi-
cally, be required to bond dentine and gold or, if 
the adhesive also acts as a fi lling material, may 
simply be required to attach to one surface, 
for example enamel or dentine. The latter is an 
ideal situation in which the restorative material 
possesses inherent adhesive characteristics which 
enable it to bond to dentine. This ideal is not 
always possible to achieve and dental adhesives 
are commonly used to form a thin layer between 
tooth substance and a restorative material.

Table 2.5 Coefficient of thermal expansion values of 
some selected materials.

Material
Coeffi cient of thermal 
expansion (ppm ºC−1)

Enamel 11.4
Dentine  8.0
Acrylic resin 90
Porcelain  4
Amalgam 25
Composite resins 25–60
Silicate cements 10

Fig. 2.20 Diagram illustrating the production of a 
marginal gap due to thermal contraction.
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Bonding may be achieved by one of two 
mechanisms – mechanical attachment or chemical 
adhesion.

In mechanical attachment the adhesive simply 
engages in undercuts in the adherend surface as 
shown in Fig. 2.21. When the surface irregularities 
responsible for bonding have dimensions of only 
a few micrometres the process is known as micro-
mechanical attachment. This should be distin-
guished from macromechanical attachment which 
forms the basis of retention for many fi lling mate-
rials, using undercut cavities. In the case of chemi-
cal adhesion the adhesive has a chemical affi nity 
for the adherend surface. If the attraction is caused 
by Van der Waals forces or hydrogen bonds, the 
resultant bond may be relatively weak. On the 
other hand, the formation of ionic or covalent 
links may result in a stronger bond.

Whichever mechanism of bonding is utilized the 
adhesive must be capable of wetting the adherend 
surface. In the case of mechanical attachment the 
adhesive must fl ow readily across the adherend 
surface and enter into all the surface undercuts in 
order to form the bond. For chemical adhesion the 
adhesive must wet the adherend surface in order 
that intimate contact between the adhesive and 
adherend may result in the formation of specifi c 
links which cause bonding.

The ability of an adhesive to wet an adherend 
surface is evaluated by measuring the contact 
angle which is formed when a drop of adhesive is 
applied to the surface. Figure 2.22 shows that for 

Fig. 2.21 Diagram illustrating the difference between 
(a) micromechanical attachment and (b) chemical 
adhesion.

good wetting, a low contact angle, ideally 
approaching 0º, is required. High contact angles 
indicate poor wetting and globule formation, and 
would probably result in poor adhesion.

The surface tension of the adhesive is the prop-
erty which maintains it in the form of a droplet 
and acts to prevent wetting. There must be suffi -
cient energy liberated through the forces of attrac-

Fig. 2.22 Diagram showing (a) good 
wetting of an adherend surface and (b) 
poor wetting and globule formation.
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tion between the adhesive and adherend in order 
to break down the surface tension of the adhesive 
and enable the materials to come into intimate 
contact. This affi nity which is a prerequisite to 
adhesion has posed dental researchers with a great 
dilemma since the majority of resins used in dental 
fi llings are relatively hydrophobic whilst dentine 
and enamel are relatively moist. This implies that 
there will be little natural affi nity between the two 
materials which the dentist is trying to join 
together. The development of primers has helped 
to solve the problem. These materials change the 
nature of the adherend surface and improve affi n-
ity for resins used in restorative materials.

Adhesive forces are maximized if the adhesive 
and adherend are in intimate contact over a large 
surface area. This generally requires that adhe-
sives should be applied to the adherend in the 
form of a low viscosity fl uid or paste. Figure 2.23a 
illustrates the situation which arises if two solid 
surfaces are placed in contact. The rigid nature of 
the materials dictates that unless the two surfaces 
are perfectly fl at (very diffi cult to achieve), they 
are in contact over only a very small proportion 
of their surface and the actual area of contact is 
only a fraction of the apparent area of contact. 
Hence, even if interactions between the two 

surfaces are favourable the adhesive strength is 
unlikely to be great enough to maintain the adhe-
sive and adherend in contact in the presence of 
even a small displacing force. If the adhesive is 
fl uid but does not adequately wet the adherend 
surface the situation may not be much better, as 
illustrated in Fig. 2.23b. The ideal situation of a 
fl uid adhesive which fully wets the adherend 
surface is illustrated in Fig. 2.23c. Here the two 
interacting materials take full advantage of the 
adhesive forces set up over the whole surface. In 
this case the actual area of contact is greater than 
the apparent area.

The way in which the preceding argument 
relates to certain dental adhesives is illustrated in 
Fig. 2.24. Figure 2.24a represents a cross-section 
through acid etched enamel. Figure 2.24b illus-
trates the situation which may exist when a resin 
is applied. Close adaptation and penetration of 
the resin into the enamel surface has not occurred 
due to poor wetting and/or the viscosity of the 
resin being too great. In Fig. 2.24c a resin of low 

Fig. 2.23 Diagram illustrating adhesive (A) and 
adherend (B) surfaces in contact. (a) Two rigid surfaces 
make contact over a relatively small area. (b) The 
adhesive is fluid but does not wet the adherend surface. 
(c) The adhesive is fluid and wets the adherend surface.

Fig. 2.24 Diagram illustrating application of a resin 
adhesive A to an etched-enamel surface B. (a) View of 
section through etched enamel. (b) The adhesive is too 
viscous or does not wet the enamel surface. (c) Good 
penetration of etched enamel by resin resulting from 
good wetting characteristics and relatively fluid resin.
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viscosity and good wetting characteristics ensures 
good adaptation to and penetration of the etched 
enamel surface, probably resulting in good 
bonding characteristics.

2.6 Miscellaneous physical properties

Properties of materials which may infl uence their 
acceptability but which do not fall into any of the 
other categories are (1) dimensional changes 
during and after setting, (2) density, and (3) 
appearance.

Dimensional changes: Dimensional accuracy is an 
important requirement of many dental materials. 
The success of many restorative procedures 
depends on dimensional changes which occur 
during impression recording, casting of alloys or 
setting of direct restorative materials.

The manipulation of many materials involves 
the mixing of two or more components followed 
by a chemical reaction which brings about setting. 
Chemical reactions are invariably accompanied by 
dimensional changes. In the case of polymerisa-
tion reactions, a contraction normally occurs 
whereas other types of reaction may result in an 
expansion.

Where several stages are involved in the produc-
tion of a restoration or appliance it is possible that 
dimensional changes occur at each stage. In such 
a case it is possible that an expansion at one stage 
can be used to partly counteract a contraction 
which occurs at another stage. For example, when 
constructing a cast metal restoration the setting 
expansion of the investment material partially 
compensates for the casting shrinkage of the 
alloy.

Dimensional changes may continue to occur in 
materials long after the apparent setting. There are 
many possible causes. Firstly, the changes may be 
due to continued slow setting or release of stresses 
set up during setting. Alternatively, they may be 
due to water absorption by, or loss of constituents 
from, the material. The degree to which the dimen-
sions of a material alter after setting is said to be 
a measure of its dimensional stability.

Density: Density is a fundamental property which 
affects design aspects of dental appliances. If, for 
example, one were choosing an alloy with which 
to construct components of an upper denture, it 
would be necessary to consider density. A bulky 

design in a heavy alloy would result in large dis-
placing forces making retention diffi cult. In order 
to reduce such destabilizing forces one may choose 
to use a lower density alloy and to keep the alloy 
bulk to a minimum. These considerations become 
even more signifi cant when other design parame-
ters are taken into account. For example, if a 
rectangular cross-section beam is subjected to 
three-point bending, the force to cause a given 
defl ection at the centre of the beam depends upon 
the square of the thickness. Hence, if a rigid (high 
modulus of elasticity), low density material is used 
equal performance can be achieved with a consid-
erable saving in weight.

Appearance: One of the most demanding require-
ments of dental restorative materials is that they 
should match the natural hard and soft tissues in 
appearance.

Colour is a somewhat subjective phenomenon 
which may be judged differently by different 
observers. The majority who agree on the judge-
ment of a colour refer to the minority who dis-
agree as being colour-blind. Colour may, in 
fact, be produced in several different ways, includ-
ing: selective refl ection, selective absorption, 
diffraction, scattering and interference. Hence, 
the colour of an object or material is, in a sense, 
not an inherent property of that material but 
results from a number of factors including the 
composition of the material and its thickness and 
surface roughness as well as the nature of illumi-
nating light.

Using the CIE (Commission International de 
l’Eclairage) method of colour measurement colour 
is defi ned by three parameters, L, a and b as illus-
trated in Fig. 2.25. From this, other commonly 
used terms can be explained as follows:

• The dominant wavelength or hue is repre-
sented by the relative values of a and b and 
their signs.

• The colour intensity or chroma is represented 
by the distance from the centre of the chart as 
indicated by the magnitude of the values of a 
or b.

• The brightness (sometimes called value) is rep-
resented by the value of L, which indicates the 
position on the vertical column.

The hue and chroma are inherent properties of 
materials whereas the brightness may be affected 
by factors such as surface fi nish.
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In many materials (e.g. resin-based products) 
the initial hue and chroma are controlled by the 
manufacturer through the incorporation of pig-
ments and the use of fi llers having varying trans-
lucency/opacity. The passage of light through a 
material having a composite structure is infl u-
enced by the degree to which the fi ller and matrix 
phases have a matched refractive index.

Changes in hue and chroma which occur over 
time can be due to either changes in the bulk of 
the material, i.e. through molecular transforma-
tions or reactions of one or more of the material 
components, or through the absorption of stains 
onto the surface of the material. To distinguish 
these two processes the terms intrinsic and extrin-
sic staining are often used. The latter is normally 
related to the surface roughness of the material.

2.7 Chemical properties

One of the main factors which determines the 
durability of a material used in the mouth is its 
chemical stability. Materials should not dissolve, 
erode or corrode, nor should they leach important 
or toxic constituents into the oral fl uids.

Solubility and erosion: The solubility of a material 
is simply a measurement of the extent to which it 
will dissolve in a given fl uid, for example, water 
or saliva. Erosion, on the other hand, is a process 
which combines the chemical process of dissolu-
tion with a mild mechanical action. Hence it is 

possible to envisage a situation in which the 
surface layer of a material becomes weakened and 
undermined by dissolution and then becomes 
totally detached by mild abrasion.

There is occasionally some confusion over the 
term erosion. This is because in materials science 
the term is normally used to imply damage pro-
duced by the impingement of particles on an 
object. In dentistry the term has gained wide-
spread use to describe the destruction of natural 
hard tissues by acids (either occurring naturally or 
present in food/drinks). This usage has been 
widened to include the degradation of restorative 
materials by a combination of chemical and mild 
mechanical action.

These properties are particularly important for 
all restorative materials since a high solubility or 
poor resistance to erosion will severely limit the 
effective lifetime of the restoration.

When assessing the solubility or erosion rate of 
materials it is important to consider the vast range 
of conditions which may exist in the mouth. The 
pH of oral fl uids may vary from pH 4 to pH 8.5, 
representing a range from mildly acidic to mildly 
alkaline. Highly acidic soft drinks and the use of 
chalk-containing toothpastes extend this range 
from a lower end of pH 2 up to pH 12. It is pos-
sible for a material to be stable at near neutral pH 
values but to erode rapidly at extremes of either 
acidity or alkalinity. This partially explains why 
certain materials perform adequately with some 
patients but not with others.

Standard tests of solubility often involve the 
storage of disc specimens of materials in water for 
a period of time, the result being quoted as the 
percentage weight loss of the disc. Such methods, 
however, often give misleading results because 
they do not represent what occurs in the mouth. 
New methods of testing which have been incor-
porated in some ISO standards involve dripping 
or spraying sets of aqueous acidic solutions onto 
the surfaces of test specimens. This involves the 
use of a more aggressive fl uid (typically pH 4) and 
the mildly abrasive effect of the impinging liquid 
droplets. The most appropriate method for mea-
suring material loss is to estimate volume loss as 
this can be correlated with material loss from 
restorations as judged clinically. Judging material 
loss by weight change is less satisfactory as even 
though material is lost from the surface the weight 
of a specimen may increase if water absorption is 
great enough.

- a

+ a

- b

+ b

L = 0

L = 100

Fig. 2.25 Three-dimensional representation of colour 
using the CIE system.
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Leaching of constituents: Many materials, when 
placed in an aqueous environment, absorb water 
by a diffusion process. Constituents of the mate-
rial may be lost into the oral fl uids by a diffusion 
process commonly referred to as leaching. This 
may have serious consequences if it results in a 
change of material properties or if the leached 
material is toxic or irritant.

Some soft acrylic polymers used for cushioning 
the fi tting surfaces of dentures rely on the presence 
of relatively large quantities of plasticizer in the 
acrylic resin for their softness. The slow leaching 
of plasticizer causes the resin to become hard and 
therefore ineffective as a cushion.

Occasionally leaching is used to the benefi t of 
the patient. For example, in some cements con-
taining calcium hydroxide, slow leaching causes 
an alkaline environment in the base of deep cavi-
ties. This has the dual benefi t of being antibacte-
rial and of encouraging secondary dentine 
formation.

Some restorations leach fl uoride which is 
thought to have a benefi cial effect on the sur-
rounding dental hard tissues. It is important that 
this process does not have a deleterious effect on 
the properties of the material (e.g. cement). Much 
depends on the mechanism of leaching. If this 
occurs by ion exchange there is a good chance that 

Fig. 2.26 Ranking orders of electrode 
potentials and reactivities for various metals.

fl uoride ions will be replaced by another anion 
(e.g. hydroxyl) and the integrity of the material is 
maintained. If the leaching occurs by washout, 
however, the process is likely to be accompanied 
by gradual degradation.

Corrosion: Corrosion is a term which specifi cally 
characterises the chemical reactivity of metals and 
alloys. The major requirement of any such mate-
rial used in the mouth is that it should have good 
corrosion resistance.

Metals and alloys are good electrical conductors 
and many corrosion processes involve the setting 
up of an electrolytic cell as a fi rst stage in the 
process.

The tendency of a metal to corrode can be pre-
dicted from its electrode potential. It can be seen 
from Fig. 2.26 that materials with large negative 
electrode potential values are more reactive whilst 
those with large positive values are far less reac-
tive and are often referred to as noble metals. The 
electrode potential is a measure of the extent to 
which the reaction

M → M+ + electron

will occur.
In an electrolytic cell involving two metals, 

material is lost from the metal with the most 
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negative electrode potential. Thus, when zinc and 
copper come into contact in the presence of a 
suitable electrolyte (Fig. 2.27), material loss occurs 
from the zinc by the reaction:

Zn → Zn2+ + 2 electrons

Hydrogen is liberated at the copper by the 
reaction:

2H+ + 2 electrons → H2

In this simple type of electrolytic cell the zinc is 
referred to as the anode. This is the electrode at 
which positive ions are formed and therefore the 
electrode at which corrosion occurs. The copper 
is referred to as the cathode. The more negative a 
value of electrode potential which a metal pos-
sesses the more likely it is to form the anode in an 
electrolytic cell.

If a voltmeter is placed between the anode and 
cathode an electrical potential difference can be 
measured, thus illustrating the fl ow of electrons 
within the electrolytic cell.

The conditions under which an electrolytic cell 
may be set up in the mouth involve the presence 
of two or more metals of different electrode poten-
tial and a suitable electrolyte. Saliva and tissue 
fl uids are good electrolytes. The two metals may 
be derived from restorations constructed from dif-
ferent metals or alloys, or from areas of different 
composition within one restoration, for example 
amalgam, as illustrated in Fig. 2.28.

Generally, the more homogeneous the distribu-
tion of metal atoms within an alloy the less ten-
dency there is for corrosion to occur. Consequently, 

many manufacturers of alloys carry out homoge-
nization heat treatments to help to eliminate the 
possibility of electrolytic corrosion.

It can be seen from Fig. 2.26 that chromium has 
a negative value of electrode potential and is at 
the reactive end of the series of metals shown. It 
is therefore surprising to learn that chromium is 
included as a component of many alloys in order 
to improve corrosion resistance. This apparent 
contradiction can be explained by the passivating 
effect. Although chromium is electrochemically 
active it reacts readily forming a layer of chromic 
oxide which protects the metal or alloy from 
further decomposition.

Other factors which can affect the corrosion of 
metals and alloys are stress and surface roughness. 
Stress in metal components of appliances pro-
duced, for example, by excessive or continued 
bending can accelerate the rate of corrosion and 
may lead to failure by stress corrosion cracking. 
Pits in rough surfaces can lead to the setting up of 
small corrosion cells in which the material at the 
bottom of the pit acts as the anode and that at the 
surface acts as the cathode. The mechanism of this 
type of corrosion, sometimes referred to as con-
centration cell corrosion, is complicated but is 
caused by the fact that pits tend to become fi lled 
with debris which reduces the oxygen concentra-
tion in the base of the pit compared with the 
surface. In order to reduce corrosion by this mech-
anism, metals and alloys used in the mouth should 
be polished to remove surface irregularities.

An appreciation of the principles of electrolytic 
corrosion should help the dentist to design the 
arrangement of restorations and appliances in 
such a manner that dissimilar materials are not 
allowed to come into close contact. The conse-

Electrolyte
Solution

Copper

Contact
Zinc

Zn2+

Fig. 2.27 Electrolytic cell involving two dissimilar metals 
in contact and an electrolyte. Corrosion of the most 
electronegative metal occurs. Arrows represent flow of 
electrons.

Fig. 2.28 An electrolytic cell involving different phases 
within one alloy. Saliva acts as the electrolyte. Phase A is 
more electronegative than phase B. Arrows represent flow 
of electrons.
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quences of corrosion can be varied and include: 
pain due to the fl ow of galvanic current, metallic 
taste due to the release of ions, deterioration in 
appearance and mechanical properties and, most 
seriously, an increased body burden of metallic 
ions. There is increasing concern over the effects 
of increasing the body’s burden of heavy metals 
such as mercury and nickel.

Testing of corrosion and tarnish: According to 
ISO 10271:2001, the defi nition of corrosion is 
‘physicochemical interaction between a metal or 
an alloy and its environment that results in a 
partial or total destruction of the material or in a 
change of its properties’. On the other hand, 
tarnish is defi ned as ‘surface discolouration 
due to interaction between a metal and its 
environment’.

An acceptable corrosion resistance of an alloy 
to be used in the mouth is an essential requirement 
for both function and freedom from biological 
hazard. Historically, experts have been unable to 
agree on a test method which is meaningful and 
would be suitable for inclusion in ISO standards 
for dental alloys. It is this factor amongst others 
which has required compositional limits for alloys 
to be part of the existing specifi cations. A stan-
dard on corrosion test methods published in 2001 
(ISO 10271:2001) specifi es methods for determin-
ing corrosion and tarnish by static or cyclic immer-
sion or by an electrochemical test. Should this 
standard prove applicable to the testing of a 
variety of alloys it may alter the nature of a 
number of ISO standards.

The static immersion test involves soaking spec-
imens of the test alloy in an aqueous solution of 

lactic acid and sodium chloride for 7 days at 37ºC. 
The nature and concentration of the metallic ions 
is determined and reported with particular empha-
sis being placed on elements known to be hazard-
ous such as nickel, cadmium and beryllium.

The electrochemical test involves setting up an 
electrolytic cell in which the test material forms 
the working electrode and the electrolyte com-
prises an aqueous solution of sodium chloride at 
a pH of 7.4. A potentiodynamic sweep is carried 
out in which the potential and/or the current 
density are increased and a plot of potential 
against logarithm of current density is obtained. 
The behaviour of the test material is characterised 
by the presence of active peak potentials and by 
the breakdown potential and the corresponding 
current densities of these events. The surface of 
the material is also examined for damage. A 
diagram of the test set-up used, as given in ISO 
10271:2001, is shown in Fig. 2.29.

ISO 10271:2001 recommends that tarnish 
should be determined using a cyclic immersion 
test. The test sample is dipped into an aqueous 
solution of sodium sulphide hydrate for 10–15 
seconds once every minute over a period of 3 days. 
Treated and untreated specimens are compared 
visually to determine if any discolouration has 
occurred. The test recognizes that tarnish is most 
commonly associated with the formation on the 
surface of metallic sulphides.

2.8 Biological properties

It is a primary requirement of any dental material 
that it should be harmless to the patient and to 
those involved in its manufacture and handling. 

Potentiostat
(applies and controls 
potential)

Current measurement

Potential measurement

Cell containing electrolyte

Working electrode
(test material)

Counter electrode

Reference electrode

Fig. 2.29 Measuring circuit used in the 
electrochemical test for corrosion resistance. A 
potential is applied across the test and counter 
electrodes and the current measured indicates 
the extent to which corrosion occurs.
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Whilst the manufacture of materials may involve 
the use of relatively toxic raw materials, close 
control of production processes reduces or elimi-
nates the risk to personnel.

Ideally, a material placed into a patient’s mouth 
should be non-toxic, non-irritant, have no carci-
nogenic or allergic potential and, if used as a 
fi lling material, should be harmless to the pulp.

Biological evaluation of dental materials is 
carried out on three levels. At the fi rst level, 
simple screening tests can be used to evaluate 
acute systemic toxicity, irritational potential and 
carcinogenic potential. The second level of testing 
involves limited usage tests in experimental 
animals. For example, when evaluating fi lling 
materials it is common to place restorations in 
the teeth of monkeys or ferrets. If the tests carried 
out at the fi rst and second levels produce satisfac-
tory results then it is possible to consider moving 
to the third level of testing – the randomised con-
trolled clinical trial involving volunteer human 
subjects. Hence, every effort is made to ensure 
the safety of new products.

The effect of materials on the dentists, surgery 
assistants and technicians involved in their han-
dling is an important consideration. Materials are 
normally in their most reactive and potentially 
harmful state during mixing and manipulation. In 
addition, dental personnel may be exposed to 
materials over a long period of time. For example, 
mercury is known to have certain toxic effects and 
the most potent mechanism for incorporation of 
mercury into the body is by inhaling mercury 
vapour. A patient may spend only a few minutes 
each year in a mercury-contaminated dental 

surgery and is thus subjected to only minimal 
exposure. The dentist and his assistant, on the 
other hand, may spend all of their working lives 
in such an environment. The need for adequate 
mercury hygiene is therefore apparent.

Many materials are used in the mouth despite 
the fact that for some patients they may have the 
potential to cause problems. Studies of biocompa-
tability suggest that the term can only be used 
relatively and a product which is perfectly toler-
ated by one patient may cause problems of 
irritancy with another. Each material/patient com-
bination must in some ways be the subject of a 
risk/benefi t analysis. Potentially toxic materials 
are used when the risk only applies to a very small 
number of people and/or when there is no viable 
alternative material.

Materials used for certain applications have 
specifi c biological requirements which will be dis-
cussed in the relevant chapters dealing with those 
groups of products.

2.9 Suggested further reading
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Gypsum Products for Dental Casts

3.2 Requirements of dental cast materials

The main requirements of model and die materials 
are dimensional accuracy and adequate mechani-
cal properties. The accuracy of fi t of any restora-
tion or appliance constructed outside the mouth 
depends inter alia on the dimensional accuracy of 
the replica on which it is constructed. Thus, the 
dimensional changes which occur during and after 
the setting of these model materials should, ideally, 
be minimal in order to produce an accurate model 
or die. The fi nal fi t of the appliance may depend 
upon a balancing of small expansions or contrac-
tions which occur at different stages in its con-
struction and it would be unwise to consider, in 
isolation, dimensional changes occurring with the 
model and die materials.

Although small dimensional changes during 
setting can often be tolerated and even compen-
sated for, changes occurring during storage are a 
more serious problem. Hence, the dimensional 
stability after setting should be as good as 
possible.

The material should, ideally, be fl uid at the time 
it is poured into the impression so that fi ne detail 
can be recorded. A low contact angle between the 
model and impression materials would help to 
minimize the presence of surface voids on the set 
model by encouraging surface wetting.

The set material should be suffi ciently strong to 
resist accidental fracture and hard enough to resist 
abrasion during the carving of a wax pattern.

The material should be compatible with all the 
other materials with which it comes into contact. 
For example, the set model should easily be 
removed from the impression without damage to 
its surface and fracture of teeth. It should give a 
good colour contrast with the various waxes 
which are often used to produce wax patterns.

3.1 Introduction

Gypsum is a naturally occurring, white powdery 
mineral with the chemical name calcium sulphate 
dihydrate (CaSQ4·2H2O). Gypsum products used 
in dentistry are based on calcium sulphate hemi-
hydrate (CaSO42)2·H2O. Their main uses are for 
casts or models, dies and investments, the latter 
being considered in Chapter 5.

Many dental restorations and appliances are 
constructed outside the patient’s mouth using 
models and dies which should be accurate replicas 
of the patient’s hard and soft tissues.

The term model is normally used when referring 
to a replica of several teeth and their associated 
soft tissues or, alternatively, to an edentulous 
arch. The term die is normally used when referring 
to a replica of a single tooth.

The morphology of the hard and soft tissues is 
recorded in an impression and models and dies are 
prepared using materials which are initially fl uid 
and can be poured into the impression, then 
harden to form a rigid replica.

Many materials have been used for producing 
models and dies but the most popular are the 
materials based on gypsum products.

The current ISO Standard for Dental Gypsum 
Products identifi es fi ve types of material as 
follows:

Type 1 Dental plaster, impression
Type 2 Dental plaster, model
Type 3 Dental stone, die, model
Type 4  Dental stone, die, high strength, low 

expansion
Type 5  Dental stone, die, high strength, high 

expansion

The Type 1 material will be discussed in Chapter 
17 (Non-elastic Impression Materials).

32
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3.3 Composition

Gypsum products used in dentistry are formed 
by driving off part of the water of crystalliza-
tion from gypsum to form calcium sulphate 
hemihydrate.

      Gypsum     →     Gypsum product  +  water
2CASO4·2H2O  →  (CaSO4)2·H2O  +  3H2O

Calcium sulphate  Calcium sulphate
  dihydrate     hemihydrate

Applications of gypsum products in dentistry 
involve the reverse of the above reaction. The 
hemihydrate is mixed with water and reacts to 
form the dihydrate.

CsSO H O 3H O 2CaSO 2H O4 2 2 4 2( ) ⋅ + → ⋅2

The various types of gypsum product used in 
dentistry are chemically identical, in that they 
consist of calcium sulphate hemihydrate, but they 
may differ in physical form depending upon the 
method used for their manufacture.

Dental plaster (plaster of Paris): Dental plaster is 
indistinguishable from the white plaster used in 
orthopaedics for stabilizing fractured limbs during 
bone healing. Plaster is produced by a process 
known as calcination. Gypsum is heated to a tem-
perature of about 120ºC in order to drive off 
part of the water of crystallization. This produces 
irregular, porous particles which are sometimes 
referred to as β-hemihydrate particles (Fig. 3.1a). 
Overheating the gypsum may cause further loss of 
water to form calcium sulphate anhydrite (CaSO4), 
whilst underheating produces a signifi cant con-
centration of residual dihydrate. The presence of 
both components has a marked infl uence upon the 
setting characteristics of the resultant plaster.

Dental stone: Dental stones may be produced by 
one of two methods. If gypsum is heated to about 
125ºC under steam pressure in an autoclave a 
more regular and less porous hemihydrate is 
formed (Fig. 3.1b). This is sometimes referred to 
as an α-hemihydrate.

Alternatively, gypsum may be boiled in a solu-
tion of a salt such as CaCl2. This gives a material 
similar to that produced by autoclaving but with 
even less porosity. Manufacturers normally add 
small quantities of a dye to dental stones (see Fig. 
3.2) in order that they may be differentiated from 
dental plaster, which is white.

Fig. 3.1(a) Particles of calcium sulphate β-hemihydrate 
(dental plaster) (×235).

Fig. 3.1(b) Particles of calcium sulphate α-hemihydrate 
(dental stone) (×235).

3.4 Manipulation and setting characteristics

Plaster and stone powders are mixed with water 
to produce a workable mix. Hydration of the 
hemihydrate then occurs producing the gypsum 
model or die.

Table 3.1 gives an indication of the water/
powder (W/P) ratio used for each material along 
with the theoretical ratio required to satisfy the 
chemical reaction which occurs. Although a ratio 
of only 0.186 is required to satisfy the reaction, 
such a mix would be too dry and unworkable. In 
the case of the more dense material, dental stone, 
a ratio of about 0.3 is required to produce a work-
able mix, whereas for the more porous plaster a 
higher W/P ratio of 0.55 is required. The excess 
water is absorbed by the porosities of the plaster 
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particles. Considerable quantities of air may be 
incorporated during mixing and this may lead to 
porosity within the set material. Air porosity may 
be reduced either by vibrating the mix of plaster 
or stone in order to bring air bubbles to the surface 
or by mixing the material mechanically under 
vacuum, or both.

For hand mixing a clean, scratch free rubber or 
plastic bowl having a top diameter of about 
130  mm is normally recommended. The presence 
of gypsum residues in the mixing bowl can notice-
ably alter the working and setting characteristics 
of a fresh mix and so the need for cleanliness is 
emphasized. A stiff spatula with a round-edged 
blade of around 20–25  mm width and 100  mm 
length is used. The requisite amount of water is 
added to a moist bowl and the powder added 
slowly to the water over about 10 seconds. The 
mix is allowed to soak for about another 20 

seconds and then mixing/spatulation carried out 
for around 60 seconds using a circular stirring 
motion. After the material has been mixed and 
used, the mixing bowl should be thoroughly 
cleaned before the next mix is performed.

The fl uidity of dental gypsum products is nor-
mally measured by one of two methods outlined 
in the ISO Standard. For types 1 and 2 materials 
a slump test is recommended. Here, a known 
volume of mixed material is allowed to slump 
onto a glass plate at a time indicated by the manu-
facturer as the pouring time (2–3 minutes for most 
materials). The fl uidity is defi ned as the average 
of the major and minor diameters of the slumped 
material.

The fl uidity of types 3, 4 and 5 materials is 
determined using a core penetration test. The 
depth of penetration of a core falling under a load 
for 15 seconds into a known quantity of material 
is measured 3 minutes after starting to mix powder 
and water.

The setting process begins rapidly after mixing 
the powder and water. The fi rst stage in the 
process is that the water becomes saturated with 
hemihydrate, which has a solubility of around 
0.8% at room temperature. The dissolved hemi-
hydrate is then rapidly converted to dihydrate 
which has a much lower solubility of around 
0.2%. Since the solubility limit of the dihydrate is 
immediately exceeded it begins to crystallize out 
of solution. The process continues until most of 
the hemihydrate is converted to dihydrate.

The crystals of dihydrate are spherulitic in 
nature and grow from specifi c sites called nuclei 
of crystallization. These may be small particles of 
impurity, such as unconverted gypsum crystals, 
within the hemihydrate powder. If a thin mix of 
material is used, containing more water than that 
indicated in Table 3.1, the formation of the super-
saturated solution of dihydrate which is a precur-
sor to crystallization is delayed and the centres of 
nucleation are more widely dispersed by the dilu-
tion effect. The set plaster is therefore less dense 
with greater spaces between crystals leading to a 
signifi cant reduction in strength.

The material should be used as soon as possible 
after mixing since its viscosity increases to the 
stage where the material is unworkable within a 
few minutes. Two stages can be identifi ed during 
setting. The fi rst is the time at which the material 
develops the properties of a weak solid and will 
not fl ow readily. At this time, often referred to as 

Fig. 3.2 Dental stone. This shows powdered dental 
stone which is a gypsum product commonly used in 
dentistry for making casts and models. Note the colour of 
the stone which in this case is pale yellow. This is to 
enable the user to distinguish it from dental plaster which 
although chemically similar is of a different physical 
nature and is normally white coloured. In use, the powder 
is mixed with water to form a paste which then hardens 
to form a hard mass.

Table 3.1 Water/powder ratios for gypsum model and 
die materials.

Water (ml) Powder (g)
W/P ratio 

(ml/g)

Plaster 50–60 100 0.55
Stone 20–35 100 0.30
Theoretical ratio 18.6* 100 0.186

* Sometimes referred to as gauging water.
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the initial setting time, it is possible to carve away 
excess material with a knife. The materials con-
tinue to develop strength for some time after 
initial setting and eventually reach a stage when 
the models or dies are strong and hard enough to 
be worked upon. The time taken to reach this 
stage is referred to as the fi nal setting time, 
although this term is misleading since it implies 
that the material has reached its ultimate strength. 
This may not be reached until several hours after 
mixing.

The setting characteristics of gypsum products 
can be affected not only by the presence of uncon-
verted dihydrate but also by the presence of anhy-
drite, the age of the material and the storage 
conditions experienced by the material prior to 
use. Small quantities of unconverted dihydrate act 
as centres of nucleation as mentioned earlier. 
Anhydrite reacts very rapidly with water produc-
ing a marked acceleration in setting. Freshly pro-
duced plaster may contain signifi cant quantities of 
anhydrite (Section 3.3) and this may accelerate 
setting to the extent that manipulation becomes 
diffi cult. To overcome this problem plaster is 
often allowed to mature before use, the anhydrite 
absorbs moisture and is converted to the less 
reactive hemihydrate. If the plaster is allowed to 
mature for too long in a humid environment the 
hemihydrate crystals become coated with a layer 
of dihydrate and the reactivity is markedly 
reduced.

The setting characteristics of gypsum products 
have traditionally been measured in terms of their 
ability to resist penetration by needles, such as 
those shown in Fig. 3.3. The heavier needle has a 
smaller tip diameter than the lighter one and hence 
applies a considerably greater pressure to the 
surface of the material under test. The initial 
setting time is defi ned as the time taken for the 
material to develop suffi cient strength such that it 
is able to support the lighter of the needles. The 
time at which the material is able to support the 
heavier needle has doubtful practical signifi cance 
since it indicates a time somewhere between the 
initial and fi nal setting times and is not indicative 
of the fact that the model or die is hard enough 
to be used.

The ISO specifi cation for dental gypsum prod-
ucts requires the use of a Vicat needle for judging 
setting time. This system has a built-in dial gauge 
allowing depth of penetration to be measured. 
Also the load can be varied in order to satisfy the 

requirements of several standard tests. The setting 
material is indented by a needle of 1  mm diameter 
under a load of 300  g. The setting time in this test 
is defi ned rather arbitrarily as the time when the 
needle is no longer able to penetrate to a depth of 
2  mm into the material. The setting time measured 
using this method is normally less than 30 minutes, 
however a longer time is required before the mate-
rial has matured suffi ciently to allow any further 
work to be performed on the cast without damag-
ing the surface.

The setting reaction is exothermic, the maximum 
temperature being reached during the stage when 
fi nal hardening occurs (Fig. 3.4). It is interesting 

(a) (b)

Fig. 3.3 Indentors used to assess setting characteristics 
of gypsum products. Sometimes referred to as Gilmore 
needles. Ability of support needle (b) indicates the initial 
set. Ability to support needle (a) indicates final set.

Fig. 3.4 Temperature–time profile for a gypsum material 
during setting. Points I and F correspond to the initial set 
and final set points indicated by indentors (Fig. 3.3).
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Fig. 3.5 Diagram showing growth of spherulitic gypsum 
crystals, indicating (a) the nuclei from which crystals 
grow, (b) spherulitic growth and (c) the outward thrust 
as spherulites make contact.

Table 3.2 Properties of dental gypsum products (typical values).

Property Type 1 Type 2 Type 3 Type 4 Type 5

Initial setting time (min) – 5–10 5–20 5–20 5–20
Setting time (min) 4 20 20 20 20
Setting expansion (%) 0–0.15 0–0.30 0–0.20 0–0.15 0.16–0.3
Compressive strength 1  h (MPa) 6 12 25 40 40
Compressive strength 24  h (MPa) – 24 70 75 75
Flexural strength 24  h (MPa) 1 1 15 20 20
Detail reproduction (μm) 75 75 50 50 50

to note that the temperature rise is still negligible 
at the time of the initial set. The magnitude of the 
temperature rise depends on the bulk of material 
used and can be as great as 30ºC at the centre of 
a mass of setting material. This temperature may 
be maintained for several minutes due to the 
thermal insulating characteristics of the materials. 
This marked rise in temperature can be used to 
good effect when fl asking dentures since it softens 
the wax of the trial denture and enables it to be 
easily removed from the mould.

Another physical change which accompanies 
setting is a small expansion caused by the outward 
thrust of growing crystals as shown in Fig. 3.5. 
The maximum rate of expansion occurs at the 
time when the temperature is increasing most 
rapidly. The expansion is, in fact, only apparent 
since the set material contains a considerable 
volume of porosity. If the material is placed in 
water at the initial set stage, considerably more 
expansion occurs during setting. This increased 
expansion is called hygroscopic expansion and is 
sometimes used to increase the setting expan-
sion of gypsum-bonded investment materials 
(Chapter 5).

The setting expansion is measured using a 
special trough with a moveable end-plate which 
pushes against an extensometer. Mixed material 
is poured into the trough and as it solidifi es and 
expands the extensometer is displaced, giving a 
value of linear expansion. The maximum expan-
sion values are as great as 0.15% for type 1 and 
4 materials and 0.30% for type 2 and 5 materials. 
Type 3 materials have a maximum expansion of 
0.20%. Some individual products have much 
lower values of expansion (see Table 3.2).

Control of setting time: Factors which control the 
setting times of gypsum products can be divided 

into those controlled by manufacturers and those 
controlled by the operator.

The manufacturer can control the concentration 
of nucleating agents in the hemihydrate powder. 
A higher concentration of nucleating agent, pro-
duced by ageing or from unconverted calcium 
sulphate dihydrate, results in more rapid crystal-
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lization. Also, the manufacturers may add chemi-
cal accelerators or retarders to dental stones. 
Potassium sulphate is a commonly used accelera-
tor which is thought to act by increasing the solu-
bility of the hemihydrate. Borax is the most widely 
used retarder, although the mechanism by which 
it works is not clear.

Factors under the control of the operator are 
temperature, W/P ratio and mixing time. Surpris-
ingly, temperature variation has little effect on the 
setting times of gypsum products. This is due to 
the fact that the setting involves a dissolution of 
one sparingly soluble salt followed by crystalliza-
tion of another. Increasing the temperature accel-
erates the solution process but retards the 
crystallization. Thus the two effects tend to cancel 
out. Increasing the W/P ratio retards setting by 
decreasing the concentration of crystallization 
nuclei. Increasing mixing time has the opposite 
effect. This accelerates setting by breaking up 
dihydrate crystals during the early stages of setting, 
thus producing more nuclei on which crystalliza-
tion can be initiated. These effects are shown in 
Fig. 3.6.

Control of setting expansion: In order to produce 
an accurate model or die it is necessary to main-
tain the setting expansion at as low a value as 
possible. Accelerators or retarders which are 
added by manufacturers to dental stones in order 
to control the setting time also have the effect of 
reducing the setting expansion and are sometimes 
referred to as antiexpansion agents. The fi nal 

values of expansion observed for typical materials 
are given in Table 3.2. The very low value of 
expansion for some stones may be considered 
negligible in terms of its effect on the accuracy of 
restorations or appliances which are to be 
constructed.

Alterations in W/P ratio and mixing time have 
only a minimal effect on setting expansion.

3.5 Properties of the set material

The strength of gypsum depends, primarily, on the 
porosity of the set material and the time for which 
the material is allowed to dry out after setting.

The porosity, and hence the strength, is propor-
tional to the W/P ratio as shown in Fig. 3.7.

Since stone is always mixed at a lower W/P ratio 
than plaster it is less porous and consequently 
much stronger and harder.

Although a gypsum model or die may appear 
completely set within a relatively short period its 
strength increases signifi cantly if it is allowed to 
stand for a few hours. The increase in strength is 
a function of the loss of excess water by evapora-
tion. It is thought that evaporation of water causes 
a precipitation of any dissolved dihydrate and that 
this effectively cements together the crystals of 
gypsum formed during setting.

Despite precautions which may be taken to 
ensure optimum mechanical properties, gypsum is 
a very brittle material. The very low value of 
fl exural strength of plaster shown in Table 3.2 is 
indicative of how fragile this material is. Stone is 

Fig. 3.6 The effect of water/powder ratio 
and mixing time on setting time for a typical 
dental plaster.
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less fragile but must be treated with care if frac-
ture is to be avoided. It is relatively rigid but has 
a poor impact strength and is likely to fracture if 
dropped. Attempts to improve the mechanical 
properties have involved the impregnation by a 
polymer such as acrylic resin and the use of wetting 
agents which enable the materials to be used at a 
lower W/P ratio.

The dimensional stability of gypsum is good. 
Following setting, further changes in dimensions 
are immeasurable and the materials are suffi ciently 
rigid to resist deformations when work is being 
carried out upon them.

The ability of dental gypsum products to repro-
duce surface details of hard or soft tissues either 
directly or from impressions is central to their 
suitability as model and die materials. This ability 
is judged by measuring the extent to which accu-
rately machined lines in a block of stainless steel 
can be reproduced in a sample of the material. 
Types 1 and 2 materials can reproduce a groove 
75  μm wide whilst types 3, 4 and 5 are able to 
reproduce grooves of only 50  μm width. Hence, 
types 3, 4, and 5 stones are capable of recording 
greater fi ne detail than type 2 (plaster) material.

Set plaster is slightly soluble in water. Solubility 
increases with the temperature of the water and if 
hot water is poured over the surface of a plaster 
cast, as happens during the boiling out of a denture 
mould, a portion of the surface layer becomes 
dissolved leaving the surface roughened. Frequent 
washing of the surface with hot water should 
therefore be avoided.

Table 3.2 gives comparative values of properties 
for the different types of dental gypsum 
products.

3.6 Applications

When strength, hardness and accuracy are required 
dental stones are normally used in preference to 
dental plaster. The stone materials are less likely 
to be damaged during the laying down and carving 
of a wax pattern and give optimal dimensional 
accuracy. Thus, these materials are used when any 
work is to be carried out on the model or die as 
would be the case when constructing a denture on 
a model or a cast alloy crown on a die.

When mechanical properties and accuracy are 
not of primary importance the cheaper dental 
plaster is used. Thus, plaster is often used for 
mounting stone models onto articulators and 
sometimes for preparing study models.

3.7 Advantages and disadvantages

Gypsum model and die materials have the advan-
tages of being inexpensive and easy to use. The 
accuracy and dimensional stability are good and 
they are able to reproduce fi ne detail from the 
impression, providing precautions are taken to 
prevent blow holes.

The mechanical properties are not ideal and the 
brittle nature of gypsum occasionally leads to 
fracture – particularly through the teeth, which 
form the weakest part of any model.

Fig. 3.7 The effect of water/powder ratio on the 
porosity and compressive strength of gypsum 
products.
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Problems occasionally arise when gypsum model 
and die materials are used in conjunction with 
alginate impression. The surface of the model may 
remain relatively soft due to an apparent retarding 
effect which hydrocolloids have on the setting of 
gypsum products. It is not certain whether the 
retarding effect is due to borax in the hydrocolloid 
or to the absorption of hydrocolloid onto the 
gypsum crystals which act as nuclei of crystalliza-
tion. Despite these observations it cannot be said 
that gypsum products are incompatible with algi-
nate impression materials since problems arise 
very infrequently.

Alternative materials for the production of 
models and dies exist but are hardly ever used. 
These include various resins, cements and dental 
amalgam. The alternatives may be stronger but 
are generally less stable, diffi cult to use and more 
expensive. The surface of a gypsum die can be 
hardened by electroplating the impression prior to 
constructing the die. The thin layer of metal, 
copper for impression compound and silver for 

some elastomers, is transferred to the surface of 
the die on separation from the impression.

Another treatment which has been suggested for 
improving the durability of gypsum is to partly 
saturate the set material in a polymerizable 
monomer such as methylmethacrylate or styrene. 
Polymerisation of the monomer produces a 
polymer phase which occupies many of the poros-
ities in the set gypsum and increases its strength 
and toughness. Despite these apparent advantages 
these techniques are rarely used in practice.

3.8 Suggested further reading

Combe, E.C. & Smith, D.C. (1964) Some properties of 
gypsum plasters. Br. Dent. J. 117, 237.

Earnshaw, R. & Marks, B.J. (1964) The measurement 
of the setting time of gypsum products. Aust. Dent. 
J. 9, 17.

Fairhurst, C.W. (1960) Compressive properties of dental 
gypsum. J. Dent. Res. 39, 812.
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Waxes

An important group of waxes used in dentistry 
are the impression waxes. These are discussed in 
Section 17.4.

4.2 Requirements of wax-pattern materials

The major requirements of waxes used to con-
struct wax patterns by either the direct or indirect 
technique are as follows.

(1) The wax pattern must conform to the exact 
size, shape and contour of the appliance 
which is to be constructed.

(2) No dimensional change should take place in 
the wax pattern once it has been formed.

(3) After formation of the casting mould, it 
should be possible to remove the wax by 
boiling out or burning without leaving a 
residue.

The ability to record detail depends on the fl ow 
of the material at the moulding temperature, 
which is just above mouth temperature for direct 
techniques and just above room temperature for 
indirect techniques. Accuracy and dimensional 
stability depend on dimensional changes which 
occur during solidifi cation and cooling of the wax. 
Distortions may also occur if thermal stresses are 
introduced.

4.3 Composition of waxes

Dental waxes are composed of mixtures of ther-
moplastic materials which can be softened by 
heating then hardened by cooling. The major 
components may be of mineral, animal or veget-
able origin.

Mineral: Paraffi n wax and the closely related 
microcrystalline wax are both obtained from 
petroleum residues following distillation. They are 

4.1 Introduction

The waxes used in dentistry normally consist of 
two or more components which may be natural 
or synthetic waxes, resins, oils, fats and pigments. 
Blending is carried out to produce a material with 
the required properties for a specifi c application.

Waxes are thermoplastic materials which are 
normally solids at room temperature but melt, 
without decomposition, to form mobile liquids. 
They are, essentially, soft substances with poor 
mechanical properties and their primary uses in 
dentistry are to form patterns of appliances prior 
to casting.

Following the production of a stone model or 
die (Chapter 3), the next stage in the formation of 
many dental appliances, dentures or restorations 
is the production of a wax pattern of the appliance 
on the model. The wax pattern defi nes the shape 
and size of the resulting appliance and is eventu-
ally replaced by either a polymer or an alloy using 
the lost-wax technique. Methods which involve 
the production of a model followed by the laying 
down of a wax pattern are known as indirect 
techniques. Some dental restorations, such as 
inlays, may be produced by a direct wax pattern 
technique in which the inlay wax is adapted 
and shaped in the prepared cavity in the mouth. 
Waxes used in the production of patterns by either 
the direct or indirect technique must have very 
precisely controlled properties in order that well-
fi tting restorations or appliances may be 
constructed. Other waxes used in dentistry have 
less rigorous property requirements. One such 
material is used by manufacturers for attaching 
denture teeth to display sheets (carding wax). 
Another product is used for boxing in impressions 
prior to making a gypsum model (boxing-in wax). 
A third material is used for temporarily joining 
two components of an appliance, for example, 
during soldering (sticky wax).

40
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both hydrocarbons, paraffi n wax being a simple 
straight-chain hydrocarbon whilst the microcrys-
talline material has a branched structure.

Paraffi n waxes soften in the temperature range 
37–55ºC and melt in the range 48–70ºC. They are 
brittle at room temperature. Microcrystalline 
waxes melt in the range 65–90ºC and when added 
to paraffi n waxes they raise its melting point. At 
the same time they lower the softening tempera-
ture and render the material less brittle than 
paraffi n wax alone.

Animal: Beeswax, derived from honeycombs, con-
sists of a partially crystalline natural polyester and 
is often blended with paraffi n wax in order to 
modify the properties of the latter. The effect of 
adding beeswax to paraffi n wax is to render the 
material less brittle and to reduce the extent to 
which it will fl ow under stress at temperatures just 
below the melting point.

Vegetable: Carnauba wax and candelilla wax are 
derived from trees and plants. They are blended 
with paraffi n wax in order to control the softening 
temperature and modify properties.

4.4 Properties of dental waxes

Waxes are generally characterised by their thermal 
properties such as melting point and solid–solid 
transition temperature which is closely related to 
the softening temperature observed in practice. 
The coeffi cient of thermal expansion is a major 
factor affecting accuracy. Dimensional stability is 
primarily a function of the magnitude of the 
stresses which become incorporated during 
thermal contraction after moulding. Important 
mechanical properties are brittleness and the 
degree of fl ow which a material will undergo in 
its working temperature range.

Thermal properties: All the waxes used in den-
tistry have a predominantly crystalline structure 
and are characterised by a well-defi ned melting 
point. On heating, a second endothermic peak 
exists at a temperature somewhat lower than the 
melting point. This peak is indicative of a solid–
solid transition involving a change in the crystal 
structure of the wax. The change in crystal struc-
ture is accompanied by a change in mechanical 
properties and the wax is converted from a rela-
tively brittle solid to a much softer, mouldable 

material. For this reason, the solid–solid transition 
temperature is sometimes referred to as the soften-
ing temperature. For many applications of waxes 
the softening temperature should be just above 
mouth temperature. This is in order that the mate-
rial may be introduced into the mouth in a mould-
able state but will become relatively rigid at mouth 
temperature. The manufacturers can control the 
melting point and softening temperature by blend-
ing mixtures of various mineral, animal and veg-
etable components.

Waxes are very poor thermal conductors and 
must be maintained above the solid-solid transi-
tion temperature for long enough to allow thor-
ough softening to occur throughout the material 
before moulding is attempted.

Following moulding, the waxes are allowed to 
cool. During this cooling period they may undergo 
potentially signifi cant contraction due to the high 
values of coeffi cient of expansion exhibited by 
these products.

The thermal contraction may not be fully exhib-
ited immediately after cooling. The low thermal 
conductivity values of the materials result in solid-
ifi cation of the surface layers of the wax well 
before the bulk becomes rigid. This reduces the 
magnitude of the thermal contraction and pro-
duces signifi cant internal stresses. Dimensional 
changes may occur due to relief of the stresses. 
This is more likely to occur at elevated tempera-
tures. Greater stresses may be incorporated if the 
wax is not properly softened before moulding.

Methods for softening wax prior to moulding 
include a water bath, an infra-red lamp and a 
bunsen burner. In order to achieve even heating 
with the latter it is important that the wax should 
be held in the warm rising air above the fl ame and 
not in the fl ame itself. If the surface becomes shiny 
it indicates that the wax is becoming too hot and 
the outer layers are beginning to melt.

Heating in warm water causes more regular 
softening although this method has been frowned 
upon since it was thought that some constituents 
may be leached out and small quantities of water 
may become incorporated causing an alteration 
in properties. These problems are probably over-
stated since most waxes contain few leachable 
components.

The method of softening used in standardiza-
tion testing of waxes involves the use of a 250  W 
infra-red lamp. When using this method, the dis-
tance of the wax from the lamp must be carefully 
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controlled in order to cause softening but not 
melting.

The ideal method for softening wax is to use a 
wax annealer. This is a thermostatically controlled 
oven which keeps the wax at a constant tempera-
ture, just above the softening point, ready for use. 
The annealer is most useful for inlay waxes.

Mechanical properties: A major factor which 
determines the mouldability and stability of a wax 
is its fl ow value. This property is related to creep 
which is discussed on p. 17. Creep and fl ow are 
both measured by applying a load to a cylindrical 
specimen and measuring the extent to which the 
specimen becomes compressed after a given time. 
Materials should, ideally, exhibit considerable 
fl ow at the moulding temperature but should 
show little or no fl ow at mouth temperature 
or room temperature so that they are not easily 
distorted. The determination of fl ow is made on 
cylindrical specimens 10  mm diameter by 6  mm. 
They are loaded across their fl at faces using a 2  kg 
weight for the specifi ed time (10 minutes). The 
fl ow is recorded as the percentage change in the 
height of the cylinder. The nature of the materials 
dictates that very precise temperature control 
be maintained (±0.1ºC) during these tests. Flow 
values for some typical materials are given in 
Table 4.1.

Brittleness is another important property which 
the manufacturers can, to some extent, control. 
For some waxes, for example denture waxes, 
toughness is required since the wax denture base 
may have to be removed from a slightly undercut 
cast many times without fracturing. In other cases, 
such as inlay waxes, brittleness is preferred in 
order that the wax will fracture rather than distort 
on removal from an undercut cavity. This will 

indicate to the dental surgeon that a modifi cation 
to the cavity shape is required.

4.5 Applications

Apart from their uses as impression materials, the 
major applications of waxes in dentistry are as 
modelling waxes and inlay waxes, collectively 
termed pattern waxes.

Denture modelling waxes: The manufacture of 
dentures involves several stages with wax being 
used in at least two of these. (see Fig. 4.1)

Following the production of a stone model from 
an impression, a wax rim is constructed, either 
directly on the model, or on a denture base which 
has been adapted to the model. The rim is inserted 
into the patient’s mouth at the ‘registration’ stage 
in order to record a satisfactory occlusal relation-
ship. The next stage is to mount artifi cial teeth on 
the wax rim and to check the suitability of the 
wax denture at the ‘try in’ stage.

Waxes used for this purpose should have a soft-
ening temperature well above mouth temperature 
so that they are not distorted at either the registra-
tion or try in stages. They should be tough in 
order to reduce the chances of fracture during 
removal from the stone model. Three types of 
material are available, designated as follows:

Type 1 soft wax
Type 2 hard wax
Type 3 extra hard

These products differ primarily in regard to their 
softening temperature. Only the type 3 material 
can be considered relatively stable at mouth tem-
perature. Type 1 material is designed to be hard 
at room temperature but soft at mouth tempera-

Table 4.1 Flow values of some dental waxes.

Material

Flow value % at specifi ed temperature

23ºC 30ºC 37ºC 40ºC 45ºC

Casting wax
 Type 1 – 1.0 max – 50  min 70–90
 Type 2 – – 1.0 max 20 max 70–90
Modelling wax
 Type 1 1.0 max – 5–90 – –
 Type 2 0.6 max – 10 max – 50–90
 Type 3 0.2 max – 1.2 max – 5–50
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ture and is used only for building contours and 
veneers in the laboratory. The type 2 material is 
suitable for pattern production in temperate 
climates. Type 3 material is designed primarily for 
use in warmer climates.

Modelling waxes consist mainly of mixtures of 
paraffi n wax and beeswax and have melting points 
in the range 49–58ºC. They are generally supplied 
in sheet form, the sheets being produced either by 
rolling or by cutting from a block. Rolled sheets 
often change shape on softening due to the relief 
of stresses which are introduced during rolling. 
Some denture modelling waxes are referred to as 
toughened by their manufacturers. This probably 
refl ects attempts to control the rolling procedure 
to optimize crystal alignments which may infl u-
ence mechanical properties. Sheets of toughened 
modelling wax can typically be bent without 
fracturing.

Softening of the sheets is normally carried out 
under controlled conditions using a water bath. 
This enables the thickness of the sheet (typically 
1–2  mm) to be maintained which is important 
since the thickness of the wax will control the 
thickness of the denture base.

Although the softening temperatures of model-
ling waxes are above mouth temperature, even 

type 2 and 3 materials will slightly soften and 
distort if left in the mouth for more than a few 
minutes. This should be taken into account during 
registration and try in.

Modelling waxes are tough enough to resist 
fracture when withdrawn from shallow under-
cuts. An important requirement of denture model-
ling waxes is that they can easily be trimmed with 
a sharp instrument without tearing, chipping or 
fl aking. These characteristics are determined at 
room temperature since they dictate the ease with 
which trimming can be performed in the labora-
tory situation.

Waxes tend to have high values of coeffi cient 
of thermal expansion, which coupled with the 
manner in which the materials are used (softening 
with heat and cooling) suggests that a signifi cant 
dimensional change can occur. An upper limit of 
0.8% expansion on heating from 25ºC to 40ºC is 
allowed in the ISO specifi cation. When the wax 
denture is invested, prior to formation of an 
acrylic denture base, the wax can be removed 
from the mould by melting in boiling water, 
leaving no detectable residue.

Some metal components of partial dentures 
are formed in wax on the model. Small sheets of 
casting wax are used, which have been rolled to 
a precise thickness, according to the metal gauge 
required. In manipulating this wax it is important 
that the thickness is maintained. It is usual to 
soften it in hot water and adapt it into position 
with a soft material such as cotton wool or rubber. 
Pre-formed polymeric components can be used as 
an alternative to waxes for modelling the metal 
components of partial dentures.

Temporary denture bases constructed from wax 
and used during denture construction are prone 
to distortions unless great care is taken. For this 
reason alternative materials/techniques are some-
times used.

Shellac, a wax-like resin which is more stable 
at mouth temperature, has been used for construc-
tion of the temporary denture base. The wax rim 
is then built on top of this more stable base. 
Shellac is a natural beetle exudate which has a 
considerably higher softening temperature than 
ordinary modelling wax. Care must be taken to 
ensure thorough softening prior to moulding, 
otherwise considerable stresses are introduced 
which eventually lead to distortion.

Another widely used approach to denture con-
struction is to use either a temporary or perma-

Fig. 4.1 Dental modelling wax. This shows modelling 
wax being used to make a trial denture which the dentist 
can use for trying into the mouth of the patient. It will 
then become the ‘template’ for the acrylic denture. The 
artificial teeth have already been set up in these wax 
dentures. In this case the upper and lower trial dentures 
are mounted on models in an articulator. The models 
have been constructed from dental stone and dental 
plaster.
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nent acrylic base-plate on which to construct the 
wax rim. The advantages and disadvantages of the 
various approaches are beyond the scope of this 
book and are covered adequately in other excel-
lent texts.

Inlay waxes: Wax patterns for inlays or cast posts 
can be produced either by a direct or indirect 
technique as mentioned previously. The use of 
direct wax patterns is normally reserved only for 
the most simple designs of cast posts/cores on 
anterior teeth. These patterns can be removed 
from the prepared tooth or root with a minimum 
of distortion. Inlay casting waxes are currently 
classifi ed as follows:

Type 1 soft
Type 2 hard

This has caused some confusion because in the 
past the opposite classifi cation was used. The type 
1 materials are designed for use in the indirect 
technique, being suitable for making patterns 
outside the mouth for the production of inlays, 
crowns and cast pontics. The type 2 materials are 
suitable for use in the direct technique (and may 
also be suitable for indirect use) for the produc-
tion of inlays and crowns. The difference between 
the two types of wax is characterised by their fl ow 
behaviour as shown in Table 4.1. Both types are 
commonly produced in the form of cones and 
sticks.

For direct wax patterns the softened wax is 
forced into the tooth cavity and held under pres-
sure until it cools. The wax should soften just 
above mouth temperature and should not be 
raised to a higher temperature than necessary, in 
order to reduce the magnitude of thermal contrac-
tion and internal stresses. In addition, the soften-
ing temperature must be tolerated without pain 
by the patient. The thermal contraction occurring 
on removal of the direct pattern material from the 
mouth is of the order of 0.1–0.5%. This would 
seem suffi cient to cause problems of fi t with the 
fi nal cast restoration although serious problems 
are rarely encountered in practice, possibly 
because of the relatively simple nature of the res-
torations produced by the direct technique. 
Dimensional changes caused by stress relief are 
minimized by investing the pattern as soon as 
possible.

The material should be hard at mouth tempera-
ture and when removed from the cavity should 

fracture rather than fl ow if the cavity has unwanted 
undercuts. This enables the undercuts to be located 
and removed.

The wax should ideally have a good colour 
contrast with enamel and be easy to carve without 
fl aking so that the exposed surfaces of wax can be 
easily contoured to shape and the margins readily 
observed. When a direct pattern for a two-surface 
restoration is removed there is a need to increase 
the bulk of material in the contact area between 
teeth to ensure that the correct pattern of tooth to 
tooth contact is recreated. This can be achieved 
either by using a very low fusing point wax and 
adding to the pattern or by soldering additional 
precious metal to the casting. Direct patterns for 
post cores are built up using a different approach. 
The post channel is usually prepared using a pro-
prietary system and a pre-formed pattern for the 
post is installed into the canal. The core is then 
built up in wax by melting the wax on an instru-
ment and carrying the molten wax into the 
tooth.

The required properties are produced by using 
a blend of several types of wax including paraffi n 
wax, carnauba, candelilla and beeswax with small 
quantities of other resins.

The procedure for indirect patterns is similar to 
that described for direct patterns except that the 
softened wax is forced into a cavity on the gypsum 
die. Since this procedure is carried out at room 
temperature rather than mouth temperature, inlay 
waxes for indirect patterns may soften at a some-
what lower temperature than direct pattern waxes, 
although the softening temperature should not be 
so low that the wax will fl ow at room temperature 
(Table 4.1). The value of thermal contraction for 
the indirect technique is much lower as a result of 
the lower softening temperature. This may be con-
sidered a distinct advantage of the indirect tech-
nique. However, it should be appreciated that the 
die has been produced in an impression which was 
itself recorded at mouth temperature and then 
cooled to room temperature – thus undergoing a 
thermal contraction which may approach the 
value of a direct wax pattern material. The normal 
method of softening for inlay casting waxes is 
using dry heat. When using a fl ame, care should 
be taken not to overheat the wax whilst at the 
same time thorough softening throughout the 
whole bulk of material occurs. When material in 
stick form is used it is gently rotated above the 
fl ame until it becomes shiny. It is then removed 
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and then replaced and the process repeated until 
it is warmed throughout. At this stage the softened 
material can be kneaded before pressing into the 
prepared cavity.

Inlay waxes are also used widely in the dental 
laboratory to prepare casting patterns for metallic 
restorations, either crowns or bridges. The fi rst 
layer of wax is applied to a die either by adapting 
a softened thin sheet of wax or using a hot dipping 
technique. The wax pattern is then developed 
using a wax-additive technique in which molten 
wax is applied to the die of the tooth to rebuild 

gradually the form of the tooth. Pre-formed resin 
components are available to facilitate the manu-
facture of patterns for bridge pontics.

4.6 Suggested further reading

Craig, R.G., Eick, J.D. & Peyton, F.A. (1965) The prop-
erties of natural waxes used in dentistry. J. Dent. Res. 
44, 1308.

Warth, A.H. (1956) The Chemistry and Technology of 
Waxes. Von Nostrand Reinhold, New York.
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Investments and Refractory Dies

5.2 Requirements of investments for alloy 
casting procedures

The investment material forms the mould into 
which an alloy will be cast and it therefore follows 
that the accuracy of the casting can be no better 
than the accuracy of the mould.

The investment should be capable of reproduc-
ing the shape, size and detail recorded in the wax 
pattern. Since casting is carried out at very high 
temperatures, often in excess of 1000ºC, the 
investment mould should be capable of maintain-
ing its shape and integrity at these elevated tem-
peratures. In addition, the investment should have 
a suffi ciently high value of compressive strength 
at the casting temperature so that it can withstand 
the stresses set up when the molten metal enters 
the mould.

Alloy castings undergo considerable contrac-
tion when cooling from the casting temperature 
to room temperature. Such contraction may result 
in a casting with a very poor fi t, for example 
a simple class I inlay would be loose fi tting, 
whereas a crown would be too small and short 
at the margin. One function of the investment 
mould is to compensate for this casting shrinkage. 
This is generally achieved by a combination of 
setting expansion during the hardening of the 
investment mould and thermal expansion during 
the heating of the mould to the casting 
temperature.

The main factors involved in the selection of 
investment material are the casting temperature to 
be used and the type of alloy to be cast. Some gold 
alloys are cast at relatively low casting tempera-
tures of around 900ºC whilst some chromium 
alloys require casting temperatures of around 
1450ºC.

5.1 Introduction

Following the production of a wax pattern by 
either the direct or indirect method (Chapter 4), 
the next stage in many dental procedures involves 
the investment of the pattern to form a mould. A 
sprue is attached to the pattern and the assem-
blage is located in a casting ring (Fig. 5.1). Invest-
ment material is poured around the wax pattern 
whilst still in a fl uid state. When the investment 
sets hard, the wax and sprue former are removed 
by softening and/or burning out to leave a mould 
which can be fi lled with an alloy or ceramic using 
a casting technique.

In the case of acrylic denture production the 
base-plate wax is invested in a two-part split 
mould using dental plaster or stone as the invest-
ment. Following removal of the wax the resulting 
mould is fi lled with acrylic resin.

The investment mould used for casting alloys 
and some castable ceramics needs to be con-
structed from a material which retains its integrity 
at the casting temperature. Unmodifi ed dental 
plasters or stones are not suitable for this 
purpose.

A group of materials which are closely related 
to the investment materials are the refractory die 
materials. These products are used for making 
dies on which ceramic restorations (e.g. porcelain 
crowns) are constructed. As for the investments 
used in casting, a prerequisite of the refractory die 
materials is an ability to retain their structural 
integrity at the temperatures used to fi re 
ceramics.

Phosphate-bonded die materials are most com-
monly used for the construction of refractory dies 
and since these are similar to phosphate bonded 
investments they will be covered in that section.
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The investment which is best able to retain its 
integrity at the casting temperature and able to 
provide the necessary compensation for casting 
shrinkage is chosen.

5.3 Available materials

Investment materials consist of a mixture of a 
refractory material, normally silica, which is 
capable of withstanding very high temperatures 
without degradation, and a binder which binds 
the refractory particles together. The nature of the 
binder characterises the material.

There are three main groups of investment 
material in common use. They are referred to as 
gypsum-bonded, silica-bonded or phosphate-
bonded.

Gypsum-bonded materials

These materials are supplied as powders which are 
mixed with water and are composed of a mixture 
of silica (SiO2) and calcium sulphate hemihydrate 
(gypsum product) together with other minor com-
ponents including powdered graphite or powdered 
copper and various modifi ers to control setting 
time.

Silica is a refractory material which adequately 
withstands the temperatures used during casting. 
It is available in three allotropic forms – quartz, 
cristobalite and tridymite – which are all chemi-
cally identical but differ slightly in crystalline 
form. Quartz and cristobalite are used extensively 
in investments. In addition to imparting the neces-
sary refractory properties to the investment, the 
silica is responsible for producing much of the 
expansion which is necessary to compensate for 
the casting shrinkage of the alloy. The expansion 
is accomplished by a combination of simple 
thermal expansion coupled with a crystalline 
inversion which results in a signifi cant expansion. 
Quartz undergoes inversion at a temperature of 
575ºC from the so-called ‘low’ form or α-quartz 
to the so-called ‘high’ form or β-quartz. For cris-
tobalite, conversion from the low to the high form 
occurs at a lower temperature of around 210ºC. 
The expansion is probably due to a straightening 
of chemical bonds to form a less dense crystal 
structure as illustrated in Fig. 5.2. The change is 
reversible and both quartz and cristobalite revert 
back to the low form on cooling. The overall 
thermal expansion and inversion expansion of 
materials containing cristobalite is greater than 
those containing quartz as illustrated in Fig. 5.3.

The calcium sulphate hemihydrate is an essen-
tial component since it reacts with water to form 
calcium sulphate dihydrate (gypsum) which 

Casting
ring

Investment
material

Wax
pattern

Sprue
former

Fig. 5.1 Diagram illustrating how an investment mould is 
constructed from a wax pattern.

Fig. 5.2 Bond straightening during 
‘inversion’ of quartz at 575°C. (a) More 
dense structure existing below 575°C. (b) 
Less dense structure existing above 575°C.
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effectively binds together the refractory silica. The 
chemistry of setting and important properties of 
gypsum products are dealt with in Chapter 3. The 
setting expansion of the calcium sulphate dihy-
drate, when mixed with water, is used to partially 
compensate for the shrinkage of the alloy which 
occurs on casting. Further compensation can be 
achieved by employing the hygroscopic setting 
expansion which occurs if the investment mould 
is placed into water at the initial set stage. The 
latter method is known as the water immersion 
hygroscopic expansion technique and can result 
in an expansion of fi ve times the normal setting 
expansion. Another method is the water added 
technique in which a measured volume of water 
is placed on the upper surface of the investment 
material within the casting ring. This produces a 
more readily controlled expansion. Hygroscopic 
expansion is further encouraged by lining the 
casting ring with a layer of damp asbestos which 
is able to feed water to a large surface area of the 
investment mould. The latter technique is rou-
tinely employed even when no attempt is made to 
maximize hygroscopic expansion by immersing in 
water or adding water.

The mechanism of hygroscopic expansion is not 
fully understood. However, it may be envisaged 
that water is attracted between crystals by capil-
lary action and that the extra separation of parti-
cles causes an expansion. The magnitude of the 
hygroscopic setting expansion which occurs with 

gypsum bonded investments is greater than that 
which occurs with gypsum model and die 
materials.

Gypsum alone is not satisfactory as an invest-
ment for alloy casting since it contracts on heating 
as water is lost and fractures before reaching the 
casting temperature. The magnitude of the con-
traction, which occurs rapidly above 320ºC, is 
signifi cantly reduced in investment materials by 
the incorporation of sodium chloride and boric 
acid.

Three types of gypsum bonded investments can 
be identifi ed as follows:

Type 1  thermal expansion type; for casting 
inlays and crowns.

Type 2  hygroscopic expansion type; for 
casting inlays and crowns.

Type 3  for casting complete and partial 
dentures.

The ISO Standard for gypsum bonded investments 
allows individual products to be described by 
more than one of the above. Hence, materials may 
be both type 1 and type 3 but must satisfy the 
most stringent of the requirements outlined in the 
two standards. Interestingly, the ISO Standard 
describes all of these materials as ‘Dental gypsum-
bonded casting investments for gold alloys’, 
implying that they are suitable only for a limited 
range of alloys. This is confi rmed by a consider-
ation of their properties (Section 5.4).

Fig. 5.3 Linear expansion versus temperature curves 
for two types of investment. (a) Containing quartz. 
(b) Containing crystobalite.
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Silica-bonded materials

These materials consist of powdered quartz or 
cristobalite which is bonded together with silica 
gel. On heating, the silica gel turns into silica so 
that the completed mould is a tightly packed mass 
of silica particles.

The binder solution is generally prepared by 
mixing ethyl silicate or one of its oligomers with 
a mixture of dilute hydrochloric acid and indus-
trial spirit. The industrial spirit improves the 
mixing of ethyl silicate and water which are 
otherwise immiscible. A slow hydrolysis of ethyl 
silicate occurs producing a sol of silicic acid with 
the liberation of ethyl alcohol as a byproduct.

(C2H5O)4Si + 4H2O → Si(OH)4 + 4C2H5OH

The silicic acid sol forms silica gel on mixing with 
quartz or cristobalite powder under alkaline con-
ditions. The necessary pH is achieved by the pres-
ence of magnesium oxide in the powder.

Stock solutions of the hydrolysed ethyl silicate 
binder are normally made and stored in dark 
bottles. The solution gels slowly on standing and 
its viscosity may increase noticeably after three or 
four weeks. When this happens it is necessary to 
make up a fresh solution.

Simultaneous hydrolysis and gelation can be 
promoted by amines such as piperidine. Unfortu-
nately, such a procedure is accompanied by an 
unacceptable shrinkage which is a result, mainly, 
of the hydrolysis reaction.

In order that the material should have suffi cient 
strength at the casting temperature it is necessary 
to incorporate as much powder as possible into 
the binder solution. This process is aided by a 
gradation of particle sizes such that small grains 
fi ll in the spaces between the larger grains. A very 
thick, almost dry mix of investment is used and it 
is vibrated in order to encourage close packing 
and produce as strong an investment as possible.

A small shrinkage occurs during the early stages 
of the heating of the investment prior to casting. 
This is due to loss of water and alcohol from the 
gel. The contraction is followed by a more sub-
stantial thermal expansion and inversion expan-
sion of the silica similar to that for gypsum-bonded 
investments.

Ethyl-silicate bonded investments do not expand 
on setting in the same way that gypsum-bonded 
and phosphate-bonded materials do. The total 
linear expansion is therefore identical with the 
linear thermal expansion.

Phosphate-bonded materials

These materials consist of a powder containing 
silica, magnesium oxide and ammonium phos-
phate. On mixing with water or a colloidal silica 
solution, a reaction between the phosphate and 
oxide occurs to form magnesium ammonium 
phosphate.

NH4·H2PO4 + MgO + 5H2O → 
+ Mg·NH4·PO4·6H2O

This binds the silica together to form the set 
investment mould. The formation of the magne-
sium ammonium phosphate involves a hydration 
reaction followed by crystallization similar to that 
for the formation of gypsum. As in the case of 
gypsum, a small expansion results from the 
outward thrust of growing crystals. The material 
is also able to undergo hygroscopic expansion if 
placed in contact with moisture during setting. 
Moisture adversely affects the unmixed material 
and the container should always be kept closed 
when not in use.

The use of colloidal solution of silica instead of 
water for mixing with the powder has the dual 
effect of increasing the setting expansion and 
strengthening the set material.

On heating the investment prior to casting, 
mould enlargement occurs by both thermal expan-
sion and inversion of the silica. Thermal expan-
sion is greater for the colloidal silica-mixed 
materials than for the water-mixed materials. At 
a temperature of about 300ºC ammonia and water 
are liberated by the reaction:

2(Mg·NH4·PO4·6H2O) → Mg2·P2O7 + 2NH3 
+ 13H2O

At a higher temperature some of the remaining 
phosphate reacts with silica forming complex sili-
cophosphates. These cause a signifi cant increase 
in the strength of the material at the casting 
temperature.

Two types of phosphate-bonded investment can 
be identifi ed as follows:

Type 1  for inlays, crowns and other fi xed 
restorations.

Type 2  for partial dentures and other cast, 
removable restorations.

5.4 Properties of investment materials

Thermal stability: One of the primary require-
ments of an investment is that it should retain its 
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integrity at the casting temperature and have suf-
fi cient strength to withstand the stresses set up 
when the molten alloy enters the investment 
mould.

Gypsum-bonded investments decompose above 
1200ºC by interaction of silica with calcium 
sulphate to liberate sulphur trioxide gas.

CaSO4 + SiO2 → CaSiO3 + SO3

This not only causes severe weakening of the 
investment but would lead to the incorporation of 
porosity into the castings. Thus, gypsum-bonded 
materials are generally restricted to use with those 
alloys which are cast well below 1200ºC. This 
includes the majority of the gold alloys and some 
of the lower melting, base metal alloys. The major-
ity of base alloys, however, have higher casting 
temperatures and require the use of a silica-bonded 
or phosphate-bonded material.

Another reaction which may take place on 
heating gypsum-bonded investments is that 
between calcium sulphate and carbon:

CaSO4 + 4C → CaS + 4CO

The carbon may be derived from the residue left 
after burning out of the wax pattern or may be 
present as graphite in the investment. Further 
reaction can occur liberating sulphur dioxide:

3CaSO4 + CaS → 4CaO + 4SO2

These reactions occur above 700ºC and their 
effects can be minimized by ‘heat soaking’ the 
investment mould at the casting temperature to 
allow the reaction to be completed before casting 
commences.

The presence of an oxalate in some investments 
reduces the effects of gypsum decomposition 
products by liberating carbon dioxide at elevated 
temperatures.

Phosphate- and silica-bonded materials have 
suffi cient strength at the high temperatures used 
for casting base metal alloys. The strength of the 
phosphate-bonded materials is aided by the for-
mation of silicophosphates on heating.

The cohesive strength of the phosphate invest-
ments is such that they do not have to be con-
tained in a metal casting ring. The material is 
generally allowed to set inside a plastic ring which 
is removed before heating.

Although it is the strength of the investment 
material at the casting temperature which is most 
critical this is diffi cult to measure (for obvious 
reasons). The normal method used for evaluating 

strength is therefore to measure compressive 
strength at room temperature 2 hours after start-
ing to mix the material. Values specifi ed in the 
various ISO Standards for investments are given 
in Table 5.1.

The higher strengths of the phosphate-bonded 
materials mean that these products are becoming 
widely used for casting all types of alloys (pre-
cious, semi-precious and base-metal). The wax 
burn-out temperature is varied to suit the type of 
alloy being cast. Typical wax burn-out tempera-
tures are as follows:

gold alloys 700–750ºC
palladium-silver alloys 730–815ºC
base-metal alloys 815–900ºC

This temperature is normally held for 30 minutes 
for small moulds and 1 hour for larger moulds 
before the metal is cast. Burn-out times need to be 
extended when resin-based pattern materials are 
used.

Porosity: The gypsum-bonded and phosphate-
bonded materials are suffi ciently porous to allow 
escape of air and other gases from the mould 
during casting. The silica-bonded materials, on 
the other hand, are so closely packed that they are 
virtually porosity-free and there is a danger of 
‘back pressure’ building up which will cause the 
mould to be incompletely fi lled or the castings to 
be porous. These problems can be overcome by 
making vents in the investment which prevent the 
pressure from increasing.

Compensating expansion: The accuracy of fi t of 
a casting depends primarily on the ability of the 

Table 5.1 Compressive strength values for investment 
and refractory die materials.

Material

Compressive strength (MPa) 
at 2  h (minimum values 

allowed  in ISO Standards)

Gypsum-bonded 
 investment

 1.5

Silica-bonded investment  1.5
Phosphate-bonded 
 investment – type 1

 2.5

Phosphate-bonded 
 investment – type 2

 3.0

Phosphate-bonded 
 refractory die

13.0
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investment material to compensate for the shrink-
age of the alloy which occurs on casting. The 
magnitude of the shrinkage varies widely but is of 
the order of 1.4% for most gold alloys, 2.0% for 
Ni/Cr alloys and 2.3% for Co/Cr alloys.

The compensating expansion is achieved by a 
combination of setting expansion, thermal expan-
sion and the expansion which occurs when silica 
undergoes inversion at elevated temperatures.

Hygroscopic expansion can be used to supple-
ment the setting expansion of gypsum-bonded 
materials. This is also possible for phosphate-
bonded materials but is rarely used in practice for 
these products.

The setting expansion of a typical gypsum-
bonded material is of the order of 0.3% which 
may be increased to around 1.3% by hygroscopic 
expansion.

The degree of thermal expansion depends on 
the nature of the silica refractory used in the 
investment and the temperature to which the 
mould is heated. Investments containing cristo-
balite undergo greater thermal expansion than 
those containing quartz, as shown in Fig. 5.3 for 
a gypsum-bonded material. If hygroscopic expan-
sion has been used to achieve expansion it is likely 
that the magnitude of the thermal expansion 
required will be relatively small. When thermal 
expansion is used as the primary means of achiev-
ing compensation a cristobalite-containing invest-
ment mould heated to around 700ºC is required.

Silica-bonded investments undergo a slight con-
traction during setting and the early stages of 
heating. This is due to the nature of the setting 
reaction and the subsequent loss of water and 
alcohol from the material. Continued heating 
causes considerable expansion due to the close-
packed nature of the silica particles. A maximum 
linear expansion of approximately 1.6% is reached 
at a temperature of about 600ºC.

For phosphate-bonded materials a combined 
setting expansion and thermal expansion of 
around 2.0% is normal, provided the special silica 
liquid is used with the investment. Many manu-
facturers of phosphate-bonded investments supply 
instructions which enable the expansion to be 
varied so that the casting shrinkage of the alloy 
can be compensated more precisely. This variation 
is achieved by diluting the special liquid with 
water. Table 5.2 gives an example of how this 
works out in practice. Hence, by selecting the 
most appropriate liquid dilution the investment 

can be made to compensate casting shrinkages for 
both base-metal alloys and gold alloys.

The expansion reaches a maximum at 700ºC 
and remains the same to 1000ºC. The lowest per-
missible burn-out temperature for any particular 
alloy normally gives the best results so it is essen-
tial to follow the directions given for any particu-
lar alloy.

Consideration of the relatively large casting 
shrinkages which can occur with some base-metal 
alloys in comparison with the compensating 
expansions possible with the investments may 
suggest that ideal compensation is not always 
possible.

It should be remembered, however, that further 
compensation may take place during other stages 
in the production of the casting. A small contrac-
tion of the impression, for example, may give the 
required compensation.

5.5 Applications

Table 5.3 gives the primary applications of the 
three main groups of investment materials.

Table 5.2 Effect of special liquid dilution on the 
expansion of phosphate-bonded investment at 
700–900°C.

Special liquid: water Expansion (%)

Neat liquid 1.9–2.1
3  :  1 1.7–1.9
1  :  1 1.5–1.7
1  :  3 1.3–1.5

Table 5.3 Applications of the various types of 
investment material.

Investment Primary use

Dental plaster or stone Mould for acrylic dentures
Gypsum-bonded materials Mould for gold casting 

 alloys
Silica-bonded materials Mould for base metal 

 casting alloys (rarely used)
Phosphate-bonded 
 materials

Mould for base metal and 
 gold casting alloys; mould 
 for cast ceramics and 
 glasses
Refractory die for ceramic 
 build-up
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Of the three main types of investment material, 
the phosphate-bonded products are becoming the 
most widely used. Silica-bonded materials are 
rarely used nowadays due to the fact that they are 
less convenient to use than the other products 
and that the ethanol produced in the liquid can 
spontaneously ignite or explode at elevated 
temperatures. Some laboratories regularly use 
phosphate-bonded materials even for gold cast-
ings. This practice allows the laboratory to stock 
only one type of investment, which is suitable for 
all cases.

The phosphate-bonded refractory die materials 
are used in a different way to the investments. A 
duplicating impression of the working die is made 
usually using a proprietary material. The mixed 

refractory die material is poured into this impres-
sion and allowed to set. It is then removed from 
the impression and consolidated by fi ring at about 
1000ºC. The surface is then coated with a thin 
layer of glaze and the die refi red at a slightly lower 
temperature (e.g. 970ºC). The surface glaze helps 
to prevent moisture from the porcelain from being 
soaked up into the porous die material.

5.6 Suggested further reading

Earnshaw, R. (1960) Investments for casting cobalt-
chromium alloys, parts I and II. Br. Dent. J. 108, 389 
and 429.

Jones, D.W. (1967) Thermal behaviour of silica and its 
application to dental investments. Br. Dent. J. 122, 
489.
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Metals and Alloys

and is initiated at specifi c sites called nuclei. The 
nuclei are generally formed from impurities within 
the molten mass of metal (Fig. 6.1a). Crystals 
grow as dendrites or spherulites, which can be 
described as three-dimensional, structures ema-
nating from the central nucleus (Fig. 6.1b). Crystal 
growth continues until all the material has solidi-
fi ed and all the dendritic or spherical crystals are 
in contact (Fig. 6.1c). Each crystal is known as a 
grain and the area between two grains in contact 
is the grain boundary.

After crystallization, the grains have approxi-
mately the same dimensions in each direction, 
measured from the central nucleus. They are not 
perfectly spherical or cubic however, nor do they 
conform to any other geometric shape. They are 
said to have an equiaxed grain structure. A change 
from an equiaxed structure to one in which the 
grains have a more elongated, fi brous structure 
can cause important changes in mechanical 
properties.

The atoms within each grain are arranged in a 
regular three-dimensional lattice. There are several 
possible arrangements such as cubic, body-centred 
cubic and face-centred cubic as shown in Fig. 6.2. 
The arrangement adopted by any one crystal 
depends on specifi c factors such as atomic radius 
and charge distributions on the atoms. Although 
there is a tendency towards a perfect crystal struc-
ture, occasional defects occur, as illustrated, two-
dimensionally, in Fig. 6.3. Such defects are 
normally referred to as dislocations and their 
occurrence has an effect on the ductility of the 
metal or alloy. When the material is placed under 
a suffi ciently high stress the dislocation is able to 
move through the lattice until it reaches a grain 
boundary. The plane along which the dislocation 
moves is called a slip plane and the stress required 
to initiate movement is the yield stress.

In practical terms, the application of a stress 
greater than the yield stress causes the material to 

6.1 Introduction

Metals and alloys have many uses in dentistry. 
Steel alloys are commonly used for the construc-
tion of instruments and of wires for orthodontics. 
Gold alloys and alloys containing chromium are 
used for making crowns, inlays and denture bases 
whilst dental amalgam, an alloy containing 
mercury, is the most widely used dental fi lling 
material.

With the exception of mercury, metals are gen-
erally hard and lustrous at ambient temperatures, 
and have crystalline structures in which the atoms 
are closely packed together. Metals are opaque 
and are good conductors of both heat and 
electricity.

The shaping of metals and alloys for dental use 
can be accomplished by one of three methods, 
namely, casting, cold working or amalgamation. 
Casting involves heating the material until it 
becomes molten, when it can be forced into an 
investment mould which has been prepared from 
a wax pattern. Cold working involves mechanical 
shaping of the metal at relatively low tempera-
tures, taking advantage of the high values of 
ductility and malleability possessed by many 
metals. Some alloys can be mixed with mercury 
to form a plastic mass which gradually hardens 
by a chemical reaction followed by crystallization. 
The material is shaped by packing it into a tooth 
cavity whilst still in the plastic state. This specifi c 
technique of shaping by amalgamation is dealt 
with in detail in the chapter devoted to dental 
amalgam (Chapter 21).

6.2 Structure and properties of metals

Crystal structure

Metals usually have crystalline structures in the 
solid state. When a molten metal or alloy is cooled, 
the solidifi cation process is one of crystallization 
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generally harder and have higher values of yield 
stress than those with coarser grain structure. 
Hence it can be seen that material properties can 
be controlled to some extent by controlling the 
grain size.

As stated in Chapter 2, the yield stress is not 
easily determined experimentally. The propor-
tional limit is therefore often used as an indication 
of yield stress. Alternatively the proof stress is 
used. The proof stress is the stress required to 
produce a certain level of permanent strain. For 
example the 0.2% proof stress indicates the stress 
required to produce a strain of 0.002.

Fig. 6.1 Diagram illustrating crystallization of a metal (a) 
from nuclei, (b) through dendritic growth, (c) to form 
grains.

Fig. 6.2 Some possible arrangements of atoms in metals 
and alloys: (a) cubic structure; (b) face-centred cubic; (c) 
body-centred cubic.

Fig. 6.3 (a) Simplified, diagrammatic indication of an 
imperfection in a crystal structure. (b) Under the influence 
of sufficient force atoms may move to establish a more 
perfect arrangement.

be permanently deformed as a result of movement 
of dislocations. Depending upon the circum-
stances, this can be a disadvantage or, alterna-
tively, may be used to advantage, as in the 
formation of wires.

Grain boundaries form a natural barrier to the 
movement of dislocations. The concentration of 
grain boundaries increases as the grain size 
decreases. Metals with fi ner grain structure are 
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A fi ne grain structure can be achieved by rapid 
cooling of the molten metal or alloy following 
casting. This process, often referred to as quench-
ing, ensures that many nuclei of crystallization are 
formed, resulting in a large number of relatively 
small grains as shown in Fig. 6.4a. Slow cooling 
causes relatively few nuclei to be formed which 
results in a larger grain size as shown in Fig. 6.4b. 
Some metals and alloys are said to have a refi ned 
grain structure. This is normally a fi ne grain struc-
ture which is achieved by seeding the molten 
material with an additive metal which forms 
nuclei for crystallization.

Cold working

In the previous section it was mentioned that per-
manent deformation takes place on the applica-
tion of a suffi ciently high force, due to the 
movement of dislocations along slip planes. For 
an applied tensile force the maximum degree of 
extension is a measure of the ductility of the metal 
or alloy. For an applied compressive force the 
maximum degree of compression is a measure of 
malleability. These changes occur when the stress 
is greater than the yield stress and at relatively low 
temperatures. Such cold working not only pro-
duces a change in microstructure, with disloca-
tions becoming concentrated at grain boundaries, 

but also a change in grain shape. The grains are 
no longer equiaxed but take up a more fi brous 
structure (Fig. 6.5a). The properties of the mate-
rial are altered, becoming harder and stronger 
with a higher value of yield stress. The ductility 
or malleability is decreased because the potential 
for further cold working is reduced. Cold working 
is sometimes referred to as work hardening due to 
the effect on mechanical properties. When mechan-
ical work is carried out on a metal or alloy at a 
more elevated temperature it is possible for the 
metal object to change shape without any altera-
tion in grain shape or mechanical properties (Fig. 
6.5b). The temperature below which work hard-
ening is possible is termed the recrystallization 
temperature. Examples of cold working in den-
tistry include the following.

(1) The formation of wires, in which an alloy is 
forced through a series of circular dies of 
gradually decreasing diameter. The resulting 
fi brous grain structure is responsible for the 
special springy properties possessed by most 
wires.

(2) The bending of wires or clasps during the 
construction and alteration of appliances.

(3) The swaging of stainless steel denture bases.

Since metals and alloys have fi nite values of 
ductility or malleability there is a limit to the 
amount of cold working which can be carried out. 
Attempts to carry out further cold working beyond 
this limit may result in fracture. This limitation 

Fig. 6.4 Control of metallic grain size by controlling the 
rate of cooling from the melt. (a) Rapid cooling – more 
nuclei, smaller grains. (b) Slow cooling – fewer nuclei, 
larger grains.

Fig. 6.5 Mechanical work carried out on a sample of 
metal or alloy. (a) Below the recrystallization temperature 
– produces a fibrous grain structure. (b) Above the 
recrystallization temperature – retains an equiaxed grain 
structure.
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should be remembered when carrying out altera-
tions to clasps constructed from low-ductility 
alloys.

If a cold-worked metal or alloy with a fi brous 
grain structure is heated to above its recrystalliza-
tion temperature it gradually reverts to an 
equiaxed form and becomes softer with a lower 
value of yield stress but a higher ductility. Hence, 
recrystallization can be used as a softening heat 
treatment. In many applications of wrought alloys 
however, it is something which must be avoided 
because of the adverse effect on mechanical prop-
erties. If the material is maintained above the 
recrystallization temperature for suffi cient time, 
diffusion of atoms across grain boundaries may 
occur, leading to grain growth. The effect of grain 
size on mechanical properties has already been 
discussed and it is clear that grain growth should 
be avoided if the properties are not to be adversely 
affected.

Cold working may cause the formation of inter-
nal stresses within a metal object. If these stresses 
are gradually relieved they may cause distortion 
which could lead to loss of fi t of, for example, an 
orthodontic appliance. For certain metals and 
alloys the internal stresses can be wholly or partly 
eliminated by using a low temperature heat treat-
ment referred to as stress relief annealing. This 
heat treatment is carried out well below the recrys-
tallization temperature and has no deleterious 
effect on mechanical properties since the fi brous 
grain structure is maintained.

6.3 Structure and properties of alloys

An alloy is a mixture of two or more metals. 
Mixtures of two metals are termed binary alloys, 
mixtures of three metals ternary alloys etc. The 
term alloy system refers to all possible composi-
tions of an alloy. For example the silver–copper 
system refers to all alloys with compositions 
ranging between 100% silver and 100% copper.

In the molten state metals usually show mutual 
solubility, one within another. When the molten 
mixture is cooled to below the melting point one 
of four things can occur.

(1) The component metals may remain soluble 
in each other forming a solid solution. The solid 
solution may take one of three forms. It may be a 
random solid solution in which the component 
metal atoms occupy random sites in a common 

crystal lattice. Another possibility is the formation 
of an ordered solid solution in which component 
metal atoms occupy specifi c sites within a common 
crystal lattice. The third type of solid solution is 
the interstitial solid solution in which, for binary 
alloys, the primary lattice sites are occupied by 
one metal atom and the atoms of the second com-
ponent do not occupy lattice sites but lie within 
the interstices of the lattice. This is normally found 
where the atomic radius of one component is 
much smaller than that of the other.

Solid solutions are generally harder, stronger 
and have higher values of elastic limit than the 
pure metals from which they are derived. This 
explains why pure metals are rarely used. The 
hardening effect, known as solution hardening, is 
thought to be due to the fact that atoms of differ-
ent atomic radii within the same lattice form a 
mechanical resistance to the movement of disloca-
tions along slip planes.

(2) The component metals may be completely 
insoluble in the solid state. Examination of a 
binary alloy of two metals, A and B, showing this 
behaviour reveals the presence of some areas con-
taining pure metal A and others containing pure 
metal B. This type of alloy is susceptible to elec-
trolytic corrosion, as described in Section 2.7, 
particularly if the component metals have widely 
differing electrochemical potentials. Complete 
insolubility of two metals is rarely encountered in 
practice.

(3) The two metals may be partially soluble in 
the solid state. For metals A and B two distinct 
phases exist within the solid state. One phase con-
sists of a solid solution of metal B in metal A, 
whilst the other phase consists of a solid solution 
of A in B. There is a limit to the solubility of the 
two metals one within the other in each of the two 
types of grain. The solubility is temperature 
dependent and normally decreases markedly as 
the temperature is reduced from the melting point 
down to room temperature. These partially soluble 
solid solutions are far more commonly encoun-
tered than the completely insoluble material 
covered in the previous paragraph.

(4) If the two metals show a particular affi nity 
for one another they may form intermetallic com-
pounds with precise chemical formulation (e.g. 
Ag3Sn). Since intermetallic compounds have spe-
cifi c valence requirements there are fewer crystal 
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imperfections and the potential for movement 
along slip planes is reduced. Such materials there-
fore tend to be relatively hard and brittle with low 
ductility.

Most alloys have properties which are specifi c 
to the particular system being considered. The 
general principles discussed for metals in the pre-
vious section, however, also hold true for most 
alloy systems. Hence, the grain size of alloys can 
be controlled by the rate of cooling from the melt. 
Alloys can be work hardened and they undergo 
recrystallization and grain growth under the 
correct conditions.

6.4 Cooling curves

Metals and alloys are sometimes characterised 
using cooling curves. The material is heated till 
molten then allowed to cool and a plot of tem-
perature against time is recorded, as shown in Fig. 
6.6. For a pure metal (Fig. 6.6a) the cooling curve 
displays a distinct plateau region at the melting 
point (Tm) indicating that temperature remains 
constant over a period of time during crystalliza-
tion. With few exceptions, the cooling curves for 
alloys show no such plateau region (Fig. 6.6b). 
Crystallization begins at temperature T1, and is 
complete at temperature T2. Hence crystallization 
takes place over a range of temperatures.

For a binary solid solution alloy of two metals, 
A and B, in which the melting point of metal A is 
greater than that of metal B, the fi rst material to 
crystallize, at just below temperature T1, will be 
rich in the higher melting point metal A, whilst 
the last material to crystallize, at a temperature 
just above T2, is rich in the lower melting point 
metal B. Each alloy grain can be envisaged as 
having a concentration gradient of metals; the 
higher melting metal being concentrated close to 
the nucleus and the lower melting metal close to 
the grain boundaries.

The material is said to have a cored structure. 
Such coring may infl uence corrosion resistance 
since electrolytic cells may be set up on the surface 
of the alloy between areas of different alloy 
composition.

If a series of cooling curves for alloys of differ-
ent composition within a given alloy system are 
available a phase diagram can be constructed 
from which many important predictions regarding 
coring and other structural variations can be 
made.

6.5 Phase diagrams

The temperature range over which an alloy crys-
tallizes can readily be obtained from the cooling 
curve, as illustrated in Fig. 6.6b. If the tempera-
tures T1 and T2 are obtained over a range of 
compositions for an alloy system and their values 
plotted against percentage composition, a useful 
graph emerges. This is illustrated in Fig. 6.7 for a 
hypothetical solid solution alloy of metals A and 
B. The melting points of the pure metals are indi-
cated by the temperatures TmA and TmB. The 
upper and lower temperature limits of the crystal-
lization range, T1 and T2, are shown for four 
alloys ranging in composition from 80% A/20% 
B to 20% A/80% B.

Fig. 6.6 Cooling curves for (a) a pure metal, showing 
solidification at a fixed temperature and (b) an alloy 
showing solidification over a range of temperatures.
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The phase diagram is completed by joining 
together all the T1 points and all the T2 points, 
together with the melting points of the pure 
metals, TmA and TmB. At temperatures in the 
region above the top line, known as the liquidus 
line, the alloy is totally liquid. At temperatures in 
the region below the bottom line, known as the 
solidus line, the alloy is totally solid. At tempera-
tures in the region between the solidus and liqui-
dus lines the alloy consists of a mixture of solid 
and liquid. The composition of the solid and 
liquid phases at any temperature between T1 and 
T2 can be predicted with the aid of the phase 
diagram.

Solid solution phase diagrams

Figure 6.7 shows how the phase diagram for a 
binary solid solution alloy is constructed. The 
diagram is redrawn in Fig. 6.8 in order to illus-
trate how it may be used to predict some of the 
characteristics of the alloy. Consider, for example, 
an alloy of composition X (approximately 60% A 
and 40% B). This alloy may be rendered com-
pletely molten by heating it to a temperature 
above TL which represents the liquidus tempera-
ture for that particular composition. If the alloy 
is cooled from above TL it remains molten until 
the temperature TL is reached, when the fi rst solid 

Fig. 6.7 Phase diagram of a solid solution alloy 
constructed from a series of cooling curves (Fig. 
6.6). The temperatures T1 and T2 are obtained from 
experiments using alloys of varying composition.

Fig. 6.8 Diagram illustrating how a solid solution 
phase diagram can be used to predict or explain 
certain alloy characteristics.
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begins to form. The composition of the fi rst solid 
to form is given by drawing a horizontal line or 
tie line to intersect the solidus. In this case, drawing 
such a tie line reveals that the fi rst solid to form 
has composition Z (approximately 90% A/10% 
B). As the alloy is cooled further, more crystalliza-
tion occurs and between temperatures TL and TS 
a mixture of solid and liquid exists. Selecting one 
temperature, TSL, within this region, the composi-
tion of both solid and liquid can be predicted, by 
noting where the tie line intersects both solidus 
and liquidus. Thus, at temperature TSL the com-
position of the solid is Y (approximately 80% 
A/20% B) and the composition of the remaining 
liquid is W (approximately 75% B/25% A). On 
further cooling, the alloy becomes completely 
solid at temperature TS. The last liquid to crystal-
lize has the composition V (approximately 80% 
B/20% A). This confi rms the previous observation 
that for solid solution alloys a cored structure 
exists in which the fi rst material to crystallize is 
rich in the metal with the higher melting point (A), 
whilst the last material to solidify is rich in the 
other metal (B). In the case of the alloy described, 
the variation in composition within the solidifi ed 
alloy grains ranges from 90% A/10% B near the 
nuclei to 80% B/20% A at the grain boundaries. 
An indication of the degree of coring is given by 
the separation of the solidus and liquidus lines on 
the phase diagram. The potential for coring is 
greater when there is wide separation of solidus 
and liquidus lines as shown in Fig. 6.9.

The previous discussion describes what happens 
when a solid solution alloy is cooled rapidly, as 
occurs for example, during casting. With slow 
cooling the crystallization process is accompanied 
by diffusion and a random distribution of atoms 
results, with no coring. Rapid cooling quickly 
denies the alloy the energy and mobility required 
for diffusion of atoms to occur and the cored 
structure is ‘locked in’ at low temperatures. Reduc-
ing the cooling rate as a means of eliminating 
coring would be self-defeating since it would 
produce an alloy with large grain size which, 
of course, would have inferior mechanical 
properties.

The coring may markedly reduce the corrosion 
resistance of some alloys, a heat treatment is 
sometimes used to eliminate the cored structure. 
Such a heat treatment is termed a homogenization 
heat treatment. This involves heating the alloy 
to a temperature just below the solidus tempera-

ture for a few minutes to allow diffusion of atoms 
and the establishment of an homogeneous struc-
ture. The alloy is then normally quenched in order 
to prevent grain growth from occurring. An 
example of a solid solution alloy is the gold-silver 
system.

Eutectic phase diagrams

It has already been pointed out that some metals 
are completely insoluble in the solid phase and an 
alloy of such metals consists of a mixture of grains 
of the pure metal components. Phase diagrams 
may be constructed by exactly the same technique 
as that described for solid solutions – by con-
structing cooling curves and noting the tempera-
tures at which crystallization commences and is 
complete. Such a phase diagram for a hypothetical 
alloy of two metals, A and B, is shown in Fig. 
6.10. The liquidus line is given by joining points 
A, C and E, whilst the solidus is given by A B C 
D E. The temperatures TmA and TmB are again 
the melting points of the pure metals A and B. In 
the two triangular regions between the solidus and 
liquidus lines a mixture of solid and liquid exists. 
The solid is always one of the pure metals. To the 
right of point C it is always pure B and to the left 
of point C it is always pure A. The alloy with 
composition corresponding to point C is called the 
eutectic alloy and is of particular interest since it 
crystallizes at a given temperature and not over a 
range of temperatures. In this respect, the eutectic 
alloy behaves in a similar fashion to a pure metal. 
Alloys with composition close to the eutectic com-
position have narrow melting ranges and melting 
points considerably lower than those of the com-
ponent pure metals. For these reasons they are 
often used as solders.

The eutectic phase diagram can be used to 
predict composition changes during crystalliza-
tion in just the same way as the solid solution 
diagram was used. For the most simple case of the 
eutectic alloy, it solidifi es at temperature TE to 
give a mixture of metals A and B. Figure 6.11 
illustrates what happens during crystallization for 
an alloy, X, not having the eutectic composition. 
On cooling, crystallization begins at temperature 
TL. The intersection of the horizontal tie line with 
the solidus indicates that the fi rst material to crys-
tallize is pure metal A. At temperature T1 the alloy 
lies in the region between solidus and liquidus 
lines, indicating that a mixture of solid and liquid 
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exists. The compositions of solid and liquid are 
given by the points of intersection of the tie line 
with the solidus and liquidus lines. Thus it can be 
seen that at T1 the solid formed is still pure metal 
A whilst the remaining liquid has composition Y. 
On cooling further to temperature T2, the solid is 
still pure metal A but the remaining liquid has 
composition Z, very close to the eutectic composi-
tion (E). Finally, on reaching temperature TE the 
eutectic mixture of metals remaining in the liquid 
phase crystallize out.

Hence, a simplifi ed explanation of what happens 
during cooling is that one of the pure metals crys-
tallizes until the remaining mixture of molten 
metals has a composition equivalent to the eutec-

tic. At this stage the remaining metals crystallize 
together.

The solidifi ed alloy consists of a mixture of 
insoluble metals which often has inferior corro-
sion resistance due to the potential for the estab-
lishment of electrolytic cells on the surface of the 
alloy.

The situation of complete solid insolubility as 
described above is rarely met in practice. Much 
more common is the case of limited solubility. 
Where the solubility of one metal in the other in 
the solid state is low, the behaviour of the alloy is 
similar to that of a eutectic alloy except that 
instead of grains of pure metals being produced 
we get grains of two dilute solid solutions.

Fig. 6.9 Diagram to show how the extent 
of coring depends on the separation of 
solidus and liquidus line. (a) Solidus and 
liquidus widely separated. Extensive coring 
as illustrated by arrows. (b) Solidus and 
liquidus closer together resulting in less 
extensive coring.
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Fig. 6.10 Phase diagram of an alloy of two metals 
(A and B) which are completely insoluble in the 
solid phase. The alloy with compositions equivalent 
to point C is termed a eutectic alloy. The type of 
phase diagram is sometimes called a eutectic phase 
diagram.

Fig. 6.11 Diagram illustrating how a eutectic phase 
diagram can be utilized.

Other alloy systems

The preceding discussion of alloy cooling curves 
and the formation of phase diagrams for solid 
solutions and eutectics illustrates how important 
information on alloy systems can be gathered and 
utilized. Every alloy system has its own distinctive 
phase diagram which can be used to characterise 
that system. The principles behind the use of such 
diagrams are the same as those described here.

In the following chapters, specifi c alloy systems 
used in dentistry are discussed and some of their 
properties are illustrated with the aid of phase 

diagrams where necessary. In some cases, struc-
tural transitions of alloys occur, not during crys-
tallization, but within the solid phase. Such 
solid–solid transitions complicate phase diagrams 
by adding more lines but do not alter the way in 
which the diagrams are used.

6.6 Suggested further reading

Cottrell, A. (1975) An Introduction to Metallurgy. 
Edward Arnold, London.



Chapter 7

Gold and Alloys of Noble Metals

by the application of a mechanical vibrator. The 
use of an automatic mallet involves the applica-
tion of a relatively large force at infrequent inter-
vals, whereas a pneumatic or electrically driven 
condenser delivers much lighter, but more fre-
quent blows. Care must be taken not to overheat 
the fi lling during the fi nishing procedures where 
the occlusal contour of the tooth is ‘carved’ using 
rotary fi nishing instruments then polished. Marked 
heating can cause damage to the pulp. The tooth 
and its supporting structures must withstand the 
fairly harsh treatment they receive during conden-
sation without becoming damaged. Fortunately, 
both the dentine and periodontal membrane are 
fairly resilient.

The mechanical properties of the pure gold 
fi lling depend on the amount of cold working 
carried out on the material. The degree of work 
hardening depends on the pressure applied during 
condensation and the length of time for which the 
material is condensed. Practical limitations of time 
and the pressure which can be tolerated by the 
patient restrict the hardness of the pure gold fi lling 
to values similar to those for the softer (type I) 
casting gold alloys. Sandwich foils of gold and 
platinum are also available which produce a con-
densed restoration with better physical character-
istics. These can be used to produce small class II 
restorations using a similar approach.

The advantages of the gold foil fi lling are that 
it is perfectly corrosion resistant and does not rely 
on a relatively soluble cement lute for retention. 
In cavities where the fi lling is surrounded by tooth 
substance, or where there is little or no opposing 
force, the mechanical properties are adequate and 
the pure gold fi lling offers a very durable restora-
tion. In high load bearing areas, certain properties 
of pure gold such as rigidity and elastic limit are 
insuffi cient to resist distortion. Apart from this, 

7.1 Introduction

In the ‘as cast’ condition, pure gold is too soft to 
maintain its shape under the forces of mastication. 
Its strength and hardness can be greatly improved 
by either cold working or alloying.

Gold is very malleable and ductile and can be 
readily cold worked. This characteristic is utilized 
in the restoration of teeth using pure gold fi llings. 
Alloys of gold are commonly used for cast restora-
tions. The use of wrought gold wires is dealt with 
in a separate chapter dealing with wrought 
alloys.

7.2 Pure gold fillings (cohesive gold)

When two pieces of pure gold are pressed together, 
metallic bonds are formed at their point of contact 
and the gold is welded together, without the appli-
cation of heat. This property of cold welding is 
utilized when building up a pure gold fi lling. The 
surfaces of the two pieces of gold must be per-
fectly clean to allow intimate contact and the 
applied force must be great enough to encourage 
the formation of bonds.

Cohesive gold is normally used in the form of 
a very thin gold sheet or ‘foil’, approximately 
0.001  mm thick. On condensation into the pre-
pared cavity, each layer of foil becomes welded to 
the material already condensed. It is normal prac-
tice to heat the gold foil to about 250ºC in an 
electric furnace or a gas fl ame before use to remove 
any adsorbed grease or gases which would prevent 
effi cient welding. The tooth to be fi lled must be 
isolated from the saliva using rubber dam and 
thoroughly dried to avoid contamination during 
condensation.

Condensation or ‘plugging’ of the gold may be 
carried out by hand, with an automatic mallet, or 
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the high cost of these restorations in terms of 
material used and the time taken to produce the 
restoration precludes their use in all but a minimal 
number of cases.

7.3 Traditional casting gold alloys

An indication of the composition of the tradi-
tional casting gold alloys is given in Table 7.1. The 
descriptions of the four types of dental casting 
gold alloy (types 1 to 4) are given in ISO 1562:1995 
as follows:

Type 1  low strength – for castings subject to 
very slight stress, e.g. inlays.

Type 2  medium strength – for castings subject 
to moderate stress, e.g., inlays and 
onlays.

Type 3  high strength – for castings subject to 
high stress, e.g. onlays, thin cast 
backings, pontics, full crowns and 
saddles.

Type 4  extra high strength – for castings 
subject to very high stress and thin in 
cross section, e.g. saddles, bars, clasps, 
crowns, bridges and partial denture 
frameworks.

Standards for ‘dental gold casting alloys’ require 
a noble metal content of at least 75%. It can be 
seen that the gold content or nobility decreases on 
going from the type 1 (soft) alloy to the type 4 
(extra hard) alloy. Nobility of gold alloys is often 
indicated by either a carat value or a fi neness 
value. The carat value indicates the number of 
parts by weight of gold in 24 parts of alloy. Thus, 
a type 2 alloy containing 75% gold has a carat 
value of 18. The fi neness value indicates the 
number of parts by weight of gold in 1000 parts 
of alloy. The type 2 alloy would have a fi neness 
value of 750.

ISO 1562:1995 for dental casting gold alloys 
requires that of the minimum noble metal content 

of 75%, at least 65% shall be gold whilst the 
remaining noble metal components shall be plati-
num group metals such as platinum, palladium, 
iridium, ruthenium or rhodium. The most com-
monly used is palladium. The use of potentially 
hazardous constituents is discouraged as the man-
ufacturer is required to list all the components 
along with the percentage of each.

The increase in hardness observed when nobil-
ity decreases is primarily due to the solution hard-
ening effect of the alloying metals which all form 
solid solutions with gold. The types 3 and 4 alloys 
can be further hardened by heat treatments.

The presence of signifi cant quantities of plati-
num and palladium, as in the type 4 alloys, not 
only causes considerable solution hardening but 
also leads to a widening of the separation between 
the solidus and liquidus lines of the solid solution 
phase diagram. The results of this is an increase 
in coring as explained on p. 59. The cored struc-
ture can be removed by carrying out a homogeni-
zation heat treatment. Platinum and palladium 
also signifi cantly increase the melting point and 
recrystallization temperature of gold alloys, a fact 
which can be used to advantage when selecting 
alloys for components which may require 
soldering.

Zinc, which is present to a concentration of 
about 1% in most alloys, acts as a scavenger 
during casting. It is the most chemically reactive 
of all the metals used and becomes preferentially 
oxidized at the high temperatures of casting. The 
resulting zinc oxide slag can be removed from the 
molten alloy. It is normal to re-use any excess 
alloy which is left after a casting has been pro-
duced (e.g. the alloy from the sprue). Care should 
be taken when doing this to ensure that suffi cient 
zinc remains to have an effective scavenging 
action. When all the zinc has been oxidized the 
other metals of the alloy, particularly copper, 
become prone to attack. In order to minimize the 
chances of this occurring it is good practice to 

Table 7.1 Typical compositions of casting gold alloys.

Type Au (%) Ag (%) Cu (%) Pt/Pd (%) Zn (%)

1 (low strength) 85 11  3 – 1
2 (medium strength) 75 12 10  2 1
3 (high strength) 70 14 10  5 1
4 (extra high strength) 65  9 15 10 1
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always include some fresh alloy in each alloy melt 
prepared for casting.

Table 7.2 gives an indication of the comparative 
properties of the four types of casting gold alloys. 
Moving through the series from type 1 to type 4, 
there is an increase in hardness, strength and pro-
portional limit. The corrosion resistance decreases 
as the gold content is reduced, although for practi-
cal purposes all of the alloys may be considered 
adequate from this point of view. Ductility and 
malleability also decrease when the gold content 
is reduced. Table 7.3 gives more detailed informa-
tion regarding the properties of the alloys. It is 
interesting to note that the ability to withstand 
stress within the elastic range is given by the 0.2% 
proof stress as opposed to the proportional limit 
(see Chapter 2). The proof stress is more readily 
determined and arguably more meaningful than 
the proportional limit. It represents the stress 
required to cause a permanent deformation of a 
particular value (0.2% in this case). Table 7.4 
gives the ISO specifi cation limits which apply to 
the materials.

The variation in alloy properties with composi-
tion is refl ected in the applications for which the 
materials are chosen. The relatively soft, type 1 
alloys are used for inlays which are well supported 
by tooth substance and which do not have to resist 
large masticatory forces. The high values of ductil-

ity of these alloys enables them to be burnished – a 
process which improves the marginal fi t of the 
inlay and increases surface hardness. The need 
to improve the fi t of inlays by burnishing 
has decreased with improvements in casting 
accuracy.

The type 2 alloys are the most widely used 
alloys for inlays. They have superior mechanical 
properties when compared with the type 1 materi-
als, though at the expense of a slight decrease in 
ductility.

The type 3 (hard) alloys are used where there is 
less support from tooth substance and when 
opposing stresses are likely to be relatively high. 
Examples of the use of these materials include the 
production of crowns and inlays for high stress 
areas such as class II cavities in molars. Type 3 
alloys with a high copper content (>8%) can be 
heat treated in air at 400ºC for 10 minutes to 
produce a stable copper oxide layer on their 
surface. Chemically active adhesive luting resins 
can then be used to bond such structures to tooth 
tissue rather than relying upon mechanical reten-
tion form and a conventional luting cement for 
retention. The high platinum and/or palladium 
content of the type 3 alloys, leading to a higher 
melting point, is benefi cial when constructing 
components for bridges which are joined by 
soldering.

Table 7.2 Comparative properties of casting gold alloys.

Type Hardness Proportional limit Strength Ductility Corrosion resistance

1
2 | | | | |
3 Increases Increases Increases Decreases Decreases
4 ↓ ↓ ↓ ↓ ↓

Table 7.3 Properties of casting gold alloys.

Property 1 2 3 4 4 (hardened)

Hardness (VHN) 50–90 90–120 120–160 150–230 250–300
Modulus of elasticity (GPa) 80 80 85 95 100
Tensile strength (MPa) 250 340 360 500 750
Proportional limit (MPa) 120 200 290 350 500
Elongation at break (%) 35 25 20 15 8
Melting range (ºC) 950–1100 920–980 900–1000 870–950 870–950
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Type 4 alloys are used in high stress areas and 
for constructing components of partial dentures 
and for this reason are normally referred to as 
partial denture casting alloys. Partial dentures 
normally have clasps or other devices for retaining 
the denture. These must be fl exible enough to 
engage undercuts in standing teeth but have suffi -
ciently high values of proportional limit such that 
they do not become distorted. The type 4 gold 
alloys possess this useful combination of proper-
ties. In addition, the alloys have suffi cient ductility 
in the softened state to allow slight adjustments 
to be made. Attempts to carry out adjustments on 
a heat hardened alloy may lead to fracture due 
to the decrease in ductility which accompanies 
hardening.

The connectors of partial dentures, be they bars 
or plates, should be rigid and resist distortion. 
Whereas the proportional limit of type 4 gold 
alloys is suffi ciently high to resist distortion, the 
connectors must be constructed in fairly thick 
section in order to produce suffi cient rigidity due 
to the relatively low value of modulus of elasticity 
of these alloys. Some base metal denture casting 
alloys have higher values of modulus and from 
this point of view are more satisfactory for pro-
ducing connectors (see Table 8.1).

Biocompatibility

It is often claimed that gold, alloys of gold and 
other precious metals can be considered well toler-
ated by soft tissues and by the body in general. 
However, contact allergy to gold is not as rare as 
may be imagined and can be readily demonstrated 
using patch testing using gold salts. Blood levels 
of gold are correlated with amounts of dental gold 
and with the incidence of gold allergy, but little is 
known about the possible effects of gold circulat-
ing in the blood.

The effect of exposure to palladium on human 
health has begun to receive some attention. The 
use of palladium in both dental and non-dental 
applications has more than doubled over recent 
years. A source of concern is the risk of sensitiza-
tion to palladium, as very low doses are suffi cient 
to cause allergic reactions in susceptible individu-
als. Dental technicians are thought to comprise 
a group which is known to be occupationally 
exposed to palladium and therefore at risk. Indi-
viduals with known nickel allergy are particularly 
thought to be at risk to palladium allergy. Protec-

tion from adverse reactions is best achieved 
through the use of alloys having good corrosion 
resistance or, in severe cases, to the use of palla-
dium-free alloys. Furthermore, it has been sug-
gested that patients who have an allergy to nickel 
should be informed that exposure to palladium 
containing alloys may result in palladium allergy, 
although the risk is relatively low.

7.4 Hardening heat treatments 
(theoretical considerations)

The type 3 (hard) and type 4 (extra hard) casting 
gold alloys can be further hardened by heat treat-
ments. Hardening heat treatments are hardly ever 
performed for type 3 materials but are occasion-
ally used for type 4 materials which are to be used 
in very high stress bearing situations. The harden-
ing process can be explained by consideration of 
the phase diagrams for the silver-copper and gold-
copper systems. Hardening heat treatments are 
not benefi cial for the types 1 and 2 alloys because 
they contain insuffi cient quantities of copper and 
silver.

Silver-copper system

The silver-copper system is a good example of an 
alloy in which the component metals are only 
partially soluble in the solid state. The solidifi ed 
alloy consists of a mixture of two solid solutions, 
one in which small quantities of copper are dis-
solved in silver (called the α solid solution) and 
one in which small quantities of silver are dis-
solved in copper (the β solid solution).

The phase diagram for the silver-copper system 
is shown in Fig. 7.1. In some respects it resembles 
the eutectic phase diagram given in Fig. 6.10. The 
solidus is defi ned by the line A B E C D, whilst 
the liquidus is given by A E D. The compositional 
limits of the α and β solid solutions are denoted 
by the areas marked α and β on the phase diagram. 
The lines B F and C G are termed solvus lines and 
indicate the decreasing solubility of copper in 
silver and silver in copper as the temperature 
decreases. Thus the solubility of copper in silver 
is around 9% at 780ºC (the eutectic temperature) 
but only around 2% at 400ºC. This relationship 
between solubility and temperature is normal for 
any system of limited solubility.

When an alloy of the eutectic composition (72% 
Ag/28% Cu) is cooled from the molten state it 
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undergoes solidifi cation at a constant tempera-
ture, equivalent to point E on the phase diagram. 
The solid formed is a mixture of α and β solid 
solutions in which the α has composition equiva-
lent to point B (approximately 9% Cu/91% Ag) 
and the β has a composition equivalent to point 
C (approximately 8% Ag/92% Cu). An alloy with 
slightly more copper than the eutectic composi-
tion (a hypereutectic alloy) solidifi es to give the 
eutectic mixture plus additional β solid solution. 
An alloy with slightly more silver (a hypoeutectic 
alloy) than the eutectic composition solidifi es to 
give the eutectic mixture and additional α solid 
solution. Using tie lines it can be shown that 
during crystallization the excess solid solution 
crystallizes fi rst and that the eutectic mixture is 
always the last to crystallize.

If the alloy has either less than 9% or greater 
than 92% copper then the solid formed is either 
α or β solid solution – no eutectic mixture is 
formed.

When casting, generally alloys are cooled rapidly 
to encourage the formation of a fi ne grain struc-
ture. At low temperatures the alloys become rigid 
and atomic diffusions become diffi cult if not 
impossible. The structure of the alloy which was 
formed during crystallization becomes ‘frozen’ 
into the alloy at room temperature. Despite the 

fact that the solubilities of silver in copper and 
copper in silver are negligible at room tempera-
ture, there exist, within the eutectic mixture, α 
and β solid solutions in which 9% copper remains 
dissolved in silver and 8% silver remains dissolved 
in copper. If diffusion were possible, there would 
be a tendency for copper to precipitate from the 
α solid solution and silver to precipitate from the 
β solid solution.

It is possible to heat the alloy to a temperature 
at which the solubility is exceeded but at which 
atomic diffusions are possible. In the temperature 
range 300–600ºC slow diffusion of copper atoms 
can occur. Given suffi cient time in this tempera-
ture range copper would begin to precipitate from 
the α solid solution. Well before any precipitated 
phase can be observed however, a signifi cant 
hardening of the alloy takes place, presumably 
because the diffusing atoms have effectively pre-
vented movement of slip planes. This forms the 
basis of the precipitation hardening procedure 
used for type 3 and type 4 casting gold alloys.

The same process may occur to a lesser extent 
and at a much slower rate at room temperature. 
Hardening which occurs in this way is referred to 
as age hardening.

Gold-copper system

Gold and copper form a continuous series of solid 
solutions over the whole range of compositions. 
The solid solutions are random-substitutional 
solid solutions with face-centred cubic lattices 
(Fig. 7.2).

The phase diagram for the gold-copper system 
is shown in Fig. 7.3. It can be seen that the solidus 
and liquidus are close together and almost coin-
cide at point M. Two other areas on the phase 

Fig. 7.1 Phase diagram of the silver–copper system.

Fig. 7.2 Disordered, face-centred cubic, gold–copper 
alloy. Circles represent either gold or copper.
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diagram, at compositions between 40% gold and 
90% gold, indicate regions in which the alloys are 
capable of undergoing a solid–solid transition to 
form an ordered rather than disordered lattice. 
The ordered lattice, in which gold and copper take 
up specifi c lattice sites, is often referred to as a 
superlattice.

Formation of the superlattice requires that an 
atomic rearrangement must take place by diffu-
sion of atoms. This cannot occur at normal tem-
peratures since there is insuffi cient energy in the 
system to allow diffusion to occur. Consider, for 
example, an alloy containing 75% gold which lies 
within one of the areas of interest. If this alloy is 
heated to a temperature in the region 200–400ºC, 
suffi cient energy is imparted to the system to allow 
atomic diffusions to occur, atoms take up their 
preferred sites and the superlattice is formed. In 
this case the superlattice has the formula CuAu 
and the superlattice has an ordered tetragonal 
structure as shown in Fig. 7.4. In alloys containing 
40–60% gold an ordered superlattice, based on 
the formula Cu3Au, is formed. The change in size 
and shape of the gold–copper lattice sets up a 
resistance to the movement of slip planes within 
the multi-component casting gold alloy which 
results in a signifi cant increase in hardness and 
strength and a reduction in ductility. Heat treat-
ments which are used to carry out this hardening 

Fig. 7.3 Simplified phase diagram of the gold–copper 
system.

Fig. 7.4 Ordered, tetragonal structure of a heat-treated 
gold–copper alloy containing 75% gold.

procedure are termed order hardening heat 
treatments.

7.5 Heat treatments 
(practical considerations)

On melting the alloy prior to casting, any metal-
lographic structure which it possessed as an ingot 
is lost and a new crystal structure is created as the 
metal ‘freezes’ inside the mould.

It is important to quench the gold alloy castings 
before they cool to the range of temperatures 
within which heat hardening takes place. An alloy 
which is allowed to cool slowly to room tempera-
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ture will undergo both precipitation and order 
hardening prematurely. Before any alteration in 
shape of such a casting is attempted, it must be 
softened by cooling rapidly from above 600ºC. 
Normal casting procedure is to leave the mould 
until the gold, visible in the sprues of the casting, 
is no longer at red heat. This indicates that the 
internal metal temperature is about 600ºC. The 
mould is then plunged into cold water in order to 
chill the metal quickly and cause disintegration of 
the mould. Rapid cooling also helps to ensure a 
fi ne grain structure.

The casting is then cleaned and when platinum 
or palladium are present an homogenization heat 
treatment may be carried out to remove coring. 
This involves heating to 700ºC for 10 minutes, 
then quenching. The casting is then polished and 
its fi t in the mouth is checked. Any minor adjust-
ments, such as bending of clasps, etc., are made 
at this stage whilst the alloy is still in the softened 
state. If adjustments are made, a low temperature 
stress relief anneal should be carried out.

The hardening heat treatment may then be 
carried out with type 3 and type 4 alloys by 
heating the casting to above 450ºC and allowing 
it to cool slowly until its temperature has dropped 
to about 200ºC, then quenching. This takes about 
20 minutes for an average-sized casting. The 
precise details of the heat treatment vary from one 
alloy to another and the manufacturer’s instruc-
tions should be followed. The procedures are 
designed such that hardening by both precipita-
tion and ordering can occur. In practice, harden-
ing heat treatments are hardly ever performed on 
type 3 alloys and only infrequently for type 4 
materials, indicating that the properties of the as-
cast material are adequate for most purposes.

Following hardening the casting is repolished 
and, in the case of a denture, the teeth are added 
in order to complete the job.

Ideally, all hardening and softening heat treat-
ments should be carried out in a pyrometrically 
controlled furnace. The castings should be sup-
ported by sand or another refractory material in 
order to prevent ‘sag’ at elevated temperatures.

7.6 Alloys with noble metal content of at 
least 25% but less than 75%

The two major groups of alloys covered by this 
composition range are the low-gold content alloys 
and the silver palladium alloys. The composition 

and properties of the alloys are specifi ed in ISO 
8891:2000. The standard recognises the need to 
specify maximum allowed concentrations of toxic 
metals such as cadmium (0.02% max.), beryllium 
(0.02% max.) and nickel (0.1% max.). There is 
no benefi cial effect of having these metals present 
and the limits are designed only to ensure that 
proper checks on impurities are performed.

Low gold-content alloys

Large increases in the price of gold have led to the 
development and increased use of alloys with 
lower gold content than those described previ-
ously. Some alloys contain as little as 10% gold 
but more normally a gold content of around 45–
50% is used. They have a high palladium content 
which imparts a characteristic ‘whitish’ colour to 
the alloys.

The increased popularity and use of these ‘low 
gold’ alloys has led to the development of an ISO 
Standard for dental casting alloys with a noble 
metal content of 25% up to but not including 
75%. There are four types of alloy equivalent to 
those previously described for the high gold mate-
rials. The mechanical properties for both high 
gold and low gold alloys are characterised in the 
standards using measurements of proof stress and 
elongation at break (a measure of ductility). The 
specifi cation limits are shown in Table 7.4, where 
it can be seen that the requirements for the two 
groups of alloys are identical.

The casting techniques and equipment used for 
low-gold alloys are similar to those used for con-
ventional gold alloys. This, coupled with their 
acceptable properties, good clinical performance 
and lower cost compared to conventional gold 
alloys, has led to their widespread use.

Table 7.4 Specification limits for both traditional dental 
casting gold alloys and dental casting alloys with noble 
metal content of 25% up to but not including 75%.

Type
0.2% Proof 
stress (MPa) Elongation (%)

1 80–180 18 minimum
2 180–240 12 minimum
3 240 minimum 12 minimum
4 300 minimum 10 minimum
4 (Hardened) 450 minimum  3 minimum

See Table 7.3 for some typical values.
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Silver-palladium alloys

The silver–palladium alloys contain little or no 
gold and as their name suggests contain primarily 
silver and palladium. There is generally a minimum 
of 25% palladium along with small quantities of 
copper, zinc and indium, in addition to gold which 
is sometimes present in small quantities.

The silver–palladium alloys have signifi cantly 
lower density than gold alloys, a factor which may 
affect castability. For a given volume of casting, 
there is a lower force generated by the molten 
alloy during casting. In this regard, there appears 
to be a signifi cant variation amongst brands, indi-
cating that small variations in composition can 
affect castability. Some silver–palladium alloys 
have castability characteristics which compare 
favourably with gold alloys. Attention must be 
paid to details such as casting temperature and 
mould temperature if the mould is to be ade-
quately fi lled by the alloy.

Alloys containing large quantities of palladium 
have a propensity for dissolving oxygen in the 
molten state which may lead to a porous casting. 
Care must be taken to avoid overheating or oxida-
tion of the melt during casting.

The properties of silver–palladium alloys are 
similar to those of type 3 gold (Table 7.5). Materi-
als claiming compliance with the ISO Standard for 
casting alloys having a noble metal content of 
greater than 25% must meet the specifi cation 
limits set out in Table 7.4. There are signifi cant 
variations in properties between individual brands 
within each of the two groups. Whereas most gold 
alloys have high ductility as demonstrated by an 
elongation value above 15%, some silver–
palladium alloys have much lower ductility. The 
corrosion resistance is not as good as for gold 
alloys but, provided the palladium content is 
above 25%, the amount of corrosion expected 
during service is negligible.

These alloys offer a suitable alternative to gold 
alloys provided that care is taken during casting. 
They offer a considerable saving in cost when 
compared with gold alloys.

Methods used to assess resistance to corrosion 
and tarnish are outlined in Section 2.7.

7.7 Soldering and brazing materials for 
noble metals

Some larger restorations/appliances produced 
from cast alloys are produced in two or more 
parts which are then joined together by soldering 
or brazing. This approach is used to overcome 
distortions that may occur during cooling for 
metal frameworks for long span bridge work, and 
also when joining metal components formed from 
different alloys, e.g. a type 4 gold veneer crown 
may be joined to a precious metal porcelain 
bonding alloy structure for bridgework. In den-
tistry the terms soldering and brazing are used 
interchangeably. However, in normal metallurgi-
cal terms the two processes, although trying to 
achieve the same goal, are carried out at different 
temperatures, brazing being a process carried out 
at higher temperatures.

The defi nition of a dental brazing material given 
in ISO Standards is ‘an alloy suitable for use as a 
fi ller material in operations in which dental alloy(s) 
parts are joined to form a dental restoration’.

The requirement of a brazing material for noble 
alloys is that it be capable of forming a strong, 
corrosion resistant joint between the two compo-
nents being joined without changing their struc-
ture or properties. Hence, the tensile strength of 
the brazed joint is required to exceed the 0.2% 
proof stress for the weakest of the two compo-
nents. There should be no visible signs of corro-
sion when a brazed joint is soaked in a solution 
of lactic acid and sodium chloride for 7 days. In 
order that the components being joined do not 
suffer from recrystallization, grain growth or dis-
tortion during the brazing procedure it is impor-
tant that the brazing material has a fl ow 
temperature which is well below the melting point 
of the alloys being joined. The fl ow temperature 
is defi ned as the lowest temperature at which the 
fi ller material is fl uid enough to fl ow into the gap 
and to wet the surface of the metallic parts. Solders 
for joining noble metal components are formu-
lated from mixtures of gold, silver and copper 
designed to have low fusion temperatures. This is 

Table 7.5 Properties of a typical Ag/Pd alloy compared 
with a type 3 gold alloy.

Property Ag/Pd Gold (type 3)

Hardness (VHN) 120–220 120–160
Modulus of elasticity (GPa) 80–95 85
Proportional limit (MPa) 250 290
Elongation at break (%) 3–25 15–25
Melting range (ºC) 900–1100 900–1000
Density (g  cm−3) 11–12 15–16
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achieved through the eutectic nature of certain 
silver/copper alloys and through the addition of 
tin and zinc such that the fusion temperature of 
the solder is generally 50–100ºC below that of the 
casting gold alloys.

Solders are susceptible to oxidation during the 
melting/softening procedure and the resulting 
oxides can weaken the soldered joint. Further-
more, the metal components being joined are 
often coated with a thin oxide fi lm which can limit 
the ability to achieve proper jointing. Fluxes are 
employed to break down the surface oxide layers 
on metals and to prevent oxidation of the solder. 
Fluxes commonly used are fl uoride salts and 
borax. Fluoride salts are particularly useful in 
breaking down the tenacious oxide fi lm which 
forms on the surface of chromium containing 
alloys.

7.8 Noble alloys for metal-bonded 
ceramic restorations

Alloys of precious metals are commonly used for 
the fabrication of metal-bonded ceramic restora-
tions. Their requirements are similar to those 
described in this chapter but with additional 
requirements related to the following:

(1) thermal stability during fi ring of the 
ceramic;

(2) bonding to the ceramic;
(3) compatibility with the ceramic;
(4) support for the ceramic.

For further information see Chapter 11.

7.9 Biocompatibility

Gold and other precious and semi-precious alloys 
are generally regarded as having good biocompat-
ibility. However, the literature contains some dis-
turbing reports of severe cases of allergy to gold 
alloys and high palladium content alloys. Though 
rare, these events serve to remind us of the need 
to assess and monitor all materials in the clinical 
situation on a case by case basis. For further 
details, see page 65.

7.10 Suggested further reading

Moller, H. (2002) Dental gold alloys and contact 
allergy. Contact Dermatitis 47, 63.

Wassell, R.W., Walls, A.W. & Steele, J.G. (2002) 
Crowns and extra-coronal restorations: materials 
selection. Br. Dent. J. 192, 199.
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Base Metal Casting Alloys

denum and trace quantities of other elements such 
as beryllium, silicon and carbon. Cobalt and 
nickel are hard, strong metals. The main purpose 
of the chromium is to further harden the alloy by 
solution hardening and also to impart corrosion 
resistance by the passivating effect. Chromium 
exposed at the surface of the alloy rapidly becomes 
oxidized to form a thin, passive, surface layer of 
chromic oxide which prevents further attack on 
the bulk of the alloy. The concentrations of the 
minor constituents have a greater effect on the 
physical properties of the alloys than do the rela-
tive cobalt–chromium–nickel concentrations. The 
minor elements are generally added to improve 
casting and handling characteristics and modify 
mechanical properties. For example, silicon 
imparts good casting properties to a nickel-
containing alloy and increases its ductility. Like-
wise, molybdenum and beryllium are added to 
refi ne the grain structure and improve the behav-
iour of base metal alloys during casting. Carbon 
affects the hardness, strength and ductility of the 
alloys and the exact concentration of carbon is 
one of the major factors controlling alloy proper-
ties. The carbon forms carbides with any of the 
components and its concentration depends on 
both the amount added by the manufacturer and 
that which may be inadvertently introduced during 
casting if the alloy is melted with an oxyacetylene 
torch. The presence of too much carbon results 
in a brittle alloy with very low ductility and an 
increased danger of fracture. During crystalliza-
tion the carbides become precipitated in the inter-
dendritic regions which form the grain boundaries. 
The grains are generally much larger than those 
produced on casting gold alloys and it is possible 
for the precipitated carbides to form a continuous 
phase throughout the alloy. If this occurs the alloy 
becomes extremely hard and brittle as the carbide 

8.1 Introduction

Base metal alloys contain no gold, platinum or 
palladium. Their composition and properties are 
specifi ed in three ISO standards for alloys. ISO 
6871 specifi es composition limits and require-
ments for dental base metal casting alloys used to 
construct removable dental appliances. There are 
two parts to this standard refl ecting the two main 
groups of materials used, namely the Co/Cr alloys 
(part I) and the Ni/Cr alloys (part II). ISO 16744 
specifi es requirements for base metal alloys used 
to construct fi xed dental restorations. There is no 
provision within this latter standard to further 
describe alloys according to composition (except 
for limiting the quantity of hazardous metals) but 
greater emphasis is placed upon classifying mate-
rials according to properties and aligning these 
properties to the four types of casting gold alloys 
described in the previous chapter.

8.2 Composition

The composition of alloys is described according 
to the limits given in the appropriate ISO 
standards.

Cobalt-chromium alloys

The chemical composition of these alloys specifi ed 
in the ISO Standard for Dental Base Metal Casting 
Alloys (Part 1) is as follows:

Cobalt main constituent
Chromium no less than 25%
Molybdenum no less than 4%
Cobalt + nickel + chromium no less than 85%

A typical material would contain 35–65% cobalt, 
25–35% chromium, 0–30% nickel, a little molyb-

71
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phase acts as a barrier to slip. A discontinuous 
carbide phase is preferable since it allows some 
slip and reduces brittleness. Whether a continuous 
or discontinuous carbide phase is formed depends 
on the amount of carbon present and on the 
casting technique. High melting temperatures 
during casting favour discontinuous carbide 
phases but there is a limit to which this can be 
used to any advantage since the use of very high 
casting temperatures can cause interactions 
between the alloy and the mould.

Nickel-chromium alloys

The chemical composition of these alloys specifi ed 
in the ISO Standard for Dental Base Metal Casting 
Alloys (Part 2) is as follows:

Nickel main constituent
Chromium no less than 20%
Molybdenum no less than 4%
Beryllium no more than 2%
Nickel + cobalt + chromium no less than 85%

As for the Co/Cr alloys the concentrations of 
minor ingredients can have a profound effect on 
properties. The concentration of carbon and the 
nature of the grain boundaries are major factors 
in controlling the properties of these alloys.

Alloys for fixed restorations

These alloys are similar to those described within 
the previous two categories but the composition 
limits are less prescriptive. This approach used in 
ISO 16744 represents a trend in the development 
of standards in which more emphasis is put on 
meeting the requirements for certain key proper-
ties than on composition. These alloys consist of 
a variety of mixtures of Co, Cr, Ni and Mo but 
there are strict limits on the use of materials con-
sidered to be hazardous. For example, the limit 
for beryllium and cadmium is only 0.02% whilst 
alloys containing more than 0.1% nickel are 
required to carry a hazard warning.

8.3 Manipulation of base metal 
casting alloys

The fusion temperatures of the Ni/Cr and Co/Cr 
alloys vary with composition but are generally in 
the range 1200–1500ºC. This is considerably 
higher than for the casting gold alloys which 

rarely have fusion temperatures above 950ºC. 
Melting of gold alloys can readily be achieved 
using a gas–air mixture. For base metal alloys, 
however, either an acetylene–oxygen fl ame or an 
electrical induction furnace is required. The latter 
method is to be favoured since it is carried out 
under more controlled conditions. When using 
oxyacetylene fl ames the ratio of oxygen to acety-
lene must be carefully controlled. Too much 
oxygen may cause oxidation of the alloy whilst an 
excess of acetylene produces an increase in the 
metal carbide content leading to embrittlement.

Investment moulds for base metal alloys must 
be capable of maintaining their integrity at the 
high casting temperatures used. Silica-bonded and 
phosphate-bonded materials are favoured with 
the latter product being most widely used. Gypsum 
bonded investments decompose above 1200ºC to 
form sulphur dioxide which may be absorbed by 
the casting, causing embrittlement. This effect can 
be reduced by the incorporation of oxalate in the 
investment, however the problem is generally 
avoided by choosing an investment which is more 
stable at elevated temperatures.

The density values of base metal alloys are 
approximately half those of the casting gold 
alloys. For this reason the thrust developed during 
casting may be somewhat lower, with the possibil-
ity that the casting may not adequately fi ll the 
mould. Casting machines used for base metal 
alloys must therefore be capable of producing 
extra thrust which overcomes this defi ciency. The 
problem may be aggravated if the investment is 
not suffi ciently porous to allow escape of trapped 
air and other gases. Careful use of vents and 
sprues of adequate size is normally suffi cient to 
overcome such problems.

The greatest expense involved in producing a 
Co/Cr dental casting is in the time required for 
trimming and polishing. In the ‘as cast’ state, the 
alloy surface is normally quite rough, partially due 
to the coarse nature of some investment powders. 
Finer investments can be used to give a smoother 
surface requiring less fi nishing. One common 
technique involves painting the wax pattern with 
fi ne investment – this then forms the inner surface 
of the investment mould. The bulk of the mould 
is then formed from the coarser grade material.

Base metal alloys, and particularly the Co/Cr 
type, are very hard and consequently diffi cult to 
polish. After casting, it is usual to sandblast the 
metal to remove any surface roughness or adher-
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ent investment material as well as the green layer 
of oxide which coats the surface after casting. 
Electrolytic polishing may then be carried out. 
This procedure is essentially the opposite to elec-
troplating. If a rough metal surface is connected 
as the anode in a bath of strongly acidic electro-
lyte, a current passing between it and the cathode 
will cause the anode to ionize and lose a surface 
fi lm of metal. With a suitable electrolyte and the 
correct current density, the fi rst products of elec-
trolysis will collect in the hollows of the rough 
metal surface and so prevent further attack in 
these areas. The prominences of the metal surface 
will continue to be dissolved and in this way 
the contours of the surface are smoothed. Final 
polishing can be carried out using a high-speed 
polishing buff.

The process of electropolishing is not generally 
used for Ni/Cr alloy castings. These products are 
normally used for crown and bridge work and it 
is essential to maintain the accuracy of fi t, particu-
larly at the margins of crowns. This accuracy may 
be lost during polishing procedures and care is 
required to avoid such problems.

8.4 Properties

The properties of these alloys vary from one brand 
to another but typical values are listed in Tables 
8.1 and 8.2. The ISO standards for both materials 
require a minimum of 0.2% proof stress of 
500  MPa and a minimum elongation after frac-
ture of 3%. Hence an ability to withstand perma-
nent deformation under stress and a reasonable 
ductility are deemed to be important characteris-
tics of these alloys.

The Co/Cr and Ni/Cr alloys are very hard 
materials and although this makes the polishing 
of castings a diffi cult process the fi nal polished 
surface is very durable and resistant to scratching. 
In addition, fi ne margins seem less likely to be lost 
during fi nishing of a base metal alloy.

Co/Cr and Ni/Cr alloys have very good corro-
sion resistance by virtue of the passivating effect 
(see Section 2.7). The alloys are covered with a 
tenacious thin layer of chromic oxide which pro-
tects the bulk of the alloy from attack. Unlike 
chromium-plated metals, which lose their corro-
sion resistance if the surface layer becomes 

Table 8.1 Comparative properties of Co/Cr alloys and type 4 casting gold alloys for partial dentures.

Property (units) Co/Cr Type 4 gold alloy Comments

Density (g  cm−3) 8 15 More diffi cult to produce defect-free casting 
for Co/Cr alloys but denture frameworks 
are lighter

Fusion temperature As high as 1500ºC Normally lower than 
1000ºC

Co/Cr alloys require electrical induction 
furnace or oxyacetylene equipment
Cannot use gypsum-bonded investments for 
Co/Cr alloys

Casting shrinkage (%) 2.3 1.4 Mostly compensated for by correct choice of 
investment

Tensile strength (MPa) 850 750 Both acceptable

Proportional limit (MPa) 700 500 Both acceptable; can resist stresses without 
deformation

Modulus of elasticity (GPa) 220 100 Co/Cr more rigid for equivalent thickness; 
advantage for connectors; disadvantage for 
clasps

Hardness (Vickers) 420 250 Co/Cr more diffi cult to polish but retains 
polish during service

Ductility (% elongation) 3 15 (as cast)
8 (hardened)

Co/Cr clasps may fracture if adjustments are 
attempted

Note: Values for gold alloy are for heat-hardened material except where indicated.
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scratched, these alloys are permanently resistant 
to corrosion since the oxide layer immediately 
becomes replenished if the surface is damaged.

ISO standards recommend that the corrosion 
resistance of these base metal alloys is evaluated 
using the static immersion test described in section 
2.7. After soaking in an aqueous solution of lactic 
acid and sodium chloride for 7 days at 37C, the 
concentrations of all elements in solution is deter-
mined with particular emphasis being placed upon 
hazardous elements.

Co/Cr alloys have relatively low ductility, a fact 
which should be remembered when carrying out 
alterations to partial denture clasps. The ductility 
may be further reduced if the concentration of 
carbides becomes increased during melting with 
an oxyacetylene torch.

Although the ISO specifi cation limits for Ni/Cr 
alloys are the same as those for Co/Cr alloys for 
both proof stress and elongation, some Ni/Cr 
alloys are relatively ductile. This would suggest 
that restorations produced from some alloys can 
be burnished. However, their relatively high pro-
portional limit values indicate that high stresses 
would be required for effective burnishing.

The proportional limit values of the Co/Cr 
alloys are somewhat higher than even the Ni/Cr 
alloys. They are able to withstand high stresses 
without undergoing permanent deformation.

The Ni/Cr alloys and Co/Cr alloys are both very 
rigid materials with high modulus of elasticity 
values.

8.5 Comparison with casting gold alloys

The properties of the two main groups of base 
metal casting alloys dictate that the Co/Cr alloys 
are primarily used for partial denture castings, 
where the high values of modulus of elasticity and 
proportional limit are of major importance whilst 
the Ni/Cr alloys are primarily used for small 
castings such as crowns and bridges. These two 
groups of base metal alloys offer alternatives to 
the casting gold alloys at potentially considerable 
savings in cost. Table 8.1 gives comparative pro-
perties of the Co/Cr alloys and the type 4 casting 
gold alloys. Table 8.2 gives comparative proper-
ties of the Ni/Cr alloys and type 3 casting gold 
alloys.

Cast cobalt alloys for removable appliances 
(e.g. partial dentures)

The two major components of cast partial denture 
frameworks are the connectors and clasps. The 
connectors should be rigid (high value of modulus 
of elasticity required) and should not be perma-
nently deformed by the action of mechanical 

Table 8.2 Comparative properties of Ni/Cr alloys and type 3 casting gold alloys for cast restorations.

Property (units) Ni/Cr Type 3 gold alloy Comments

Density (g  cm−3) 8 15 More diffi cult to produce defect-free casting for 
Ni/Cr alloys

Fusion temperature As high as 
1350ºC

Normally lower 
than 1000ºC

Ni/Cr alloys require electrical induction furnace or 
oxyacetylene equipment

Casting shrinkage (%) 2.0 1.4 Mostly compensated for by correct choice of 
investment

Tensile strength (MPa) 600 540 Both adequate for the applications being considered

Proportional limit (MPa) 500 290 Both high enough to prevent distortions for 
applications being considered; note that values are 
lower than for partial denture alloys (Table 8.1)

Modulus of elasticity (GPa) 220 85 Higher modulus of Ni/Cr is an advantage for larger 
restorations, e.g. bridges and for porcelain-bonded 
restorations

Hardness (Vickers) 300 150 Ni/Cr more diffi cult to polish but retains polish 
during service

Ductility (% elongation) 3–30 20 Relatively large values suggest that burnishing is 
possible; however, large proportional limit values 
suggest high forces would be required



Base Metal Casting Alloys  75

stresses (high value of proportional limit required). 
It can be seen from Table 8.1 that the Co/Cr alloys 
most closely meet these two requirements. In addi-
tion, the lower density of the base metal alloys 
means that dentures constructed from this mate-
rial are lighter, the more so if the connectors are 
of thinner section.

For clasps, a high value of proportional limit is 
required in order to prevent deformation. A lower 
value of modulus of elasticity would enable the 
clasp to engage relatively deep undercuts due to 
its increased fl exibility. In addition, the alloy used 
to construct clasps should ideally be ductile so 
that adjustments can be made to clasps without 
fracturing. The gold alloys most closely match the 
requirements for clasps since they have adequately 
high proportional limits, lower values of modulus 
of elasticity than Co/Cr alloys and greater ductil-
ity. A clasp of the same cross-sectional area would 
be much stiffer in Co/Cr than in gold alloy. A 
greater force would therefore be required to fl ex 
it outwards past the most bulbous part of the 
tooth for a given undercut. The stress developed 
in the Co/Cr clasp would be more than double 
that in an equivalent gold alloy clasp. There is a 
greater chance of reaching the stress which is 
equivalent to the proportional limit in the Co/Cr 
clasp and therefore a greater risk of permanent 
deformation.

In practice, connectors and clasps are generally 
cast together from the same alloy. For reasons 
of cost, Co/Cr alloys are almost universally used 
despite their limitations. When designing partial 
denture frameworks due regard must be paid to 
the high modulus values and low ductility of the 
Co/Cr alloys. Clasps should not be designed to 
engage deep undercuts and alterations by bending 
may result in fractures. A reduction in thickness 
of the Co/Cr alloy decreases the force necessary 
to push the clasp over the bulge of the tooth but 
leaves the clasp arm exposed to the dangers of 
deformation during cleaning and handling of the 
denture. By a reduction of the undercut to approx-
imately half that engaged by a gold clasp, coupled 
with the use of a slightly thinner cross-section, a 
clasp of moderate retention and adequate func-
tional life can be designed. The use of very small 
undercuts, however, requires precise positioning 
of the clasp arm and this is not always easy to 
achieve. Consequently, it is often found that Co/
Cr clasps are either too retentive initially and 
slowly lose this retention due to permanent defor-

mation or, alternatively, clasps may engage under-
cuts which are too small and give barely adequate 
retention.

The best of both worlds is to use Co/Cr alloy 
for the connectors and type 4 gold alloy for clasps. 
Whilst it is possible to solder these structures 
together, corrosion at the joint is not uncommon 
and, where possible, the gold clasp should be 
attached to the denture via the polymeric denture 
base material.

There has been an increased use of Ni/Cr alloys 
for partial denture framework castings. This is 
due to the relative ease of fi nishing and polishing 
compared with Co/Cr as a consequence of the 
lower hardness value (Tables 8.1 and 8.2).

Nickel based alloys for removable appliances

Both Ni/Cr and gold alloys have adequate mechan-
ical properties with the greater rigidity of the Ni/
Cr alloys being an advantage for bridges, particu-
larly those with large spans.

The success of crown and bridge alloys depends 
to a great extent on the accuracy with which the 
restorations can be cast. The gold alloys have a 
signifi cant advantage from this point of view. 
They have greater density which results in better 
castability due to the high thrust which is gener-
ated by the alloy as it enters the mould. The gold 
alloys undergo less casting shrinkage (approxi-
mately 1.4%) when compared with the Ni/Cr 
alloys (2.0%). In the case of gold alloys, the 
shrinkage is well compensated for by dimensional 
changes in the investment mould. For Ni/Cr alloys 
the contraction is probably not as well compen-
sated. This, occasionally, results in ill-fi tting cast-
ings. One advantage of the Ni/Cr alloys, which 
results from their great hardness, is that the 
margins of the cast restoration are unlikely to be 
destroyed during polishing.

Clinically one diffi culty with Ni/Cr alloys for 
crown and bridgework also relates to their hard-
ness. It is common practice to make the occlusal 
(biting) surface of a porcelain fused to metal 
(PFM) crown from the cast metal. This helps to 
reduce tooth wear which may occur between 
tooth tissue and porcelain. Unfortunately the very 
hard surface of a cast Ni/Cr alloy makes it more 
diffi cult to perform occlusal adjustments than is 
the case with precious metal alloys, and they are 
themselves more likely to cause wear of the oppos-
ing dentition than a precious metal surface.
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Base metal alloys for fixed dental 
restorations

There is now an ISO standard for base metal 
materials designed for fi xed dental restorations 
(ISO 16744). This is similar in many ways to the 
standards which apply to dental base metal casting 
alloys (ISO 6871-1 and 2) except that the latter 
standards strictly speaking apply to materials used 
in removable restorations or appliances.

Alloys falling within the scope of ISO 16744 are 
classifi ed into four types, equivalent to the four 
types of casting gold alloys. The four groups are 
as follows:

• Type 1. Low strength – for low stress applica-
tions such as inlays.

• Type 2. Medium strength – for moderate stress 
applications such as larger inlays, onlays and 
full crowns.

• Type 3. High strength – for high stress applica-
tions including bridge pontics and implant 
superstructures.

• Type 4. Extra high strength – for very high 
stress applications including long span bridges 
and implant superstructures.

As stated previously, there are no strict compo-
sition limits for these alloys and various combina-
tions of Co, Cr Ni and Mo are most commonly 
found. The manufacturer is required to state the 
composition in terms of all the alloying elements 
present. For elements present in more than 1% the 
amount must be given. If the material contains 
more than 0.1% nickel a warning must be given 
and details of precautions to be taken outlined. 
The alloys are not permitted to contain more than 
0.02% cadmium and/or beryllium. For the pur-
poses of this particular standard, the elements 
nickel, cadmium and beryllium are defi ned as 
hazardous.

The four types of material are characterised 
primarily by their mechanical properties as 
indicated by the specifi cation limits shown in 
Table 8.3 which are taken from ISO 16744.

Other properties of these materials are similar 
to the products described in the previous section 
and in Table 8.2.

Corrosion resistance is determined by a static 
immersion test in an aqueous solution of lactic 
acid and sodium chloride at 37ºC for 7 days (see 
Section 2.7). The test material is required to leach 
less than 1000  μg of ions per cm2 of exposed 

surface area. Alloys leaching less than 100  μg/cm2 
are described as having good corrosion resist-
ance whilst those leaching less than 10  μg/cm2 
are described as having excellent corrosion 
resistance.

Base metal alloys for porcelain bonding

Ni/Cr alloys are rarely used for all-metal cast res-
torations but are widely used in bonded porcelain 
restorations. There are also some Co/Cr formula-
tions which have been developed for porcelain 
bonding techniques. In all these cases compatibil-
ity of the alloy and porcelain is critical. These 
issues are addressed in Section 11.9.

8.6 Biocompatibility

Base metal casting alloys contain some compo-
nents which should be regarded as either toxic or 
known to cause allergic reactions in some 
people.

Beryllium is a known animal carcinogen and 
poses a potential threat to dental personnel who 
inhale metal dust during polishing or grinding 
procedures. It is essential that areas in which such 
operations are carried out are kept well ventilated. 
Some base metal alloys do not contain beryllium 
– a trend which is likely to increase as the toxic 
effects of this metal are subjected to greater 
scrutiny.

For the patient, the most immediate biocompat-
ibility risk concerns nickel and the risk of allergic 
contact dermatitis. It is known that nickel causes 
more contact dermatitis than all other metals 
combined and that relatively small nickel concen-
trations can be problematical. Nickel-free base 

Table 8.3 Specification limits for mechanical properties 
of base metal materials for fixed dental appliances.

Type

Minimum permitted 
value of 0.2% proof 

stress, MPa

Minimum permitted 
value of ductility as 

indicated by percentage 
elongation at fracture

1  80 18
2 180 10
3 240  6
4 400  3
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metal alloys are available and are likely to gain 
fairly wide use as alternatives for those patients 
with known or suspected nickel allergy.

Standards for these base metal alloys place con-
siderable emphasis on composition and the 
relationship of composition to known or potential 
biological hazards. Manufacturers of both groups 
of alloys are required to place warnings on the 
packaging of materials relating to the presence of 
more than 1% nickel or other potentially hazard-
ous element in Co/Cr alloys (ISO 6871-1:1996) or 
a warning that the alloy contains nickel or Ni/Cr 
alloys (ISO 6871-2:1996) and in the latter case a 
further warning if the alloy contains more than 
0.02% beryllium or other hazardous element. ISO 
6871-2:1996 also outlines guidelines for the han-
dling of alloys containing beryllium, including the 
need for adequate ventilation and the use of pro-
tective clothing and equipment. An amendment to 
ISO 6871 (parts 1 and 2) now limits the permitted 
level of beryllium to less than 0.02%.

Titanium and alloys of this metal with, for 
example, vanadium are known to have favourable 
biocompatibility and are likely to become more 
widely used for dental applications in the future. 
At the present time the use of these materials is 
mainly restricted to preformed implants.

8.7 Metals and alloys for implants

Implants offer an alternative method of treatment 
for the replacement of missing teeth which can be 
used instead of dentures or fi xed bridges. They 
generally have a structure which enables one part 
of the implant to be located beneath the oral soft 
tissues (mucosa) such that it can be stabilized 
by resting on the bone or by being embedded in 
the bone. The other part of the implant structure 
protrudes through the mucosa to provide a struc-
ture suitable for supporting a denture, crown or 
bridge. The requirements of implant materials 
encompass biocompatibility, acceptable stability 
in the medium-long term, acceptable function and 
ease of manufacture. Biocompatibility and stabil-
ity are often seen as closely related in that some 
materials are known to encourage bone growth 
which produces a very intimate interface between 
bone and implant which helps to stabilize the 
latter. Function primarily depends upon the rigid-
ity of the implant structure. This in turn is related 
to the dimensions and the modulus of elasticity of 
the material from which the implant is manufac-

tured. The use of high modulus materials enables 
implants of smaller cross-sectional bulk to be 
used.

Dental implants are normally classifi ed accord-
ing to the way in which they are stabilized. The 
three most common types are: subperiosteal, 
blade-vent endosseous and osseointegrated. Sub-
periosteal implants consist of an open framework 
of cast alloy which rests on top of the bony ridge 
but beneath the mucosa. The variable geometry of 
the bony surface means that each implant must be 
fabricated individually. Cast cobalt–chromium 
alloys are most commonly used for these applica-
tions. The very high modulus of elasticity of these 
materials (Table 8.1) combined with reasonable 
castability are the main factors affecting this 
choice. Attempts have been made to improve the 
biocompatibility of the alloys by using hydro-
xyapatite coatings. Subperiosteal implants have 
now been superseded largely by osseointegrated 
implants embedded in bone. Their major cause of 
failure was that the oral mucosa grew to cover the 
whole of the surface of the implant, ‘externalizing’ 
it. Obviously the risks of infection in such a situ-
ation are high.

Blade-vent endosseous implants involve the use 
of a design in which one end of the implant (the 
blade) is embedded into the bone whilst the other 
end protrudes through the mucosa into the oral 
cavity. These implants are normally constructed 
from titanium which has excellent biocompatibil-
ity, although this characteristic cannot be used 
to the greatest effect in blade-vent implants because 
the implant has insuffi cient time to stabilize within 
the bone before it is placed under load. Also the 
techniques for preparation of the bony socket tend 
to be less well controlled. A critical factor for 
success in osseointegration is careful bone surgery 
to minimize bone damage associated with heating. 
This necessitates the use of very low cutting speeds 
and copious cooling of the cutting instruments. 
Unlike the subperiosteal implants, the blade-vent 
variety are commercially available in standardized 
shapes and sizes and casting is not required. The 
clinical success or failure of the blade-vent implants 
is a controversial issue. The most common cause 
of failure is due to the implant becoming loose. 

More recently a combination of improved 
awareness of the clinical techniques that minimize 
trauma to bone and soft tissues during implant 
insertion and the development of biocompa-
tible implant materials have led to the current 
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generation of clinically and commercially success-
ful implant designs.

Fundamentally the clinical technique is charac-
terised by careful planning of the site and orienta-
tion of the implant (or fi xture as the intraosseous 
element is often termed), to ensure that there is an 
adequate quantity of bone in the relevant position 
in the jaw. If there is not adequate bone present 
then it is possible to place a bone graft to increase 
the amount of bone present. The surgical tech-
nique is designed to minimize the surgical damage 
to bone. This is associated predominantly with 
excessive heating of the bone during preparation 
of the implant site; thus all drilling procedures are 
carried out at low drill speeds with copious cooling 
of the burs with normal saline. Some implant 
manufacturers produce drills and taps which have 
internal cooling to ensure adequate cooling of the 
bone at the end of the cutting tip of the drill. The 
current generation of dental implants are all root 
form (i.e. cylindrical in nature) and usually have 
a screw thread to hold them in place while the 
healing process occurs.

Placement of an implant usually involves two 
surgical procedures, with the fi xture being buried 
in bone at the fi rst procedure with soft tissue 
closure to allow for bone healing and integration 
of the fi xture into bone. A second procedure is 
then undertaken some time later (3 months in the 
mandible and 6 months in the maxilla) when the 
fi xture is identifi ed and the element of the implant 
that passes through the gingival tissues (the trans-

mucosal element) is attached to the top of the 
fi xture. There is now a trend for ‘immediate 
loading’ of implants where the trans-mucosal 
element is attached to the fi xture during the fi rst 
procedure. Great care needs to be taken not to 
apply excessive loads to the fi xture when doing 
this as this would prevent integration of the 
implant to bone. The objective of this process is 
to allow osseointegration to occur. This is a 
biological state where the bone of the mandible 
or maxilla grows into physiological contact with 
the implant itself effectively ankylosing the tita-
nium fi xture into place. The healing process is 
also characterised by the formation of a tight 
epithelial cuff around the head of the fi xture or 
the transmucosal element with cellular attach-
ment between the epithelium and the metal of the 
fi xture. This pattern of attachment between 
implant and bone/epithelium is in contrast to that 
seen with a tooth which is effectively indepen-
dently ‘sprung’ within its socket with support 
from the periodontal tissues (Fig 8.1). This differ-
ence can lead to complications if restorative struc-
tures are supported partially by teeth and partially 
by implants. This scenario should be avoided if 
possible. Obviously the material that is used to 
manufacture the implant is critical to this pattern 
of success. Modern implantology is only possible 
because of the biocompatibility of commercially 
pure (cp) titanium or a titanium/aluminium/
vanadium (Ti-6Al-4V) alloy. The majority of 
commercial implants use cp titanium. Titanium 
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Fig. 8.1 (a) Demineralised section showing Dentine (D), Cementum (C), and Bone (B) with periodontal membrane 
space (arrow) between the alveolar bone and tooth for a natural tooth. (b) Hard and soft tissue preparation showing 
Dentine (D), Cementum (C), and Bone (B) with periodontal membrane space (arrow) between the alveolar bone and 
tooth for a natural tooth. (c) Hard and soft tissue section of titanium implant integrated into alveolar bone. Note the 
close apposition of bone to the surface of the implant (arrows). Such fixtures are essentially ankylosed to the bone and 
are rigid, unlike the ‘suspension’ provided by the periodontal ligament. Illustrations courtesy of Luiz A. Salata.
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is both relatively light and has adequate physical 
strength for the purpose. As with any metal it 
can be subject to heat treatment post-manufacture 
to optimize the grain confi guration, giving a 
microstructure with a small α grain size of less 
than 20  μm and a well dispersed β phase with a 
small α-β interfacial zone. Such structures are 
best able to resist cyclical fatigue and crack 
propagation.

There have been numerous attempts to improve 
the pattern of attachment of bone and epithelium 
to the implant. These include the application of 
thin layers of bioactive ceramic onto the surface 
of the fi xture, comparisons between screw threaded 
and smooth implant designs and surface treat-
ments of the titanium surface itself.

Bioactive glass-coated implants had good initial 
success rates, but there proved to be a problem 
with breakdown at the ceramic–metal bond result-
ing in premature failure of the fi xture.

The current evidence would suggest that 
threaded fi xtures are more successful than smooth 
surface implants, probably because the threaded 
structures have greater initial stability in bone and 
hence are more likely to integrate well.

Finally the current evidence would suggest that 
some modifi cation of the surface of the titanium 
to produce a textured surface will improve short-
term and long-term stability of the fi xture. This 
roughening can be achieved by machining the 
surface of the implant or by sandblasting. These 
textured surfaces generate greater interfacial frac-
ture strength with bone giving better stress trans-
fer between bone and the implant. Roughening of 
the surface of the implant or the addition of a 
screw thread will weaken the fi xture itself but the 
reduced strength is more than compensated by 
their improved clinical performance.

8.8 Suggested further reading

Keller, J.C. (1999) Physical and biological characteris-
tics of implant materials. Adv. Dent. Res. 13, 5.

Moffa, J.P. (1983) Alternative dental casting alloys. 
Dent. Clin. North. Am. 27, 733.

Wataha, J.C. (2002) Alloys for prosthodontic restora-
tions. J. Prosthet. Dent. 87, 351.

Wataha, J.C. (2000) Biocompatibility of dental casting 
alloys: a review. J. Prosthet. Dent. 83, 223.
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Casting

900ºC is normal, whilst for Co/Cr alloys a burn 
out temperature of 1000ºC is typical.

Heating of the investment mould should be 
carried out at a rate which enables steam and 
other gases to be liberated without cracking the 
mould. Also it is important that the temperature 
to which the mould is heated is adequate to enable 
thermal expansion and inversion to occur and that 
this temperature is not allowed to fall signifi cantly 
before casting begins. Casting into a quartz-con-
taining investment mould should be carried out 
with a mould temperature above 650ºC if ade-
quate expansion due to thermal expansion and 
inversion is to be achieved. This requires that the 
mould be heated to about 750ºC to allow for 
cooling which may occur before casting com-
mences. For cristobalite-containing investment 
moulds the mould temperature should be above 
350ºC at the time of casting and this requires 
heating to about 450ºC to allow for cooling 
effects.

The balance between the molten alloy tempera-
ture and mould temperature is important in terms 
of producing a complete and accurate casting with 
a fi ne grain structure. The alloy should be hot 
enough to ensure that it is fully molten and remains 
so during casting into the mould, but should not 
be so hot that it begins to oxidize or that crystal-
lization is delayed when it reaches the extremities 
of the mould cavity or causes damaging interac-
tions with the mould walls. The mould tempera-
ture should be great enough to ensure complete 
expansion of the mould and to prevent premature 
crystallization leading to incomplete fi lling of the 
mould by alloy, but not great enough for crystal-
lization to be delayed for so long that a coarse 
grain structure forms.

Factors such as length and diameter of the sprue 
and the distance of the mould cavity from the base 

9.1 Introduction

Previous chapters have dealt with wax-pattern 
materials, investment materials and casting alloys. 
This chapter describes how the investment mould 
is formed and how the wax pattern is replaced by 
the alloy using a casting process. One of several 
methods can be used for casting depending upon 
the alloy which is to be used.

There are several faults which can occur in alloy 
castings, most of which can be traced to incorrect 
selection of materials or faulty technique.

9.2 Investment mould

The various components of a typical investment 
mould are illustrated in Fig. 9.1.

The mould cavity is formed by allowing the 
investment to set around the wax pattern and 
associated sprue former and spruce base (cruci-
ble). After allowing the investment material to set, 
the sprue base and former are removed and the 
wax pattern ‘burnt out’ to leave the completed 
mould cavity. The choice of investment material 
depends on the type of alloy which is to be cast. 
The casting ring liner serves a dual purpose. It 
forms a relatively pliable lining to the inner surface 
of the rigid metal casting ring. This allows almost 
unrestricted setting expansion and thermal expan-
sion of the investment. In addition, its thermal 
insulating properties ensure that the investment 
mould does not cool rapidly and contract after 
removal from the ‘burn out’ oven.

The temperature to which the investment mould 
is heated during burn out deserves special mention 
since this controls the thermal expansion of the 
investment. For gold alloys, either a slow burn out 
at 450ºC or a more rapid burn out at 700ºC is 
commonly used with gypsum-bonded investments. 
For Ni/Cr alloys a temperature in the range 700–

80
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of the mould all have an effect on the quality of 
the casting. For large castings, two or more sprues 
may be necessary in order to ensure that molten 
alloy is able to reach all parts of the mould cavity 
before solidifying.

9.3 Casting machines

Numerous types of casting machines are available, 
the aim of each being to cause molten alloy to 
completely fi ll the investment mould cavity. The 
three main variables which characterise the 
machines are as follows:

(1) The alloy may be melted in the mould sprue 
base (mould crucible) or in a separate cruci-
ble located in the casting machine.

(2) The alloy may be melted by one of several 
methods including gas-air torch, oxyacety-
lene torch, electrical induction heating or 
electrical resistance melting.

(3) The molten alloy may be driven into the 
mould by gravity, air pressure, steam pres-
sure or by centrifugal force. The arm of the 
centrifugal casting machine is rotated either 
by a spring or by means of an electric 
motor.

Possibly the most popular system in current use 
is that in which the alloy is melted in a separate 
crucible using electrical induction heating and 
forced into the mould using centrifugal force.

The classical approach to centrifugal casting 
was to have the casting ring attached to a chain. 
The alloy was melted in the mould sprue base and 
forced into the mould cavity by swinging the 
casting ring around at the end of the chain.

9.4 Faults in castings

The faults which can occur in casting may be of 
four types.

(1) Finning and bubbling.
(2) Incomplete casting.
(3) Porosity in casting.
(4) Oversized or undersized casting.

Finning and bubbling: Finning occurs when the 
investment is heated up too rapidly in the furnace. 
This causes the investment to crack. Molten alloy 
fl ows into the cracks forming thin ‘fi ns’ on the 
casting in regions where the cracks have been 
located.

Bubbling effects on casting appear as spheres of 
excess material attached to the surface of the 
casting. These refl ect the presence of surface 
porosities in the investment, a problem which can 
be overcome by vacuum investing.

Finning and bubbling increase the time required 
to fi nish a casting and if the defects occur in criti-
cal areas (e.g. near a crown shoulder) can result 
in a need to re-cast.

Incomplete castings: There are many possible 
causes of incomplete castings. In any casting the 
greater the number and thickness of the sprues, 
the more readily the metal will fi ll the mould. 
Against this, the sprues must be severed from the 
completed casting and an excessive number of 
sprues creates more work in fi nishing. Also, a 
larger weight of alloy is required for the casting 
and this presents diffi culties in melting. It will be 
seen that the point of attachment of the sprues is 
a common site for defects and therefore an exces-
sive number should be avoided.

The sprues should be attached at points of 
greatest bulk within the casting. This helps create 
a larger heat sink in these areas and prevents pre-
mature solidifi cation which would cause incom-
plete fi lling of the mould. Placing sprues near to 
the bulky areas of the casting also aids the process 
of sprue removal and fi nishing without damaging 
the casting.

If the alloy is not properly melted, or if the 
mould temperature is too low, solidifi cation occurs 
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Fig. 9.1 Diagram illustrating components of an 
investment mould.
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before the mould can be properly fi lled. The 
balance between molten alloy temperature and 
mould temperature plays an important part in 
ensuring complete fi lling of the mould as discussed 
in the previous section.

If there is insuffi cient thrust created during 
casting the alloy may not fl ow to all parts of the 
mould cavity. For centrifugal casting machines 
the thrust depends on the rotational speed of the 
casting arm, the length of the arm and the density 
of the alloy. The problem is therefore more sig-
nifi cant for base metal alloys which have lower 
density and create less thrust.

Back pressure effects are caused by an inability 
of air or other gases within the mould to escape, 
making way for the alloy. To assist the escape of 
gases, the investment material between the casting 
and the end of the ring should be as thin as is 
consistent with strength, (distance X in Fig. 9.1). 
Also, the end of the ring should not be completely 
covered by any part of the casting apparatus. In 
all cases the plate of metal which supports the end 
of the ring must be perforated.

Permeability of investments varies with particle 
size distribution, but generally it decreases in the 
order of gypsum-, phosphate- and silica-bonded. 
A rather dense layer of investment material is 
often created at the base of the ring, particularly 
when the base of the ring has been closed tempo-
rarily by a sheet of metal or glass. This dense layer 
should be scraped away to facilitate the escape of 
gases. When using silica-bonded or fi ne-grained, 
phosphate-bonded investments a vent, 0.5  mm in 
diameter, should be provided to allow escape of 
gases towards the crucible end of the mould. A 
casting which has been subjected to back pressure 
is rounded at the edges and lacking in detail.

Defects may also be caused by cooling shrink-
age. On solidifi cation, the alloy contracts but the 
outer portions of the casting remain in contact 
with the internal walls of the mould.

The thinner sections, or those portions which 
are less effectively insulated against heat loss by 
the investment material, freeze fi rst. As they solid-
ify they contract and draw molten metal from the 
remaining portions. Voids will be formed unless 
more metal can enter the mould. Local shrinkage 
defects are commonly seen in the casting at the 
base of the sprue (Fig. 9.2). It is preferable, there-
fore, that the casting should freeze by a wave of 
solidifi cation traversing its mass, moving towards 
the sprue. A reservoir of metal is then present 

within the sprues if these are of suffi cient thick-
ness. One method is to thicken up a section of 
each sprue as near to the casting as possible. These 
round sprue reservoirs should freeze last of all and 
any shrinkage porosity will be found in them, and 
not in the casting.

Porosity: Porosity may be seen as surface pitting 
on the casting or may be revealed within the cast 
metal on fi nishing and polishing. Broken pieces of 
investment, or particles of dirt which have fallen 
down the sprue, may become embedded in the 
casting and produce pitting of the surface. For this 
reason all casting moulds should be handled with 
the sprue downwards.

Gaseous porosity in castings is produced by 
gases which become dissolved in the molten alloy. 
Copper, gold, silver, platinum, and particularly 
palladium, all dissolve oxygen in the molten state. 
On cooling, the alloys liberate the absorbed gases 
but some remain trapped when the alloy becomes 
rigid. This type of porosity may affect all parts of 
the casting. Its effects can be reduced by avoiding 
overheating of the alloy or casting in the atmo-
sphere of an inert gas or vacuum.

Undersized or oversized castings: The fi nal fi t of 
a casting depends on a balancing out of expan-
sions and contractions which occur during its con-
struction. The major dimensional changes involved 
are the casting shrinkage of the alloy which should 
be compensated for by the setting expansion, 
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Fig. 9.2 Diagram illustrating a casting fault occurring at 
the base of the sprue.
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thermal expansion and inversion of the invest-
ment. Faults in technique, for example not heating 
the investment mould to a high enough tempera-
ture, may produce insuffi cient compensation for 
casting shrinkage.

It should be remembered, however, that other 
factors such as the choice of impression material 

and impression technique may also infl uence the 
fi nal result.

9.5 Suggested further reading

Asgar, K. & Arfaei, A.H. (1985) Castability of crown 
and bridge alloys. J. Prosthet. Dent. 54, 60.
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Steel and Wrought Alloys

illustrated in the iron-carbon phase diagram given 
in Fig. 10.1.

It can be seen that certain aspects of the iron-
carbon phase diagram resemble that for a eutectic 
alloy shown in Fig. 6.10. The critical temperature 
(Tc) for the iron-carbon system is equivalent to 
the eutectic temperature which characterised the 
eutectic alloys. In both cases, the temperature in 
question indicates the point at which the alloys 
undergo phase separation. Eutectic refers to the 
behaviour of an alloy of two mutually insoluble 
metals during crystallization. In the case of the 
iron–carbon system the transitions occur within 
the solid state. An alloy containing 0.8% carbon 
(corresponding to point X in Fig. 10.1) is known 
as the eutectoid alloy. Alloys with greater concen-
trations of carbon are called hypereutectoid alloys 
and those with smaller carbon contents, hypoeu-
tectoid alloys. Both hypereutectoid and hypoeu-
tectoid alloys consist of a mixture of ferrite and 
cementite at room temperature. The hypereutec-
toid alloys contain relatively greater amounts of 
cementite whilst the hypoeutectoid alloys contain 
greater amounts of ferrite.

Cementite is a very hard, brittle material whilst 
ferrite is softer and more ductile. Hence the hyper-
eutectoid steels which contain greater quantities 
of cementite are commonly used to produce 
cutting instruments such as burs. The hypoeutec-
toids are used for the construction of non-cutting 
instruments such as forceps.

Steel can be further hardened by heat treatment. 
If an alloy is heated to a temperature above the 
critical temperature but below the solidus tem-
perature it forms an austenitic solid solution as 
shown in Fig. 10.1. If the alloy is then quenched 
there is insuffi cient time for the alloy to undergo 
the transition from the austenitic structure to the 
pearlite structure. Instead, a very hard and brittle 

10.1 Introduction

The previous chapters have dealt with casting 
alloys and casting techniques. Casting, however, is 
not the only way in which metals can be shaped. 
An alternative approach is to use cold working, in 
which the metal is hammered, drawn or bent into 
shape at temperatures well below the recrystalliza-
tion temperature of the metal, often at room tem-
perature. Metal or alloy structures produced in 
this way are said to have a wrought structure and 
often rely for their special properties on the work 
hardening which takes place during shaping.

Examples of the use of wrought alloys in den-
tistry include materials for making instruments 
and burs, wires, and occasionally, denture bases. 
Steel and stainless steel are the most widely used 
wrought alloys and are therefore worthy of some 
detailed discussion.

10.2 Steel

Steel is an alloy of iron and carbon in which the 
carbon content is less than 2%. Greater quantities 
of carbon produce a very brittle alloy which is 
unsuitable for cold working. In the solid state, 
steel is able to adopt a variety of structures depend-
ing on the carbon content and temperature. Above 
723ºC an interstitial solid solution of carbon in a 
face-centred cubic iron matrix is formed. This 
solid solution, termed austenite, is unstable below 
723ºC (the critical temperature) and the face-
centred cubic iron matrix breaks down to form 
two phases. One phase consists of a very dilute 
solid solution of carbon in iron (up to 0.02% C), 
called ferrite. The other phase is a specifi c com-
pound of iron and carbon with formula Fe3C, 
called cementite. The mixture of ferrite and 
cementite is termed pearlite. These transitions are 
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steel, called martensite, which has a distorted 
body-centered cubic lattice, is formed. Martensite 
is too brittle for most applications but its brittle-
ness can be reduced by using a low temperature 
heat treatment, called tempering. The alloy is 
heated to a temperature in the range 200–400ºC, 
at which martensite partially converts to ferrite 
and cementite. The degree of conversion depends 
on the tempering temperature and the tempering 
time. Thus, the hardness and brittleness can be 
controlled quite accurately by choosing suitable 
heat treatment conditions. The process of heat 
treatment hardening and tempering is illustrated 
in Fig. 10.2.

The ability to be hardened by heat treatments 
is one of the major advantages of steel. Probably 
its main disadvantage is its susceptibility to 
corrosion.

10.3 Stainless steel

In addition to iron and carbon the stainless steels 
contain chromium which improves corrosion 
resistance. This is achieved by the passivating 
effect in which the chromium exposed at the 
surface of the alloy is readily oxidized to form a 
tenacious surface fi lm of chromic oxide. This fi lm 
resists further attack from aqueous media thus 
preventing corrosion. Nickel is also present in 
many stainless steels. It contributes towards cor-
rosion resistance and helps to strengthen the 
alloy.

The addition of chromium and nickel to steel 
causes the critical temperature (Tc) (see Fig. 10.1) 
to be lowered. If suffi cient quantities of these two 
metals are incorporated, the austenitic structure 
remains even at room temperature. One of the 
most commonly used stainless steels contains 18% 
chromium and 8% nickel (termed 18/8 stainless 
steel). This alloy has a critical temperature below 
the point at which atomic movements are possible 
and is therefore sometimes referred to as austen-
itic stainless steel. It is not possible to harden these 
stainless steels by heat treatment because the 
solid–solid transitions occur below the tempera-
ture at which atomic diffusions are possible. 
Hence, 18/8 stainless steels are used in applica-
tions where heat hardening is not necessary, for 
example, for noncutting instruments, wires and 
occasionally as denture bases. These applications 
involve a degree of cold working since the alloy is 
shaped by either bending, drawing or swaging, all 
of which result in the formation of a wrought 
structure. Alloys having wrought structures tend 
to have much higher values of proportional limit 
than equivalent alloys which have not been cold 
worked. It is this property coupled with a rela-
tively high modulus of elasticity which makes 
wrought stainless steel wires suitable for ortho-
dontics and wrought stainless steel sheets suitable 
for denture bases. Whilst these alloys cannot be 
hardened by heat treatments they can be softened 
if inadvertently overheated and recrystallized. 
This destroys the fi brous grain structure which 
results in a marked reduction in yield stress and 
proportional limit.

When smaller quantities of chromium and 
nickel are incorporated into steel it is possible to 
produce an alloy which has adequate corrosion 
resistance but which can be hardened by heat 
treatment. An alloy with these characteristics may, 

Fig. 10.1 The iron–carbon phase diagram (up to 2% 
carbon), slightly simplified for clarity.

Fig. 10.2 Diagram illustrating the hardening and 
tempering cycle of heat treatments which can be 
used on steel.
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typically, contain about 12% chromium and little 
or no nickel. This alloy is capable of forming a 
martensitic structure and is therefore sometimes 
referred to as martensitic stainless steel. This type 
of alloy is commonly used to construct cutting 
instruments and probes which can be hardened by 
heat treatment, using a technique similar to that 
previously described for steel.

10.4 Stainless steel denture bases

Stainless steel denture bases are formed from very 
thin pressed/rolled sheets of wrought stainless 
steel. The method used for forming a stainless 
steel denture base deserves special mention. A thin 
sheet of 18/8 stainless steel (approximately 0.2  mm 
thick) is pressed between an alloy or epoxy resin 
die and counter die. The method of applying the 
pressure required for swaging may vary. Tradi-
tionally, a hydraulic press was used but modern 
techniques involve the use of a sudden pressure 
wave which adapts the sheet of alloy to the die 
very quickly. The pressure wave may be generated 
by using a controlled explosion or a sudden, con-
trolled release of hydraulic pressure. These tech-
niques are known as explosion forming and 
hydraulic forming respectively.

The wrought stainless steel sheets have high 
values of modulus of elasticity and proportional 
limit. This enables suffi cient rigidity to be achieved 
with a very thin sheet of material. The weight of 
the denture can thus be kept to a minimum. Care 
must be taken not to overheat the wrought appli-
ance since this may cause re-crystallization and a 
marked reduction in proportional limit.

A further advantage of stainless steel denture 
bases is that they conduct heat rapidly through the 
thin metallic sheet, thus ensuring that the patient 
retains a normal refl ex reaction to hot and cold 
stimuli. The main disadvantages are the lack of 
surface detail on the swaged plate and, perhaps 
more signifi cantly, the involved technique required 
for swaging, attaching retention tags by welding 
and processing of the acrylic parts of the 
denture.

10.5 Wires

Wires are commonly used for the construction of 
orthodontic appliances and occasionally as 
wrought clasps and rests on partial dentures. 
Orthodontic wires are designed to function such 

that they apply forces to malaligned teeth in order 
to change their positions/arrangements and to 
approximate more closely an ideal dental arch. 
The main variables involved in wire selection are 
related to the extent of movement required and 
the speed at which movement should occur. The 
aim of the orthodontist is to maximize the rate of 
tooth movement whilst minimizing the potential 
for pathological change. Wires are normally pro-
duced by drawing an ingot of alloy through dies 
of gradually decreasing cross-section to produce 
a circular, ovoid or square section wire in which 
the grain structure is highly fi brous in nature 
(see p. 55).

Requirements

The requirements of wires relate to their springi-
ness, stiffness, ability to be bent without fractur-
ing, corrosion resistance and an ability to be 
simply joined by soldering or welding. The spring-
iness of a wire is a function of its fi brous grain 
structure which is incorporated during drawing of 
the wire. The ‘springback’ ability of a wire is a 
measure of its ability to undergo large defl ections 
without permanent deformation. In terms of 
mechanical properties this is given by the ratio of 
yield stress to modulus of elasticity as follows:

Springback potential
Yield stress

Modulus of elasticity
=

A more approximate form of this equation uses 
proportional limit in place of yield stress.

A wire should have a value of stiffness, as indi-
cated by its modulus of elasticity, which enables 
it to apply a suitable force for tooth movement 
during orthodontic treatment. This requirement 
varies considerably, since it is sometimes neces-
sary to carry out rapid movements using stiff 
wires, whilst on other occasions it is necessary to 
apply small forces with fl exible wires in order to 
bring about slow movements. Most wires are pro-
duced in circular cross-section and the stiffness of 
such wires is markedly dependent on thickness, 
being a function of the fourth power of the radius. 
Thus increasing the thickness of a wire from 
0.6  mm to 0.7  mm increases stiffness by a factor 
of 1.86. Treatment strategy may involve the initial 
use of a relatively stiff wire capable of applying a 
large force in order to move teeth rapidly. Such 
wires may need to be replaced regularly if they 
have limited springback ability. A different strat-
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egy may be required if the teeth are very badly 
aligned. In this case it may be diffi cult to adapt a 
stiff wire to the teeth so a more fl exible wire is 
used and the resulting tooth movement will be 
slower. When fl exibility is required one approach 
is to use wires of smaller radius, although these 
can cause problems relating to tilting in the bracket 
slots so a better approach may be to choose a wire 
which is inherently more fl exible.

Orthodontic wires are generally shaped by 
bending and the wire should possess suffi cient 
ductility to resist fracture during this bending 
procedure. The amount of residual ductility 
remaining in a wire depends in part on the ductil-
ity used up in its manufacture. Hence, manufac-
turers can supply wires with varying ductility 
depending upon the extent to which they have 
been work hardened and/or recrystallized during 
production.

Wires often remain in the oral cavity for several 
months, whether they be part of a fi xed or a 
removable orthodontic appliance. The wire should 
therefore have good corrosion resistance in order 
that it can withstand attack from oral fl uids.

Finally, it is sometimes necessary to join two 
parts of an appliance together and, ideally, wires 
should be capable of being easily joined either by 
soldering or by welding, without impairing the 
mechanical properties of the wire or reducing the 
corrosion resistance. The importance of this prop-
erty is reduced in alloys which can be easily bent 
into loops as a means of joining.

Available materials

Table 10.1 lists the commonly used wires and 
summarizes their main properties.

Stainless steel: Stainless steel wires are constructed 
from the 18/8 austenitic type of stainless steel – 
containing less than 0.15% carbon. The wires 
most commonly used are designated as types 302 

and 304 by the American Iron and Steel Institute. 
They have a high value of modulus compared 
with some other alloys used to construct wires 
and are therefore used to apply relatively high 
forces. Lower forces can be achieved by using a 
wire of smaller diameter. 18/8 stainless steel has 
a relatively high value of yield stress and the 
springback properties are thus adequate for most 
applications.

Stainless steel wires have suffi cient ductility to 
allow bending without fracture. They can be 
obtained in three grades, often referred to as soft, 
half-hard and hard, ranging from very ductile 
(soft) to less ductile (hard). The type of wire is 
chosen according to the amount of bending which 
must be carried out. Following bending, a stress 
relief anneal can be carried out in order to relieve 
internal stresses. This involves heating the wire to 
450ºC for about 10 minutes. The annealing pro-
cedure should be carried out only with ‘stabilized’ 
stainless steel wires which contain small quantities 
of titanium. Unstabilized wires become brittle 
during annealing due to reaction between chro-
mium and carbon.

Joining of stainless steel wires can be accom-
plished either by soldering or by welding. Silver 
solders are normally used for soldering. They 
contain silver and copper with small quantities of 
other elements to lower the fusion temperature. 
Care must be taken during soldering not to over-
heat the wires since this may cause recrystalliza-
tion of the grain structure with a subsequent lack 
of springiness. In addition, overheating may cause 
the chromium to react with carbon, forming car-
bides, a phenomenon referred to as weld decay. 
This results in a loss of corrosion resistance around 
the soldered joint and the introduction of a degree 
of brittleness. The solder itself, of course, is a 
source of potential corrosion being of a eutectic-
type composition.

Welding is accomplished by pressing two pieces 
of wire together between two electrodes then 

Table 10.1 Summary of properties of commonly used wires.

Material Stiffness Springback ability Ductility Ease of soldering or welding

Stainless steel High Good Adequate Reasonable
Gold alloy Medium Adequate Adequate Easy to solder
Co/Cr alloy High Adequate following heat treatment Good in soft state Diffi cult
Ni/Ti alloy Low Excellent Poor Diffi cult
β-Ti Medium Good Adequate Joined by welding
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passing an electric current, suffi cient to melt the 
wires at the point of contact joining them together. 
The temperature rise (ΔT) at the joint when a 
current passes is given by the function

ΔTαI2Rt

where I is the current passing, R is the electrical 
resistance at the junction of the two wires and t 
is the time for which the current passes.

High temperatures, suffi cient for welding, can 
only be achieved with alloys giving relatively high 
values of electrical resistance at the junction. Thus, 
welding is not a suitable technique for joining gold 
wires. The electrical current and the time for 
which the current fl ows must be controlled such 
that adequate welding is achieved without over-
heating the rest of the wire. This would lead to 
weld decay and a degree of recrystallization, 
causing loss of the fi brous grain structure.

Gold alloys: Traditionally, two types of wrought 
gold alloy wires have been used in the past – 
classifi ed as high gold and low gold. High gold 
materials contain greater than 75% gold and 
platinum group metals. Low gold alloys contain 
smaller quantities of noble metals. A typical mate-
rial contains 60% gold, 15% silver, 15% copper 
and about 10% platinum or palladium. The high 
platinum or palladium content raises the melting 
point and recrystallization temperature of the 
wires making them more amenable to soldering 
operations. Gold alloy wires have a lower value 
of modulus of elasticity than the stainless steel 
variety and therefore apply lower forces. An 
advantage of the gold alloy wires is that they are 
easily soldered using normal gold solders. Gold 
alloy wires are rarely used nowadays due to their 
cost.

Cobalt-chromium alloys (elgiloy): These alloys 
contain cobalt, chromium, nickel, iron and molyb-
denum in approximate proportions 40  :  20  :  15  :  
16  :  7. They have the unique characteristic of 
being supplied in a softened state which has excel-

lent ductility. Following bending, the wires can be 
hardened by heat treating at 480ºC. The precipita-
tion hardening that occurs introduces the required 
springback properties into the wire.

The modulus of elasticity of the wire is similar 
to that for stainless steel, indicating a similar per-
formance in terms of tooth movement. These 
wires are diffi cult to join by soldering.

Nickel-titanium alloys (nitinol): These alloys 
contain almost equal amounts of nickel and tita-
nium with small quantities of other metals. They 
are fl exible wires with low modulus values and are 
used to apply relatively low forces. The low 
modulus coupled with high yield stress indicates 
excellent springback properties and they are par-
ticularly useful for carrying out large tooth move-
ments using low forces over a long period of time. 
Nitinol wires have limited ductility and are not 
easy to bend without fracturing. They are not 
amenable to joining operations such as soldering 
or welding.

Nitinol wires possess a rather unique shape-
memory property which enables a plastically 
deformed wire to return to its original shape fol-
lowing an appropriate heat treatment. This behav-
iour has not yet been used to good effect in any 
dental applications of the wires.

b-Titanium: These alloys consist mainly of tita-
nium with some molybdenum. They are ductile, 
allowing good formability, and have springback 
characteristics similar to those of stainless steel. 
They have a lower modulus value than stainless 
steel and therefore apply lower forces, and they 
can be joined by welding.

10.6 Suggested further reading

Thomson, S.A. (2000) An overview of nickel-titanium 
alloys used in dentistry. Int. Endodont. J. 33, 279.

Kusy, R.P. (1997) A review of contemporary archwires: 
their properties and characteristics. Angle. Orthod. 
67, 197.
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Ceramics and Porcelain 
Fused to Metal (PFM)

between the dental porcelains and decorative por-
celain. Indeed, the dental porcelains contain little 
or no clay and, possibly, would be more aptly 
described as dental glasses.

Kaolin is a hydrated aluminosilicate, 
Al2O3·2SiO2·2H2O. The set decorative porcelain 
is essentially a mixture of this with silica, bound 
together by a fl ux or binder such as feldspar which 
is a mixture of potassium and sodium aluminosili-
cates, K2O·Al2O3·6SiO2 and Na2O·Al2O3·6SiO2. 
Feldspar is the lowest fusing component and it is 
this which melts and fl ows during fi ring, uniting 
the other components in a solid mass. The fusion 
temperature of feldspar may be further reduced 
by adding to it other low-fusing fl uxes such as 
borax.

Of the two types of dental porcelain, the high-
fusing materials fuse in the range 1300–1400ºC 
whilst the low-fusing materials fuse in the range 
850–1100ºC. The latter materials are by far the 
more commonly used products.

The precise formulations of dental porcelains 
vary among the variable products from the pro-
portions given in Table 11.1; however the general 
trend towards the use of less kaolin (clay) with an 
increase in the feldspar content in order to improve 
translucency suggests that dental porcelains should 
be more correctly described as glasses. The large 
glassy phases developed by compositions of low 
kaolin content require closely controlled fi ring 
times and temperatures in order to produce an 
acceptable result.

The powders supplied to the dentist or techni-
cian are not just mixtures of the various ingredi-
ents. During manufacture the constituents are 
mixed together and then fused to form a frit. This 
is broken up, often by dropping the hot material 
into cold water. It is then ground into a fi ne 
powder ready for use.

In the fusion process which takes place during 
manufacture the fl ux reacts with the outer layers 

11.1 Introduction

The word ceramic is derived from the Greek word 
keramos which literally means ‘burnt stuff’ but 
which has come to mean more specifi cally a mate-
rial produced by burning or fi ring. The fi rst ceram-
ics fabricated by man were earthenware pots used 
for domestic purposes. This material is opaque, 
relatively weak and porous and would be unsuit-
able for dental applications. It consisted mainly of 
kaolin. The blending of this with other minerals 
such as silica and feldspar produced the tran-
slucency and extra strength required for dental 
restorations. Material containing these additional 
important ingredients was given the name 
porcelain.

Fused porcelain has long been used in the con-
struction of works of art. It can be produced in 
almost every shade or tint and its translucency 
imparts a depth of colour unobtainable by other 
materials. Although the technique for porcelain 
fusing is exacting it can be initially moulded by 
hand as a paste and alterations can be made at 
various stages of the work. It is not surprising, 
therefore, that dentistry has turned to porcelain 
for the production of artifi cial teeth, crowns, 
bridges and veneers.

Although the favourable aesthetic properties 
and excellent biocompatibility of porcelain has 
never been in doubt, its use is somewhat restricted 
by the relatively brittle nature of the material and 
the large shrinkage which occurs during process-
ing. Some recent developments offer a potential 
for overcoming these problems.

11.2 Composition of traditional 
dental porcelain

The compositions of the various types of porcelain 
are summarized in Table 11.1. It can be seen that 
there are considerable differences in composition 
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of the grains of silica, kaolin or glass and partly 
combines them together. When the technician 
fuses the porcelain powder, during the production 
of a crown for example, he simply remelts the 
fl uxes without causing any signifi cant increase 
in reaction between the fl ux and the other 
components.

Porcelain powders are sometimes pigmented in 
order that natural tooth shades can be matched. 
The pigments used are normally metal oxides 
which are stable at the fusion temperature.

Some feldspathic porcelains are supplied as 
opalescent porcelains. Opalescence is a light scat-
tering effect achieved by the addition of very small 
amounts of metallic oxides having a higher refrac-
tive index and a particle size near to that of the 
wavelength of light. Since natural teeth can display 
some opalescence the availability of opalescent 
porcelains adds further to the ability to match 
natural tooth appearance in every way.

The use of uranium compounds in dental por-
celains to simulate tooth fl uorescence is now con-
sidered inadvisable. It is not only unnecessary but 
can give an unnatural appearance under ultravio-
let light and, in addition, may create a potential 
health hazard.

A low-fusing, transparent glass may be used 
as a glaze over the completed body of the por-
celain restoration. The glaze gives the crown an 
impervious, smooth surface and imparts greater 
translucency.

A smooth surface can be obtained without using 
a glaze. By careful control of the furnace tempera-
ture, the surface of the normal porcelain will fl ow 
and glaze with only a slight rounding of the con-
tours of the restoration. Unfortunately, any over-
heating will cause gross distortions of the shape.

The porcelain powders are mixed with water to 
produce a plastic mass of material which can be 
moulded and carved before fi ring. To improve the 

working properties a binder such as sugar or 
starch is added to some powders.

11.3 Compaction and firing

The aqueous plastic mass of porcelain particles is 
compacted as much as possible onto a platinum 
foil matrix. This reduces the size of the spaces 
between the particles and thus reduces fi ring 
shrinkage. Powders consisting of a mixture of par-
ticle sizes compact more easily than those with 
particles of one size only.

The moulded crown may be lightly vibrated, 
thus helping to settle the powder particles and 
bring excess water to the surface, where it is 
blotted by an absorbent cloth. Alternatively, the 
powder may be ‘patted’ with a spatula to achieve 
the same effect.

A well-compacted crown not only reduces fi ring 
shrinkage but also shows a regular contraction 
over its entire surface, thus maintaining the origi-
nal form on a slightly reduced scale.

Following compaction, the next stage involves 
porcelain ‘fi ring’. A porcelain furnace consists, 
essentially, of an electrically heated muffl e with a 
pyrometer which indicates the temperature in that 
part of the muffl e where the porcelain is placed. 
Most modern porcelain furnaces allow fi ring 
under vacuum. This has the effect of reducing the 
porosity within the fi nished material from around 
4.6% to about 0.5%.

If the freshly compacted, wet structure is placed 
directly into a hot furnace it will evolve steam 
rapidly and crumble or even explode. The normal 
procedure, therefore, is to dry the wet structure in 
a warm atmosphere before placing into the hot 
furnace.

At the elevated temperatures of the furnace, the 
starch or sugar binder ignites and the surface of 
the structure blackens. The door of the furnace is 
left slightly ajar during this stage to allow the 
products of combustion to escape. The furnace 
door is then closed and fi ring is completed. Shrink-
age takes place as the fl uxes bind the particles 
together causing a uniform inward contraction of 
the whole mass. Further additions of fresh mate-
rial may be made at this stage before glazing. 
Whenever porcelain work is heated or cooled the 
process must be carried out slowly. Porcelain is a 
poor conductor of heat and is brittle. Rapid 
cooling would result in cracking and loss of 
strength.

Table 11.1 Composition of porcelains.

Components (%)

Clay Binder
Material (kaolin) Silica (feldspar) Glasses

Decorative porcelain 50 25 25  0
High-fusing dental  4 15 80  0
Low-fusing dental  0 25 60 15
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The accuracy of fi t is maintained by building up 
the porcelain on a platinum foil which has been 
closely adapted to the die. The fi ring shrinkage 
which occurs does not therefore cause a great 
discrepancy in the accuracy of fi t, since the shrink-
age occurs inwards towards the platinum foil and 
the foil itself is not affected by fi ring. Before 
cementation, the platinum foil is removed from 
the inner surface of a crown to create about 25  μm 
of space for cementation.

The porcelain surface is generally glazed as 
mentioned in Section 11.2. This has the dual effect 
of improving appearance and removing surface 
imperfections, particularly porosities, which may 
adversely affect mechanical properties. The use of 
porcelain for constructing inlays is a most exact-
ing technique because, in this case, fi ring shrink-
age has a direct effect on the fi t of the inlay. For 
this reason the porcelain inlay was a very rare 
restoration. This situation has changed with the 
development of castable ceramics, shrink-free 
materials, the more widespread availability of 
refractory materials on which porcelain restora-
tions can be manufactured, and CAD–CAM 
systems.

11.4 Properties of porcelain

Aesthetically, porcelain is an almost perfect mate-
rial for the replacement of missing tooth sub-
stance. It is available in a range of shades and at 
various levels of translucency such that a most 
life-like appearance can be achieved. The inner 
layer of the porcelain crown, for example, is nor-
mally constructed from a fairly opaque ‘core’ 
material. This is overlaid with a more translucent 
‘dentine’ material with a fi nal coating of translu-
cent ‘enamel’ porcelain forming the outermost 
layer.

Porcelain is a very rigid, hard and brittle mate-
rial whose strength is reduced by the presence of 
surface irregularities or internal voids and porosi-
ties. Finegrained powders give more uniform sur-
faces than coarser grains, and fi ring at reduced 
pressures can reduce porosity. The formation of 
superfi cial cracks due to thermal stresses are best 
avoided by slow cooling from the fi ring tempera-
ture. Fracture can be initiated from small surface 
scratches caused by grinding and these should be 
eliminated by smoothing or by further fusing. 
Cracks in porcelain crowns invariably emanate 
from the inner, unglazed fi tting surface and propa-

gate outwards towards the exposed surface mate-
rial as illustrated in Fig. 11.1. The brittleness of 
dental ceramics is compounded by their tendency 
to undergo static fatigue. This is a time-dependent 
decrease in strength, even in the absence of any 
applied load. The process is thought to occur 
through alkaline hydrolysis of Si–O groups within 
the porcelain structure. Alkalinity within the mate-
rial results from a solubilization of Na2O and K2O 
which forms part of the feldspathic component of 
porcelain. The weakening is further accelerated by 
dynamic mechanical loading and the whole process 
has been likened to stress corrosion cracking 
which can occur with metals and alloys. Attempts 
to overcome some of these problems involved 
reducing the proportions of Na2O and K2O within 
the materials.

Tooth preparation for all porcelain crowns 
needs to be designed to reduce the possibility of 
producing areas of high stress within the fi nished 
restoration. All internal line angles should be 
rounded and care is required to ensure that there 
are no areas of sudden change in thickness of 
porcelain. The gingival fi nishing margin should be 
a smooth shoulder (i.e. without steps) and the 
fi nishing angle should be 90º to the root surface.

As we have said earlier, fracture in ceramic 
materials occurs through crack initiation and 

Crack initiation

Fig. 11.1 Diagram illustrating the initiation and 
propagation of a crack from the inner surface of a 
porcelain crown.
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propagation from surface fl aws. In order for 
cracks to grow the material in the region of the 
crack tip must be placed under tension. Hence, 
one method of strengthening ceramics is to gen-
erate compressive stresses in these regions. This 
can be achieved by one of two mechanisms. First, 
ion strengthening can be used. This involves 
soaking the fi red material in a molten salt in order 
to allow ion exchange at the surface. If sodium 
ions are partially replaced by potassium ions, the 
latter occupy a greater volume and effectively 
create compressive stresses in the surface layer 
of the material. Such procedures can be carried 
out in a dental laboratory using an ion-exchange 
paste which is painted onto the surface. The ion-
exchange procedure is achieved by placing the 
treated ceramic material in a dental laboratory 
oven in order to create the conditions under which 
diffusion can occur.

A second method for strengthening involves 
putting the outer layer into compression through 
thermal strengthening. During fi ring the outer 
layer solidifi es fi rst as it cools more rapidly. The 
poor thermal conductivity of the material dictates 
that the inner part of the material remains liquid 
for longer. When the inner material fi nally solidi-
fi es it shrinks and sets up a compressive stress in 
the outer layer. This method of strengthening can 
occur during the initial fi ring of the ceramic or 
during subsequent heat tempering.

The relatively poor mechanical properties of 
porcelain can be improved using alumina, or 
metal supporting structures. These are discussed 
in the next sections.

The hardness of porcelain (Table 2.2) contrib-
utes to its ability to resist forces of abrasion but 
may give rise to some concern over the potential 
for porcelain restorations to abrade the opposing 
teeth. It has been shown, however, that the wear 
of enamel by ceramic restorations cannot easily 
be predicted by the hardness of the ceramic. Some 
extremely hard ceramics seem to produce lower 
enamel wear compared with softer materials. The 
shape of crystalline inclusions within the ceramic 
appears to be an important factor in determining 
the abrasive potential of a ceramic material. The 
appearance of ceramic restorations depends in 
part on the surface gloss which can be produced 
using a glaze or by polishing. The hardness of 
porcelain dictates that polishing using abrasives 
should be diffi cult. However, different porcelains 
respond differently to abrasive polishing. Care-

fully controlled polishing with a fi ne abrasive such 
as pumice can give a satisfactory surface with 
some materials. From a clinical standpoint a pol-
ished porcelain surface will accumulate more 
plaque than a glazed surface. Hence porcelain at 
crown margins should be glazed whenever 
possible.

Porcelain has excellent thermal properties and 
is a particularly good thermal insulator. This fact 
is of importance when gross amounts of enamel 
and dentine are to be replaced and the residual 
layer of dentine may be of minimal thickness.

Correctly formulated porcelain is very resistant 
to chemical attack, being unaffected by the wide 
variations of pH which may be encountered in the 
mouth.

11.5 Alumina inserts and 
aluminous porcelain

The major disadvantage of porcelain is brittleness 
and this is the factor which most limits its use. 
Several methods are available which are aimed at 
preventing the formation or propagation of cracks 
on the inner surface of porcelain restorations.

One approach is to use a core of pure alumina 
on which the porcelain crown is constructed. 
Alumina is a very hard, opaque material which is 
less susceptible to crack propagation than porce-
lain. Another approach to strengthening involves 
the use of pure alumina inserts. These may be in 
the form of small sheets of alumina which are 
generally placed palatally in a crown in order to 
strengthen without impairing the appearance.

Powdered alumina may be added to porcelain 
in order to achieve a signifi cant strengthening. The 
mechanism of strengthening is that the alumina 
particles act as ‘crack stoppers’ preventing the 
propagation of a crack throughout the body of the 
porcelain (Fig. 11.2a). This improvement of prop-
erties is achieved not only as a result of the good 
mechanical properties of alumina but also due to 
the compatibility of alumina with porcelain. The 
two materials have closely matching values of 
coeffi cient of thermal expansion and modulus of 
elasticity. This ensures that the interface region 
between the alumina particles and the porcelain is 
virtually stressfree and not likely to encourage 
crack propagation around the alumina particles. 
Attempts to improve the properties of porcelain 
with materials which are not compatible have 
been unsuccessful since the cracks propagate 
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around the ‘reinforcing’ material as illustrated in 
Fig. 11.2b.

Porcelain which contains alumina is referred to 
as aluminous porcelain and the alumina content 
is normally around 40%. Although aluminous 
porcelain has defi nite advantages in terms of 
mechanical properties, it is opaque and therefore 
can only be used to construct the inner core region 
of a porcelain crown. This is generally acceptable, 
since it is the inner region from which cracks 
propagate and which is therefore the area in need 
of reinforcement. A matched expansion veneering 
porcelain is baked onto the surface of the high 
alumina material to give the fi nished restoration. 
Flexural strength values of aluminous porcelains 
are typically in excess of 110  MPa compared to 
only about 80  MPa for unreinforced materials 
(Table 11.2).

11.6 Sintered alumina core ceramics

The use of alumina additions to strengthen porce-
lain has been taken a stage further with the intro-
duction of sintered alumina cores. For one such 

system (Inceram) the fi rst stage in producing the 
restoration involves the formation of a duplicate 
die using a ‘special’ plaster. An alumina slip pre-
pared from alumina powder and water is then 
painted on to the die. The moisture from the slip 
is absorbed by the plaster leaving a layer of 
alumina powder which should ideally be at least 
0.5  mm thick. This is then sintered by fi ring at 
1120ºC for 2 hours. The fi ring causes the die 
material to shrink, making the removal of the 
sintered alumina core quite easy. The outer surface 
of the core is painted with a slurry of a glass 
powder and fi ring at 1100ºC is carried out to 
liquefy the glass which fl ows to fi ll all the spaces 
between the sintered alumina particles. The glass 
used is a lanthanum aluminosilicate glass. The 
lanthanum reduces viscosity and assists infi ltra-
tion. It also increases the refractive index of the 
glass and improves the translucency of the cera-
mic. After microblasting to remove gross excesses 
of glass a refi ring at 960º is performed to ensure 
proper infi ltration of the alumina with glass.

On completion of the core fi ring procedures, the 
dentine and enamel layers are built up in the 
traditional manner. The extremely high fl exural 
strength of the sintered alumina system (Table 
11.2) gives rise to some optimism that these mate-
rials may be suitable for the production of multi-
unit restorations which have previously required 
the use of cast-metal substructures. Spinel-based 
cores of magnesium aluminate have been used 
instead of alumina. These produce improved 
translucency but are not as strong as sintered 
alumina cores.

A further advance has been the development of 
a sintered alumina core containing signifi cant 
quantities of zirconium oxide to achieve further 
strengthening and a reported fl exural strength of 

Fig. 11.2 Diagram illustrating how the 
propagation of a crack can be halted by a 
reinforcing particle. (a) Alumina particle acting 
as a crack stopper. (b) A crack propagating 
around a filler particle.

Table 11.2 Flexural strength values (MPa) of some 
dental ceramics.

Unreinforced porcelain 70–120
Aluminous porcelain 120–180
Cast glass ceramic 100–150
Sintered alumina core ceramic 400–600
Sintered alumina with zirconia 800
Pressed glass with leucite 120–180
Yttrium tetragonal zirconia polycrystals 900–1200
Minimum for core ceramic (ISO Standard) 100
Minimum for dentine/enamel ceramic (ISO 
Standard)

50
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up to 800  MPa. One limitation of this system is 
the relative opacity of the resulting core which 
may be diffi cult to mask with glass infi ltration and 
may therefore limit the aesthetic qualities of the 
fi nal restoration.

11.7 Injection moulded and 
pressed ceramics

These materials were fi rst reported in 1983 for the 
production of all-ceramic, single, anterior or pos-
terior crowns. The fi rst commonly used commer-
cial system based on this principle (Cerestore) 
involved the production of crown cores by injec-
tion moulding, potentially eliminating the need 
for the use of a platinum foil and improving mar-
ginal adaptation of the crown. The non-shrink 
properties are achieved by incorporating signifi -
cant quantities of magnesium oxide into the 
ceramic frit. This reacts with the alumina during 
fi ring to form a mixed metal oxide, called a spinel. 
The spinel is less dense than the original mixture 
of oxides and its formation results in an expansion 
which compensates for fi ring shrinkage.

The technique for fabricating ceramic copings 
from this type of material involves the formation 
of a wax pattern on an epoxy resin die. A varia-
tion of the lost wax technique is used to maintain 
the correct shape and size in the ceramic material. 
The mixed material, containing magnesium and 
aluminium oxides, glass, kaolin, calcium stearate 
and wax is injected under pressure at 180ºC into 
the prepared mould. Firing is then carried out in 
a special furnace using controlled temperatures up 
to 1300ºC during which formation of the spinel 
occurs. Veneer porcelains are baked onto the 
surface of the coping to produce the fi nished 
crown.

It was hoped that these ceramic copings would 
offer the possibility of constructing all-ceramic 
crowns for molars with the attendant improve-
ment in aesthetics which this would bring. The 
strength of the material is however, not much dif-
ferent from that of ordinary aluminous porcelain 
and the complexity of the process involving the 
need for special equipment has limited its use.

A further development of this idea of injection 
moulding involved the introduction of a material 
(IPS Empress) in which a molten feldspathic type 
glass is pressed into a pre-formed mould formed 
using a high temperature investment material and 
a wax pattern (see Section 9.2). After the molten 

glass has been forced into the mould under pres-
sure, it is allowed to cool under controlled condi-
tions which allows reinforcing leucite crystals to 
form. The properties of the material are similar to 
those of the cast glass ceramics.

One of two methods can be used for character-
ization. For anterior crowns a layering technique 
is normally used to achieve the best possible 
appearance. A fully sized crown is fi rst produced 
from a wax pattern. This structure is then ‘cut 
back’ in those areas where conventional layered 
porcelains are used to give optimal aesthetics to 
give adequate space for the veneering material. 
During the fi ring of the outer veneer layer of por-
celain further strengthening of the pressed ceramic 
core may occur as the concentration of leucite 
crystallites increases.

For posterior crowns, inlays or labial veneers 
where either aesthetics are not considered so 
important or where layering would be impossible 
due to insuffi cient thickness, characterization is 
achieved by the application of surface stains.

The latest version of the pressed ceramic 
approach (IPS Empress 2) is based upon lithium 
disilicate ceramic. These materials can be fabri-
cated to give material having a fl exural strength 
approaching that of the sintered alumina core 
ceramics (300–400  MPa). The materials are rec-
ommended for the fabrication of 3-unit bridges 
(fi xed partial dentures) to replace missing anterior 
or premolar teeth.

11.8 Cast glass and polycrystalline ceramics

The approach to casting ceramics is very similar 
to that used in pressing and moulding described 
in the previous section. The processes used here 
are essentially the same as those used in the lost-
wax technique used in alloy casting. Currently, 
systems falling within this category are used only 
for the manufacture of single crowns and are 
being replaced by the stronger sintered alumina 
and pressed glass systems.

Crowns are formed from wax patterns which 
are invested in a phosphate-bonded investment. 
The wax burn-out and heat soak of the investment 
is carried out at about 950ºC. The molten ceramic 
is cast centrifugally into the mould at around 
1350ºC. This results in a transparent glass crown 
which is then heat treated in an oven at 1075ºC 
for 10 hours. This heat treatment or ceramming 
causes partial crystallization to form mica-like 
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crystals (containing K, Mg and Si oxides along 
with signifi cant quantities of fl uoride) which have 
a dual effect. They slightly reduce the translucency 
of the previously clear material and signifi cantly 
increase the strength. Table 11.2 shows that the 
strength of these cast ceramics can match that of 
aluminous porcelain.

Colour matching is achieved by applying a 
series of the appropriate tinted porcelains to the 
surface and re-fi ring. This procedure may be cir-
cumvented with the development of new candi-
date materials in which the shading can be 
incorporated within the body of the crown. 
Further improvements in appearance are achieved 
by selecting the correct shade of luting cement. 
The surface glazes used to provide colour to cast 
glasses can produce a very realistic result. Unfor-
tunately, if there is a need to undertake any adjust-
ment of the shape of the crown they are rapidly 
removed, resulting in poor aesthetics unless the 
crown is re-glazed.

The technique of casting offers the ability to 
produce accurately fi tting, all-ceramic crowns 
which may be strong enough for use in the poste-
rior region without the need of an alloy substruc-
ture. The need for some specialist equipment may 
be considered a disadvantage.

Another material which is being introduced to 
dentistry is based upon yttrium tetragonal zirco-
nia polycrystals (Y-TZP). Yttrium oxide is blended 
with zirconium oxide to generate a multiphase 
material known as partially stabilized zirconia. 
These restorations may be processed using casting 
procedures or may be milled from monolithic 
blocks of partially or fully sintered material (see 
CAD-CAM). Very high values of both fl exural 
strength (900–1200  MPa) and fracture toughness 
have been reported for these Y-TZP ceramics. 
This is thought to be due to their polycrystalline 
structure and to a process of ‘transformation 
toughening’ caused by changes in crystal structure 
initiated by internal stresses. The transformations 
result in localized increases in volume which cause 
compressive stresses to be set up around crack 
tips. This reduces the likelihood of further propa-
gation of the crack.

11.9 CAD–CAM restorations

CAD-CAM stands for computer aided design – 
computer aided manufacture. This is a high-tech 
approach to providing patients with durable 

tooth-coloured restorations. It involves recording 
an optical impression from which a restoration 
can be designed using a computer. The design 
details are then used to construct the restoration 
using a milling machine which cuts the desired 
shape from a monolithic block of ceramic under 
the control of the computer. Care is required 
during cavity preparation to ensure that there are 
no undercuts within the cavity. This technique is 
relatively fl exible in terms of the shapes of restora-
tions that can be made with modern milling tech-
nology. Complex 3 or 4 surface restorations are 
possible including the replacement of cusps. In 
addition it is possible to manufacture ceramic 
veneers using the latest generations of these 
systems (for example Cerec 3®1) as shown in Fig. 
11.3. The optical impression is recorded using a 
miniature video camera which scans the prepared 
tooth for about 10 seconds. The prepared tooth 

Fig. 11.3 CAD–CAM generated dental appliances. This 
shows a CAD–CAM equipment set up for manufacturing 
dental appliances and restorations at the chairside using 
computer generated images and computer controlled 
milling equipment. On the right of the figure is the control 
unit and the computer which is used for viewing the 
scanned images and on the left is the milling instrument 
in which the shapes are cut from a variety of materials. 
Figure reproduced with permission of www.planetcerec.
com.

1 Cerec 3 Sirona Dental Systems GmbH, Fabrikstrasse 31, 64625 
Bensheim, Germany.
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surface has to be clean and dry and is coated in 
an optically refl ective powder to maximize image 
acquisition. For the sake of accuracy it is impor-
tant that this layer is uniform and kept as thin as 
possible. An optical image of the opposing teeth 
can also be captured to allow the software to rec-
reate the normal pattern of interdigitation between 
the teeth and hence to create an appropriate sur-
face anatomy for the restorations concerned.

The design of the restoration on the computer 
screen takes between 10 and 25 minutes depend-
ing on the complexity of the restoration and the 
extent to which the software is asked to accom-
modate the patient’s occlusion. The milling process 
(Fig. 11.4) takes a further 5–10 minutes, again 
varying with the size and complexity of the 
procedure.

The restoration is tried in and adjusted if neces-
sary. The try in is made easier for more complex 
shapes as there is a small spur on the fi nished 
restoration when if comes out of the milling 
machine which can be used as a handle while 
manipulating it. It is then normal to etch the 
ceramic fi tting surface with hydrofl uoric acid and 
then apply a silane coupling agent to aid retention 
before fi nal cementation using a dual cured resin 

cement. A fi nal polishing can be performed in situ. 
Obviously it is not possible to provide a glazed 
ceramic surface with this technology. The beauty 
of the Cerec® system is that all of the stages of 
preparation and manufacture can be undertaken 
in the dental surgery; however it is a relatively time-
consuming process as a consequence.

An alternative to the chair side CAD–CAM 
approach is the use of a mechanical copy-milling 
technique in the laboratory. The clinical stages 
are identical to those for a conventional inlay. A 
pattern is produced in the laboratory and then a 
replica of that pattern produced in a ceramic using 
a copy-milling device. The commercially available 
systems are capable of reproducing both relatively 
intricate fi tting surfaces and the occlusal surface 
of the inlay.

Materials used to form the ceramic block 
(Fig. 11.5) from which the restoration is cut 
include conventional feldspathic porcelains and 
glass ceramics. It has recently been shown that 
restorations can be cut from sintered alumina 
blocks which can be infi ltrated with glass to form 
In-ceram-like CAD–CAM restorations. A variety 
of approuches to providing CAD-CAM restora-
tions are now available to dentists. If a dentisk 

Fig. 11.4 Milling of CAD–CAM restorations. Here we see 
the milling operation in progress. We can see that the 
blank has already been cut near to the final shape and 
following the completion of this process the dental 
restoration will be removed from the machine and will be 
ready to be cemented into the patient’s mouth. Figure 
reproduced with permission of www.planetcerec.com.

Fig. 11.5 Materials for CAD–CAM restorations. This 
shows blanks of materials which are used for milling the 
shapes required in the CAD–CAM milling machine shown 
in figure 11.3. The metal part of these blanks is held in 
the grips of the milling machine and the tooth coloured 
parts (ceramic or resin based) are milled to the correct 
shape. Figure reproduced with permission of 
www.planetcerec.com.
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prefers to avoid the expense of buying the equip-
ment, the whole process can be carried out in 
specially licensed laboratories.

One advantage of CAD–CAM systems is that 
the ceramic manufacturing processes including 
forming and heat treating are under the control of 
the manufacturer and are taken away from the 
dental laboratory, maximizing the physical prop-
erties of the ceramic itself. Cementation of CAD–
CAM restorations normally involves the use of 
dual cured composite lutes. The lute is potentially 
the weak link in the restoration as it is much softer 
than either the ceramic restoration or the tooth 
enamel (i.e. 20  VHN compared with >300  VHN). 
Lute margins surrounding CAD–CAM restora-
tions are typically 60–150  μm wide, but are some-
times reported to be even wider. The lute can 
undergo rapid wear to a depth of about half 
the value of the width. It is therefore not unusual 
to fi nd a 50  μm deep defect surrounding the res-
toration. Improvements in marginal fi t which will 
come as impression and milling techniques develop 
will help to overcome this problem.

11.10 Porcelain veneers

Porcelain veneers offer a means of improving the 
appearance of stained or discoloured teeth. The 
veneer consists of a thin shell-like structure which 
is ideally fabricated in such a way that it can be 
closely adapted to the prepared tooth. There is 
some controversy as to whether the veneers can 
be attached to unprepared teeth – a technique 
which would obviously conserve sound tooth sub-
stance, or whether some reduction in the tooth 
contour is necessary. Most authorities do advise 
the removal of about 0.5  mm of labial enamel.

The veneers which are normally 0.5–0.8  mm 
thick, may be constructed from feldspathic porce-
lain, glass ceramic, pressed ceramic or CAD–CAM 
techniques and are bonded to the tooth enamel 
using a composite resin luting agents. The bonding 
is achieved by etching the enamel with a phos-
phoric acid solution or gel. The fi tting surface of 
the veneer is etched with a solution of hydrofl uoric 
acid, then dried and treated with a silane coupling 
agent to aid bonding to the composite resin.

The appearance of the veneered tooth depends 
on the colour of the underlying tooth structure, 
the aesthetic qualities of the ceramic and the use 
of the correct shade of luting composite which 
may be required to mask any discoloration in the 
underlying tooth and give a natural appearance. 

The use of a light activated luting composite is 
normal. These materials offer the advantage of an 
extended working time during which the veneer 
can be placed accurately.

An accurate assessment of the shade of a por-
celain veneer cannot be made at trial without 
‘coupling’ the veneer to the underlying tooth. This 
process involves optically linking the veneer to the 
underlying tooth to see what effect the colour of 
the tooth has on the fi nished restoration. In its 
simplest form this can be achieved using water, 
but a better alternative is a water-soluble trial 
paste. This commercial product has similar colour 
characteristics to the luting resin but can be 
washed off the veneer surface with water prior to 
luting the veneer in place.

In some respects the apparent clinical success 
which has been achieved with porcelain veneers is 
surprising. The technique involves the support of 
a very thin, rigid and brittle material, the veneer, 
by a more fl exible material, the luting composite. 
It would be expected that cracking of the ceramic 
would be a frequent occurrence under such cir-
cumstances. The fact that this does not appear to 
be a major problem suggests that stresses gener-
ated are not great enough to cause a strain of 
0.1%, the critical strain above which most ceramic 
materials will fracture.

Alternatives to the use of porcelain veneers 
involve the use of pre-formed acrylic veneers or 
polishable composite resin veneers. The ceramic 
materials have the advantage of being more 
durable, probably related to their greater hardness 
(see Table 2.2). The technique of fabrication is 
however more time consuming than the direct 
method of using a veneering composite. The pre-
formed acrylic veneers seem to offer few advan-
tages. They combine an involved clinical and 
laboratory technique with poor durability.

11.11 Porcelain fused to metal (PFM)

Porcelain fused to metal restorations involve a 
marrying of the good mechanical properties of 
cast dental alloys with the excellent aesthetic 
properties of porcelain. Generally, the restora-
tions consist of an alloy substructure with bonded 
porcelain veneers as shown in Fig. 11.6.

A major requirement of the materials used in 
PFM restorations is compatibility of the metal and 
ceramic used. Feldspathic porcelains used for PFM 
work normally contain signifi cant amounts of 
leucite. This increases the coeffi cient of thermal 
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expansion of the porcelain to a value which is 
closer to that for the metal. This helps to prevent 
the development of thermal stresses during cooling 
from the fi ring temperature. The presence of leucite 
also helps to strengthen the ceramic. The minimum 
fl exural strength requirement for PFM ceramics as 
specifi ed in ISO Standards is 50  MPa, which is 
equivalent to the requirement for dentine/enamel 
porcelains used in all-ceramic restorations.

The requirements of the alloy used to form the 
substructure are similar to those for non-porcelain 
bonding work with additional requirements as 
follows

(1) The alloy, having been previously cast into 
the desired shape, should be capable of with-
standing porcelain fi ring without melting or 
suffering creep. Hence the alloy must have a 
high fusion temperature.

(2) The alloy should be suffi ciently rigid to 
support a very brittle porcelain veneer other-
wise fracture of the veneer is inevitable.

(3) The alloy should be capable of forming a 
bond with the porcelain veneer in order that 
the latter does not become detached.

(4) The alloy should have a value of coeffi cient 
of thermal expansion similar to that for the 
porcelain to which it is bonded.

There are four types of alloy currently available 
for porcelain bonding. These are (a) high-gold 
alloys, (b) low-gold-content alloys, (c) silver–
palladium alloys and (d) nickel–chromium alloys. 
Table 11.3 gives a summary of the comparative 
properties of the four alloys.

High-gold alloys

The composition of a typical high-gold-content 
porcelain-bonding alloy is shown in Table 11.4. 
The major differences between these alloys and 
the non porcelain-bonding alloys are the high 
platinum/palladium content, the absence of copper 
and the presence of small amounts of base metals 
such as tin and indium.

The high platinum/palladium content raises the 
melting temperature of the alloy, reducing the risk 
of softening and creep during porcelain fi ring. In 
addition, these two metals decrease the coeffi cient 
of thermal expansion of the gold alloy to a value 
closer to that for porcelain. Copper is absent from 
porcelain-bonding gold alloys since, when present, 
it imparts a green hue to the porcelain veneer. The 
minor quantities of base metals such as tin and 
indium are essential in promoting bonding between 
the alloy and the overlying veneer. The base metals 
become oxidized at the surface and the oxide layer 
forms a chemical bond with porcelain during 
fi ring.

The high-gold alloys have two disadvantages 
when used for porcelain bonding. Despite the high 
platinum/palladium content, the melting range is 
still suffi ciently low that there is a risk of alloy 
‘sag’ during porcelain fi ring. Secondly, the modulus 
of elasticity of the high-gold alloys is less than 
ideal. Subsequently, copings must be produced in 
fairly thick section in order to prevent fl exing 
which would result in porcelain fracture. The 

Fig. 11.6 Photograph showing a metal-bonded porcelain 
restoration. Porcelain is built up on an alloy substructure.

Table 11.3 Properties of alloys used for porcelain bonding.

Alloy Castability Creep resistance during fi ring Modulus Bond strength Biocompatibility

High-gold +++ − + + ++
Low-gold ++ + ++ + +
Silver–palladium − + ++ + +
Nickel–chromium −− ++ +++ − −−−
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requirement of a minimum copying thickness of 
around 0.5  mm results in the risk of an over-
contoured restoration and gingival irritation.

Low-gold alloys

Low-gold porcelain-bonding alloys contain appro-
ximately 50% gold, 30% palladium to raise the 
melting temperature and lower the coeffi cient of 
thermal expansion, 10% silver and 10% indium 
and tin for porcelain bonding.

The mechanical properties of the low-gold 
alloys are similar to those for the high-gold mate-
rials. They have a slightly greater modulus of elas-
ticity which is an advantage for porcelain bonding. 
The higher melting range produces better creep 
resistance for these materials during porcelain 
fi ring.

Good properties and a signifi cant cost saving 
compared with high-gold alloys account for the 
widespread use of these materials for bonded por-
celain work.

Silver–palladium alloys

These alloys contain about 60% palladium, 30% 
silver and 10% indium and/or tin to aid porcelain 
bonding. They have the advantages of a higher 
modulus value and a higher melting range than 
the high-gold alloys. They offer a suitable alterna-
tive to the high-gold materials for bonded porce-
lain work at a considerable saving in cost, 
providing care is taken during casting to avoid 
defects and gas inclusions.

The taking up of a green hue in some ceramics 
in contact with high silver content alloys (silver 
greening) has been reported, although this appears 
to be as much a feature of the composition of the 
ceramic as the composition of the alloy.

Nickel–chromium alloys

Nickel–chromium casting alloys typically contain 
70–80% nickel and 10–25% chromium with 
small quantities of other metals such as molybde-
num, tungsten and beryllium. Porcelain bonding 
is to the layer of ceramic oxide which forms on 
the surface of the alloy.

These alloys have the advantages of a very high 
modulus and high melting temperature. Their dis-
advantages are as follows.

(1) A high casting shrinkage which may affect 
accuracy of fi t if not fully compensated by 
the investment.

(2) A tendency for poor castability, with voids in 
the castings.

(3) A bond strength with porcelain which does 
not compare with that achieved with the 
other alloys.

Indeed, fractures in Ni/Cr–porcelain systems 
invariably occur through the oxide layer whereas 
fractures in the other systems generally occur 
cohesively in the porcelain. In addition, these 
alloys are suspect from the biocompatibility point 
of view, as discussed on p. 76.

Tooth preparation for PFM restorations

During tooth preparation it is necessary to allow 
about 1.5  mm in thickness for a metal coping 
(0.3–0.5  mm) and the porcelain veneer (1.0  mm) 
to achieve optimal aesthetics. If this space is not 
available then the technician will either produce 
an overly bulky restoration with reasonable 
appearance or the opaque layer of porcelain used 
to mask the metal coping will ‘shine through’ the 
surface layers of porcelain producing an opaque 
white or cream spot. For this reason preparations 
for PFM crowns need to be designed to give 
adequate space for the technician to produce an 
appropriate restoration. The margin confi guration 
for a PFM crown is a fl at shoulder where there is 
porcelain and a chamfer or bevel where this is a 
metal fi nishing line. The appearance of the margins 
of PFM crowns has been revolutionized by the 
development of shoulder porcelains. These porce-
lains have adequate substantivity so that they do 
not fl ow signifi cantly during fi ring. This allows the 
technician to cut the metal coping back from the 
edge of the tooth, leaving an adequate bulk of 
porcelain to give a reasonable marginal fi t with 
much improved aesthetics.

Table 11.4 Composition of a typical high-gold-content 
porcelain-bonding alloy.

Metal Percentage

Gold 85
Platinum 10
Palladium  3
Silver  1
Tin  0.5
Indium  0.5
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11.12 Capillary technology

The capillary technology (or CaptekTM) system is 
an alternative means of producing porcelain–metal 
restorations. The metal substructure is produced 
in two stages. Firstly, a wax strip loaded with 
powdered, high palladium content metal is 
adapted to the cast. This is fi red in order to burn 
off the wax and sinter the metal, forming a three-
dimensional capillary network. A second wax 
strip, heavily loaded with almost pure gold (97% 
pure), is applied to the surface of the sintered layer 
and, during a second fi ring, the wax is again burnt 
off and the molten gold infi ltrates the capillary 
network to form a metal substructure with a com-
posite structure. A thin layer of veneer porcelain 
is fi nally baked onto the surface. It is claimed that 
this layer need only be about 35  μm thick as there 
is no dark oxide layer of material to cover. The 
bonding between the metal and porcelain is 
achieved through mechanical attachment.

11.13 Bonded platinum foil

A problem with the metal-bonded porcelain res-
toration is that a considerable thickness of tooth 
substance must be removed to allow space for the 
metal coping and the porcelain veneer. An alterna-
tive approach, which does not produce such a 
robust result but which may be adequate in some 
circumstances, is to make a porcelain crown which 
is bonded to a platinum foil.

The technique involves laying down two plati-
num foils on the working die as opposed to the 
normal single foil. The surface of the outer foil is 
then tin plated and the porcelain crown con-
structed and fi red on top of the tin-plated surface. 
Porcelain bonds to the layer of tin oxide on the 
tin-plated surface. The inner platinum foil is 
removed prior to cementation of the crown whilst 
one platinum foil remains bonded to the inner 
surface of the crown. This foil helps to prevent 
crack formation on the inner surface.

11.14 Suggested further reading
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Synthetic Polymers

tion with monomer. In simplifi ed terms the reac-
tion may be visualized as follows:

R* + M → R − M*
R − M* + M → R − M − M*

R − M − M* + M → R − M − M − M* etc.

The initial reactive species is represented by R* 
and the monomer molecules by M. It can be seen 
how monomer molecules are added during each 
stage of the polymerisation reaction and eventu-
ally a long-chain molecule is produced.

The reactive species which is involved in the 
addition reaction may be ionic in nature or it may 
be a free radical. Free radical addition polymerisa-
tion is very commonly used for the synthesis of 
polymers and is the method used in many dental 
polymers. The free radicals are produced by reac-
tive agents called initiators. These are, generally, 
molecules which contain one relatively weak bond 
which is able to undergo decomposition to form 
two reactive species each carrying an unpaired 
electron. One very popular initiator, which is used 
extensively in dental polymers, is benzoyl perox-
ide. Under certain conditions the peroxide linkage 
is able to split to form two identical radicals as 
shown in Fig. 12.1. The decomposition of benzoyl 
peroxide may be accomplished either by heating 
or by reaction with a chemical activator. The use 
of a chemical activator allows polymerisation to 
occur at low temperatures. Activators commonly 
used with peroxide initiators are aromatic tertiary 
amines such as N, N′ dimethyl-p-toluidine 
(Fig. 12.2).

An alternative activation system involves the 
use of radiation to cause decomposition of a suit-
able radiation-sensitive initiator. For example, 
benzoin methyl ether decomposes to form free 
radicals when exposed to ultraviolet radiation. 
Certain ketones, when exposed to radiation in the 

12.1 Introduction

Synthetic polymers have been of importance for 
60 years or more and fi nd use in almost every 
sphere of modern life. Prior to the realization of 
the importance of such products they were often 
discarded as unwanted byproducts of other chem-
ical processes.

Polymers are high molecular weight, chain-like 
molecules. A polymer chain does not consist of a 
random arrangement of atoms, but of distinct 
repeating groups of atoms, derived from the 
small molecules or monomers from which the 
chain is built up. The process by which mono-
mers are converted into polymers is called 
polymerisation.

Monomers are generally liquids or gases and 
during the process of polymerisation they become 
converted to crystalline or amorphous solids. 
These may vary from being very rigid at one 
extreme to being soft and rubbery at the other.

12.2 Polymerisation

The conversion of monomer molecules into poly-
mers may proceed by either an addition reaction 
or a condensation reaction.

Addition polymerisation

An addition reaction simply involves the joining 
together of two molecules to form a third, larger 
molecule. For example, ethylene reacts with 
bromine under the correct conditions to form 
dibromoethane, as follows.

CH2 = CH2 + Br2 → CH2Br − CH2Br

Addition polymerisations involve the addition of 
a reactive species with a monomer to form a larger 
reactive species which is capable of further addi-

101
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visible spectrum range and in the presence of a 
tertiary amine, are capable of forming active radi-
cals which can initiate polymerisation.

The majority of monomers which can be poly-
merised by a free radical addition mechanism are 
of the alkene type. That is, they contain a carbon–
carbon double bond. These monomers can be rep-
resented by the general formula given in Fig. 12.3. 
Some of the familiar monomers which can be 
obtained by substituting for X and Y in the fi gure 
are also given. Methylmethacrylate and other 
closely related monomers are of particular impor-
tance in dentistry.

The polymerisation processes follow a well-
documented pattern which consists of four main 
stages – activation, initiation, propagation and 
termination.

Activation: This involves decomposition of the 
peroxide initiator using either thermal activation 
(heat), chemical activators or radiation of a suit-
able wavelength if a radiation-activated initiator 
is present. For benzoyl peroxide the activation 
reaction is represented by the equation given in 
Fig. 12.1. In simplifi ed, general terms it may be 
expressed as follows:

R − O − O − R → 2RO ·

where R represents any organic molecular 
grouping.

Initiation: The polymerisation reaction is initiated 
when the radical, formed on activation, reacts 
with a monomer molecule. This is illustrated for 
the specifi c case of the benzoyl peroxide radical 
and the methacrylate monomer in Fig. 12.4. The 
reaction may be given in simplifi ed general terms 
as follows:

RO · + M → RO − M ·

where the symbol M represents one molecule of 
monomer. It can be seen from the above equation 
and from Fig. 12.4 that the initiation reaction 
is an addition reaction producing another active 
free radical species which is capable of further 
reaction.

Propagation: Following initiation, the new free 
radical is capable of reacting with further monomer 
molecules. Each stage of the reaction produces a 
new reactive species capable of further reaction, 
as illustrated in the following equations:

RO − M · + M → RO − M − M ·
RO − M − M · + M → RO − M − M − M ·
RO − M − M − M · + M → RO − M − M 

− M −M ·

A general equation for the propagation reaction 
may be written as follows:

RO − M · + nM → RO − (M)n − M ·

where the value of n defi nes the number of 
monomer molecules added and hence the length 
of the chain and the molecular weight.

Termination: It is possible for the propagation 
reaction to continue until the supply of monomer 
molecules is exhausted. In practice however, other 
reactions, which may result in the termination of 
a polymer chain, compete with the propagation 
reaction. These reactions produce dead polymer 
chains which are not capable of further 
additions.

One example of termination is the combination 
of two growing chains to form one dead chain as 
follows:

RO − (M)n − M · + RO (M)x − M · → 
RO − (M)n − M − M − (M)x − OR

Other examples of termination involve the reac-
tions of growing chains with molecules of initia-
tor, dead polymer, impurity or solvent, if present.

Factors which have an important infl uence on 
the properties of the resulting polymer are molec-
ular weight and the degree of chain branching or 
cross-linking.

Fig. 12.1 Benzoyl peroxide readily splits to form two 
identical free radicals which can initiate 
polymerisation.

Fig. 12.2 N, N′ dimethyl-p-toluidine – a tertiary amine 
which is capable of activating peroxide initiators.
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Molecular weight: Within any addition polymeri-
sation system, activation, initiation, propagation 
and termination reactions occur simultaneously 
and the resulting polymer is therefore composed 
of chains of varying lengths. Thus, it is not possi-
ble to defi ne a precise molecular weight for poly-
mers and they are normally characterised in terms 
of an average molecular weight.

Chain branching and cross-linking: Addition 
polymerisation reactions generally lead to the pro-
duction of linear polymers. This does not imply 
that the chains form straight lines but simply that 
there are no branches off the main polymer chain 
and that the chains are not linked together.

Chain branching may result if a growing chain 
undergoes chain transfer with a polymer molecule. 
This involves termination of the growing chain, 
but a new reactive radical is formed along the side 
of a polymer molecule. Growth of a fresh chain 
from this site produces a branched polymer. This 
is illustrated in Fig. 12.5.

Fig. 12.3 General formula for alkene molecules which are capable of polymerizing to form polymers. Examples of some 
specific monomers are given.

Fig. 12.4 The reaction of a benzoyl peroxide radical with methylmethacrylate to form a new radical species. This is the 
initiation reaction in free radical polymerisation of methylmethacrylate.

Fig. 12.5 Diagram showing the production of branched 
polymer chains by chain transfer.
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Cross-linking is accomplished by adding cross-
linking agents to the polymerizing monomer. In 
the case of free radical addition polymerisations 
these agents are invariably difunctional alkenes in 
which each of the two double bonds present is 
able to become polymerised into a separate chain, 
thus effectively linking two chains together. Figure 
12.6 shows the general formula for a typical cross-
linking agent and the way in which this gives a 
cross-linked polymer when it becomes involved in 
a polymerisation reaction. Figure 12.7 gives the 
structural formula of ethylene glycol dimethacry-
late, a cross-linking agent which is commonly 
used for methacrylate polymers.

Chain branching and cross-linking can have 
important effects on the properties of polymers.

Although most addition polymerisation pro-
cesses in dental materials may be characterised as 
free radical processes, other mechanisms involving 
the growth of chains through ionic species such as 
anions and cations are also used. Cationic ring 
opening reactions involving imine and oxirane 
groups may be used to produce addition poly-
mers. The ring opening polymerisation of imines 
is employed in the setting of certain impression 
materials (Chapter 16) whilst the ring opening 
polymerisation of oxiranes and closely related 
siloranes is being used in newly developed resin 
matrix composite materials (Chapter 22). A key 

feature of the ring opening process is that it pro-
duces a slight expansion, which reduces the overall 
contraction resulting from the conversion of 
monomer molecules to polymers.

Condensation polymerisation

A condensation reaction involves two molecules 
reacting together to form a third, larger molecule 
with the production of a byproduct which is nor-
mally a small molecule such as water. A simple 
example of a condensation reaction is an esterifi -
cation reaction in which an organic acid and an 
alcohol react together to form an ester with the 
evolution of water. This reaction may be illus-
trated by the reaction between acetic acid and 
ethyl alcohol to form ethyl acetate:

CH3CO2H + C2H5OH → CH3CO2C2H5 + H2O

In order for such a reaction to result in the forma-
tion of a polymer, each reacting molecule should 
have at least two reactive groups so that the reac-
tion product is capable of undergoing further con-
densation reactions.

A simple generalized reaction sequence for 
condensation polymerisation for two monomers, 
X − M1 − X and Y − M2 − Y, with reactive groups 
X and Y can be written as follows:

X − M1 − X + Y − M2 − Y → 
X − M1 − M2 − Y + XY

X − M1 − M2 − Y + X − M1 − X → 
X − M1 − M2 − M1 − X + XY

X − M1 − M2 − M1 − X + Y − M2 − Y → 
X − M1 − M2 − M1 − M2 − Y + XY etc.

Fig. 12.6 (a) General formula of a difunctional molecule 
which is capable of acting as a cross-linking agent. 
(b) The incorporation of the cross-linking agent into 
two polymer chains causes linking.

Fig. 12.7 The structural formula of ethylene glycol 
dimethacrylate, a commonly used cross-linking agent.
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This series of condensation reactions can be 
related to the simple esterifi cation reaction shown 
above if X is a carboxylic acid group and Y is 
an alcohol group. The reaction product, XY, pro-
duced as a result of every condensation reaction 
then becomes water for that specifi c example.

It can be seen that at each stage of the reaction 
the chain grows by one monomer unit and there 
is one molecule of byproduct XY evolved. In addi-
tion, the growing polymer chain retains two reac-
tive groups at each stage. The resulting polymer 
is a regular copolymer of the monomers M1 and 
M2 which are arranged in sequence along the 
chain. Chain branching and cross-linking can 
be produced by introducing some trifunctional 
monomer, e.g.

X
|

X − M1 − X

into the reaction.
By using a monomer which carries two reactive 

groups it is possible to produce a homopolymer 
as follows:

X − M1 − Y + X − M1 − Y → 
X − M1 − M1 − Y + XY

X − M1 − M1 − Y + X − M1 − Y → 
X − M1 − M1 − M1 − Y + XY

X − M1 − M1 − M1 − Y + X − M1 − Y → 
X− M1 − M1− M1− M1 − Y + XY etc.

Examples of the use of condensation polymeri-
sation include the production of nylon 6,6 
as illustrated in Fig. 12.8, and the synthesis of 
polydimethysiloxane (silicone rubber) as illus-
trated in Fig. 12.9. The latter example illustrates 
the simplest type of condensation polymerisation, 
in which each molecule contains two identical 
reactive groups (hydroxyl groups in this case) 
which are capable of reacting to eliminate water.

12.3 Physical changes occurring 
during polymerisation

Phase changes: Most monomers are gases or 
liquids at normal temperatures and pressures. 
Some liquid dental monomers are mixed with 
inert fi llers, such as glass powders, to form pastes 
which can be easier to handle than the monomer 
alone. In addition, the fi ller often has a very ben-
efi cial effect on the properties of the set material. 
During polymerisation, as the average molecule 
weight increases and chain entanglement occurs, 
the viscosity begins to increase. This is most 
noticeable when polymerisation is being carried 
out in the absence of solvents, which is the case 
for the vast majority of dental polymers. When 

Fig. 12.8 Schematic representation of the condensation reaction between hexamethylene diamine and adipic acid to 
produce nylon 6,6.
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the polymerisation has reached an advanced stage 
the chain entanglements may become so great that 
the material develops a degree of rigidity and 
effectively behaves more like an amorphous solid 
than a liquid. At this stage the rate of conversion 
of monomer declines rapidly for two reasons. 
First, the quantity of unreacted monomer is now 
very small. Secondly, the rate of diffusion of the 
monomer through the highly viscous material to 
the reactive polymerisation sites becomes very 
slow. The result is that polymer produced as a 
result of the reaction inevitably contains a small 
concentration of unreacted or residual monomer. 
The majority of dental polymers have amorphous 
structures. Other polymers are capable of forming 
crystalline structures in which the chains are 
arranged in regular patterns.

Temperature changes: The majority of polymeri-
sation reactions are exothermic in nature and 
cause a marked increase in temperature of the 
polymerizing material. This temperature rise may 
have important consequences for both industrial 
polymers and dental polymers.

Industrial polymers are generally produced in 
large quantities using huge reaction vessels. An 
uncontrolled increase in temperature in such a 
vessel could be catastrophic. The heat liberated 
will cause an acceleration in the rate of polymeri-
sation which causes heat to be liberated more 
rapidly and so on. If such a process continues an 
explosion may result. At the very least, the polymer 
may solidify in the reaction vessel causing the 
requirement for a massive cleaning operation or 
the scrapping of the reaction vessel. Naturally, 
attempts are made to avoid such events which 
may be both dangerous and expensive. One of the 
most effective ways of dissipating heat during 
polymerisation is to either dissolve the monomer 
in a suitable solvent or to form a suspension of 
the monomer in water (suspension polymerisa-
tion). The heat of polymerisation is dissipated 
through the solvent or water. The resulting 
polymer, normally in the form of a powder, may 
be collected either by precipitation from the 
solvent or by sieving beads from the water. Sus-
pension polymers formed in this way are normally 
moulded into the required shape by softening the 
polymeric moulding powder with heat and shaping 
under pressure (e.g. injection moulding). Conden-
sation polymers are often cured in bulk in the 
absence of water or solvent. The reaction is 
allowed to proceed under controlled conditions 
and is halted (e.g. by cooling) when only a small 
proportion of the reactive groups of the monomer 
have been converted. At this stage the partially 
polymerised monomer is still relatively fl uid and 
can be moulded. Polymerisation is completed 
during the moulding stage.

Dental polymers are used in much smaller 
quantities than industrial polymers and tempera-
ture rises are therefore much smaller and less 
likely to cause the reaction to go out of control. 
Polymerisation in bulk is therefore possible and 
this enables the conversion of monomer to 
polymer to be carried out in situ (e.g. in the 
mouth) in many cases. Due consideration must 
still be given to the temperature rise during poly-
merisation however, as a relatively small increase 
in temperature within a fi lling material may 
damage the dental pulp. Another occurrence in 
some materials is that elevated temperatures 
during polymerisation cause vaporization of 
some unconverted monomer producing spherical 
voids, known as gaseous porosity, in the set 
material.

Fig. 12.9 The formation of hydroxyl-terminated 
polydimethylsiloxane by condensation of hydrolysed 
dimethylsiloxane.
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Dimensional changes: Each addition or condensa-
tion reaction which takes place during polymeri-
sation results in a small contraction since the 
resulting species occupies less space than the two 
initial reacting species. Since many hundreds of 
reactions of this type take place during polymeri-
sation, the overall shrinkage which takes place can 
be very marked. For example, when methylmeth-
acrylate is converted to polymethylmethacrylate a 
volumetric shrinkage of about 21% occurs. 
Dimensional changes of this magnitude are unac-
ceptable for most dental applications and methods 
are normally sought to reduce the shrinkage.

Common methods involve blending the 
monomer with an inert material such as glass 
powder or polymer (e.g. polymethylmethacrylate 
beads in the case of methylmethacrylate), overfi ll-
ing moulds to allow for some contraction, polym-
erizing under pressure and using monomers which 
undergo less polymerisation contraction. The 
latter method is based on the principle that if 
larger monomer molecules are used the concentra-
tion of reactive groups within them is decreased 
and the subsequent contraction is less. Inspection 
of Fig. 22.3, for example, shows that the concen-
tration of reacting carbon–carbon double bonds 
in Bis-GMA is much lower than in the equivalent 
amount of methylmethacrylate. The polymerisa-
tion shrinkage for Bis-GMA is therefore consider-
ably lower than that for methylmethacrylate. In 
some urethane acrylates and methacrylates the 
space between the two terminal reactive double 
bonds is greater still, effectively diluting them 
further and reducing the shrinkage to a greater 
extent.

12.4 Structure and properties

Factors which control the structure and therefore 
the properties of polymers include:

(1) The molecular structure of the repeating 
units including the use of copolymers.

(2) The molecular weight or chain length.
(3) The degree of chain branching.
(4) The presence of cross-linking and the cross-

link density.
(5) The presence of plasticizers or fi llers.

Two basic properties which characterise poly-
mers are glass transition temperature (Tg) and 
melting temperature (Tm). Crystalline polymers 
exhibit both a glass transition temperature and a 

melting temperature. Amorphous polymers, on 
the other hand, exhibit only a glass transition 
temperature. The latter materials are more widely 
used in dentistry. The glass transition temperature 
is the temperature at which molecular motions 
become such that whole chains are able to move. 
This temperature is close to the softening tempera-
ture, which can be observed in practice for amor-
phous polymers. The glass transition temperature 
can be estimated mechanically by noting the 
temperature at which a sudden change in elastic 
modulus occurs.

Amorphous polymers below their glass transi-
tion temperature generally behave as rigid solids 
whilst above the glass transition temperature they 
may behave as viscous liquids, fl exible solids or 
rubbers, depending on the molecular structure 
and the degree of branching or cross-linking.

From a practical point of view the value of Tg 
has great signifi cance. For example, if a denture 
were constructed from a polymer which had a Tg 
value of 60ºC, the denture would be rigid at 
normal mouth temperature but might soften and 
become fl exible on taking a hot drink at 70ºC.

Molecular structure is the factor which, natu-
rally, has the greatest infl uence over polymer 
properties. For example, polymer backbones 
which contain phenyl groups are more rigid than 
those which contain only carbon–carbon bonds 
whilst backbones with silicon–oxygen bonds tend 
to be even more fl exible. Hence the introduction 
of a phenyl group into a polymer backbone has 
the effect of increasing Tg whilst the introduction 
of carbon–oxygen links has the reverse effect. It is 
not only the atomic groups forming the backbone 
of the polymer chain which have an effect on Tg. 
Pendant groups may have an equally marked 
effect. This is illustrated by considering the Tg 
values of a series of poly N-alkyl methacrylates 
where the alkyl group can be methyl, ethyl, propyl 
or butyl (Table 12.1). It can be seen that altering 

Table 12.1 Glass transition temperatures of N-alkyl 
methacrylate polymers.

Polymer Tg (ºC)

Polymethylmethacrylate 105
Polyethylmethacrylate  65
Polypropylmethacrylate  35
Polybutylmethacrylate  20
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the pendant group in this series of polymers 
has a signifi cant effect. Polymethylmethacrylate is 
rigid at mouth temperature whereas polybutyl-
methacrylate is relatively soft and fl exible.

Molecular weight is another factor which affects 
Tg. The two properties are related by an equation 
of the type

Tg Tg
M

= −0
K

where K is a constant, M is the average molecular 
weight and Tg0 is the glass transition temperature 
for a polymer of infi nite molecular weight. It can 
be seen that the value of Tg increases with increas-
ing molecular weight. As M becomes large Tg 
approaches Tg0. The reduction of the average 
molecular weight of a polymer by low molecular 
weight chains or residual, unreacted monomer 
may have a considerable effect on the Tg value 
and hence on material performance. In addition 
to infl uencing the glass transition temperature, 
molecular weight has an effect on other funda-
mental properties, such as modulus of elasticity. 
Many polymers exhibit a linear relationship 
between molecular weight and modulus up to 
fairly high values of molecular weight (105 or 
above) then reach a plateau region in which 
further increases in molecular weight have little 
or no effect.

Optimizing mechanical properties often involves 
producing polymers with a high value of average 
molecular weight and a low concentration of 
residual monomer. Chain branching may have an 
effect on polymer properties. Increasing the con-
centration of branches generally lowers the glass 
transition temperature. The mechanism of this 
lowering is probably related to the fact that chain 
branches prevent adjacent chains from drawing 
close enough together to undergo interchain 
attraction and the formation of interchain bonds. 
This can be viewed as an extension of the trend 
seen in Table 12.1, where the pendant alkyl groups 
can be viewed as small chain branches. Unsuccess-
ful attempts to form cross-links can result in a 
branched structure if only one end of a difunc-
tional monomer becomes polymerised into a 
chain. The other end of the monomer is left unre-
acted and may have the opposite effect to that 
which would be expected.

The effect of cross-linking is of considerable 
practical importance. Increasing the number of 
cross-links increases the glass transition tempera-

ture. In addition, alteration of the cross-link 
density can have a considerable effect on mechani-
cal properties. A material with a low value of Tg 
and a small cross-link density may behave as a 
rubber at room temperature. On the other hand, 
a very high cross-link density normally produces 
a rigid, brittle polymer in which it is not possible 
to detect a glass transition since the material often 
decomposes thermally before softening. An 
example of this behaviour is the effect of cross-
linking on the properties of natural rubber. When 
natural rubber (polyisoprene) is lightly cross-
linked (vulcanized) it has rubbery, elastic proper-
ties. When the same material is highly cross-linked 
however, it becomes hard, rigid and brittle. This 
highly cross-linked material, vulcanite, has been 
used as a denture base material.

Certain additives such as plasticizers and fi llers 
can have a profound effect on the properties of 
polymers. Plasticizers such as di-n-butylphthalate 
(Fig. 12.10) have an effect on both the glass transi-
tion temperature and the modulus of elasticity of 
some polymers. They are said to ‘lubricate’ the 
movements of polymer chains and are sometimes 
added to help moulding characteristics. They 
also lower the Tg and elastic modulus. For this 
reason the inclusion of plasticizers is a common 
method used by manufacturers to produce ‘soft’ 
polymers.

The inclusion of particulate or fi brous inorganic 
fi llers has an equally signifi cant effect on polymer 
properties. The modulus of elasticity and strength 
are generally increased although, in the case of 
fi bre-fi lled polymers, a degree of anisotropy may 
exist; that is, the strength depends on the orienta-
tion of the fi bres in the polymer.

Resin matrix composite materials are now a 
most important group of products in dentistry. 
Much research and scientifi c debate surrounds 
issues such as the ideal particle size, particle size 
distribution and fi ller loading of the discrete glass 
or ceramic fi ller to achieve an optimum value of 
key properties. Filler loading is often maximized 

Fig. 12.10 Structural formula of di-n-butylphthalate, 
a commonly used plasticizer.
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in order to reduce the volumetric shrinkage which 
occurs with most resins on polymerisation. From 
a manufacturer’s view the key factor is often to 
increase fi ller loading whilst maintaining a viscos-
ity which is low enough to enable moulding.

Particulate fi llers are often used to increase the 
hardness of a resin and improve its resistance to 
abrasion. In addition, these fi llers may have an 
important effect on thermal properties, since the 
added fi llers are commonly glasses, ceramics or 
quartz which have lower values of coeffi cient of 
thermal expansion than organic polymers.

The particulate fi ller is often able to generate a 
level of radio-opacity in the resin matrix material 
by using glasses based on heavy metal oxides such 
as barium or zirconium.

Crystalline polymers are normally formed when 
polymer chains are able to undergo orientation. 
Crystallites often take the form of polymer chains 
in rows, held together by Van der Waals forces or 
hydrogen bonds. The crystals may consist simply 
of straight chains or of folded chains as illustrated 
in Fig. 12.11. In order to form crystals of this type 
the chains must be able to come into close proxim-
ity with the neighbouring chain. Hence, the pres-
ence of bulky pendant groups and regular chain 
branching are factors which decrease the possibil-
ity of crystallite formation.

In nylon, the chains take up a helical form in 
which hydrogen bonding is responsible for both 

intramolecular and intermolecular links in the 
crystals.

Crystalline polymers have limited use in den-
tistry because they tend to be opaque and are not 
amenable to polymerisation under ambient condi-
tions of temperature and pressure.

12.5 Methods of fabricating polymers

Some polymers are produced in powder form and 
fabricated at a later stage by softening and mould-
ing. Techniques for moulding include injection 
moulding, vacuum forming and blow moulding. 
Polymers which can be fabricated in this way are 
described as thermoplastic polymers, that is, they 
can be softened on heating and re-hardened on 
cooling. Providing care is taken not to overheat 
the polymer, causing decomposition, the process 
can be repeated many times.

Other polymers are described as thermosetting 
resins – these are generally condensation polymers 
which are partly polymerised before moulding to 
produce a viscous liquid. During heating and 
moulding, generally into simple shapes such as fl at 
sheets, the polymerisation and cross-linking are 
completed. These resins are generally highly cross-
linked polymers which cannot be softened without 
causing thermal degradation.

A method commonly used for dental polymers 
is to blend the monomer with an inert fi ller to 
form a paste. The paste is then split into two 
halves to which initiator and activator are added 
respectively. On mixing the two pastes the poly-
merisation reaction begins and, for dental restor-
ative materials, is completed in situ.

The technique of dough moulding is very impor-
tant to dentistry, particularly for the fabrication 
of denture bases. Powdered polymer, normally as 
beads, containing some initiator is mixed with 
monomer to form a ‘dough’. The dough is packed 
into a preformed mould and the monomer cured 
by applying heat. Alternatively, if the monomer 
contains a chemical activator the polymerisation 
of monomer will occur at room temperature.

12.6 Suggested further reading

Deb, S. (1998) Polymers in dentistry. Proc. Inst. Mech. 
Eng. 212, 453–464.

Fig. 12.11 Crystalline polymers may take one of several 
possible structural forms. Two examples are: (a) straight 
chains forming crystallites; (b) folded chains forming 
crystallites.



Chapter 13

Denture Base Polymers

Physical properties: An ideal denture base mate-
rial should be capable of matching the appearance 
of the natural oral soft tissues. The importance of 
this requirement varies considerably, depending 
on whether the base will be visible when the 
patient opens his mouth.

A polymer which is used to construct a denture 
base should have a value of glass transition tem-
perature (Tg) which is high enough to prevent 
softening and distortion during use. Although the 
normal temperature in the mouth varies only from 
32ºC to 37ºC, account must be taken of the fact 
that patients take hot drinks at temperatures up 
to 70ºC and, despite advice, sometimes clean den-
tures in very hot or even boiling water.

The base should have good dimensional stabil-
ity in order that the shape of the denture does not 
change over a period of time. In addition to distor-
tions which may occur due to thermal softening, 
other mechanisms such as relief of internal stresses, 
continued polymerisation and water absorption 
may contribute to dimensional instability.

The material should, ideally, have a low value 
of specifi c gravity in order that dentures should be 
as ‘light’ as possible. This reduces the gravita-
tional displacing forces which may act on an 
upper denture.

A high value of thermal conductivity would 
enable the denture wearer to maintain a healthy 
oral mucosa and to retain a normal reaction to 
hot and cold stimuli. If the base is a thermal insu-
lator it is possible that the patient may take a 
drink which he would normally detect as being 
‘too hot to bear’, and undergo a painful experi-
ence as the drink reaches the throat and gut.

The denture base should, ideally, be radiopaque. 
It should be capable of detection using normal 
diagnostic radiographic techniques. Patients occa-
sionally swallow dentures and may even inhale 
fragments of dentures if involved in a violent 

13.1 Introduction

The denture base is that part of the denture which 
rests on the soft tissues and so does not include 
the artifi cial teeth. Prior to 1940 vulcanite was the 
most widely used denture base polymer. This is a 
highly cross-linked natural rubber which was dif-
fi cult to pigment and tended to become unhygienic 
due to the uptake of saliva. Nowadays acrylic 
resin is used almost universally for denture base 
construction (Fig. 13.1).

The acrylic denture base is normally fabricated 
in a two-part gypsum mould. The mould is pro-
duced by investing wax trial dentures on which 
the artifi cial teeth have been mounted. After 
‘boiling out’ of the wax the gypsum mould is 
treated with an alginate mould-sealing agent. This 
is a viscous solution of sodium alginate which is 
rapidly converted to calcium alginate on contact 
with the gypsum. It forms a thin ‘skin’ over the 
surface of the mould, preventing monomer in 
the acrylic ‘dough’ from entering the gypsum. The 
space remaining after removal of wax is fi lled with 
acrylic dough which may be heat cured or allowed 
to cure at room temperature depending on the 
material being used. During curing the acrylic 
resin denture base becomes attached to the artifi -
cial teeth. The formation of the denture base by 
this technique is known as the dough moulding 
method. Acrylic denture bases may also be pro-
duced by injection moulding or by using a pour-
able resin technique, although the latter methods 
are not commonly used.

13.2 Requirements of denture 
base polymers

The requirements of a denture base material can 
be conveniently listed under the headings of physi-
cal, mechanical, chemical, biological and miscel-
laneous properties.
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cause permanent deformation. A combination of 
a high modulus and high value of elastic limit 
would have the added advantage that it would 
allow the base to be fabricated in relatively thin 
section.

Fractures of upper dentures invariably occur 
through the midline of the denture, due to fl exing 
(Fig. 13.3). The denture base should have suffi -
cient fl exural strength to resist fracture. The 
method of measuring fl exural strength or trans-
verse strength is described in Section 2.2.

Fracture of the denture base in situ often occurs 
by a fatigue mechanism in which relatively small 
fl exural stresses, over a period of time, eventually 
lead to the formation of a small crack which prop-
agates through the denture, resulting in fracture. 
The base material should therefore have an 
adequate fatigue life and a high value of fatigue 
limit.

When patients remove dentures for cleaning or 
overnight soaking, there is a danger of fracture if 
the denture is accidentally dropped onto a hard 
surface. The ability of a denture base to resist such 
fracture is a function of the impact strength of the 
material. Impact fracture of the denture may occur 
in situ if the patient is involved in a violent acci-
dent involving the facial region, for example, of 
the head hits a windscreen during a motor acci-
dent. The fragments of denture may then become 
embedded into soft tissue or may be inhaled.

Denture base materials should have suffi cient 
abrasion resistance to prevent excessive wear of 
material by abrasive denture cleansers or food-
stuffs. Wear is a complex phenomenon which may 
depend on many material properties. For abrasive 
wear it is thought that surface hardness of the 
substrate is of primary importance.

Fig. 13.1 Acrylic denture. This shows the appearance of 
a typical acrylic denture. It consists of the pink area which 
is constructed in a dental laboratory using powder liquid 
mixtures of acrylic denture base materials (see Fig. 13.2). 
The teeth are manufactured to standard shapes and sizes 
under controlled factory conditions.

Fig. 13.2 Denture base acrylic. This shows a typical 
acrylic denture base material which is provided in the 
form of a powder (normally containing a pigment which 
is pink) and a liquid which is contained within a light-
proof dark brown bottle. During use the powder and 
liquid are mixed together to form a dough, which can be 
moulded inside a mould produced from a cast of the 
patient’s mouth.

accident, such as a car crash. Early radiological 
detection of the denture or fragment of denture is 
of immense help in deciding the best course of 
treatment.

Mechanical properties: Although opinion varies 
slightly, most clinicians consider that the denture 
base should be rigid. A high value of modulus of 
elasticity is therefore advantageous. A high value 
of elastic limit is required to ensure that stresses 
encountered during biting and mastication do not 

Fig. 13.3 Diagram illustrating how an upper denture 
may flex about the midpoint of the palate. This fatigue 
process may eventually cause fracture.
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Chemical properties: A denture base material 
should be chemically inert. It should, naturally, be 
insoluble in oral fl uids and should not absorb 
water or saliva since this may alter the mechanical 
properties of the material and cause the denture 
to become unhygienic.

Biological properties: In the unmixed or uncured 
states the denture base material should not be 
harmful to the technician involved in its handling. 
The ‘set’ denture base material should be non-
toxic and non-irritant to the patient. In the previ-
ous section it was mentioned that the base should, 
ideally, be impermeable to oral fl uids and this 
would certainly be an ideal property. If a degree 
of absorption occurs however, the base should 
not be able to sustain the growth of bacteria or 
fungi.

Miscellaneous properties: An ideal denture base 
material should be relatively inexpensive and have 
a long shelf life so that material can be purchased 
in bulk and stored without deteriorating. The 
material should be easy to manipulate and fabri-
cate without having to resort to using expensive 
processing equipment. If fractures do occur they 
should be easy to repair.

13.3 Acrylic denture base materials

Acrylic resin is the most widely used material for 
construction of dentures. Polymeric denture base 
materials are classifi ed into fi ve groups (or types), 
as shown in Table 13.1. Types 1 and 2 are the 
most widely used products and are described in 
more detail below. A typical powder liquid mate-
rial is shown in Fig. 13.2.

Composition of type I and type 2 materials

Most materials are supplied as a powder and 
liquid, details of the composition of which are 
given in Table 13.2. The major component of the 
powder is beads of polymethylmethacrylate with 
diameters up to 100  μm. (Fig. 13.4). These are 
produced by a process of suspension polymerisa-
tion in which methylmethacrylate monomer, con-
taining initiator, is suspended as droplets in water. 
Starch or carboxymethylcellulose can be used as 
thickeners and suspension stabilizers, but have the 
disadvantage of potentially contaminating the 
polymer beads. The temperature is raised in order 
to decompose the peroxide and bring about poly-
merisation of the methylmethacrylate to form 
beads of polymethylmethacrylate which, after 
drying, form a free-fl owing powder at room 
temperature.

The initiator present in the powder may consist 
of peroxide remaining unreacted after the produc-
tion of the beads, in addition to extra peroxide 
added to the beads after their manufacture.

Polymethylmethacrylate is a clear, glass-like 
polymer and is occasionally used in this form for 
denture base construction. It is more normal, 
however, for manufacturers to incorporate pig-
ments and opacifi ers in order to produce a more 
‘lifelike’ denture base. Sometimes, small fi bres 
coated with pigment are used to give a veined 
appearance. Pink pigments used in denture base 
resins are traditionally salts of cadmium. These 
pigments have good colour stability and have been 
shown to leach cadmium from the denture base in 
only minute amounts. Fears over the toxicity of 
cadmium compounds, however, have led to the 
gradual replacement of cadmium salts with other 
‘safer’ substances.

Table 13.1 Classification of denture base polymers according to ISO 1567.

Type Class Description

1 1 Heat-processing polymers, powder and liquid
1 2 Heat-processed (plastic cake)
2 1 Autopolymerised polymers, powder and liquid
2 1 Autopolymerised polymers (powder and liquid pour type resins)
3 – Thermoplastic blank or powder
4 – Light-activated materials
5 – Microwave-cured material
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The major component of the liquid is methyl-
methacrylate (MMA) monomer. This is a clear, 
colourless, low-viscosity liquid with a boiling 
point of 100.3ºC and a distinct odour exaggerated 
by a relatively high vapour pressure at room tem-
perature. MMA is one of a group of monomers 
which are very susceptible to free radical addition 
polymerisation (see Fig. 12.3). Following mixing 
of the powder and liquid components and activa-
tion by either heat or chemical means, the curing 
of the denture base material is due to the 
polymerisation of MMA monomer to form 
polymethylmethacrylate.

The liquid normally contains some cross-linking 
agent. The substance most widely used is ethyl-
eneglycoldimethacrylate, the structural formula of 
which is given in Fig. 12.7. This compound is 
used to improve the physical properties of the set 
material.

The inhibitor is used to prolong the shelf life of 
the liquid component. In the absence of inhibitor, 

polymerisation of monomer and cross-linking 
agent would occur slowly, even at room tempera-
ture and below, due to the random occurrence of 
free radicals within the liquid. The source of these 
free radicals is uncertain, but once formed they 
cause a slow increase in viscosity of the liquid and 
may eventually cause the liquid component to set 
solid.

The inhibitor, which is commonly a derivative 
of hydroquinone, works by reacting rapidly with 
radicals formed within the liquid to form stabi-
lized radicals which are not capable of initiating 
polymerisation. This is illustrated in Fig. 13.5 in 
which the product radical (z) is a relatively stable 
species which will not initiate polymerisation of 
MMA at room temperature. The stability of the 
radical (z) is explained by the fact that the unpaired 
electron is not isolated in the oxygen atom but 
may occupy several sites around the ring, as shown 
in Fig. 13.6.

One way of reducing the occurrence of unwanted 
radicals in the liquid is to store the material in a 
can or in a dark-brown bottle. Visible light or 
ultra-violet radiation may activate compounds 
which are potentially capable of forming radicals. 
Eliminating the source of radiation is therefore 
benefi cial.

The activator is present only in those products 
which are described as self-curing or autopoly-
merizing materials and not in heat curing denture 

Table 13.2 Composition of acrylic denture base materials.

Powder Polymer Polymethylmethacrylate beads
Initiator A peroxide such as benzoyl peroxide (approximately 0.5%)
Pigments Salts of cadmium or iron or organic dyes

Liquid Monomer Methylmethacrylate
Cross-linking agent Ethyleneglycoldimethacrylate (approximately 10%)
Inhibitor Hydroquinone (trace)
Activator* N N′-dimethyl-p-toluidine (approximately 1%)

* Only in self-curing materials.

Fig. 13.4 Scanning electron microscope view of 
polymethylmethacrylate beads used in acrylic denture 
bases (×60).

Fig. 13.5 The inhibitor (hydroquinone) (y), works by 
reacting with active radicals (x), to form stable radicals 
(z).
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base materials. The function of the activator is to 
react with the peroxide in the powder to create 
free radicals which can initiate polymerisation of 
the monomer.

Mixing and curing (heat curing materials)

Mixing: The manipulation of acrylic denture base 
materials involves the mixing of powder and 
liquid to form a ‘dough’ which is packed into a 
gypsum mould for curing. The ratio of powder to 
liquid is important since it controls the ‘work-
ability’ of the mix as well as the dimensional 
change on setting. MMA monomer undergoes a 
volumetric polymerisation shrinkage of 21% on 
conversion to polymer. This shrinkage is consider-
ably reduced by using a mix with a high powder/
liquid ratio. If the powder/liquid ratio is too high 
however, the mix becomes ‘dry’ and unmanage-
able and the mixture will not fl ow when placed 
under pressure in the gypsum mould. In addition, 
there is insuffi cient monomer in a dry mix to bind 
all the polymer beads together. This may produce 
a granular effect on the denture surface which is 
normally referred to as granular porosity.

In order to produce a workable mix, whilst 
maintaining shrinkage at a low level, a powder/
liquid ratio of 2.5  :  1 by weight is normally used. 
This gives a volumetric polymerisation shrinkage 
of around 5–6%.

Proportioning is normally carried out by placing 
a suitable volume of liquid into a clean, dry mixing 
vessel followed by slow addition of powder, 
allowing each powder particle to become wetted 
by monomer. The mixture is then stirred and left 
to stand until it reaches a consistency suitable for 
packing into the gypsum mould. During this 
standing period a lid should be placed on the 
mixing vessel to prevent evaporation of monomer. 
Loss of monomer during this stage could produce 
granular porosity in the set material. This is char-
acterised by a blotchy, opaque surface.

Immediately after mixing, a material of rather 
‘sandy’ consistency is produced. After a short 
period of time this becomes a ‘sticky’ mass which 
forms ‘strings’ of material sticking to the spatula, 
if an attempt is made to carry out further mixing. 
The next stage is the ‘dough’ stage. Here, the 
material is more cohesive and has lost much of its 
‘tackiness’. It can be moulded like plasticine and 
does not adhere to the sides of the mixing vessel. 
The material should be packed into the mould at 
this stage. If packing is delayed the material may 
become quite tough and rubbery and eventually 
becomes quite hard.

The transitions from ‘sandy’ to ‘stringy’ to 
‘dough’ and eventually rubbery and hard stages 
are due to physical changes occurring within the 
mix. Smaller polymer beads dissolve in monomer 
causing a gradual increase in viscosity of the liquid 
phase. Larger beads absorb monomer and swell, 
thus depriving the liquid phase of monomer and 
causing a further increase in viscosity. During this 
period the monomer remains unpolymerised.

The time taken to reach the dough stage is 
called the doughing time whilst the time for which 
the material remains at the dough stage and is 
mouldable is termed the working time. Manufac-
turers aim to combine a short doughing time with 
a long working time. They do this by controlling 
such factors as bead size and molecular weight of 
the powder. Smaller beads, with lower molecular 
weight, dissolve more rapidly in the polymer.

The dough is packed into a two-part gypsum 
mould, which has previously been treated with 
a mould-sealing compound (Fig. 13.7). Excess 
dough is used and a trial closure is performed 
causing excess material to form a ‘fl ash’ at the 
point where the two halves of the fl ask meet. The 
fl ask is opened and the fl ash removed. The fl ask 
is then closed again under pressure using a 
threaded bench press and maintained under pres-
sure during curing using a springloaded clamp. 
The applied pressure has three important func-
tions. It ensures that dough fl ows into every part 

Fig. 13.6 The stability of the radical (z) 
formed in Fig. 13.5 is explained by the way 
in which the unpaired electron can occupy 
several sites in the molecule.
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of the mould. It enables excess dough to be used, 
thus causing an effective reduction in the poly-
merisation shrinkage and it prevents the forma-
tion of a ‘raised bite’ on the denture by giving a 
base which is too thick.

The use of insuffi cient dough to create an excess 
in the mould or the application of insuffi cient 
pressure during curing can lead to porosity voids 
dispersed throughout the whole mass of the 
denture base. This is known as contraction 
porosity.

Occasionally, the dough is forced into the mould 
by injection moulding. A sprue hole and a vent 
hole are formed in the gypsum mould and the 
metal fl ask is constructed such that it will adapt 
to the injection moulding equipment. During pro-
cessing, the equipment is normally arranged so 
that a ‘wave’ of curing propagates from the part 
of the fl ask which is furthest from the sprue and 
vents. This enables shrinkage during curing to be 
compensated by taking up extra material from the 
sprue reservoir. Materials processed in this way 
are sometimes provided in the form of a premixed 
dough or ‘plastic cake’, i.e., type 1 class 2.

Curing: Having fi lled the mould with dough, the 
next stage is to polymerise the monomer to 
produce the fi nal ‘processed’ denture. Curing is 
normally carried out by placing the clamped fl ask 
in either a water bath or an air oven. Whichever 
type of system is used, many ‘curing cycles’ are 
available. When choosing which curing cycle to 
use, attention should be paid to certain facts.

(1) Benzoyl peroxide initiator begins to decom-
pose rapidly to form free radicals above 
65ºC.

(2) The polymerisation reaction is highly 
exothermic.

(3) The boiling point of the monomer is 100.3ºC 
and if the temperature of the dough is raised 
signifi cantly above this, the monomer will 
boil, producing spherical voids in the hottest 
part of the curing dough. These will be appar-
ent as gaseous porosity in the cured denture 
base (Fig. 13.8).

(4) It is important to get a high degree of conver-
sion from monomer to polymer and to 
produce a polymer with high molecular 
weight. Residual monomer and low molecu-
lar weight polymer result in poor mechanical 
properties as well as possible adverse tissue 
reactions.

Taking the above points into account, manufac-
turers often recommend curing cycles which they 
feel are appropriate for their brand of denture 
base material.

One popular method is to heat the fl ask con-
taining the dough for seven hours at 70ºC fol-
lowed by three hours at 100ºC. Most of the 
conversion of monomer to polymer occurs during 
the seven hours at 70ºC stage, during which time 
the temperature of the dough itself may approach 
100ºC due to the polymerisation exotherm (Fig. 
13.9a). The fi nal three hours at 100ºC ensure 
almost complete conversion of monomer in those 
thinner areas of the denture base where the effect 
of the exothermic heat of reaction is less pro-
nounced. There are many other curing cycles 

Fig. 13.7 Diagrammatic representation of two-part split 
mould used for acrylic denture construction.

Fig. 13.8 Diagram illustrating the normal sites of 
gaseous porosity in an upper denture.
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which manufacturers recommend and it is not 
possible to list all of them. One other example is 
to place the fl ask in a bath of cold water. The 
water is gradually brought to the boil over a 
period of one hour, allowed to boil for one hour 
and then allowed to cool slowly. Very few manu-
facturers recommend that the fl ask, containing 
dough, is placed directly into boiling water since 
this, coupled with the exothermic heat of reaction, 
can cause the dough to reach temperatures in 
excess of 150ºC as shown in Fig. 13.9b. This 
would, undoubtedly, result in gaseous porosity 
being produced in the thicker parts of the 
denture.

Before defl asking the processed denture the 
fl ask is cooled to room temperature. This may 
lead to the setting up of internal stresses within 
the denture base since the coeffi cient of thermal 
expansion of acrylic resin is about ten times 
greater than that of the gypsum mould material. 
These internal stresses may be compounded 
with those caused by polymerisation shrinkage, 
although the latter are normally eliminated by 
plastic fl ow when the polymerisation takes place 
at elevated temperatures. Internal stresses may 
lead to warpage of the denture base at a later stage 
if the denture is placed in warm water for clean-
ing. The magnitude of the stresses can be reduced 
by allowing the fl ask to cool slowly from the 
curing temperature.

Mixing and curing 
(autopolymerizing materials)

When constructing a denture base from an auto-
polymerizing material, powder and liquid compo-
nents are mixed together just as for the heat curing 
products. Mixing is followed by a gradual increase 
in viscosity until the dough stage is reached. This 
increase in viscosity is due to a combination of 
physical and chemical changes occurring in the 
mix. Smaller acrylic beads are dissolved in the 
monomer, whilst the larger beads absorb monomer 
and become ‘swollen’. In addition, when peroxide 
from the powder and chemical activator from the 
liquid meeting during mixing the polymerisation 
of monomer is initiated. Thus, conversion of 
monomer to polymer contributes to the increase 
in viscosity. Generally, these materials reach the 
‘dough’ stage quite quickly and remain workable 
for only a short period of time. Within a few 
minutes of attaining a dough consistency, the rate 
of polymerisation increases rapidly causing a large 
temperature rise and the material becomes hard 
and unmanageable. The time available for carry-
ing out a trial closure of the processing fl ask is 
minimal and, if the viscosity has increased beyond 
a certain point at the time of fi nal closure, there 
is a danger of increased vertical height in the 
denture. These problems, coupled with the infe-
rior mechanical properties and higher residual 

Fig. 13.9 Curing cycles (temperature 
versus time) for heat curing acrylic 
denture resins. (a) The curing flask is 
placed in an oven or water bath at 70°C 
for 7 hours. The temperature is raised to 
100°C for 1 hour. (b) The curing flask is 
placed directly into an oven or water bath 
at 100°C. Temperature of the acrylic 
dough is indicated.
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monomer content of the cold curing resins, gener-
ally restrict their use to repairing and relining of 
dentures. For repairing, a very fl uid mix of cold 
cure resin is used. The large excess of monomer 
ensures adequate ‘wetting’ of the fragments being 
repaired.

Some cold cure resins, known as pourable 
resins, are occasionally used for denture base con-
struction. These materials are mixed to a very 
fl uid consistency using a low powder/liquid ratio. 
The mixed material is poured into a hydrocolloid 
mould and allowed to cure at or just above room 
temperature. The advantage of this technique is 
that the cured denture can be removed from the 
fl exible hydrocolloid mould with a minimum of 
time and effort and the denture base needs little 
further fi nishing. The disadvantages are high 
residual monomer levels coupled with inferior 
mechanical properties of the base and the possibil-
ity of distortions arising from the use of a fl exible 
mould. One development of this technique is to 
use a pour-type resin which is heat cured in a 
hydrocolloid mould under the dual infl uence of 
vacuum (to help adaptation of the denture base to 
the fl ask) and pressure (to increase the degree of 
conversion and reduce the effects of shrinkage).

Other new developments take advantage of the 
use of high-intensity visible radiation to activate 
polymerisation in much the same way that com-
posite resins are activated (but using a light box 
instead of a fi bre-optic) and also microwave ovens 
which can concentrate heat within the confi nes of 
the curing denture and may therefore be more 
effi cient than conventional ovens.

The light activated materials typically contain 
a blend of urethane dimethyacrylate monomer 
(similar to that used in resin matrix composites), 
sub-micron particles of silica and some polymeth-
ylmethacrylate beads as an organic fi ller. Small 
quantities of light sensitive initiators (e.g. cam-
phoroquinone) and activators (amines) are present 
in order to provide a source of free radicals after 
light activation. The material is normally supplied 
premixed in the form of a fl exible sheet packaged 
in a light-proof sachet. These materials obviously 
cannot be cured under pressure in a mould – they 
are exposed to activating radiation in a specialist 
oven at normal atmospheric pressure. The surface 
of the material is coated with a non-reactive 
barrier compound (e.g. carboxymethyl cellulose) 
to prevent inhibition of polymerisation by oxygen. 
These light-activated products are very useful 

when trying to produce hollow denture bases 
(commonly used for large obturators after abla-
tive surgery for cancer). The box can be relatively 
easily made from sheet base material and the end 
product is both durable and light.

Structure of the set material

The structure of the material is quite complex. It 
can be considered as a type of composite system 
in which residual polymethylmethacrylate beads, 
which initially formed part of the powder, are 
bound in a matrix of freshly polymerised material 
(Fig. 13.10). The extent to which the two parts of 
the composite structure are bound together affects 
the mechanical properties of the materials. During 
mixing and the ‘dough’ stage, monomer from the 
liquid is able to penetrate the outer layers of the 
beads. The latter are susceptible to this since they 
are generally produced in uncross-linked or only 
lightly cross-linked form and are thus soluble in, 
or readily softened by, the monomer. On poly-
merisation of the monomer the bead and matrix 
phases become inextricably bound together 
by inter-penetrating networks of polymers. The 
extent to which interpenetrating networks are 
formed depends on factors such as molecular 
weight of bead polymer, polymer/monomer ratio 
and the time for which polymer and monomer are 
in contact before polymerisation causes a deple-
tion of the amount of monomer. The type 1 class 
2, ‘plastic cake’ materials may have little or no 

Fig. 13.10 Microstructure of set acrylic material showing 
the residual bead structure bound together in a matrix 
consisting of a mixture of freshly polymerised monomer 
and dissolved bead polymer.
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residual bead structure and the mixed monomer 
and polymer may be in contact for months before 
processing. The molecular weight of the bead 
polymer is normally quite high (5 × l05) and only 
the surface layers of the larger beads become 
impregnated with monomer. Some of the smaller 
beads can, however, become totally dissolved in 
monomer. The use of beads containing highly 
cross-linked polymer would greatly reduce the 
extent to which they become penetrated by 
monomer. Increasing the monomer content of the 
polymer/monomer mixture would be one way of 
increasing the extent of penetration of beads by 
matrix material; however any advantage gained 
from this would be more than off-set by the 
increase in setting contraction which would result. 
It should be remembered however that a dry mix, 
with insuffi cient monomer, will result in a struc-
ture having only weak links between bead and 
matrix areas. The time, during and after mixing, 
that the beads and monomer remain in contact 
before the monomer becomes consumed by poly-
merization is important. For heat curing materials 
the material often remains in the dough state for 
many minutes before being packed into the mould 
ready for curing. This gives adequate time for 
penetration of beads by monomer. For cold curing 
materials however the monomer begins to poly-
merise immediately after mixing the powder and 
liquid. A rapid rate of polymerisation may leave 
insuffi cient monomer to cause penetration of 
polymer beads. Cold curing materials having a 
slower rate of polymerisation allow more time for 
interpenetration before the monomer becomes 
consumed.

Curiously, the matrix phase of the set material 
is often reported to be weaker than the bead 
phase, having a lower average molecular weight. 
This is not strictly true since the matrix phase is 
normally cross-linked and this makes measure-
ment of molecular weight diffi cult. In one sense it 
is reasonable to state that the cross-linked mate-
rial has a greater effective molecular weight than 

the uncross-linked material. One way in which 
this is readily demonstrated is that beads of poly-
methylmethacrylate denture material are readily 
soluble in a solvent such as chloroform, whereas 
the cross-linked matrix material is not soluble and 
will only swell when exposed to the same solvent. 
It is known, on the other hand, that the matrix 
phase contains more low molecular weight mate-
rial and residual monomer and this must have a 
marked effect on the properties of the materials.

Properties

Some of the minimum requirements for denture 
base polymers are set out in ISO specifi cation 
1567 and are reproduced in Table 13.3. It is clear 
that the autopolymerizing materials (type 2) are 
expected to have inferior properties when com-
pared to the other products. As with all standards 
the values set out in Table 13.3 indicate minimum 
levels of acceptability. The quality of a cured 
denture base can be improved markedly by careful 
processing.

Physical properties: From the point of view of 
appearance the acrylic denture base materials are 
adequate. The materials are available in a variety 
of shades and opacities and can be veined 
or unveined. Characterization ‘kits’ containing 
various pigments allow tissue colour matching for 
patients of various races.

The value of Tg may vary from one product to 
another depending on the average molecular 
weight and the level of residual monomer. A 
typical value of Tg for a heat curing material is 
105ºC. This is somewhat higher than any tem-
perature which the base should reach during 
‘normal’ service. The value of modulus of elastic-
ity decreases and the potential for creep increases 
considerably at temperatures approaching Tg 
however, and patients may cause distortions by 
soaking dentures in boiling water. Tg values for 
cold curing resins are generally lower than those 

Table 13.3 Requirements of denture base polymers as given in ISO 1567.

Flexural strength Flexural modulus Residual monomer Water sorption Solubility
(MPa) (GPa) (% wt) (μg/mm3) (μg/mm3)

Type minimum minimum maximum maximum maximum

1, 3, 4, 5 65 2.0 2.2 32 1.6
2 60 1.5 4.5 32 8.0
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for heat curing products. A value of about 90ºC 
would be typical. Thus, there is a greater chance 
of these products suffering distortions in hot 
water. The use of water at temperatures above 
approximately 65ºC should be avoided for soaking 
dentures. This not only ensures that the Tg of the 
resin is not approached but also that the relief of 
internal stresses, accompanied by distortions, is 
minimized. The Tg value may be reduced to 60ºC 
or lower if large quantities of low molecular 
weight material or residual monomer are present. 
This may occur if the material is not properly 
cured and is most commonly observed in cold 
curing materials. The light-activated materials 
tend to have higher values of Tg than conven-
tional acrylic products.

Acrylic resins have relatively low values of 
specifi c gravity (approximately 1.2  g  cm−3) because 
they are composed of groups of ‘light’ atoms, 
for example, carbon, oxygen and hydrogen. The 
‘lightness’ of the resulting denture is benefi cial, 
since the gravitational forces causing displacement 
of an upper denture are minimized. Dentures con-
structed from acrylic resin are radiolucent because 
C, O and H atoms are poor X-ray absorbers. This 
is a serious disadvantage of these materials. If a 
patient swallows or inhales a denture or fragment 
of a denture it is diffi cult to detect using simple 
radiological techniques.

Acrylic resin may be considered a good thermal 
insulator. Its thermal conductivity is some 100–
1000 times less than the values for metals and 
alloys. This is a disadvantage for a denture base 
because the oral soft tissues are denied normal 
thermal stimuli which help to maintain the mucosa 
in a healthy condition. In addition, the patient 
may partially lose the protective refl ex responses 
to hot and cold stimuli. This may result in some 
painful experiences, for example, when taking hot 
drinks.

Mechanical properties: Compared with alloys 
such as Co/Cr and stainless steel, acrylic resins 
would be classifi ed as soft, weak and fl exible 
materials (Table 13.4). Providing the denture base 
is constructed in suffi cient thickness however, 
rigidity and strength are adequate. Dentures are 
subjected to bending and considering the denture 
as a complex beam the fl exural stress is a function 
of the inverse of the square of the thickness. Thus, 
if the thickness of the denture is doubled the 
stress within the denture is reduced by a factor 
of four, reducing the chance of fracture. Although 
this factor is important it can be applied to only 
a limited extent when designing an acrylic denture 
base since a thick base may be more diffi cult for 
the patient to tolerate and will further increase 
the degree of thermal insulation. The transverse 
strength of acrylic is generally suffi cient to resist 
fracture caused by the application of a high mas-
ticatory load. Fractures of dentures, in situ, do 
occur however, as a result of fatigue. This is often 
the result of a patient wearing an ill-fi tting or 
badly designed denture which fl exes considerably 
with each masticatory load. Acrylic resin has a 
relatively poor resistance to fatigue fracture, a 
fact which is mainly responsible for the large 
number of denture repairs which are carried out 
annually. In 1997 it was estimated that over 
one million denture repairs were required in the 
UK alone. The cost amounts to many millions (in 
any currency) and points to a need for better 
understanding of the causes and mechanisms of 
fracture as well as the development of improved 
materials.

Acrylic resin also has a relatively poor impact 
strength and if a denture is dropped onto a hard 
surface there is a high probability of fracture 
occurring. Impact strength is essentially a measure 
of the toughness of the material as it measures the 
energy required to initiate and propagate a crack 

Table 13.4 Mechanical properties of acrylic resin (a comparison with certain alloys).

Modulus of elasticity* (GPa) Tensile strength* (MPa) Hardness* (VHN)

Acrylic resin   2.5  85  20
Co/Cr 220  850 420
Stainless steel 220 1000 400

* Values given are typical values. There may be signifi cant variations between products.
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through a specimen of known dimensions. For a 
sample of acrylic denture base material both the 
crack initiation and propagation components of 
energy make a signifi cant contribution to the total 
energy and the impact strength of the material can 
be reduced markedly if a specimen is pre-notched 
(Section 2.2). Materials of this type are referred 
to as notch sensitive. Avoiding the presence of 
notches can reduce the risk of fracture by impact 
and fatigue. Unfortunately, the design of denture 
bases often requires the presence of notch-like 
anatomical structures (e.g. to accommodate the 
labial frenum and muscle insertions). If these 
notches cannot be avoided they should be pro-
duced in rounded as opposed to sharp form in 
order to reduce the likelihood of crack 
propagation.

Crazing may sometimes appear on the surface 
of an acrylic denture. This is a series of surface 
cracks which may have a weakening effect on the 
base. The cracks may arise by one of three mecha-
nisms. If the patient develops the habit of fre-
quently removing his denture and allowing it to 
dry out, the constant cycle of water absorption 
followed by drying may develop suffi cient tensile 
stresses at the surface to cause crazing. Thus, 
patients are instructed to keep their dentures moist 
at all times. The use of porcelain teeth may cause 
crazing of the base in the region around the tooth 
neck due to differences in the coeffi cient of thermal 
expansion between porcelain and acrylic resin 
(ratio about 1  :  10). Thirdly, crazing may arise 
during denture repair when MMA monomer con-
tacts the cured acrylic resin of the fragments being 
repaired. One function of the cross-linking agent 
is to reduce the degree of crazing by binding 
polymer chains together.

Vickers hardness numbers (Table 13.4) indicate 
that acrylic polymers are relatively soft, especially 
when compared with alloys. This predisposes the 
acrylic denture base to wear, caused by abrasive 
foodstuffs and particularly abrasive dentifrice 
cleansers. Wear of the denture base arises as a 
serious problem on very few occasions however 
and cannot be considered as a major disadvantage 
of acrylic resin denture materials. Dentifrices can 
be graded in terms of abrasivity depending on the 
type and particle size of the abrasive used. Whilst 
it would seem prudent to select a dentrifi ce of low 
abrasivity for cleaning dentures, it should be 
realised that some abrasive power is required in 
order to achieve adequate cleaning.

Chemical and biological properties: Acrylic resin 
slowly absorbs water and an equilibrium value of 
about 2% absorption is reached after a period of 
several days or weeks depending on the thickness 
of the denture. Loss or gain of water in the surface 
layers may occur quite rapidly however – a fact 
which contributes towards surface crazing.

Absorption of water causes a dimensional 
change, although this may be considered insignifi -
cant. This has never been demonstrated as a major 
cause of ill-fi tting dentures in the presently avail-
able materials.

Associated with water absorption is the ability 
of certain organisms to colonize the fi tting surface 
of an acrylic denture. It is not clear whether organ-
isms, such as Candida albicans, exist entirely on 
the surface of the denture or whether they pene-
trate the outer layers of resin. Frequent cleansing, 
coupled with the practice of soaking dentures 
overnight, is normally suffi cient to prevent the 
growth of these unwanted organisms and their 
associated clinical problems, such as denture 
stomatitis.

A process of denture whitening, occasionally 
described as bleaching, is occasionally reported by 
patients. This has traditionally been blamed on 
certain types of denture cleansers such as alkaline 
peroxides and hypochlorites (household bleach). 
It is now known that the cleanser plays no direct 
role in the process and that whitening is probably 
caused by a combination of circumstances, such 
as the use of water at too great a temperature for 
soaking dentures, exposure of the dentures to sol-
vents such as acetone which can sometimes occur 
naturally in saliva and the use of acrylic materials 
in which interpenetrating networks between beads 
and matrix phase is not properly developed. The 
process is not strictly a bleaching process and 
occurs just as readily in clear unpigmented bases 
as in pink ones. Microscopy shows that the whit-
ening is almost certainly due to a structural change 
in the matrix phase resulting in a mismatch in 
refractive index between the bead polymer and the 
matrix polymer (Fig. 13.11).

A very small minority of patients are reported 
to be allergic to acrylic resin and in particular to 
the residual MMA monomer which may exist 
within the base. When such cases can be proved 
genuine, it is necessary to use an alternative mate-
rial. Patients who are not allergic may, neverthe-
less, suffer irritation if very high levels of monomer 
exist in, say, an undercured denture base. The ISO 
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Standard for denture bases contains a requirement 
for the upper limit of the residual monomer con-
centration (Table 13.2). The limits of 2.2% for 
types 1, 3, 4 and 5 materials and 4.5% for type 2 
materials are quite generous and it is accepted 
that residual monomer levels of this magnitude 
could be problematical for some denture wearers. 
Another requirement of the standard therefore is 
to request manufacturers to recommend a curing 
cycle that can achieve a monomer content of less 
than 1%. Reduced monomer content very much 
depends upon the type of curing regime used. 
Short cures involving minimal or no terminal 
boil generally produce higher monomer concen-
trations (and inferior properties). Longer cures 
involving a terminal boil of 2–3 hours can reduce 
the residual monomer concentration to well below 
1%. High residual monomer concentrations can 
be associated with a relatively high solubility. 
Type 2 materials with higher residual mono-
mer levels tend to have greatest solubility 
(Table 13.3).

Acrylic resin should be treated with respect and 
handled with care by technicians involved in its 
manipulation. Levels of acrylic powder dust and 
MMA monomer in the atmosphere should both 
be kept to a minimum since both may be poten-
tially harmful.

13.4 Modified acrylic materials

The majority of acrylic resin is used in the unmod-
ifi ed form as discussed in Section 13.3. Some 
products have been developed, however, in which 
attempts have been made to improve impact 
strength, fatigue resistance or radiopacity.

The impact strength of acrylic polymers can 
be improved signifi cantly by the incorporation 
of elastomers. The elastomer is able to absorb 
energy on impact and thus protect the acrylic resin 
from fracture. An alternative of the direct addi-
tion of elastomers is the use of acrylic–elastomer 
copolymers. These are, typically, methylmethacry-
late–butadiene or methylmethacrylate–butadiene-
styrene copolymers which are now available in 
certain commercial products. Despite the fact that 
impact strength can be increased almost tenfold in 
this way, these polymers are not widely used, 
mainly because of their greater cost.

One attempt to improve the fatigue resistance 
of acrylic denture polymers has involved the use 
of carbon fi bre inserts. If the fi bres are correctly 
positioned they may have a benefi cial effect. They 
stiffen the denture, reducing the degree of fl exing 
and the possibility of fatigue fracture. They also 
considerably increase the fl exural strength. Carbon 
fi bres can be used as loose strands or in woven 
mat form. Whichever form is used it is essential 
to get intimate contact between the reinforcing 
fi bres and the matrix acrylic resin. In order to 
achieve this the fi bres are often surface treated and 
formed into ‘prepregs’ by blending with resin to 
form a thin sheet which can then be incorporated 
into the denture base. The technique is not in 
widespread use however, for several reasons. In 
order to gain benefi t from the fi bres, the position-
ing is critical. They must be placed in that part of 
the denture which is under a tensile stress. Bonding 
between the fi bres and the acrylic resin may be 
diffi cult to achieve and if bonding is not achieved 
the fi bres may ‘weaken’ the denture. The tech-
nique adds a complicating factor to the denture 
construction process and, fi nally, the appearance 
of the denture is adversely affected because the 

Fig. 13.11 Whitened denture base. This shows a section 
through a denture base which has been whitened by 
the patient using an oxygenating cleanser in hot water 
(>90°C). The original colour of the denture can be seen 
in the middle of the section and we can see that the 
whitening effect has progressed inwards from the outside 
surface. The original pink colouration of the veins which 
are present in this material can also be seen.
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carbon fi bres are black. Other attempts at fi bre 
reinforcement have involved the use of aramid, 
polyethylene and glass fi bres. Aramid fi bres are of 
particular interest. These fi bres are manufactured 
as extremely fi ne fi laments of polypara-phenylene 
terephthlalamide which can be woven to produce 
a commercial material (Kevlar) which is used to 
strengthen polymers used in the manufacture of 
bulletproof vests and fi bre reinforced boat hulls. 
The aramid fi bres have a tensile strength in excess 
of that of nylon and a modulus of elasticity at 
least twenty times greater than the common types 
of glass fi bres. This phenomenal performance is 
thought to be partly due to the very thin fi laments 
which have a lower probability of fl aw inclusions. 
Also, aramid fi bres are more readily wetted by 
methacrylate monomers and require no special 
surface treatment before incorporation in the 
denture base. Kevlar fi bres are yellow in colour 
and this can detract from the appearance of 
dentures which are reinforced with this material. 
Glass fi bre reinforcement is potentially the easiest 
method of strengthening but the process requires 
attention to detail, particularly regarding surface 
preparation of the glass and orientation of the 
fi bres. An ineffective bond between glass fi bre and 
matrix resin can result in a weakening rather than 
strengthening effect. Recently greater success has 
been achieved with glass fi bre reinforcement by 
using polymer impregnated fi bres which seem to 
improve the compatibility of the fi bre reinforce-
ment material and resin matrix.

There have been many attempts to incorporate 
a degree of radiopacity into acrylic denture base 
materials. Table 13.5 summarizes the methods 
which have been suggested. Each method involves 
the incorporation of atoms of higher atomic 
number than the C, H and O atoms of which 
acrylic resin is comprised. One commercially 

available product contained 8% barium sulphate. 
This did not produce suffi cient levels of radio-
pacity. Increasing the barium sulphate content 
to a level of 20% gives suffi cient radiopacity but 
unfortunately has a deleterious effect on the 
mechanical properties of the resin. The most 

Table 13.5 Radiopaque denture base materials.

Radiopaque additive Comments

Metal inserts or powdered metals May weaken base and appearance is poor
Inorganic salts such as barium sulphate Insuffi cient radiopacity at low concentrations

Weaken base at high concentrations

Co-monomers containing heavy metals, e.g. barium acrylate Polymer has poor mechanical properties

Halogen-containing co-monomers or additives, e.g. 
tribromophenylmethacrylate

Additives may act as plasticizers
Co-monomers are expensive

(a)

(b)

Fig. 13.12 Chest radiographs in which a segment of 
denture base has been placed over the lower right half of 
the chest: (a) for a radiolucent denture base material; (b) 
for a radiopaque denture base material. (From Journal of 
Dentistry (1976) vol. 4, p. 214, with permission.)
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promising materials under development appear to 
be those in which bromine-containing additives or 
comonomers are used to give radiopacity. Figure 
13.12 shows chest radiographs in which a segment 
of a denture has been placed over the lower right 
chest area. In the case of a conventional denture 
base material the denture segment is not visible on 
the radiograph. A material with a bromine-
containing additive is clearly visible.

13.5 Alternative polymers

The major alternatives to acrylic polymers or 
modifi ed acrylics are the polycarbonates and 
certain vinyl polymers. These may be considered 
when the patient has a proven allergy to acrylic 
resin or when greater impact strength is required. 
The polycarbonates and some of the vinyl poly-
mers are processed by injection moulding and so 
can only be used when the specialist equipment is 
available.

Polycarbonates have Tg values around 150ºC 
and are generally moulded at temperatures well in 
excess of this. Consequently, the moulded bases 

may have internal stresses after moulding and is 
likely to distort if placed in hot water. Some of 
the vinyl resins, on the other hand, have very low 
softening temperatures, as low as 60ºC in some 
cases. These must obviously be handled with care 
if distortions are to be avoided.

The other alternative to acrylic resin is vulca-
nite. The equipment required for processing a vul-
canite denture is now a rarity, however, and the 
material can no longer be considered as a serious 
alternative.

13.6 Suggested further reading
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Denture Lining Materials

Table 14.1 gives the composition of the two types 
of material in common use. The major difference 
between the two types is that the liquid in the type 
1 material contains methylmethacrylate monomer, 
whilst the liquid of the type 2 material contains 
butylmethacrylate monomer. Both type 1 and type 
2 materials may be classifi ed as autopolymerizing 
resins and will readily polymerise at room tem-
perature or mouth temperature.

Manipulation: The normal procedure is to ‘relieve’ 
the fi tting surface of the denture by grinding away 
some of the hard acrylic denture base. The powder 
and liquid of the hard reline material are then 
mixed in the recommended proportions to give a 
fl uid mix of material. This is applied to the fi tting 
surface of the denture which is seated in the 
patient’s mouth whilst still fl uid. The reline pro-
cedure must be undertaken using a ‘closed mouth’ 
technique in which the patient’s denture or den-
tures are inserted into the mouth and the patient 
is then asked to close into gentle contact. Care 
needs to be taken to ensure that the dentures 
maintain an appropriate relationship to the under-
lying alveolar ridge. Both of these steps are 
designed to prevent major positional or occlusal 
errors being produced in the relined dentures. The 
reline material soon becomes rubbery and the 
impression of the patient’s soft tissues is recorded. 
The denture is then removed from the patient’s 
mouth and allowed to bench cure. Setting may be 
accelerated by placing the denture in warm water 
or using a combination of warm water and pres-
sure in an appropriately designed pressure vessel. 
The materials are not allowed to remain in the 
patient’s mouth throughout setting since the exo-
thermic heat of reaction may cause an unbearably 
high temperature rise. The relined denture is nor-
mally ready for trimming and polishing within 30 
minutes.

14.1 Introduction

Denture lining materials are of several types and 
are used for a variety of reasons. Occasionally, the 
fi tting surface of an acrylic denture needs replace-
ment in order to improve the fi t of the denture. In 
this case, there are two options. Either the whole 
of the denture base can be replaced with fresh heat 
curing acrylic resin, or a lining of a self-curing 
resin may be applied to the fi tting surface of the 
existing base.

Sometimes it is necessary to apply a very soft 
material to the fi tting surface of a denture in order 
to act as a ‘cushion’ which will enable traumatized 
soft tissues to recover before recording an impres-
sion for a new denture.

Some patients are unable to tolerate a ‘hard’ 
denture base and must be provided with a ‘per-
manent’ soft cushion on the fi tting surface of the 
denture.

The materials which satisfy the various require-
ments listed above can be classifi ed into three 
groups:

(1) Hard reline materials;
(2) Tissue conditioners;
(3) Soft lining materials.

14.2 Hard reline materials

The materials discussed in this section are those 
products which are used to provide a chairside 
reline to the denture. The method should be dis-
tinguished from laboratory relining and rebasing 
techniques which involve replacing most of the 
denture base resin with fresh, heat cured 
polymer.

Composition: The materials are generally supplied 
as a powder and liquid which are mixed together. 

124
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Properties: The major disadvantage of the type 1 
materials is that they involve direct contact 
between the oral soft tissues and a fl uid mixture 
of reline material containing methylmethacrylate 
monomer. The latter material is known to be irri-
tant and may also sensitize patients who may then 
suffer allergic responses in the future. The advice 
offered by some manufacturers, to smear the soft 
tissues with petroleum jelly prior to recording the 
impression, is probably inadequate.

The type 2 materials contain butylmethacry-
late monomer in the liquid component. This is 
known to be a far less irritant substance than 
methylmethacrylate.

Both type 1 and type 2 materials have low 
values of glass transition temperature (Tg). The 
reasons for this are the presence of plasticizer in 
type 1 materials and the use of higher methacry-
lates (ethyl and butyl) in the type 2 materials. This 
may lead to increased dimensional instability in 
the relined denture, particularly if the existing 
hard base has been signifi cantly relieved in order 
to accommodate the lining.

The reline materials are often porous due to air 
inclusions during mixing of the powder and liquid. 
The initial fl uidity of the mix, coupled with a rela-
tively rapid increase in viscosity during setting at 
atmospheric pressure, ensure that it is diffi cult to 
eliminate voids. This is often considered unsightly 
and may affect patient acceptance. In addition 

such a porous surface will be more likely to 
become contaminated with oral debris and be 
colonized by micro-organisms including Candida 
albicans, and will be more diffi cult to clean.

One criticism of the direct reline materials is 
that the dentist has little control over the thickness 
of the lining achieved and therefore over the 
‘height’ of the denture. A reline to the fi tting 
surface is usually undertaken to improve denture 
stability/retention, not to correct an occlusal error 
nor to modify the vertical relationship between 
the dentures. The ‘cushion’ of relining material 
can result in a marked increase in thickness of the 
denture base and infringement of the freeway 
space that is normally present between the den-
tures with the jaws at rest. Furthermore, there is 
no guarantee, even when using a closed mouth 
technique, that an antero-posterior positional 
error or lateral cant is not produced during this 
procedure, either as a result of poor operator tech-
nique or a greater bulk of lining material on one 
side of the mouth compared with the other. Such 
errors are highly undesirable.

A fi nal problem is an increase in thickness of 
the ‘palate’ of an upper denture using this tech-
nique which patients often fi nd unacceptable.

It follows that the direct reline materials should 
be considered as only a temporary or at best semi-
permanent solution to the problem of an ill-fi tting 
denture.

Table 14.1 Composition of typical hard reline materials.

Type 1 Powder
 Polymer beads Polymethylmethacrylate
 Initiator Benzoyl peroxide
Liquid
 Monomer Methylmethacrylate
 Plasticizer Di-n-butylphthalate
 Chemical activator Tertiary amine

Type 2 Powder
 Polymer beads Polyethylmethacrylate
 Initiator Benzoyl peroxide
Liquid
 Monomer
 Pigments

Butylmethacrylate
 or isobutylmethacrylate
  or some other higher methacrylate 

 monomer
 Cross-linking agent Di-methacrylate
 Chemical activator Tertiary amine
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14.3 Tissue conditioners

Tissue conditioners are soft denture liners which 
may be applied to the fi tting surface of a denture 
(see Fig. 14.1). They are used to provide a tempo-
rary cushion which prevents masticatory loads 
from being transferred to the underlying hard and 
soft tissues. These materials should undergo a 
degree of plastic fl ow for 24–36 hours after mixing 
to allow for soft tissue changes once ‘trauma’ has 
been removed and to capture the shape of the 
supporting tissues in function as opposed to a 
static or unloaded relationship.

Tissue conditioners have several applications. 
For example, when the soft tissues have become 
traumatized due to wearing an ill-fi tting denture 
the dentist would like the tissue to recover before 
recording impressions for new dentures. Ideally, 
the patient would refrain from wearing his denture 
for a period, but this is not popular. In these cir-
cumstances, a layer of a cushioning tissue condi-
tioner on the fi tting surface of the denture will 
enable the soft tissue to recover without depriving 
the patient of their dignity.

Tissue conditioners are often applied to the den-
tures of patients who have undergone surgery. 
This reduces pain and helps prevent traumatiza-
tion of the wound. They are also useful when a 
tooth or teeth are being added to a denture as an 
immediate procedure (very shortly after the extrac-
tion). The dental technician modifi es the cast of 
the patient’s mouth by removing the teeth that 
will be extracted and by estimating the amount of 
change in soft tissue contour. If this estimate is 
wrong there can be a large gap between the 
denture base and the socket. A tissue conditioner 

can be used to fi ll this gap to assist with stabiliza-
tion of the prosthesis at the time of insertion of 
the immediate denture.

Another application of tissue conditioners is as 
functional impression materials. A layer of tissue 
conditioner in the fi tting surface of the denture 
enables a functional impression to be obtained 
over a period of a few days.

Requirements: Tissue conditioners should remain 
soft during use in order to maintain an adequate 
cushioning effect on the underlying soft tissues. 
The material should be resilient in order that mas-
ticatory loads are absorbed without causing per-
manent deformation of the lining. Paradoxically, 
when the materials are being used to obtain a 
functional impression a degree of permanent 
deformation under load is required. This enables 
the impression of the soft tissues to be altered 
during normal function.

Composition: The materials are normally supplied 
as powder and liquid components (see Fig. 14.2) 
which are mixed together. Table 14.2 gives the 
composition of a typical product. The relative 
amounts of solvent and plasticizer as well as the 
type of plasticizer used vary signifi cantly from one 

Fig. 14.1 Showing a tissue conditioner applied to the 
surface of an upper denture.

Fig. 14.2 Tissue conditioner for acrylic dentures. This 
shows a denture tissue conditioner supplied for the 
purpose of applying a temporary soft layer to the fitting 
surface of a denture. The two large containers contain the 
powder and liquid components. The powder component 
consists of beads of polyethymethacrylate. The liquid 
component consists of a mixture of a plastisizer and a 
solvent, normally ethyl alcohol. The various other items 
shown are the containers used for measuring out, mixing 
and applying the material.
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product to another. These variations control the 
softness and elasticity of the set material. Com-
mercial products contain from 7.5% to 40% 
alcohol in the liquid component, whilst the plas-
ticizer is normally a phthalate or benzoate ester. 
The powder may be pigmented to give a pink 
coloured lining similar to that of a pink denture 
base. It is more common, however, for the powder 
to be unpigmented, giving a white lining which is 
easily distinguished from the pink denture base.

It is important to note that the liquid compo-
nent contains no monomer and the powder no 
initiator. When the powder and liquid are mixed 
together, a purely physical process occurs. The 
solvent dissolves the smaller polymer beads and 
the larger beads become swollen with solvent 
which acts as a carrier for the plasticizer. The fi nal 
‘set’ material is gel-like, with swollen, platicized 
spheres being cemented together with a matrix 
which is a saturated solution of polymer in a 
solvent/plasticizer mixture. The ‘softness’ of the 
set material is a function of the use of a higher 
methacrylate, ethyl methacrylate, coupled with 
considerable quantities of plasticizer and solvent.

Manipulation: Tissue conditioners are used in 
chairside techniques in which the freshly mixed 
material is applied to the fi tting surface of the 
denture. The denture is then seated in the patient’s 
mouth, whilst the conditioner is still in a fl uid 
state, in order to obtain an impression of the soft 
tissues. This stage of the procedure is important, 
since the aim is to form a cushion of reasonable 
thickness so that it will be effective, but not to 
increase the ‘height’ of the denture unduly com-
pared with the unlined denture. On completion of 
setting ideally the tissue conditioner should form 
a regular layer over the whole of the fi tting surface 
of the denture. It is normal practice to inspect the 
denture and the patient’s soft tissues after 2–3 days 
to ascertain whether the tissue conditioning has 
been successful or, alternatively, whether an ade-
quate functional impression has been obtained.

Properties: Tissue conditioners are initially very 
soft and viscoelastic. When loaded slowly they 
undergo permanent deformation even under mod-
erate to low loads. A cylindrical sample of a tissue 
conditioner can be observed to slump under its 
own weight if allowed to stand unsupported on 
a bench top. The lack of a well defi ned elastic 
behaviour makes the measurement of rigidity dif-
fi cult. Under rapid loading a modulus of elasticity 
value of 0.05  MPa has been estimated. This com-
pares with a value of 2000  MPa for a typical hard 
acrylic denture base material. The property of 
compliance is often used to defi ne the deforma-
tion-load characteristics of these materials. When 
this term is used the difference between elastic 
and viscoelastic strains is often ignored so its 
scientifi c value is questionable, although it can 
give some ‘feel’ for the perceived softness of a 
material.

The materials do not remain permanently soft 
since the alcohol and plasticizer are leached rapidly 
into saliva. The time taken for the materials to 
become so hard that they no longer give adequate 
cushioning varies from a few days to a week or 
two, depending upon the product used. Those 
materials which are softer initially, harden more 
rapidly and vice versa. For adequate conditioning, 
with a very soft material, the conditioner should 
be replaced with fresh material every 2–3 days 
until the tissues have recovered.

The materials are able to perform the functions 
of both a tissue conditioner and functional impres-
sion material due to their viscoelastic properties. 
The apparent paradox of requiring an elastic 
material for one purpose and a plastic one for 
the other is overcome in this way. The viscoelastic 
properties of the materials may be described by 
the Maxwell and Voigt models in series as dis-
cussed on p. 16 and illustrated in Fig. 2.14. The 
elastic nature of the products is extremely time-
dependent. Under the infl uence of dynamic forces 
which are applied for a second or less during 
mastication, the materials are essentially elastic 
and provide a cushioning effect. Each application 
of force does, however, cause a small permanent 
deformation which helps to record the functional 
impression. Under the infl uence of smaller, resting 
loads, further permanent deformation occurs.

One of the most important properties of these 
materials is that they are non-irritant due to the 
absence of acrylic monomers from the liquid 
component.

Table 14.2 Composition of a tissue conditioner.

Powder
 Polymer beads Polyethylmethacrylate
Liquid
 Solvent Ethyl alcohol
 Plasticizer Butylphthalyl butylglycolate
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14.4 Temporary soft lining materials

These materials are very similar to the tissue con-
ditioners. They are supplied as a powder and 
liquid, the composition of which is equivalent to 
that given in Table 14.2. The materials are not as 
soft as the tissue conditioners immediately after 
setting but they retain their softness for longer, 
taking up to a month or two to harden. Like the 
tissue conditioners, they are viscoelastic in nature 
and give a cushioning effect under dynamic condi-
tions of loading.

The method of manipulation of these products 
is similar to that discussed for tissue conditioners, 
but because they take longer to harden they do 
not require replacing as frequently.

Care should be exercised when selecting a 
denture cleanser to use with a denture carrying a 
temporary soft lining or tissue conditioner. The 
oxygenating-type cleansers, in particular, cause 
surface degradation and pitting of the materials.

Temporary soft liners are often used in place of 
tissue conditioners in cases where it is not practi-
cable to replace the conditioner every 2–3 days. 
In addition, they may be used as a means of tem-
porarily improving the fi t of an ill-fi tting denture 
until such a time as a new denture can be con-
structed. Another use of the products is as a diag-
nostic aid to ascertain whether the patient would 
benefi t from a permanent soft lining.

Both tissue conditioners and temporary soft 
lining materials will go hard. When this occurs the 
surface is both rough and irregular, increasing the 
risk of trauma. In addition these materials can be 
relatively easily colonized by Candida in this hard-
ened state, increasing the risk of a denture-induced 
stomatitis. It is possible to soak such dentures 
overnight in dilute sodium hypochlorite to help to 
mitigate infection risk.

14.5 Permanent soft lining materials

Permanent soft lining materials are most com-
monly used for patients who cannot tolerate 
a hard base (see Figs. 14.3 and 14.4). This prob-
lem generally arises if the patient has an irregular 
mandibular alveolar ridge covered by a thin and 
relatively non-resilient mucosa. Not surprisingly 
it may be very painful when a masticatory load is 
applied through a hard base on to this type of 
supporting tissue. In such cases, a soft lining on 
the denture will help to relieve the pain and 
increase patient acceptance of the denture.

Fig. 14.3 Acrylic type permanent denture soft liner. This 
illustration shows an acrylic type denture soft lining 
material used for applying a permanent soft lining to the 
fitting surface of an acrylic denture. It consists of a 
powder and a liquid which are mixed and applied to the 
fitting surface of the denture. The two other items of 
equipment shown are used for proportioning the powder 
and liquid. The powder consists of a polymethacrylate or 
a higher (e.g. ethyl, butyl) methacrylate polymer whilst 
the liquid consists of a mixture of a polymerizable acrylic 
monomer and a plasticizer which is used to lower the 
glass transition temperature of the resulting polymeric 
material.

Fig. 14.4 A silicone denture soft lining material. The 
type of silicone used here is an addition curing product. 
It is provided in the form of a cartridge containing two 
pastes which are mixed when the pastes are extruded 
through the nozzle. The other items shown are those 
which are required to achieve bonding of the silicone to 
the acrylic denture base, for trimming the soft lining 
material and for coating the soft lining material after 
setting.
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Requirements: The requirements of a permanent 
soft lining are more critical than those of the tissue 
conditioner and temporary lining materials since 
they are expected to function over a much longer 
period of time.

The materials used should be permanently soft, 
ideally for the lifetime of the denture. They should 
be elastic in order to give a cushioning effect and 
prevent unacceptable distortions during service. 
The lining should adhere to the denture base. The 
materials should be non-toxic, non-irritant and 
incapable of sustaining the growth of harmful 
bacteria or fungi.

Available materials: Figure 14.5 indicates the 
types of materials which are available for use as 
permanent soft linings. Those products described 
as cold curing acrylic materials are in fact tempo-
rary soft lining materials. These materials harden 
within a period of a few weeks or at best a few 
months and cannot therefore be seriously consid-
ered as permanent soft linings since they would 
require regular replacement. One advantage of 
these materials is that they can be readily applied 
to an existing denture, by the dentist, in a chair-
side technique.

The heat curing acrylic materials are processed 
in the laboratory and are normally applied to a 
new denture at the time of production. They are 
supplied as a powder and liquid, the composition 
of which vary from one product to another (Fig. 
14.3). They rely, for softness, on the combined use 
of a higher metha crylate and a plasticizer. A 
typical powder consists of beads of polyethyl- or 
polybutylmethacrylate along with some peroxide 
initiator and pigment. The liquid is likely to be a 
mixture of butylmethacrylate and plasticizer. 
Powder and liquid are mixed to form a type of 

‘dough’ which is heat processed simulta neously 
with the hard acrylic base.

A similar technique is used when applying a 
heat curing silicone soft lining. These products are 
supplied as a single paste which consists of a 
polydimethylsiloxane polymer with pendant or 
terminal vinyl groups through which cross-linking 
takes place. The liquid polymer is formulated into 
a paste by adding inert fi llers such as silica. The 
paste also contains a free radical initiator such as 
a peroxide which breaks down on heating to initi-
ate the cross-linking reaction.

The structure of the vinyl terminated liquid sili-
cone polymer can be viewed as being similar to 
that for the hydroxyl terminated material (Fig. 
19.5), except that the terminal hydroxyl groups in 
Fig. 19.5a are replaced by vinyl groups. These 
vinyl groups undergo chain extension and cross-
linking by the mechanism described in Section 
12.2. The chain extension reactions cause an 
increase in viscosity of the liquid polymer, whilst 
cross-linking causes the material to develop 
elasticity.

Two types of cold curing silicone elastomers are 
used as soft lining materials. They are analogous 
to the two types of silicone elastomers used as 
impression materials (Sections 19.3 and 19.4), 
i.e. condensation curing silicones and addition 
curing silicones. The condensation curing types 
are generally supplied as a paste and liquid.

The paste contains a hydroxyl-terminated poly-
dimethylsiloxane liquid polymer (Fig. 19.5a) and 
inert fi ller. The liquid contains a mixture of 
a cross-linking agent, such as tetraethyl silicate 
(Fig. 19.5b) and a catalyst which is normally an 
organo-tin compound such as dibutyl tin dilau-
rate. On mixing the paste and liquid a condensa-
tion cross-linking reaction takes place. Alcohol is 

Fig. 14.5 Soft lining materials. An 
indication of the type of materials 
which are available. See Fig. 14.3 
and 14.4 for examples.
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produced as a byproduct of this reaction (Fig. 
19.5c). Cross-linking causes the paste to be con-
verted to a rubber. The addition curing silicones 
have only recently become available as denture 
soft lining materials. They are very similar to the 
equivalent products used for recording impres-
sions (Section 19.4). They are supplied as two 
pastes which are proportioned and mixed using a 
cartridge/gun system (Fig. 14.4). The setting reac-
tion for these products is described in Section 
19.4.

Although the cold curing silicones are cured at 
room temperature, they are generally processed in 

the laboratory. The method normally used is to 
pour casts into the dentures. The casts with den-
tures are then mounted on an articulator and the 
fi tting surface of the dentures is relieved to make 
space for the lining. The paste and liquid are 
mixed together and the fl uid mix applied to the 
fi tting surface of the dentures. The dentures are 
then repositioned on the casts, the articulator 
closed into occlusion and the material allowed to 
set. An alternative method is to use an overcast 
instead of an articulator.

Polyphosphazine fl uoroelastomers have recently 
become available for use as denture soft lining 
materials. They are supplied in sheet form and are 
manipulated in a similar manner to the heat cured 
silicone products. Recommended curing is either 
at 74ºC for 8 hours or 74ºC for 21/2 hours, fol-
lowed by 100ºC for 30 minutes. There is very little 
detailed information available on the composition 
of these products.

Properties: The ISO Standard for ‘long-term’ resili-
ent lining materials (ISO 10139-2) utilizes a pen-
etration test to evaluate the softness and elastic 
properties of the materials. A 4  mm thick speci-
men of material is indented with a 2  mm diameter 
probe under a load of 100  g for 30 seconds. Depth 
of penetration is monitored as a function of time 
to produce a result of the type shown in Fig. 14.6. 
The depth of penetration after 5 seconds loading 
is used to characterise softness. Materials are 
described as stiff, medium or soft depending on 
the extent of penetration. The elastic or viscoelas-
tic properties of the materials are defi ned by the 
time dependence of the penetration. For elastic 
materials (Fig. 14.6a) penetration is essentially 
independent of time – it increases immediately on 
application of load and recovery is instantaneous 
after removal of the load. The penetration ratio, 
which is the ratio of the penetration after 30 
seconds of loading to that at 5 seconds of loading, 
is close to one for these materials. For viscoelastic 
materials (Fig. 14.6b) penetration under load is 
time dependent and the ratio of the penetration at 
30 seconds to that at 5 seconds is greater than 
unity. The limits set out in the ISO Standard are 
shown in Table 14.3.

Acrylic products tend to react to surface inden-
tation in a manner which can be described by the 
curve in Figure 14.6b. This type of viscoelastic 
behaviour can be described as retarded elastic 
behaviour as both the deformation and recovery 

Fig. 14.6 Penetration under load for (a) an elastic 
material and (b) a viscoelastic material. The elastic 
material responds instantaneously to the application and 
removal of load. The viscoelastic material behaves in a 
time-dependent (retarded) manner to the application and 
removal of load. In the example shown the material 
eventually achieves complete recovery and therefore this 
type of viscoelastic behaviour is known as ‘retarded 
elastic’.
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Table 14.3 Limits of penetration and penetration ratio (30s  :  5s, Fig. 14.6) set out in ISO 10139-2: Resilient Lining 
Materials for Removable Dentures – Long-term materials.

Description Pcnetration (P) (mm) Penctration (R) ratio

Type A stiff 0.2 � P < 0.4 –
Type B medium 0.4 � P < 0.8 –
Type C soft 0.8 � P < 2.5 –
Class I high resistance to fl ow – R � 1.1
Class II low resistance lo fl ow – 1.1 < R < 1.75

processes are damped rather than instantaneous. 
The recovery may be virtually complete but may 
involve some degree of permanent deformation 
which would result in a dimensional change of 
the material. The silicone and polyphosphazine 
materials behave in a manner depicted in Fig. 
14.6a, i.e. they have a high resistance to fl ow and 
are more elastic. Dentists cannot agree on which, 
between elastic or retarded elastic, is the preferred 
behaviour for a soft material. A perfectly elastic 
material may offer a better cushioning effect but 
a material with retarded elastic behaviour may 
have the potential for better retention. All types 
of soft lining material are suffi ciently soft on 
insertion to give an adequate cushioning effect. 
The softest of the four materials initially are the 
cold curing acrylic materials. These products 
harden, however, through rapid loss of alcohol 
and slow leaching of plasticizer. They should 
not be considered suitable for anything other 
than short term use. Softness of the other prod-
ucts varies from brand to brand even within spe-
cifi c classes of materials. Some acrylic pro ducts 
are classifi ed as stiff and others as soft, depending 
on the type and amount of plasticizer used. The 
heat curing acrylic products, though not as soft 
as the cold curing products initially, retain their 
softness for longer. They too eventually become 
hard due to gradual leaching of plasticizer into 
the oral fl uids. The silicone materials remain per-
manently soft and the modulus of elasticity value 
may, in fact, decrease due to water absorption. 
This may cause problems with some silicones 
since water absorption may be followed by 
bacterial or fungal growth in the soft lining. 
The silicones have good elastic properties and 
retain their shape after setting despite being sub-
jected to masticatory loading. The acrylic materi-
als, on the other hand, are viscoelastic and 

gradually become distorted. There is a tendency 
for the materials to ‘fl ow away’ from areas of 
greatest stress causing the cushioning effect to be 
lost.

The durability of the bond between the denture 
base and the soft lining is adequate for the acrylic 
materials and the heat cured silicone products. In 
the case of the cold curing silicone material, 
however, there is a tendency for the lining to peel 
away from the base. This occurs despite the use 
of an adhesion primer supplied by the manufac-
turers. The problem is often reduced by ‘boxing 
in’ the soft lining. Clinically the techniques used 
to add a soft lining vary according to the material 
chosen. The acrylic based materials can either be 
added to an existing denture, using a technique 
analogous to that used when relining the denture 
with hard acrylic, or they can be incorporated into 
the denture base when making a new prosthesis. 
The results in terms of both resilience and dura-
bility are similar. Conversely, whilst the silicone 
rubber materials can be processed onto an existing 
denture, the quality of the attachment between the 
acrylic and the rubber is much better if it is pro-
cessed against ‘fresh’ acrylic.

The cushioning effect of a soft lining depends 
on the thickness of the soft material. The greater 
the thickness of the soft material the greater the 
cushioning effect perceived by the patient. There 
are limits to the total thickness of the combined 
denture base and soft lining and this means that 
the use of a soft lining inevitably involves the use 
of a thinner residual acrylic denture base. Since a 
thickness of soft lining of 2–3  mm is required for 
adequate cushioning the residual hard acrylic base 
may become more fl exible and weakened such 
that the occurrence of fracture is increased com-
pared to dentures constructed solely from hard 
acrylic material.
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Some permanent soft linings are adversely 
affected by denture cleansers. Oxygenating cleans-
ers may cause surface pitting in acrylic linings 
whilst brushing accelerates the rate at which sili-
cone soft linings become detached. Soaking in a 
very dilute solution of hypochlorite is an accept-
able way of achieving denture hygiene without 
damaging the soft lining.

None of the soft lining materials can be consid-
ered truly permanent in nature since none could 
be expected to last the full lifetime of a denture. 
Therefore, regular reviews of patients with soft 
linings are essential.

14.6 Self-administered relining materials

Several types of lining materials are available 
which enable the patient to attempt to improve 
the fi t of ill-fi tting dentures or to provide a soft 
cushioning effect to the fi tting surface. Such pro-
ducts are generally available for purchase at many 
retail outlets such as supermarkets or chemists 
shops. The products normally contain methacry-

late or vinyl polymers such as polymethyl-, poly-
ethyl-, or polybutylmethacrylate or vinyl acetate 
along with a plasticizer such as butyl phthalate 
and a solvent such as acetone, ethanol or toluene. 
The claim for such products is that they improve 
the fi t or comfort of a denture without having to 
visit the dentist. Most authorities agree however 
that the use of these products should be fi rmly 
discouraged, for all but short term emergency use. 
Long term use of these products can lead to 
harmful effects on the hard and soft oral tissues. 
Cases of irritation, severe bone loss and tumors, 
related to the use of self-administered denture 
lining materials, have been documented.

14.7 Suggested further reading

Braden, M., Wright, P.S. & Parker, S. (1995) Soft lining 
materials – a review. Eur. J. Prosthodont. Restor. 
Dent. 3, 163.

Jagger, D.C. & Harrison, A. (1997) Complete dentures 
– the soft option. An update for general dental prac-
tice. Br. Dent. J. 182, 313.
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Artificial Teeth

Acrylic resins

Acrylic resin artifi cial teeth are produced in reus-
able metal moulds using either the dough 
moulding technique, described for denture base 
construction (Chapter 13), or by injection mould-
ing in which the acrylic powder is softened by 
heating and forced into the mould under 
pressure.

The resins used are highly cross-linked in order 
to produce artifi cial teeth which are resistant to 
crazing. The main difference between the materi-
als and those used for denture base construction 
is the incorporation of tooth-coloured pigments 
rather than pink ones.

Porcelain

The composition and manipulation of porcelain 
are dealt with in Chapter 11. Artifi cial porcelain 
teeth are produced to standard shapes and sizes 
by using moulds which are approximately 30% 
larger than required, in order to allow for shrink-
age during fi ring. Small holes or metal pins are 
incorporated in the base of the porcelain teeth 
during their production. These are used to give 
mechanical attachment to the denture base.

15.4 Properties

Both acrylic and porcelain teeth can be made to 
give a realistic appearance. The slightly greater 
translucency and depth of colour achieved with 
porcelain possibly gives this material a slight 
advantage in terms of aesthetics. Both materials 
are produced to a variety of shapes, sizes, colours 
and shades which enable selection of teeth to suit 
most individuals.

One aspect of porcelain teeth which is some-
times unpopular with patients is the ‘clicking’ 

15.1 Introduction

Chapters 13 and 14 have dealt with materials 
which are used to form the denture base and to 
line the fi tting surface of the denture base. The 
other main components of a denture are the arti-
fi cial teeth themselves. The materials most widely 
used for manufacturing artifi cial teeth are acrylic 
resin and porcelain.

15.2 Requirements

The most important requirement of artifi cial teeth 
is good appearance. They should, ideally, be indis-
tinguishable from natural teeth in shape, colour 
and translucency. Good matching often requires 
that the shade and translucency of the artifi cial 
tooth should vary from the tip of the crown to the 
gingival area.

There should be good attachment between the 
artifi cial teeth and the denture base. The introduc-
tion of artifi cial teeth into the base should not 
adversely affect the base material. That is, the 
artifi cial tooth and base materials should be 
compatible.

It is an advantage for the artifi cial teeth to be 
of low density in order that they do not increase 
the weight of the denture unduly. The artifi cial 
teeth should be strong and tough in order to resist 
fracture. They should be hard enough to resist 
abrasive forces in the mouth and during cleaning, 
but should allow grinding with a dental bur so 
that adjustments to the occlusion can be made by 
the dentist at the chairside.

15.3 Available materials

The two materials which are commonly used for 
the production of artifi cial teeth are acrylic resins 
and porcelain.
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sound which is made when two porcelain teeth 
come into contact.

Attachment of the teeth to the base is through 
a chemical union in the case of acrylic teeth and 
by mechanical retention for porcelain teeth. For 
both materials, adequate bonding is achieved only 
if all traces of wax from the trial denture are 
removed from the teeth during the ‘boiling out’ 
stage.

Chemical bonding of the acrylic teeth depends 
on the softening of the resin at the base of the 
teeth with monomer from the ‘dough’ of denture 
base material. Some manufacturers encourage this 
process by constructing the base and core of the 
artifi cial teeth from uncross-linked or only lightly 
cross-linked resin which is more readily softened. 
The outer ‘enamel’ layers of the tooth are con-
structed from highly cross-linked resin to prevent 
crazing. Unfortunately it may be necessary to 
remove these lightly cross-linked areas when trim-
ming denture teeth to fi t into the space available 
within the dentures. It can then be very diffi cult 
to achieve an adequate attachment to the remain-
ing highly cross-linked material.

Despite efforts to ensure bonding between the 
artifi cial teeth and the denture base, it has been 
reported that 33% of all denture repairs are 
required due to debonding of teeth. For acrylic 
teeth, bonding to heat-cured resins is more effec-
tive than bonding to autopolymerizing resins. The 
bond to autopolymerizing resin can be improved 
by grinding grooves into the teeth or through 
grinding followed by the use of a solvent/monomer 
mixture to soften the tooth base and impregnate 
it with methylmethacrylate. ISO specifi cations for 
ceramic (ISO 4824) and acrylic (ISO 3336) teeth 
adopt different approaches towards ensuring a 
reasonable bond. ISO 4824 requires only that 
there is some means of mechanical attachment in 
the ceramic tooth base, i.e. diatoric holes provided 
for attachment must be patent. ISO 3336 for syn-
thetic polymer teeth requires a bond test to be 
performed. When a denture tooth is fractured 
away from a sample of denture base the fracture 
path must not occur along the interface between 
the tooth and denture base, i.e. the fracture must 
be cohesive.

Table 15.1 lists some of the physical and 
mechanical properties of artifi cial teeth.

Acrylic resin teeth are, naturally, more com-
patible with the denture base than porcelain 
teeth. There is a serious mismatch in coeffi cient 

of thermal expansion and modulus of elasticity 
between porcelain and acrylic resin. This may lead 
to crazing and cracking of the denture base in the 
region around the base of the porcelain teeth. 
Porcelain has a density value about twice that of 
acrylic resin and dentures constructed with porce-
lain teeth are much heavier.

Porcelain is brittle and teeth constructed from 
this material are more likely to chip and fracture 
than acrylic teeth.

There is a vast difference in hardness between 
acrylic resin and porcelain. Acrylic teeth are more 
likely to suffer abrasion than porcelain teeth, 
although this does not constitute a serious problem 
in more than a few rare cases.

When excessive wear is evident on acrylic 
denture teeth, special environmental factors or 
patient habits are often responsible. For example, 
working in a dusty or gritty environment may 
accelerate wear if particles of grit are ground 
between teeth of an upper and lower denture. 
Likewise the use of a very abrasive material, such 
as pumice, for cleaning dentures may result in 
marked abrasion.

The extreme hardness of porcelain is a dis-
advantage when adjustments, requiring grinding 
of teeth, are necessary. With acrylic teeth, such 
adjustments are carried out quite simply. For por-
celain teeth however, the process is diffi cult and 
results in the glaze being removed from the surface 
of the porcelain.

It is a clinical impression that porcelain teeth 
transmit higher forces to the supporting soft 
tissues than acrylic teeth. This is a function of the 
greater modulus of elasticity of porcelain.

The diffi culties of grinding porcelain teeth com-
bined with their tendency to transmit a greater 
force to the underlying tissues dictates the type of 
clinical case for which they can be used. They 
should not be used where there is diminished 
interocclusal distance or when there is poor ridge 
support.

Table 15.1 Some properties of artificial teeth.

Acrylic resin Porcelain

Density (g  cm−3)   1.2   2.4
Coeffi cient of thermal 
 expansion (ppm˚C−1)

80  7

Modulus of elasticity (GPa)   2.5  80
Hardness (VHN) 20 500
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One advantage of ceramic materials used in 
various aspects of medicine and dentistry is their 
perceived biocompatibility. This is related to their 
structure and lack of chemical reactivity under 
normal conditions. One aspect of the biocompa-
tibility of ceramic denture teeth which has been a 
source of some controversy over the years is the 
occurrence of radioactive compounds of uranium-
238. An amendment to ISO 4824 was introduced 
to test for the presence of uranium-238 using 
neutron activation. The upper limit for the con-
centration of the radioactive isotope in the ceramic 
teeth is 0.2  Bq  g−1.

The vast majority of artifi cial teeth used for 
denture construction are now of the acrylic type. 
Acceptable appearance coupled with convenient 
handling, greater toughness and compatibility 
with the acrylic denture base give the acrylic 
resins an advantage over the alternative porcelain 
materials.

The appearance of both porcelain and acrylic 
teeth can be customized using surface stains. 
Those for porcelain teeth are similar to the glaze 
stains used for porcelain crown and bridge mate-
rials. Their use necessitates the teeth being placed 
through a glazing cycle by a ceramic technician. 
The surface stains for acrylic are applied in the 
form of a surface lacquer. Both approaches can 
produce a dramatic increase in the realism of 
denture teeth. However, the effect of acrylic 
surface stains is rather short-lived as the lacquer 
is soft and hence worn away quite rapidly.

15.5 Suggested further reading

Woodforde J. (1968) The Strange Story of False Teeth. 
Routledge & Kegan Paul, London.
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Impression Materials: Classification 
and Requirements

Before setting, the property most normally used 
to characterise materials is viscosity. This may 
effect the fi ne detail which can be recorded in 
impressions of hard tissues and may infl uence 
the degree of tissue compression or displacement 
achieved with soft-tissue impressions. Thus, mate-
rials which are initially very fl uid are often classi-
fi ed as mucostatic impression materials because 
they are less likely to compress soft tissues, whilst 
materials which are initially more viscous are clas-
sifi ed as mucocompressive. It should be remem-
bered however, that viscosity often varies with the 
applied stress (p. 19). Thus, certain materials 
which appear fairly viscous whilst under low 
stress conditions may become more fl uid during 
the recording of the impression, when the material 
is placed under higher stress. When a substance 
behaves in this way, it is said to be pseudoplastic. 
Another complicating factor is the spacing of the 
impression tray. This controls the thickness of the 
impression material and hence the pressure trans-
mitted to the underlying tissues. A relatively fl uid 
impression material confi ned in a close-fi tting 
impression tray will compress the soft tissues to 
a greater extent than the same material used in 
a loosely-fi tting tray. Classifi cation of materials 
according to viscosity is not, therefore as simple 
as it may seem. Figure 16.1 gives a simplifi ed clas-
sifi cation according to viscosity in which materials 
with the highest viscosity are shown at the left of 
the fi gure and those with the lowest viscosity are 
shown on the right. There are often signifi cant 
variations between different brands of the same 
type of material and these variations can spread 
across the divisions between different levels of 
viscosity.

A more widely used classifi cation of materials 
involves consideration of the properties of the set 
material. This factor is primarily responsible for 

16.1 Introduction

Many dental appliances are constructed outside 
the patient’s mouth on models of the hard and/or 
soft tissues. The accuracy of ‘fi t’ and the func-
tional effi ciency of the appliance depends upon 
how well the model replicates the natural oral 
tissues. The accuracy of the model depends on the 
accuracy of the impression in which it was cast.

The impression stage is the fi rst of many stages 
involved in the production of dentures, crowns, 
bridges, orthodontic appliances etc. It is of great 
importance, therefore, that inaccuracies are mini-
mized at this stage, otherwise they will be carried 
through and possibly compounded later on.

Impression materials are generally transferred 
to the patient’s mouth in an impression ‘tray’. The 
tray is required because the materials are initially 
quite fl uid and require support. Once positioned 
in the patient’s mouth, the materials undergo 
‘setting’ by either a chemical or physical process. 
After ‘setting’, the impression is removed from the 
patient’s mouth and the model cast using dental 
plaster or stone.

16.2 Classification of impression materials

Many criteria may be used to classify impression 
materials. The most widely used and understood 
method is to classify them according to chemical 
type. Hence, we have silicone materials, alginates, 
etc. Most dentists are able to associate a material 
from a particular chemical group with a particular 
set of characteristics or properties which render it 
suitable for some applications but not for others. 
Other methods of classifi cation are sometimes 
used and these may be based upon consideration 
of the properties of the materials either before or 
after setting.

136
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governing the principal applications of the mate-
rials. The properties which are most important 
are rigidity and elasticity, since they determine 
whether an impression material can be used to 
record undercuts. When standing teeth are to be 
recorded, or when the patient has deep soft-tissue 
undercuts, the set impression material must be 
fl exible enough to be withdrawn past the under-
cuts and elastic enough to give recovery and an 
accurate impression. Hence impression materials 
are classifi ed as being elastic or non-elastic. The 
term elastic as applied to impression materials is 
fairly unequivocal since the materials which form 
this group all possess the ability to be stretched or 
compressed and give a reasonable degree of elastic 
recovery following strain. They could be described 
as possessing rubbery characteristics. The term 
non-elastic however, is not a particularly good 
term with which to describe a group of products 
which in some cases are clearly plastic (e.g. impres-
sion waxes) and in other cases are very rigid but 
show little evidence of plastic deformation (e.g. 
impression plasters). It may be less confusing 

Fig. 16.1 Classification of impression materials by viscosity at a constant shear rate and temperature (23°C).

Fig. 16.2 Impression materials. 
Classification according to elastic properties 
and chemical type.

if the terms rubbery and non-rubbery were used 
instead of elastic and non-elastic. However, the 
latter terms have been used for many years and 
are therefore likely to be familiar to dentists.

Figure 16.2 lists the major groups of impres-
sion materials using the classifi cation referred to 
above.

16.3 Requirements

The requirements of impression materials can 
be conveniently discussed under four main 
headings:

(1) Factors which affect the accuracy of the 
impression.

(2) Factors which affect the dimensional stability 
of the impression, that is, the way in which 
the accuracy varies with time after recording 
the impression.

(3) Manipulative variables such as ease of 
handling, setting characteristics, etc.

(4) Additional factors such as cost, taste, colour 
etc.
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Accuracy

In order to record the fi ne detail of the hard or 
soft oral tissues, the impression material should 
be fl uid on insertion into the patient’s mouth. 
This requires a low viscosity or a degree of 
pseudoplasticity.

The way in which the material interacts with 
saliva is another factor affecting fi ne-detail repro-
duction. Some products are hydrophobic and may 
be repelled by moisture in a critical area of the 
impression. This normally results in the formation 
of a ‘blow hole’ in the impression. For such prod-
ucts, a dry fi eld of operation is essential. Other 
materials are more compatible with moisture and 
saliva and no special precautions are necessary.

The fi ne detail recorded in an impression will 
only be transferred to the gypsum cast if there is 
adequate ‘wetting’ of the impression surface by 
the freshly mixed dental stone or plaster. In cases 
where the impression is made from a hydrophobic 
material the hydrophilic slurry of calcium sulphate 
hemihydrate in water may not be able to approach 
closely enough to the surface of the impression (on 
a microscopic scale). This can result in blow holes 
and loss of fi ne detail. The ability of impression 
materials and gypsum products to reproduce 
detail in the cast is normally determined by mea-
suring the contact angle which a drop of aqueous 
calcium sulphate solution makes with the surface 
of the impression material. A low contact angle is 
favourable as it indicates good wetting.

The ‘setting’ of impression materials, whether it 
involves a chemical reaction or simply a physical 
change of state, generally results in a dimensional 
change which, naturally, affects accuracy. For 
most materials, the dimensional change is a con-
traction and, providing the impression material is 
fi rmly attached to the impression tray, this pro-
duces an expansion of the impression ‘space’ and 
an oversized die, as illustrated in Fig. 16.3. Mate-

rials which expand during setting result in under-
sized dies or casts. The effect on the accuracy 
of fi t of the resultant restoration depends on the 
type of restoration and the complexity of shape 
involved. For the simple crown preparation, illus-
trated in Fig. 16.3, the oversized die will result in 
a ‘loose-fi tting’ crown. For greatest accuracy, the 
dimensional change should be minimal.

On being withdrawn from the patient’s mouth, 
which is typically at a temperature of 32–37˚C, 
into the dental surgery, at a temperature of around 
23˚C, the impression undergoes approximately 
10˚C cooling. This results in thermal contraction, 
the magnitude of which depends on the value 
of coeffi cient of thermal expansion of the impres-
sion material and impression tray to which it 
is attached. It is diffi cult to calculate the precise 
value of the thermal contraction or to predict 
accurately the direction in which it operates since 
the contraction of the tray and that of the material 
act in opposite directions, providing the impres-
sion material remains attached to the tray. This 
is illustrated in Fig. 16.4. The effects of thermal 
changes are minimized if the values of coeffi cient 
of thermal expansion of the impression material 
and tray material are small.

It is important that the impression material 
remains attached to the impression tray during the 
recording of the impression. Partial detachment 
may cause gross distortions of the impression 
which may remain undetected and will almost 
certainly lead to ill-fi tting appliances or restora-
tions. Manufacturers of impression materials 
often supply tray adhesives which are used to 
enhance bonding. Additional retention is achieved 
by using perforated trays.

In addition to the requirements given above, 
there are two further requirements which apply 
specifi cally to materials used for recording under-
cuts. These materials must have adequate elastic 
properties and adequate tear resistance, coupled 

(a) (b) (c)

Fig. 16.3 Diagram illustrating the effect 
of setting contraction. (a) If the 
impression material is bonded to the tray, 
contraction occurs towards the tray. (b) 
Contraction results in an oversized 
impression space. (c) This results in an 
oversized die.
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with a rigidity which is low enough to enable the 
impression to be removed.

Figure 16.5 shows diagramatically the way in 
which a set material is placed under stress during 
the withdrawal of the impression. The thickest 
parts of the impression are compressed against the 
tray when they pass the widest part of the tooth 
crown. As the impression is withdrawn it is likely 

that the material is also subjected to tensile stresses 
as the trapped material is stretched. If a material 
is rigid after setting it may not be possible to 
remove it from undercut areas. This obviously has 
a negative effect on the ability to achieve an ade-
quate impression, but more seriously may under-
mine the viability of the remaining teeth as they 
may be subjected to a considerable stress if an 
attempt is made to remove the impression.

Figure 16.6 gives a series of diagrams to illus-
trate what happens when an impression of an 
undercut tooth is recorded with (a) an elastic 
material, (b) a plastic material, and (c) a viscoelas-
tic material. The impression recorded with the 
elastic material accurately records the true shape 
of the tooth with the correct degree of undercut. 
The impression recorded with the plastic material 
has been grossly distorted during removal and 
has not recorded any undercut. The impression 
recorded with the viscoelastic material gives a dis-
torted shape. The degree of distortion depends on 
the severity of the undercut, the thickness of the 
impression material and the time for which the 
impression is maintained in a compressed state 

(a)

(b)

Fig. 16.4 Diagram illustrating the effects of thermal 
contraction. (a) The tray contracts and reduces the 
impression space. (b) The impression material contracts 
towards the tray (providing it is bonded) and increases 
the impression space.

(a) (b)

Fig. 16.5 Diagram illustrating how an impression 
material is placed under stress during removal from an 
undercut area. (a) Impression in place before removal. 
(b) During removal – the impression material is subjected 
to both compressive and tensile stresses.

(a)Before removal

(b) (c)

Fig. 16.6 Diagram illustrating attempts to record the 
impression of an undercut tooth crown with the 
following: (a) an elastic material; (b) a plastic material: 
(c) a viscoelastic material.
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(Fig. 16.5b) as well as the viscoelastic properties 
of the material itself. The behaviour of viscoelastic 
materials is described on p. 15–16, where the 
infl uence of time as an important parameter is 
discussed in some detail. Ideally, an impression 
material used to record undercuts should be per-
fectly elastic. If a degree of viscoelaticity exists, 
distortions can be minimized by ensuring that the 
material is not maintained in the strained position 
for longer than necessary, by removing the impres-
sion quickly.

On removing elastic impression materials from 
undercut areas they are often put under a con-
siderable tensile stress. The materials should be 
capable of withstanding such stresses without 
tearing. One important practical example of when 
tear resistance is required is shown in Fig. 16.7. 
For a crown preparation having subgingival 
shoulders, a thin, undercut region of impression 
material is formed. In order to obtain a complete 
impression this must not tear during removal of 
the impression.

Dimensional stability

The previous section deals with factors which 
affect the accuracy of an impression material 
during the periods of insertion into the patient’s 
mouth, setting, and withdrawal. The next stage is 
to cast a gypsum model into the impression. This 

stage is, however, often delayed for one of several 
reasons. It may not be convenient for the dentist 
himself to cast the model, in which case the 
impression is sent to a dental laboratory. If the 
laboratory is not on the same premises it may be 
several hours before the model is cast. If the labo-
ratory is a long distance from the surgery it may 
be necessary to send the impression by post, 
in which case the delay between recording the 
impression and constructing the cast may be 
several days. The way in which the accuracy of 
the impression changes during this period is a 
measure of its dimensional stability. An ideal 
impression material would have perfect dimen-
sional stability, such that the impression would 
retain its original accuracy indefi nitely.

Several factors may contribute towards dimen-
sional changes during storage or transportation 
of impressions. Continuation of the setting reac-
tion beyond the apparent setting time may cause 
dimensional changes over a period of time. For 
viscoelastic materials, slow elastic recovery may 
continue for some time after withdrawal of the 
impression, producing a dimensional change. In 
this case the dimensional change results in a more 
accurate impression. For some elastic materials it 
has been suggested that one should allow a rest 
period after withdrawing the impression, before 
pouring the gypsum cast, to allow elastic recovery 
to occur more fully. Some impression materials 

VIV

a

I II III

b c

Fig. 16.7 The stages involved in taking an impression 
for a crown. I the tooth prior to preparation, II the 
tooth prepared for a metal/ceramic crown, III gingival 
retraction (a) to allow for an accurate impression of 
the prepared tooth and the root face apical to the 
preparation, IV an elastomeric impression in place with 
material extending into the gingival crevice (b), V a die 
stone model (c) prepared from the impression with 
accurate replication of both the preparation and the 
unprepared tooth apical to the preparation.
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develop internal stresses on cooling from the tem-
perature at which the impression is recorded to 
room temperature. This particularly applies to 
thermoplastic impression materials such as impres-
sion compound. On storage of the impression, 
distortions may occur as the material attempts to 
relieve the internal stresses. Finally, many impres-
sion materials contain volatile substances, either 
as primary components or as byproducts of the 
setting reactions. Loss of such volatile materials 
during storage results in a shrinkage of the impres-
sion material with a consequent decrease in accu-
racy. For the majority of materials, accuracy is 
best maintained by pouring the gypsum cast soon 
after recording the impression.

Manipulative variables

Many methods of dispensation are used for 
impression materials. Some involve the mixing of 
powder and water, others paste and liquid, others 
two pastes and some require no mixing at all. The 
latter materials, generally, require warming in 
a water bath, fl ame or other heat source in order 
to soften them. They record the impression by 
rehardening at mouth temperature. For materials 
where mixing is required, the two-paste systems, 
generally supplied in tooth-paste-like tubes, have 
certain advantages. Proportioning is easy; one 
simply ‘squeezes’ out equal lengths of paste from 
each tube onto a paper mixing pad or a glass 
plate. The manufacturer normally supplies the 
two pastes with contrasting colours so that it is 
easy to see when mixing has been completed 
satisfactorily – there are no streaks of colour left 
in the mix. For powder/liquid and paste/liquid 
systems, it is not possible to defi ne clearly the 
point at which mixing has been completed satis-
factorily. If mixing is incomplete, certain parts of 
the impression may remain unset.

The setting characteristics of the material have 
an important effect on the ease of handling and, 
therefore, often infl uence the dental surgeon’s 
choice of product. Materials which soften on 
warming and ‘set’ on cooling are sometimes dif-
fi cult to control, particularly in inexperienced 
hands. The setting characteristics are almost 
totally under the control of the operator since 
they depend on the temperature to which the 
material is heated and the time for which it is 
maintained at that temperature before recording 
the impression.

For those materials which set by a chemical 
reaction, setting begins immediately after mixing 
unless the manufacturer incorporates a retarder. 
The working time of the material is the time, from 
start of mix, until the material is no longer suit-
able for recording an impression. It is normally 
characterised by the time taken for the viscosity 
to increase by a given amount above that of the 
freshly mixed material. Several methods are avail-
able for measuring the increase in viscosity as a 
function of time, including cone and plate viscom-
eters, extrusion rheometers, reciprocating rheom-
eters and simple parallel-plate plastimeters. In 
each case, the value of working time obtained is 
somewhat arbitrary, since it depends on a subjec-
tive decision as to the degree of increase in viscos-
ity which can be tolerated before the material 
becomes unworkable. Three typical viscosity – 
time curves for impression materials are given in 
Fig. 16.8. Curve A represents a material for which 
viscosity is high immediately after mixing but 
increases relatively slowly over the fi rst three 
minutes. Curve B represents a material, the initial 
viscosity of which is low but increases rapidly 
after mixing. Curve C represents a material for 
which viscosity remains constant for some time 
due to retardation of the setting reaction. Follow-
ing the induction period, the viscosity increases 
rapidly. With materials which do not have an 
induction period the impression should be recorded 
as soon as possible after mixing to ensure that the 
viscosity has not increased unduly.

For elastic impression materials the increase 
in viscosity during setting may not be the most 
appropriate way to measure the working time. For 
these materials the initial onset of some elastic 
behaviour may be taken as a time beyond which 
it would be inappropriate to seat the material in 
the patient’s mouth in order to record an impres-
sion. The ISO Standard for Elastomeric Impres-
sion Materials (ISO 4823) defi nes working time 
for these products as follows:

‘The period of time beginning with the start of 
mixing and ending with the loss of plasticity 
and development of elastic properties such that 
the material is no longer suitable for making an 
impression’.

Whereas the working times of materials are 
determined at room temperature, setting times are 
generally determined at mouth temperature. The 
setting time of an impression material may be 



142  Chapter 16

defi ned in terms of the time required to complete 
the setting reaction. It is more normal, however, 
to use a defi nition which is based on the time to 
reach a certain degree of rigidity, hardness or elas-
ticity. Setting times measured in this way often 
gives values which are signifi cantly shorter than 
the times required to complete the setting reac-
tion, indicating that setting continues slowly for 
some time after removal from the mouth. In order 
to obtain the optimum performance from any 
impression material, it is wise to leave the material 
in the patient’s mouth for an extra minute or so 
after setting has apparently been completed. This 
applies particularly to the elastic materials for 
which signifi cant improvements in elasticity may 
occur after the apparent completion of setting.

For the convenience and comfort of both the 
dental surgeon and patient the most ideal combi-
nation of properties for an impression material is 
a long working time and short setting time. This 
can be achieved with materials which set by a 
chemical reaction providing the reaction rate is 
much quicker at mouth temperature than at room 
temperature.

16.4 Clinical considerations

Choice of impression material

The fundamental choice for impression materials 
is between rigid and elastomeric products. As a 
broad generalization, rigid materials are used 

when undercuts are not present amongst the sur-
faces to be recorded. The one exception to this 
is impression plaster which can be used in some 
circumstances where undercuts are present. The 
impression fractures during removal and then 
needs to be reassembled like a jigsaw before the 
master cast is prepared. Rigid impression mate-
rials can also be used in edentulous subjects where 
soft tissue (compressible) undercuts are present.

Both rigid and elastomeric materials are avail-
able which exhibit a wide range of accuracy and 
physical properties. The selection of a material for 
a specifi c clinical application is usually based on 
a combination of cost and required accuracy. The 
more accurate/dimensionally stable materials also 
tend to be more expensive and hence are used 
when required rather than routinely.

Impression trays

The purpose of an impression tray is to give rigid 
support to the impression material and to facili-
tate its introduction into the mouth. Trays can be 
either custom made or pre-formed (stock).

Custom trays are produced on study casts of 
a patient’s mouth that have been made using 
an impression material of lower accuracy/dimen-
sional stability in a stock tray. They are designed 
to be rigid and to have optimal spacing between 
the tray and the tissues that are to be recorded 
to obtain the best results with the impression 

Fig. 16.8 Viscosity versus time curves for three 
impression materials. Material A is initially quite 
viscous and its viscosity slowly increases. 
Material B is initially fluid (low viscosity) but its 
viscosity increases sharply. Material C is initially 
fluid and has an induction period during which 
viscosity is constant. This is followed by a rapid 
increase in viscosity.
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material to be used in that tray. Custom trays 
should also have appropriate extensions in all 
directions to record the oral soft tissues.

Stock trays are produced in a variety of shapes 
and sizes so that the clinician selects the ‘best fi t’ 
available for the patient. Such trays are often 
either too short or too long (under- or over-
extended) in relation to the extent of the oral soft 
and hard tissues that need to be recorded for clini-
cal purposes. Modifi cation to the extension of a 
tray can be achieved by cutting it back (with dis-
posable plastic trays) or by further extending the 
periphery using a rigid thermoplastic material like 
‘green stick’ tracing compound. It may be possible 
to provide some support for tray extension into 
the vestibular sulcus using wax, but this material 
is too fl exible to support adequately distal exten-
sion to impression trays. Inevitably, an impression 
material used in a stock tray will vary in thickness 
and hence the elastic properties of the material 
will not necessarily be optimal for that material. 
The accuracy of an impression in a stock tray 
depends upon the ability of an elastomeric mate-
rial to perform adequately under less than optimal 
conditions.

Tray design must include some method for 
retaining the impression material attached to 
the tray. The methods commonly used include 
mechanical interlocks (holes perforating through 
the tray, wires attached to the base of the tray or 
increased bulk at the rim of the tray or ‘rim lock’) 
and the use of adhesives. The adhesives tend to be 
of the contact adhesive type, hence it is important 
that the adhesive layer has had adequate time to 
dry before the impression material is placed in the 
tray.

Trays designed for use with reversible hydrocol-
loids have an in-built water-cooling mechanism 
to accelerate gelation of this thermally softened 
material. Whilst it would be technically possible 
to use reversible hydrocolloids in uncooled trays, 
the gelation time would be far too long to make 
them clinically viable.

It has already been stated that trays need to be 
rigid to support the impression material. This can 
pose problems with very high viscosity impression 
putties and plastic stock trays.

Tissue management

When impressions are being recorded for fi xed or 
removable prosthodontics it is important not only 

to record the surfaces of the teeth with the impres-
sion but also the relationship between the teeth 
and the soft tissues surrounding them. For remov-
able prosthodontics this can be achieved by careful 
impression technique and by smearing or syring-
ing impression material into areas of the mouth 
which may be recorded badly during conventional 
placement of a loaded impression tray into the 
mouth.

With fi xed prosthodontics (crown/bridgework) 
the preparations on the teeth commonly extend 
up to or beneath the gingival margin. It is neces-
sary, therefore, to displace the gingival tissues 
away from the preparation prior to syringing in 
light bodied material around the teeth. This dis-
placement can be achieved either by packing a 
retraction cord into the gingival crevice or by 
widening the crevice temporarily using either an 
electrosurgical unit or a soft tissue laser (this tech-
nique is known as troughing).

There are a wide variety of gingival retraction 
cords available, varying from silk suture material 
through custom made laid or braided cords to 
knitted cords. One manufacturer incorporates a 
thin copper fi lament in their cord to help it to 
remain in place within the gingival crevice. All are 
available in a range of diameters to cope with 
gingival crevices of varying depth and width.

The objective of placing a retraction cord is to 
displace the gingival tissue laterally away from 
the prepared tooth surface rather than apically. 
Consequently the packing technique needs to be 
directed to give lateral displacement of the cord, 
which is introduced in the crevice using a slim, 
fl at-bladed instrument like a ‘fl at plastic’ or using 
a custom designed cord packer.

There is some dispute about how many retrac-
tion cords should be placed within the crevice. 
Some authorities maintain that a very fi ne cord 
should be placed in the base of the crevice to help 
provide moisture control (the haemostatic cord) 
with a second layer at the coronal extent to dis-
place the gingiva laterally (the expanding cord). 
The more superior cord is removed whilst the 
impression is recorded, whilst the fi ne cord is left 
within the crevice. One of the complications of the 
use of retraction cord is gingival recession expos-
ing a restoration/tooth margin which can give 
aesthetic problems in the anterior portion of the 
mouth. The use of a dual cord technique is thought 
to increase the risk of recession and consequently 
a single large cord is advocated by other authori-
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ties. Whichever approach is adopted, the expand-
ing cord should not be left within the gingival 
crevice for more than 20 minutes to minimize 
the risk of recession. Care should be taken when 
removing cord from the crevice to ensure that the 
cord is wet. Dry cord will tend to stick to the 
mucosa lining the crevice and tear this away if it 
is removed, causing gingival bleeding.

Retraction cords are often used in association 
with a haemostatic agent to assist with moisture 
control. Some cords are impregnated with the hae-
mostat whilst others are dipped in a haemostatic 
solution prior to placement. These agents include 
epinephrine and aluminium and ferric chlorides. 
Epinephrine containing cord must be used with 
great care as it contains large quantities of drug 
which can be absorbed through the gingival capil-
lary bed and hence exert a systemic effect. This 
would be of particular concern in people with 
compromised cardiological function. They are 
probably best avoided. Some of the other haemo-
static agents have a relatively low pH and can 
remove the smear layer/dissolve superfi cial dentine 
apical to the margins of the preparation. This may 
induce dentine sensitivity post-operatively in some 
teeth.

The alternative technique of troughing uses the 
cutting power of an electrosurgery unit or a soft 
tissue laser to widen the gingival crevice and 
produce haemostasis. The key to success with 
either instrument is to use a careful technique and, 
with the electrosurgery unit, a fi ne single wire 
cutting tip to ensure minimal soft tissue damage. 
There is no greater likelihood of gingival recession 
after troughing than in association with the use of 
conventional retraction cord unless the gingival 
tissues are particularly thin or there is an absence 
of attached gingiva. The electrosurgery unit is also 
particularly useful for removing areas of gingival 
overgrowth that may be present when replacing 
previous crowns that have had marginal defi cien-
cies or where provisional restorations have been 
poorly contoured.

Impression technique

The specifi c technique used for each material will 
vary from product to product. However, there are 
some broad generalizations that are applicable to 
all. To obtain greatest accuracy the teeth need to 
be clean and dry. Salivary contamination is usually 
prevented using a combination of cotton rolls and 

absorbent pads – ‘dry guards’. It has been sug-
gested that a rubber dam can be used to provide 
isolation. This is only practical when an addition-
cured silicone rubber is not being used. The plas-
ticizers in the rubber dam will poison the platinum 
catalyst in the impression material, inhibiting 
its set.

Material needs to be placed on both the occlusal 
surfaces of teeth (if present) and within the tray. 
If this is not done there is a tendency to entrap 
air within the occlusal surface of the tooth giving 
bubbles on the impression which will fi ll subse-
quently with the material from which the models 
are formed, producing inaccuracies on the occlu-
sal surface of the prepared model. This is a par-
ticular problem when working with teeth with 
steep cusp angles and tortuous fi ssure patterns.

Obviously the impression needs to be placed in 
the mouth whilst the impression material is fl uid 
and left in the mouth until it is set fully. During 
this time the impression tray needs to be kept as 
still as possible to avoid distortion of the setting 
material, producing distorted casts.

All manufacturers give guidance on the working 
and setting times of their products. These should 
be adhered to whenever possible to avoid remov-
ing an impression whilst it is still partially set. This 
is particularly important for elastomeric materials 
which do not fully develop their physical proper-
ties until set and hence will distort if removed too 
early.

Clinically it must be remembered that an impres-
sion material that is in direct contact with the lips/
tongue will set more rapidly than the bulk of the 
material in the tray. The material in contact with 
the lips will be raised fairly rapidly to mouth tem-
perature whilst the bulk of material in the tray will 
remain closer to room temperature, giving differ-
ential setting. This can make a subjective assess-
ment of the quality of set of a material diffi cult.

After removing the impression from the mouth 
it is necessary to check to see that the surfaces of 
the teeth are accurately represented in the impres-
sion. It is also wise to ensure that the material 
remains attached to the supporting impression 
tray. The forces required to remove the impression 
from the mouth can disrupt the adhesive bond 
between material and tray, particularly in the 
molar region of lower impressions. If this support 
is disrupted, the accuracy of the impression will 
be reduced, with the impression material record-
ing the molar being lifted away from the tray, 
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distorting the occlusal plane and potentially giving 
grossly inaccurate occlusal contacts.

Impression material which extends beyond the 
tray distally will be unsupported and should be 
trimmed back to the extent of the impression tray. 
If this is not done, there may be problems with 
distortion of this distal extent of the model pro-
duced by the weight of the model-making material 
(commonly dental plaster or stone).

Cross-infection control

It is important that impressions are disinfected 
prior to their being sent to the laboratory for the 
manufacture of models and/or prostheses/appli-
ances, to protect the laboratory staff from the 
transmission of infection from patients. Equally, 
work leaving the laboratory also ought to be dis-
infected to prevent transmission of organisms 
from the laboratory to the patient. The disinfec-
tion of impressions poses particular problems 
as some materials are water based (dental plaster 
and the hydrocolloids), some are subject to water 
uptake and/or loss if exposed to inappropriate 
conditions (hydrocolloids and poly-ethers) and 
the quality of the surface of gypsum-based die 
materials can be affected by the surface disinfec-
tants used to prevent cross-infection.

The fi rst stage in prevention of transmission 
from the patient to the technician is carefully to 
rinse the surface of the impression to remove gross 
contamination with blood or saliva. Current rec-
ommendations in the UK would then suggest that 
all impressions should be further disinfected by 
immersing them in sodium hypochlorite solution 
at a concentration of 10  000 parts per million 
available chlorine for 10 minutes. (Diluted house-
hold bleach at either 1  :  5 or 1  :  10 will achieve 
this, depending on whether the original solution 
was 5% or 10%.) The bleach should be washed 
off the surface of the casts and then models poured 
as soon as possible. This immersion time is suf-
fi cient to inactivate most oral micro-organisms 
(including human immunodefi ciency virus (HIV) 
and hepatitis B virus (HBV)), whilst at the same 
time avoiding distortion of impressions. A similar 
regime can be used for the disinfection of the 
various trial stages during denture construction 
after they have been in the mouth. Aerosol-based 
disinfection processes are not satisfactory as a 
result of the potential to miss some areas of the 
impression with the spray and also the health and 

safety risk of using powerful disinfectants in an 
aerosol form. Glutaraldehyde and sodium dichlo-
roisocyanate solutions have also been advocated, 
but pose a greater health and safety risk to person-
nel in use than hypochlorite. The latter solution 
should be stored in air-tight containers and 
changed at least daily (more frequently with high 
rates of use) to maintain its disinfectant pro perties. 
Recently developed disinfectants such as sodium 
peroxymonosulphate (which is active in a 2% 
solution against bacteria, fungi and viruses) are 
likely to overcome many of the handling and 
storage problems of sodium hypochlorite. This 
product is effective with a 10 minute immersion 
period and can be used with the full range of 
dental impression materials, with the exception of 
the reversible hydrocolloids.

When managing patients who pose an estab-
lished risk of spread of infection to laboratory 
personnel then greater efforts need to be made to 
sterilize rather than to disinfect impressions. Such 
patients would include those who have AIDS or 
those who are sero positive for HIV or HBV. 
Cold sterilization of impressions involves their 
immersion in 2% glutaraldehyde under acidic, 
neutral or alkaline conditions for 10 hours or 
with a phenolic buffer for 6.75 hours. This 
sterilization regime determines the impression 
materials that can be used for this group of 
subjects as the silicone rubbers are the only 
group of materials which shows adequate dimen-
sional stability under these conditions. Despite 
careful rinsing there still tends to be some deleteri-
ous effects on the surface fi nish of gypsum-based 
model materials, giving softened powdery surfaces. 
When making dentures for such patients it is 
necessary to produce multiple copies of the 
working models as these will become contami-
nated with oral washings from the surface of the 
various stages of denture construction at registra-
tion and try in. It is not possible to sterilize a 
gypsum-based model and hence these need to be 
discarded after each clinical stage with the labora-
tory work being sterilized before being returned 
to the laboratory.

Commonly national dental organisations publish 
and regularly update guidelines on cross infection 
control. An example from the British Dental. 
Association is reproduced, with permission, as 
Appendix 1. The reader is advised to consult such 
guidance for country-specifi c and contemporane-
ous advice.
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Chapter 17

Non-elastic Impression Materials

rial in which the setting characteristics are con-
trolled. A pigment such as alazarin red is also 
commonly used, in order to make a clear distinc-
tion between the impression and the model after 
casting of the model. The anti-expansion agent, 
retarder and pigment are incorporated into the 
impression plaster powder by some manufactur-
ers. As an alternative an anti-expansion solution, 
containing potassium sulphate, borax and pigment, 
may be prepared and used with a standard white 
plaster.

Freshly mixed plaster is too fl uid to be used in 
a stock impression tray and is normally used in a 
special tray, constructed using a 1–1.5  mm spacer. 
The tray may be constructed from acrylic resin or 
shellac. Another technique is to record the plaster 
impression as a wash in a preliminary compound 
impression. The compound is deliberately moved 
during setting to create space for the plaster wash. 
The technique for insertion of the impression into 
the mouth involves ‘puddling’ the impression into 
place. With other materials the tray is simply 
seated home in a single movement. With plaster 
the tray is gently moved from side to side and 
antero-posteriorly to best take advantage of the 
handling characteristics of the material, particu-
larly its fl uidity.

Before casting a plaster model in a plaster 
impression, the impression must be coated with 
a separating agent, otherwise separation is 
impossible.

The mixed impression material is initially very 
fl uid and is capable of recording soft tissues in the 
uncompressed state. In addition, the hemihydrate 
particles are capable of absorbing moisture from 
the surface of the oral soft tissues, allowing very 
intimate contact between the impression material 
and the tissues. The fl uidity of the material, com-
bined with the ability to remove moisture from 

17.1 Introduction

Four main types of products form the group 
of impression materials classifi ed as non-elastic 
materials:

(1) Impression plaster;
(2) Impression compound;
(3) Impression waxes;
(4) Zinc oxide/eugenol impression pastes.

They are classifi ed together for convenience 
rather than for reasons of similarity in composi-
tion or properties. A factor which links the materi-
als is their inability to accurately record undercuts. 
One of the materials (plaster) is brittle when set 
and fractures when withdrawn over undercuts. 
The other products are likely to undergo gross 
distortions due to plastic fl ow if used in undercut 
situations.

17.2 Impression plaster

Impression plaster is similar in composition to the 
dental plaster used to construct models and dies 
(Chapter 3). It consists of calcined, β-calcium sul-
phate hemihydrate which when mixed with water 
reacts to form calcium sulphate dihydrate.

The material is used at a higher water/powder 
ratio (approximately 0.60) than is normally used 
for modelling plasters. The fl uid mix is required 
to enable fi ne detail to be recorded in the impres-
sion and to give the material mucostatic pro-
perties. The setting expansion of dental plaster is 
reduced to minimal proportions by using anti-
expansion agents. Potassium sulphate is the most 
common of these and has the secondary effect of 
accelerating the setting reaction, details of which 
are discussed on p. 37. A retarder, such as borax, 
is normally incorporated, in order to give a mate-
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tissues and a minimal dimensional change on 
setting, results in a very accurate impression which 
may be diffi cult to remove.

The water-absorbing nature of these materials 
often causes patients to complain about a very dry 
sensation after having impressions recorded. Dis-
infection of a plaster impression can be achieved 
with a 10 minute soak in sodium hypochlorite 
solution as described previously.

Following setting, the plaster impression mate-
rial is very brittle. It can undergo virtually no 
compressive or tensile strain without fracturing. 
The material is, therefore, not suitable for use in 
any undercut situations.

One technique for recording impressions of 
undercut areas, commonly used before the advent 
of elastic materials, was to allow the impression 
plaster to ‘set’ and then to fracture it in order to 
facilitate removal from the mouth. The material 
is weak and easily fractured due to its high water/
powder ratio. The fragments are then recon-
structed in order to form the completed 
impression.

The properties of impression plasters can be 
compared with those of model plasters and stones 
by reference to Table 3.2. The main differences 
between impression plaster and model plaster are: 
more rapid setting in order to avoid inconve-
nience/discomfort to both the patient and dentist; 
smaller setting expansion for greater accuracy – 
the expansion is actually equivalent to that 
observed for a low expansion die stone (type 4) 
and much lower strength so that fracture can 
occur easily if the material engages an undercut.

Dental impression plaster remains a useful 
material, particularly when recording impressions 
of patients with excessively mobile soft tissues 
overlying the residual alveolar bone (a ‘fl abby’ 
ridge). It is important to capture such tissue at rest 
rather than risk an abnormal pattern of displace-
ment with a more viscous impression material. A 
two-stage technique is commonly used in which a 
special tray is made with appropriate spacing for 
zinc oxide/eugenol paste where the mucosa is well 
supported and having a window overlying the 
‘fl abby’ area. An impression of the bulk of the 
ridge is recorded in zinc oxide/eugenol paste. Any 
excess material is removed from the window and 
the impression re-seated in the mouth. The shape 
of the fl abby ridge at rest is then recorded by 
painting plaster into its surface with a brush and 
keying this impression into the impression tray.

17.3 Impression compound

Impression compound (see Fig. 17.1) is a thermo-
plastic material, having properties which in many 
ways are similar to those of the dental waxes dis-
cussed in Chapter 4. The composition varies from 
one product to another but an indication of typical 
composition is given in Table 17.1. Two types of 
impression compound are available. These are 
usually classifi ed as type I (lower fusing) and type 
II (higher fusing). The type I materials are impres-
sion materials whereas the type II materials are 
used for constructing impression trays. The differ-
ence in fusing temperature between type I and 
type II materials naturally refl ects a difference in 
the composition of the thermoplastic components 
of each.

The lower fusing, type I impression materials 
may be supplied in either sheet or stick form. The 
sheet material is used for recording impressions of 
edentulous ridges, normally using stock trays. The 
stick material is used for border extensions on 
impression trays or for recording impressions of 
single crowns using the copper ring technique.

The sheet material is normally softened using a 
water bath. Both the temperature and time of 
conditioning in the water bath affect the perfor-
mance of the material. If the conditioning tem-
perature is too low the material does not soften 
properly, and if too high, it becomes sticky and 
unmanageable. A temperature in the range 55–
60ºC is normally found to be ideal.

Fig. 17.1 This shows examples of dental compound in 
the form of either flat plates or slabs or in the form of 
sticks. The slabs are used to make impressions of 
edentulous areas in the mouth whilst the sticks are used 
as tray extension materials or for extending special 
(individual) trays.
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The conditioning time must also be carefully 
monitored. It should not be so long that important 
constituents, such as stearic acid, can be leached 
out, nor should it be so short that the material is 
not thoroughly softened. The materials are poor 
conductors of heat and it may take several minutes 
for the centre of the material to become softened. 
It is considered, that for optimal results, type I 
impression compound should undergo consider-
able fl ow at temperatures above 45ºC but fl ow 
should be minimal at or below 37ºC. The stick 
material is generally softened using a fl ame. A 
measure of skill and experience is required in 
order to soften the material suffi ciently without 
causing it to become too fl uid or to ignite. The 
material is tempered in a water bath before placing 
in the patient’s mouth.

The copper ring technique involves the record-
ing of single crown preparations in stick com-
pound employing a hollow, open-ended copper 
tube as a type of ‘tray’. The principle is illustrated 
in Fig. 17.2. The surface of the compound is 
copper plated in an electroplating bath and an 
epoxy resin/metal die made. A separate locating 
impression is also recorded of the prepared tooth. 
The die is inserted into this impression and then 
a stone working model is made by pouring stone 
into the impression. This technique has largely 
been superseded by the use of silicone rubbers for 
crown and bridgework. However, it can be of 
value, particularly in areas where moisture control 
is a problem.

One of the main requirements for impression 
compound, set out in American and British Stan-
dards, is for the value of fl ow at mouth tempera-
ture (37ºC) and 45ºC (Table 17.2). It is this test 
which primarily distinguishes the type I and type 
II materials. The type I material should fl ow 
readily at just above mouth temperature, whilst 
the type II material should ideally not distort at 
mouth temperature. The fl ow is measured at the 

Table 17.1 Composition of a typical impression compound material.

Component Example Function

Thermoplastic material (47%) Natural or synthetic resins 
and waxes

Characterises the softening temperature 

Filler (50%) Talc Gives ‘body’ by increasing viscosity of the softened 
material; reduces thermal contraction

Lubricant (3%) Stearic acid Improves fl ow properties

Crown
shoulder

Crown
preparation

Copper
tube

Impression
compound

Fig. 17.2 Diagram illustrating the principle of the copper 
ring technique for obtaining impressions of crown 
preparations.

Table 17.2 Flow of impression compound as required by 
ADA specification no 3, and BS 3886.

Flow at 37ºC at 45ºC

Type I 20% or less† 85% or more
6% or less*

Type II 2% or less between 70 and 85%

* ADA specifi cation no 3.
†  BS 3886.

stated temperature by applying a load of 2  kg to 
the fl at ends of a cylindrical specimen 6  mm high 
by 10  mm diameter for 10 minutes.

The other main requirement of standards is for 
impression taking properties. This applies to type 
I materials only. The material should be capable 
of recording sharp grooves 0.2–4  mm wide cut 
into the surface of a metal test block.

Impression compound is the most viscous of the 
impression materials in common use. Table 17.3 
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gives typical values of viscosity for some materi-
als, measured at a given shear rate. It can be seen 
that under these conditions the viscosity is some 
70 times greater than that for impression plaster 
and more than 100 times greater than values for 
some of the light-bodied elastomers. The very 
high viscosity of impression compound is signifi -
cant in two ways. Firstly, it limits the degree of 
fi ne detail which can be recorded in an impression. 
(see Fig. 17.3) Secondly, it characterises com-
pound as a mucocompressive impression material. 
In certain circumstances, the high viscosity is used 
to advantage. For example, when recording 
impressions of some edentulous patients it is nec-
essary to record the full depth of the sulcus so that 
a denture with adequate retention can be designed. 

Only a viscous material, such as compound, is 
able to displace the lingual and buccal soft tissues 
suffi ciently.

Compound is fairly rigid after setting and has 
poor elastic properties. A large stress would be 
required to remove an impression from undercut 
areas and the resultant impression would be 
grossly distorted. The materials have large values 
of coeffi cient of thermal expansion and undergo 
considerable shrinkage on removal from the 
mouth. This can be partially overcome by resoft-
ening the surface of the impression with a fl ame 
and reseating the impression.

Three factors combine to produce signifi cant 
internal stresses within the compound 
impression.

(1)  The high value of coeffi cient of thermal 
expansion.

(2) The poor thermal conductivity.
(3)  The relatively large temperature drop from 

the softening temperature to room 
temperature.

The gradual relief of internal stresses may cause 
distortion of the impression. For the most accu-
rate results, the model should be poured as soon 
as possible after recording the impression.

Impression compound is most widely used for 
recording preliminary impressions of edentulous 
arches. The high viscosity of the material enables 
the full depth of the sulcus to be recorded. This 
gives a model on which a special tray can be con-
structed. A major impression is recorded in the 
special tray using a less viscous material, such as 
zinc oxide/eugenol impression paste.

The use of impression compound has declined 
markedly over recent years as newer materials and 
techniques have become available. The declining 
use of impression compound is refl ected in the 
lack of any development of an international 
standard (ISO) for these materials. Impression 
compound is still used widely in stick form to 
modify/refi ne the peripheral extent of a special 
tray, particularly for complete dentures or in the 
edentulous regions for partial dentures. Denture 
retention relies on a number of factors including 
developing an adequate border seal around the 
denture against the soft tissues. This is achieved 
by extending the denture so that it just begins to 
displace the movable soft tissues at the periphery 
of the denture. Obviously such extensions cannot 
impinge on areas of muscle activity or the denture 

Table 17.3 Viscosity values for some impression 
materials.*

Material Viscosity (Pas)

Impression compound 4000
Impression plaster  60
Zinc oxide/eugenol paste  60
Alginate  50
Light-bodied elastomer  30
‘Putty’ elastomer  800

* Measured at 50  s−1 shear rate at 23ºC and 1 minute after 
mixing – for materials which require mixing.

Fig. 17.3 This shows a typical edentulous impression 
recorded in impression compound. Note the lack of any 
fine detail in this impression due to the very high viscosity 
of the material.
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will be displaced in function. Thus, there is a need 
to record a dynamic shape of the oral soft tissues. 
This is achieved by trimming back the special tray 
until it is just short of the lines of movement of 
the mucosa. The periphery of the tray is then 
coated in softened ‘green stick’ tracing compound 
and the tray replaced in the mouth. The cheeks 
are then manipulated by the dentist to simulate 
functional movement to produce a dynamically 
generated shape in the softened thermoplastic 
material. Care must be taken to ensure that the 
patient is not burnt during this process.

Green stick compound is also used to provide 
localized mucocompression at the distal extent of 
the palatal coverage for an upper denture. This is 
necessary to give border seal in this area (the post 
dam) when using an otherwise mucostatic impres-
sion technique.

Doubts have been expressed over the ability of 
compound impressions to survive chemical treat-
ments used for the decontamination and disinfec-
tion of impressions.

17.4 Impression waxes

Impression waxes are rarely used to record com-
plete impressions but are normally used to correct 
small imperfections in other impressions, particu-
larly those of the zinc oxide/eugenol type. They 
are thermoplastic materials which fl ow readily at 
mouth temperature and are relatively soft even at 
room temperature. They are applied with a brush 
in small quantities to ‘fi ll in’ areas of impressions 
in which insuffi cient material has been used 
or in which an ‘air blow’ or crease has caused 
a defect.

Waxes can also be used to produce a mucocom-
pressive impression of the edentulous saddles for 
a lower, free-end saddle partial denture – the so-
called Applegate technique. The wax is fi rst melted 
before being applied to the area of the impression 
that is faulty or to the impression tray. The impres-
sion tray is then returned to the mouth and should 
be reseated with fi rm fi nger pressure. It is impor-
tant to leave the impression in the mouth for suf-
fi cient time to raise the wax to oral temperature 
so it will undergo plastic fl ow under pressure to 
record accurately the denture bearing area.

These materials consist, typically, of a mixture 
of a low melting paraffi n wax and beeswax in a 
ratio of about 3  :  1. This composition ensures a 
very high degree of fl ow at mouth temperature.

17.5 Zinc oxide/eugenol impression pastes

These materials are normally supplied as two 
pastes which are mixed together on a paper pad 
or glass slab. (see Figs. 17.4 and 17.5) Typical 
compositions of the two pastes are given in Table 
17.4. There is normally a good colour contrast 
between the two pastes, the zinc oxide paste, typi-
cally, being white and the eugenol paste, a reddish 

Fig. 17.4 This shows a typical example of impression 
paste materials. They consist of two pastes which are 
extruded out onto the mixing slab and mixed together by 
hand using a spatula. The main active ingredient of one 
paste is zinc oxide whilst the main active ingredient of the 
other paste is eugenol.

Fig. 17.5 This shows the two pastes of zinc oxide and 
eugenol being mixed together. Here we see the 
advantage of using pastes of different colours since it is 
possible to tell when proper mixing has been achieved. In 
this case there are still obvious streaks of the two 
individual pastes showing that mixing is incomplete.
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brown colour. This enables thorough mixing to 
be achieved as indicated by a homogeneous colour, 
free of streaks, in the mixed material.

The pastes are normally dispensed from tooth-
paste-like tubes and are mixed in equal volumes. 
The proportioning is achieved, simply, by expres-
sion equal lengths of each paste onto the mixing 
pad or slab. The manufacturers normally label 
one of the tubes as the catalyst paste and the other 
the base paste. Some manufacturers refer to the 
zinc oxide paste as the catalyst paste, whilst others 
refer to it as the base paste.

On mixing the two pastes, a reaction between 
zinc oxide and eugenol begins. Figure 17.6 gives 
the structural formula of eugenol. The basis of the 
reaction is that the phenolic – OH of the eugenol 
acts as a weak acid and undergoes an acid – base 
reaction with zinc oxide to form a salt, zinc euge-
nolate, as follows:

2C10H12O2 + ZnO → Zn(C10H11O2)2 + H2O

Two molecules of eugenol react with zinc oxide 
to form the salt. The structural formula of zinc 
eugenolate is given in Fig. 17.7. It can be seen that 
the ionic salt bonds are formed between zinc and 
the phenolic oxygens of each molecule of eugenol. 
Two further co-ordinate bonds are formed by 
donation of pairs of electrons from the methoxy 
oxygens to zinc. These bonds are indicated by the 
arrows in Fig. 17.7. Although the structural 
formula shows the two aromatic rings lying in the 
plane of the paper, in fact, they occupy perpen-
dicular planes, such that one ring is in the plane 

Table 17.4 Composition of impression pastes.

Component Function

Paste 1 Zinc oxide Reactive ingredient which takes part in setting reaction
Olive oil, linseed oil or equivalent Inert component used to form paste with zinc oxide
Zinc acetate or equivalent (in small quantities) To accelerate setting
Water (trace) in some products To accelerate setting

Paste 2 Eugenol (oil of cloves) Reactive ingredient – takes part in setting reaction
Kaolin, talc or equivalent Inert fi ller used to form a paste with eugenol

Fig. 17.6 Structural formula of eugenol.

Fig. 17.7 Structural formula of zinc eugenolate.

of the paper whilst the other is in a plane at 90º 
to the plane of the paper. The structure can, there-
fore, be visualized as a central zinc atom held by 
two eugenol ‘claws’. Compounds with this type of 
structure are normally referred to as chelate 
compounds.

The setting reaction is ionic in nature and 
requires an ionic medium in which to proceed at 
any pace. The ionic nature is increased by the 
presence of water and certain ionizable salts which 
act as accelerators. Some manufacturers do not 
incorporate water into the pastes and for these 
materials setting is retarded until the mixed paste 
contacts moisture in the patient’s mouth. Water is 
then absorbed and setting is accelerated. Other 
manufacturers include water as a component of at 
least one of the pastes, in order that setting can 
commence immediately after mixing.

These materials are normally used to record 
the major impressions of edentulous arches. The 
impression is normally recorded in a close-fi tting 
special tray, constructed on the model obtained 
from the primary impression, or inside the patient’s 
existing denture. The periphery of the special tray 
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or denture needs to be modifi ed with tracing 
compound to ensure appropriate contour of the 
impression and to give support to the paste in 
these critical areas.

The thickness of paste used is normally around 
1  mm. This thin section of material results in an 
insignifi cant dimensional change on setting and 
subsequent storage of the impression. The rela-
tively low initial viscosity of the mixed paste, 
coupled with its pseudoplastic nature, allows fi ne 
detail to be recorded in the impression. Defects 
sometimes arise on the surface of the impression 
but these can be corrected using an impression 
wax.

The major restriction on the use of these materi-
als is their lack of elasticity. The set material may 
distort or fracture when removed over undercuts. 
The materials are sometimes used to record small 
undercuts in soft tissues but the tendency of some 
pastes to fl ow under relatively small pressures 
should be remembered. There is some variation in 
the properties of set impression pastes. Some are 
relatively hard and brittle when set, resembling 
impression plaster in this respect. Others show a 
less precise set point appearing to only increase in 
viscosity during setting, remaining relatively soft 
after several minutes. Naturally there is a greater 
tendency for the soft materials to undergo fl ow 
during the removal of the impression. Use of either 
the soft or hard type impression pastes depends 
more on operator preference than on any logical 
scientifi c argument.

For the vast majority of patients the zinc oxide 
eugenol impression pastes may be considered non-
irritant. Occasionally, however, eugenol may 
promote an allergic response in some patients. To 
cater for this type of patient, eugenol-free zinc 
oxide impression pastes are available. The eugenol 
is replaced by an alternative organic acid.

The properties of impression pastes which are 
embodied as requirements of standards vary from 

one national standard to another. The fact that 
there is no International Standard (ISO) for these 
products is probably indicative of the declining 
use of these materials. ADA specifi cation no 16 
sets out requirements for consistency and hard-
ness which are used to categorize impression 
pastes as either type 1 (hard) or type II (soft) as 
well as limiting the values of initial and fi nal 
setting times. BS specifi cation 4284 includes a test 
for consistency but materials are not classifi ed as 
‘hard’ or ‘soft’ in this standard.

Also within BS4284 are requirements for 
working time and setting time as determined by 
a rheometer, strain in compression, dimensional 
stability, impression taking properties and com-
patibility with gypsum. For strain in compression 
a cylindrical sample 20  mm high by 12.5  mm 
diameter is subjected to a load of 500  g across 
the fl at ends of the cylinder. A maximum strain 
of 12% is allowed. However, a weakness of this 
test is that no attempt is made to differentiate 
between elastic and plastic strain. It is probably 
safe to assume that for these materials the 
strain will be primarily plastic in nature. The 
impression taking properties are determined from 
the ability to reproduce fi ne engraved lines on a 
metal block. The fi nest line is only 0.025  mm 
wide. The dimensional stability is determined by 
measuring the extent to which the distance 
between two fi xed points on the surface of a 
sample of set material changes between 15 
minutes and 6 hours. The maximum allowed 
change is only 0.02%. These requirements confi rm 
the ability of the materials to record fi ne detail 
and their good dimensional stability. In addition 
to recording conventional nonundercut impres-
sions the materials described in this chapter have 
also traditionally been used for recording inter-
occlusal relationships, although there is now 
increased use of elastomeric materials for this 
purpose.



Chapter 18

Elastic Impression Materials: 
Hydrocolloids

rials. The products are introduced into the patient’s 
mouth while in the fl uid, sol form. When conver-
sion to gel is complete, and elastic properties have 
been developed, the impression is removed and 
the model cast.

The formation of gel and development of elastic 
properties through alignment of polysaccharide 
chains may take place by one of two mechanisms. 
For some materials, gel formation is induced by 
cooling the sol. Chains become aligned and are 
mutually attracted by Van der Waals forces. Inter-
molecular hydrogen bonds may be formed between 
adjacent chains, enhancing the elasticity of the gel. 
On reheating the gel, these bonds are readily 
destroyed and the material reverts to the sol form. 
These materials are the reversible hydrocolloids 
(agar). The principle of gel formation is given in 
Fig. 18.1.

For other materials, gel formation involves the 
production of strong intermolecular cross-links 
between polysaccharide chains. These materials 
do not require cooling in order to encourage gel 
formation and once formed the gel does not 
readily revert to the sol form. These materials are 
the irreversible hydrocolloids (alginates).

18.2 Reversible hydrocolloids (agar)

These materials are normally supplied as a gel in 
a fl exible, toothpaste-like tube or syringe. The gel 
consists primarily of a 15% colloidal suspension 
of agar in water. Agar is a complex polysaccharide 
which is extracted from seaweed. Figure 18.2 
gives a very simplifi ed indication of the type of 
molecular structure. The high molecular weight, 
coupled with the large concentration of free 
hydroxyl groups, renders the material suitable for 
hydrocolloid formation.

Small quantities of borax and potassium sul-
phate are normally present in the gel. Borax is 

18.1 Introduction

Hydrocolloid impression materials used in den-
tistry are based on colloidal suspensions of poly-
saccharides in water. A colloidal suspension is 
characterised by the fact that it behaves neither as 
a solution, in which the solute is dissolved in the 
solvent, nor as a true suspension, in which a het-
erogeneous structure exists with solid particles 
being suspended in a liquid. The colloidal suspen-
sion lies somewhere between these two extremes, 
no solid particles can be detected and yet the 
mixture does not behave as a simple solution. The 
molecules of the colloid remain dispersed by 
nature of the fact that they carry small electrical 
charges and repel one another within the dispers-
ing medium. When the fl uid medium of the col-
loid is water it is normally referred to as a 
hydrocolloid.

Dental hydrocolloid impression materials exist 
in two forms: sol or gel form. In the sol form, they 
are fl uid with low viscosity and there is a random 
arrangement of the polysaccharide chains. In the 
gel form, the materials are more viscous and may 
develop elastic properties if the long polysaccha-
ride chains become aligned. Alignment of the 
polysaccharide chains as fi brils which enclose the 
fl uid phase normally causes the gel to develop a 
consistency similar to that of jelly. The greater the 
concentration of fi brils within the gel the stronger 
the jelly structure will be. This point is best illus-
trated by consideration of the properties of com-
mercial, fl avoured gelatin (jelly). The material 
which is initially purchased is a fairly strong gel 
but after dilution with water the resulting gel is 
much weaker. This is relevant to dental hydrocol-
loids since the strength of the gel is important and 
depends on the concentration of polysaccharide 
material dispersed in the aqueous phase.

The conversion from sol to gel forms the basis 
of the setting of the hydrocolloid impression mate-

154
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added to give more ‘body’ to the gel, although the 
mechanism by which this is achieved is unclear. 
Unfortunately, borax retards the setting of gypsum 
model and die materials and models formed in 
agar impressions may have surfaces of poor 
quality. The presence of potassium sulphate in the 
agar gel counteracts this effect of the borax, since 
it accelerates the setting of gypsum products (see 
p. 37). Alternatively, the impression may be 
dipped in a solution of accelerator.

Manipulation: Reversible hydrocolloids are nor-
mally conditioned, prior to use, using a specially 
designed conditioning bath. This consists of three 
compartments each containing water (Fig. 18.3).

The tube or syringe of gel is fi rst placed in the 
100ºC bath. This rapidly converts the gel to sol 
and the contents of the tube become very fl uid. 
The tube is then transferred to the 65ºC bath 
where it is stored until required for use. This tem-
perature is high enough to maintain the material 
in the sol form. At this stage, the material is mixed 
by squeezing the tube, thus ensuring an even dis-
tribution of components. A few minutes before 
the impression is recorded, the contents are cooled 
to 45ºC. If the material is maintained at this tem-
perature for long, it slowly begins to revert to the 
gel form. When the impression is recorded, the sol 
is expressed from the tube into an impression tray 
and seated in the patient’s mouth. Reversible 

hydrocolloids are available in a variety of viscosi-
ties to help us achieve high levels of accuracy for 
use in crown and bridgework. A high viscosity sol 
is transferred from the tempering bath into a stock 
tray and a low viscosity material can be syringed 
directly onto the prepared teeth. The tray is then 
inserted into the mouth over the teeth concerned. 
There is a temperature hysteresis effect on the gel 
to sol and sol to gel transition in that the latter 
process occurs at a lower temperature than the gel 
to sol transition. The conversion from sol to gel 
takes place slowly at mouth temperature and it 
may be many minutes before the material devel-
ops suffi cient elasticity to permit removal of the 
impression. The rate of conversion of sol to gel 
may be accelerated by spraying cold water onto 
the impression tray whilst it is in the mouth, or 
by using water-cooled impression trays. The latter 

Fig. 18.1 Diagram illustrating the 
formation of an aqueous polysaccharide gel 
by ordering of the polymer chains. (a) 
Disordered chains (present in sol). (b) 
Ordered chains (present in gel). Chemical 
cross-links are formed in irreversible 
materials.

Fig. 18.2 Simplified structural formula of 
a polysaccharide chain similar to that used 
in agar.

Fig. 18.3 A specialized water bath used for conditioning 
agar impression material.
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are metal stock trays with a narrow-bore metal 
tube attached to the outer surface. The tube is 
connected to a cold water supply and the circulat-
ing water reduces the temperature of the tray. The 
coolest areas of the sol are converted to gel more 
rapidly, so the material in contact with the tray 
sets more rapidly than that in contact with the 
oral tissues. It is argued that this arrangement may 
be advantageous. If slight movements of the 
impression tray take place during setting, the 
material adjacent to the oral tissues can fl ow to 
compensate, thus reducing inaccuracies.

Removal from the mouth is accomplished with 
a snapping action. The reversible hydrocolloids 
are very susceptible to water uptake and loss (syn-
eresis and imbibition). After recording an impres-
sion it should be rinsed to remove debris and then 
stored covered in a damp gauze. The model should 
be poured within 30 minutes of the impression 
being recorded. It is not possible to use a hydro-
colloid impression to make metal coated or epoxy 
resin dies.

One clinical advantage of the reversible hydro-
colloids relates to their ability to take up moisture. 
A poorly fi tting provisional crown can result in 
gingival infl ammation and an increased rate of 
crevicular fl uid fl ow. In turn this makes the record-
ing of an accurate impression of the crown margins 
more diffi cult. When a reversible hydrocolloid is 
used in such patients it tends to ‘draw’ moisture 
from the marginal gingival tissues. This has the 
effect of producing a relatively poor fi rst impres-
sion but a greater chance of success with the 
second as the levels of fl uid fl ow will be decreased. 
It is possible to re-use reversible hydrocolloids. 
However, concerns about cross-infection control 
and alteration to the material’s physical properties 
by altered water content and the incorporation of 
small chips of dental stone into the material during 
repeated use make this approach unacceptable.

Properties: Many of the important properties of 
agar impression materials are embodied in the ISO 
Standard for dental aqueous impression materials 
based on agar, ISO 1564. This standard classifi es 
materials according to consistency as:

Type 1  high consistency
Type 2  medium consistency
Type 3  low consistency

Some of these products can be used alone to 
record impressions whilst others are designed to 
be used in techniques requiring two materials 
of different consistency. For example, the type 1 
material can be used for making impressions of 
complete or partial dental arches with or without 
the use of syringe-extruded increments of type 2 
or 3 material. When type 1 is used in combination 
with types 2 or 3 the type 1 material is softened 
and extruded into the impression tray whilst the 
type 2 or 3 material is extruded from a syringe 
into the mouth to cover the area which is to be 
recorded.

The type 2 materials are multi-purpose in appli-
cation as they can also be used for making impres-
sions of complete and partial dental arches with 
or without the use of a syringe-extruded incre-
ment, but these products can also themselves be 
syringe-extruded for use in the combination tech-
nique. The type 3 materials are designed specifi -
cally for syringe use and are used with a type 1 or 
type 2 material in the combination technique. 
Table 18.1 gives some of the requirements of type 
1 and type 2 materials compared with alginate 
materials. In the sol form, agar is suffi ciently fl uid 
to allow detailed reproduction of hard and soft 
oral tissues. Its low viscosity classifi es it as a 
mucostatic material, as it does not compress or 
displace soft tissues. The requirement for detail 
reproduction in ISO 1564 is tested through con-
fi rming that the material is able to reproduce a 

Table 18.1 Comparison of the requirements of reversible and irreversible hydrocolloid impression materials (ISO 1564 
and ISO 1563).

Reversible (agar) Irreversible (alginate)

Strain in compression (%) 4  min, 15  max 5  min 20  max
Recovery from deformation (%) 96.5  min 95  min
Detail reproduction (mm) 0.02 0.05
Compatibility with gypsum (mm) 0.05 0.05
Resistance to tearing (N/mm) 0.75 –
Compressive strength (MPa) – 0.35
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0.02  mm line on a metal test block. In order to 
demonstrate compatibility with gypsum a line 
0.05  mm thick must be reproduced when a gypsum 
cast is prepared from an agar impression.

In the gel form, agar is suffi ciently fl exible to be 
withdrawn past undercuts. In the standard test 
for agar materials (ISO 1564) this requirement is 
tested using a cylinder of material 20  mm long and 
12.5  mm diameter. The height of the cylinder is 
measured under a minor load of 125  g and then 
under a major load of 1.25  kg. The resulting strain 
in compression produced by changing from the 
minor to the major load is required to be between 
4% and 15%. This is great enough to ensure that 
the set material can be readily removed from 
undercuts, but not so great that the material 
undergoes deformation under the load of the 
gypsum model material.

The materials are viscoelastic and the elastic 
recovery can be optimized by using correct tech-
nique. A suitable model used to explain the nature 
of viscoelastic materials is described on p. 17 (see 
Fig. 2.14). The amount of permanent deformation 
exhibited by a viscoelastic impression material is 
a function of the severity of the undercuts and the 
time for which the material is under stress during 
the removal of the impression. The elastic recov-
ery is enhanced and permanent deformation re-
duced if the impression is removed in one quick 
movement, ensuring that the impression material 
is under stress only momentarily. Elastic recovery 
or recovery from deformation is another require-
ment of the international standard for agar 
impression materials (ISO 1564). A cylindrical 
specimen 20  mm high and 12.5  mm diameter is 
compressed by 4  mm (i.e. 20% of its height) for 
one second. Following this compression the mate-
rial is required to exhibit at least 96.5% recovery 
– expressed as a percentage of the original speci-
men length.

Agar gel has very poor mechanical properties 
and tears at very low levels of stress. Interproxi-
mal and subgingival areas are very diffi cult to 
record with this type of impression material. Tear 
resistance is determined (ISO 1564) using a speci-
men of the type shown in Fig. 18.4. The specimen 
is gripped at each end and then stretched and the 
force required to propagate a tear from the notch 
tip is determined. The tear resistance (Ts) is calcu-
lated as:

Ts = F/d N/mm

where F is the maximum force and d is the thick-
ness of the specimen. The standard requires that 
Ts should be at least 0.75  N/mm for type 1 and 
type 2 materials and 0.5  N/mm for type 3 
materials.

The material has very poor dimensional stabil-
ity – a function of the very high water content of 
the gel. On standing, water is readily lost by a 
combination of syneresis and evaporation. The 
process of syneresis may be envisaged as a squeez-
ing out of water from between polysaccharide 
chains. As a result, one can often observe small 
droplets of water on the surface of an agar impres-
sion. The water may be lost by evaporation, 
causing shrinkage of the impression and seriously 
affecting accuracy.

In the presence of excess water, agar gel may 
absorb water by a process which is, effectively, the 
reverse of syneresis. This process is referred to as 
imbibition. When water is imbibed it causes a 
separation of the aligned polysaccharide chains 
and a swelling of the impression. In order to 
assure optimum accuracy the model should be 
cast as soon as possible.

The primary uses of agar impressions are for 
partial denture and crown and bridge patients. 
For these applications, the poor tear resistance is 
considered to be their major disadvantage.

The materials are widely used as laboratory 
duplicating materials. For this application their 

Fig. 18.4 Specimen used for determination of tear 
resistance of impression materials based on agar.
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main advantage is that the material can be re-
used, a signifi cant factor in this application where 
the products are used in relatively large bulk. In 
the construction of partial dentures and orthodon-
tic appliances it is often necessary to produce 
more than one cast. It is not always possible or 
advisable to pour two or more casts from one 
impression and in such cases the fi rst cast is dupli-
cated using a reversible hydrocolloid duplicating 
material.

The technique for duplication involves standing 
the cast on a glass slab surrounded by a metal 
duplicating fl ask which is designed to allow an 
even thickness of material all round. The duplicat-
ing hydrocolloid, which is normally thinner in 
consistency than the impression hydrocolloids, is 
heated to cause conversion to the sol state and 
then allowed to cool to about 50ºC before use. 
The fl uid material is then poured through a hole 
in the top of the duplicating fl ask until the fl ask 
is full and excess material spills from an overfl ow 
vent in the fl ask. The material is best poured at as 
low a temperature as possible, whilst maintaining 
the sol state, in order to minimize contractions 
which occur during gelation.

A further means of reducing contraction effects 
is to cool the fl ask from the base to prevent the 
colloid from shrinking away from the cast. When 
gelation is complete the master cast is removed 
with a rapid movement rather than by easing it 
away, in order to optimize elastic recovery within 
the gel.

Reversible hydrocolloids are viscoelastic materi-
als and are likely to undergo permanent deforma-
tion if subjected to stresses for more than a few 
seconds. The duplicate cast should be poured 
straight away after removal of the master cast in 
order to avoid dimensional changes in the hydro-
colloid caused by syneresis. Setting of gypsum 

casts in contact with hydrocolloids may be inhib-
ited by the presence of Borax in the latter. This 
potential problem can normally be avoided by 
treating the surface of the hydrocolloid with 
an accelerator for gypsum, such as potassium 
sulphate.

18.3 Irreversible hydrocolloids (alginates)

Alginate impression materials are supplied as 
powders which are mixed with water. The typical 
composition of an alginate powder is given in 
Table 18.2. The relative concentration of each 
ingredient varies from one product to another. 
Some alginates are more fl uid than others because 
they contain less fi ller, while some products are 
faster setting than others because they contain less 
trisodium phosphate.

Manipulation: The normal method of dispensing 
the materials is in large tubs. Scoops are provided 
for measuring the powder whilst plastic measur-
ing cylinders are generally used to meter the 
correct volume of water. An alternative method 
of dispensation is to supply the alginate powder 
in small sachets. The contents of one sachet are 
suffi cient for one impression. The operator simply 
adds the correct volume of water. This ensures 
a correct concentration of ingredients in each 
impression. Materials supplied in tubs have a ten-
dency to undergo separation as the dense ingredi-
ents fall to the bottom of the container. This must 
be overcome by inverting the container before use. 
It also prevents compaction of the powder and 
ensures that a reproducible volume of material is 
used in each mix. After proportioning, the powder 
and water are mixed together in a plastic mixing 
bowl using a wide-bladed spatula. Rapid spatula-
tion is required to give thorough mixing and an 

Table 18.2 Composition of alginate impression material powders.

Material Amount (%) Function

Sodium or potassium salt of alginic acid 11–16 Main reactive ingredient; forms sol with water 
 and becomes cross-linked to form gel

CaSO4  .  2H2O (gypsum) 11–17 Source of Ca2+ ions which cause cross-linking 
 of the alginate chains

Na3PO4  1–3 Used to control the working time
Inert fi ller – such as diatomaceous earth 65–75 Gives ‘body’ and enables easy manipulation
Reaction indicator (present in some products) Gives a colour change when setting is complete
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alginate sol of ‘creamy’ consistency. The material 
is used in either stock trays or special trays and 
an adhesive is used to aid retention of the impres-
sion material to the tray.

Setting reaction: On mixing and spatulating the 
powder and water, an alginate sol is formed. The 
sodium phosphate, present in the powder, dis-
solves readily in the water whilst the gypsum is 
only sparingly soluble (solubility about 0.2%).

The structural formula of sodium alginate is 
given in Fig. 18.5a. This may be represented by 
the simplifi ed structure given in Fig. 18.5b for the 
purpose of clarifying the setting reaction.

Sodium alginate readily reacts with calcium ions 
derived from the dissolved gypsum to form calcium 
alginate, as shown in Fig. 18.6. The replacement 
of monovalent sodium with divalent calcium 
results in the cross-linking of the alginate chains 
and the conversion of the material from the sol to 
gel form. As the setting reaction proceeds, and the 
degree of cross-linking increases, the gel develops 
elastic properties.

Sodium phosphate plays an important role in 
controlling the setting characteristics of alginate 
materials. It reacts rapidly with calcium ions 
as they are formed giving insoluble calcium 
phosphate:

3Ca2+ + 2Na3PO4 → Ca3(PO4)2 + 6Na+

This reaction denies the supply of calcium ions 
required to complete the cross-linking of alginate 
chains and thus extends the working time of the 
material. When all the sodium phosphate has 
reacted, calcium ions become available for reac-
tion with sodium alginate, the setting reaction is 

initiated and the viscosity of the material increases 
rapidly.

Properties: The freshly spatulated material has 
low viscosity (see Table 17.3), although this can 
be varied to some extent by alterations in the 
amount of inert fi ller incorporated by the manu-
facturer. The low viscosity, coupled with a degree 
of pseudoplasticity, classifi es alginates as muco-
static impression materials. They are able to record 
soft tissues in the uncompressed state. For some 
applications low viscosity may be a disadvantage, 
for example, when trying to record the depth of 
the lingual sulcus. A higher viscosity is required 
to displace the lingual soft tissues in order that the 
full depth can be recorded.

It follows from the description of the setting 
reaction that these products go through an induc-
tion period following mixing, during which the 
viscosity remains almost unaltered. This is fol-
lowed by rapid setting. The setting characteristics 
of these materials, therefore, approach the ideal 
requirement of adequate working time followed 
by rapid setting. They are almost unique from this 
point of view. The setting characteristics can be 
further controlled by the operator by fi xing the 
temperature of the water used. The use of warm 
water reduces the working time and setting time 
both by accelerating the rate at which sodium 
phosphate is consumed and by subsequently 
increasing the rate of the cross-linking reaction. 
The use of cold water, naturally, has the reverse 
effect.

In contrast to the reversible hydrocolloids, algi-
nate material adjacent to the oral tissues sets more 
rapidly, whilst that adjacent to the cooler tray 

Fig. 18.5 The structural formula of 
sodium alginate. (a) Actual formula. 
(b) Simplified formula.
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wall sets more slowly. Hence, the operator must 
ensure that the impression tray is not moved 
during setting, otherwise distortions occur.

Some of the properties of dental alginate impres-
sion materials are outlined in the requirements of 
ISO 1564. These are outlined in Table 18.2 where 
a comparison with the agar products can be made. 
Alginate is commonly used in bulk within a stock 
or an appropriately spaced special tray. Greater 
levels of accuracy of occlusal and interproximal 
area are achieved if the surfaces of the teeth are 
dried and excess alginate is smeared onto the 
tooth surfaces using a fi nger. This helps to prevent 
the incorporation of air bubbles in the surface 
of the impression, which would be manifest as 
‘pimples’ on the surface of the models of the 
teeth.

Following setting, the material is fl exible and 
elastic enough to be withdrawn past undercuts, 

although it should be remembered that, as for 
agar, the alginate materials are viscoelastic and 
due regard to this should be made when with-
drawing the impression from the patient’s mouth 
(see Section 18.2). The degree of cross-linking 
continues to increase after the material has appar-
ently set. Waiting a further minute or two before 
removing the impression enhances the elastic 
nature of the materials.

Reference to Table 18.2 indicates that typically 
alginate and agar materials are equally fl exible 
and the range of strain in compression values 
allowed is similar for the two materials. Some 
alginate products are more fl exible as indicated by 
the higher maximum value of strain in compres-
sion. Elastic recovery is similar for the two materi-
als, although the standards require agar materials 
to have a slightly higher recovery from deforma-
tion. Alginate gels have poor mechanical propertie s 

Fig. 18.6 Schematic representation 
of the cross-linking of alginate 
chains by replacement of sodium 
ions with calcium ions.
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and are liable to tear when removed from deep 
undercuts, particularly in interproximal and sub-
gingival areas. Curiously the ISO Standard for 
alginate materials does not specify a requirement 
for resistance to tearing but instead specifi es a 
minimum compressive strength (Table 18.2). Since 
these materials are more likely to fracture by 
tearing in tension than through crushing in com-
pression it is likely that this shortcoming will be 
addressed in future editions of the standard.

Permanent distortions due to viscoelastic effects 
and tearing are reduced slightly by using a large 
bulk of material. It is normal to have approxi-
mately 3–5  mm of material between the tissues 
and the tray.

The model should be cast as soon as possible, 
in order to prevent inaccuracies due to dimen-
sional changes, because alginate impressions 
undergo syneresis and imbibition by the same 
mechanisms described for agar (see Section 18.2). 
The impressions may be stored for a short time if 
covered with a damp napkin.

Alginate impression materials are widely used 
for a variety of applications. In prosthodontics, 
they are used for recording impressions of eden-
tulous and partially dentate arches. In orthodon-
tics, they are used for recording impressions prior 
to appliance construction and they are used exten-
sively for recording impressions for study model 
construction. They are only rarely used for crown 
and bridge work because their poor tear resistance 
is a serious disadvantage when considering this 
application.

Decontamination: Over recent years the need for 
strict cross-infection control in dentistry has taken 
on a new signifi cance, as stated earlier. The need 
for a simple and effective means for the decon-
tamination of impressions has been identifi ed. 
Most such procedures involve treatment in 
aqueous solutions of hypochlorite or aldehyde 
(formaldehyde or glutaraldehyde). For both agar 
and alginate type materials soaking in aqueous 
media presents a potential problem because of the 
previously mentioned process of imbition which 
causes dimensional change and distortion. Evi-
dence is emerging that for alginates a relatively 
short term treatment (approximately 10 minutes) 
can be effective without causing undue dimen-
sional change. Alternatively, the use of rinsing 
combined with short ‘dips’ in glutaraldehyde solu-
tion or the use of a hypochlorite spray has been 

suggested. An alternative is to disinfect the poured 
stone cast by immersing it in sodium hypochlorite, 
again for 10 minutes (see Appendix 1).

18.4 Combined reversible/irreversible 
techniques

Techniques involving the combined use of revers-
ible and irreversible hydrocolloids have been 
advocated in recent years. The technique involves 
loading a conventional impression tray with algi-
nate material and syringing reversible hydrocol-
loid around the region of the mouth to be recorded. 
The bulk of the fi nal impression therefore consists 
of alginate whilst the surface close to the hard 
and soft oral tissues consists of reversible 
hydrocolloid.

The technique is claimed to give the good 
surface detail reproduction of a reversible hydro-
colloid impression whilst overcoming some of the 
problems of using this material alone. The thin 
layer of reversible material sets relatively quickly 
without the need to use special water-cooled trays. 
The combined materials suffer many of the disad-
vantages of their parent materials however, such 
as poor dimensional stability and poor strength.

The ISO Standard for dental reversible/
irreversible hydrocolloid impression material 
system requires that the two materials used 
together in the system should each satisfy the 
requirements of the relevant standards for revers-
ible (agar) and irreversible (alginate) materials. 
They should also be able to bond together ade-
quately as demonstrated by a tensile bond strength 
in excess of 50  kPa between the two materials. A 
further requirement is that the dimensional change 
in the impression after 20 minutes, recorded with 
the combined materials, should be no greater than 
1% when the impression is stored at 23ºC and 
95% relative humidity.

18.5 Modified alginates

Alginates modifi ed by the incorporation of sili-
cone polymers have been developed. These are 
supplied as two pastes which are mixed together. 
A colour contrast between the pastes enables thor-
ough mixing to be achieved although this can be 
diffi cult because the pastes are of widely differing 
viscosity in some products.

The setting characteristics of the modifi ed 
alginate materials are similar to those of the 
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conventional products. They show marginally 
better fi ne-detail reproduction and tear resistance 
but have poor dimensional stability. They lose 
water at about the same rate as a conventional 
alginate if allowed to stand. Casts should be 
poured soon after recording impression if accu-
racy is to be maintained.

The materials are considered as hybrids of algi-
nates and silicone elastomers but their properties 
are closely related to those of the alginates.

18.6 Suggested further reading

ISO 1563 Dental alginate impression material.
ISO 1564 Dental aqueous impression materials based 

on agar.
ISO 13716 Dental reversible/irreversible hydrocolloid 

impression material systems.
Owen, C.P. & Goolam, R. (1993) Disinfection of 

impression materials to prevent viral cross contami-
nation: A review and a protocol. Int. J. Pros, 6, 
480.



Chapter 19

Elastic Impression Materials: 
Synthetic Elastomers

0 and 1 are normally used in combination with a 
type 3 material whilst type 2 materials are nor-
mally used alone and are sometimes referred to as 
monophase elastomeric materials. Manufacturers 
often package their materials in a manner which 
refl ects their preferred combination of high viscos-
ity (type 0 or 1) and low viscosity (type 3) product. 
The techniques for using the combined high and 
low viscosity materials are described later in this 
chapter.

19.2 Polysulphides

Composition: These materials are generally sup-
plied as two pastes which are dispensed from 
tubes (see Fig. 19.1). One paste is normally labelled 
base paste whilst the other is labelled catalyst 
paste. The composition of a typical material is 
given in Table 19.2.

The liquid polysulphide prepolymer in the base 
paste can be represented by the formula: 

HS(C2H4 − OCH2 − OC2H4 − SS)23 − C2H4 − 
OCH2 − OC2H4 − SH

although the actual structure is known to be 
slightly more complex than this and contains 
pendant thiol groups (—SH) in addition to the 
terminal groups shown in the structural formula. 
For mechanistic purposes the structure of the pre-
polymer is conveniently represented by the simpli-
fi ed structure given in Fig. 19.2. The viscosity of 
the paste is governed by the quantity of fi ller 
incorporated by the manufacturer. Three grades 
of paste are normally available to the practitioner 
– ‘light-bodied’, ‘regular-bodied’ and ‘heavy-
bodied’, having increasing fi ller contents and 
viscosity values.

The base paste is normally white, due to the 
fi ller, and has an unpleasant odour caused by the 

19.1 Introduction

Synthetic elastomers were developed mainly for 
industrial applications but their potential in medi-
cine and dentistry was quickly realized and they 
are now widely used as impression materials. 
They were quick to gain acceptance in dentistry 
because they offered potential solutions to the two 
main problems associated with hydrocolloids – 
poor tear resistance and poor dimensional 
stability.

Four types of elastomers are in general use:

• Polysulphides;
• Silicone rubbers (condensation curing type);
• Silicone rubbers (addition curing type);
• Polyethers.

A classifi cation and some properties of these mate-
rials is given in the ISO Standard for Dental Elas-
tomeric Impression Materials (ISO 4823). Apart 
from the chemical nature of the material, the 
primary method of classifi cation is according to 
consistency. This is measured by pressing 0.5  ml 
of mixed material between two fl at plates using a 
force of 1.5  N. The consistency, defi ned by the 
average diameter of the resulting disc of the mate-
rial, is related to the viscosity of the material at the 
time when the force is applied. Materials are cate-
gorized as types 0–3, as shown in Table 19.1.

The specifi cation limits defi ning consistency 
overlap signifi cantly between types. Hence, a 
material producing a disc of 31–34  mm diameter 
could be classifi ed as type 0, 1 or 2. It is the 
manufacturer who makes the choice in this situa-
tion. The situation is further complicated by the 
use of terms such as ‘soft putty’, which generally 
indicates a type 0 material, with a relatively low 
viscosity (high consistency disc diameter). The 
situation is clarifi ed somewhat by consideration of 
the manner in which the materials are used. Types 
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Table 19.1 Classification of elastomeric impression materials according to consistency.

Consistency test disc 
diameter (mm)

Type Description Min Max

0 Very high consistency (putty like) – 35
1 High consistency (heavy bodied) – 35
2 Medium consistency (medium bodied) 31 41
3 Low consistency (light bodied) 36 –

Table 19.2 Composition of polysulphide impression materials.

Component Function

Base paste Polysulphide prcpolymer with terminal and pendant 
 thiol (–SH) groups

This is further polymerised and cross-linked 
 to form rubber

Plasticizer-di-n-butyl phthalate To control viscosity
Inert fi ller – possibly chalk or titanium dioxide To give ‘body’, control viscosity and modify 

 physical properties
Catalyst paste Lead dioxide or other alternative oxidizing agent To react with thiol groups – causing setting

Sulphur Involved in setting reaction
Inert oil – normally paraffi nic type or di-n-butyl 
 phthalate

To form a paste with PbO2 and sulphur

Fig. 19.1 This shows an example of a polysulphide 
impression material. The two pastes with contrasting 
colours are mixed together on a mixing pad with a metal 
spatula.

Fig. 19.2 Simplified structural formula of the 
polysulphide prepolymer showing terminal and pendant – 
SH groups.

high concentration of thiol groups. The colour of 
the catalyst paste is governed by the nature of the 
oxidizing agent used; materials containing lead 
dioxide are normally dark brown. The colour con-
trast between the two pastes is an aid to effi cient 
mixing, which is continued until a homogeneous 
colour, with no streaks, is achieved. An adhesive 
is used to promote adhesion between the impres-
sion material and tray.

Setting reaction: On mixing the two pastes, termi-
nal and pendant thiol groups of the prepolymer 
chains undergo a reaction with lead dioxide. Some 
of these reactions result in chain extension and 
cross-linking as shown in Fig. 19.3. The reaction 
is of the condensation polymerization type since 
one molecule of water is produced as a byproduct 
of each reaction stage. As chain extension pro-
ceeds, the viscosity increases. When the degree of 
cross-linking reaches a certain level the material 
develops elastic properties.

Properties: The setting characteristics of the poly-
sulphides differ considerably from those of the 
alginates (Section 18.3). Setting commences imme-
diately on mixing of the two pastes and is 
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characterised by a gradual increase in viscosity 
and a rather slow development of elasticity. Setting 
times of 10 minutes or more are not uncommon, 
particularly for light-bodied materials. The poly-
sulphide elastomers have very good tear resis-
tance. They can, typically, withstand about 700% 
tensile strain before tearing. Some of this strain is 
non-recoverable, since the elastic properties of 
these materials are far from ideal. They are con-
sidered as viscoelastic and recover only slowly and 
not completely after being compressed or stretched. 
The time required for recovery and the degree of 
permanent deformation are functions of the sever-
ity of the undercuts and the time for which the 
material is under strain. In order to optimize 
elastic recovery the impression should be removed 
with a single, swift pull.

Many of the properties of these products are 
directly related to the amount of fi ller incorpo-
rated in the pastes. This particularly applies to 
viscosity, setting contraction, thermal contraction 
after removal of the impression from the mouth 
and dimensional stability (Table 19.3). It can be 
seen that the heavy-bodied materials are poten-
tially more accurate, since they exhibit less setting 
and thermal contraction and have better dimen-

sional stability. Their high viscosity means that 
they are unable to record the same level of fi ne 
detail as the more fl uid, light-bodied materials.

Dimensional changes occurring after apparent 
setting of polysulphides are due to two major 
factors. Firstly, continued reaction occurs for 
some time after the apparent setting time, causing 
further shrinkage. Secondly, water produced as a 
byproduct of the setting reaction may be lost by 
evaporation from the surface. In this case the 
dimensional change is also associated with a 
change in weight of the material. The better 
dimensional stability of the heavy-bodied materi-
als is due to the fact that they contain a lower 
concentration of reactive groups and therefore 
produce fewer byproducts. Although the polysul-
phides do not have perfect dimensional stability 
they perform far better than hydrocolloids in this 
respect.

The use of lead compounds in polysulphide 
materials has been questioned because of the 
known toxic effects of lead. It is unlikely that 
the lead contained in these products is able to 
exert a harmful effect as the material is in the 
patient’s mouth for only a few minutes and is 
hydrophobic, reducing the chances of ‘washing 

Fig. 19.3 Schematic representation of the chain 
lengthening and cross-linking of the polysulphide 
prepolymer through oxidation of the –SH groups 
forming disulphide links. Water is liberated as 
byproduct.

Table 19.3 Influence of filler content on some properties of polysulphides.

Filler content Light-bodied Viscosity Setting contraction Thermal contraction Dimensional stability
| | | | |

Increasing Regular-bodied Increasing Decreasing Decreasing Increasing
↓ ↓ ↓ ↓ ↓

Heavy-bodied
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out’ of lead compounds by saliva. The use of 
lead-free polysulphides is likely to increase, 
however, as a wider range of alternative materials 
becomes available.

Clinical use: These materials are most commonly 
used in two viscosities, high and low, and must be 
used in a special tray. They have a number of 
advantages clinically, including reasonable tear 
strength and good elastic properties. They have an 
unpleasant odour and taste. They are moderately 
hydrophilic and hence can work well in the pres-
ence of some moisture. They are commonly used 
for crown and bridge impressions and only infre-
quently for other applications. The clinical tech-
nique usually adopted for polysulphides is a 
one-stage procedure. Freshly mixed low viscosity 
material is loaded into an impression syringe and 
the high viscosity material is loaded into the 
special tray. The light-bodied material is injected 
around those teeth on which cavities have been 
cut or crown cores prepared. The tray, containing 
heavy-bodied material, is then seated so that the 
two materials can set simultaneously. Figure 19.4 
is a line diagram which gives the appearance of 
the impression viewed in cross-section. It can be 

seen that the bulk of the impression is recorded in 
heavy-bodied material – assuring optimum accu-
racy and dimensional stability. The thin layer of 
the impression adjacent to the oral tissues is 
recorded in light-bodied material – assuring 
optimum fi ne-detail reproduction.

Once set the casts can be disinfected with the 
regime already described and can be poured after 
a short period to allow for full elastic recoil of the 
material. The casts should be poured within 24 
hours of mixing if possible. Whilst the materials 
have good short term dimensional accuracy, they 
will undergo plastic fl ow after setting. One great 
benefi t is that the surface of the impression can be 
electroplated using a copper sulphate electroplat-
ing bath. An epoxy resin die material can then be 
used to form the bulk of the working cast. Such 
metal/plastic dies, whilst expensive to produce, 
are very hard and are not prone to damage in the 
laboratory when the crown and bridgework is 
being made.

This approach can be used when multiple oper-
ations are being undertaken on the same die. One 
example of this would be when a clinician wants 
to make multiple crowns or a combination of 
crowns and bridges for a patient on the working 
cast. It can then be diffi cult to record accurate 
impressions of many teeth in one impression. In 
this circumstance, multiple impressions are used 
to produce accurate individual metal/resin dies for 
each of the teeth concerned. A plastic transfer 
coping is then made for each die. This is a small 
thimble of plastic which is made without spacing 
to fi t over each die. The transfer copings are then 
taken back to the patient and placed over each of 
the prepared teeth. A locating impression is then 
recorded, capturing all of the copings in the 
impression. The individual dies are then placed in 
their respective copings and a working model is 
produced by pouring a base around the dies, 
usually from dental stone. This master model is 
then used by the technician to produce the metal 
or porcelain crowns and bridges. If this approach 
is attempted with conventional gypsum-based dies 
there is a high chance of their margins being 
damaged during the manufacture of the transfer 
copings, thus diminishing the chances of achieving 
an accurate fi t with the defi nitive crown and 
bridge work.

There have been some limited reports of allergic 
responses to these materials, from people with an 
allergy to latex products.

B

A

Fig. 19.4 Line diagram showing section of an impression 
in which heavy-bodied, A, and light-bodied, B, materials 
have been used to obtain optimal accuracy and 
dimensional stability.
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19.3 Silicone rubbers (condensation curing)

Composition: These materials may be supplied as 
two pastes or as a paste and liquid. Whichever 
method of dispensation is used the principle of the 
setting reaction is similar and depends on the 
cross-linking of hydroxyl-terminated polydimeth-
ylsiloxane chains, brought about by an alkyl sili-
cate cross-linking agent and a tin compound as 
catalyst. The ingredients required for this reaction 
to occur are refl ected in the composition of a 
typical paste/liquid material, given in Table 19.4. 
These materials are very similar to the room tem-
perature polymerizing silicones used as denture 
soft liners. Figure 19.4 gives the structural formula 
of the silicone prepolymer. The viscosity of the 
paste is controlled by the amount of inert fi ller, as 
in the case of the polysulphides. Light-bodied, 
regular-bodied, heavy-bodied and ‘putty’ materi-
als are available. The latter is a paste of a very 
high viscosity and its availability denotes an 
important difference between the silicones and 
polysulphides.

Proportioning of the paste/liquid materials is by 
mixing a given volume of paste with a fi xed 
number of drops of liquid. For paste/paste materi-
als equal lengths of pastes are mixed together. A 
colour contrast between the pastes enables the 
operator to see when proper mixing has been 
achieved.

Setting reaction: On mixing the two components, 
either two pastes or paste and liquid, a reaction 
begins immediately in which the terminal hydroxyl 
groups of prepolymer chains react with the cross-
linking agent under the infl uence of the catalyst 
(see Fig. 19.5). Each molecule of cross-linking 
agent may, potentially, react with up to four pre-
polymer chains causing extensive cross-linking. 
Each reaction stage also produces one molecule of 
ethyl alcohol as a byproduct. Cross-linking pro-

Table 19.4 Composition of a paste–liquid silicone rubber impression material (condensation curing).

Component Function

Paste Hydroxyl-terminated polydimethylsiloxane (liquid 
 silicone prepolymer)

Undergoes cross-linking to form rubber

Insert fi ller such as silica Gives ‘body’, controls viscosity and modifi es 
 physical properties

Liquid Alkyl silicate such as tetraethylsilicate Acts as cross-linking agent
Tin compound such as dibutyl tin dilaurate Acts as reaction catalyst

duces an increase in viscosity and the rapid devel-
opment of elastic properties.

Properties: The setting characteristics of the sili-
cone materials tend to be more favourable than 
those of the polysulphides. Setting times are gener-
ally shorter and elasticity is developed earlier.

The silicone impression materials are very 
hydrophobic and are readily repelled by water or 
saliva. As a result, it is necessary to dry areas of 
the mouth for which an accurate impression is 
required. If a dry fi eld is not secured ‘blow holes’ 
are likely to occur in the impression as the mate-
rial will fail to drive away the residual moisture.

The set material has adequate tear resistance for 
most purposes. A regular-bodied silicone material 
can undergo only about 300% extension before 
fracturing, (compared with 700% for polysul-
phides) but most of this strain is recoverable. The 
silicones have elastic properties which most closely 
approach the ideal of complete and instantaneous 
recovery following stretching or compression.

Many of the properties are related to the fi ller 
content of the pastes. The trends are identical to 
those given in Table 19.3 for polysulphides. In the 
case of the silicones an additional, very high vis-
cosity or ‘putty’ paste exists which has even lower 
setting and thermal contraction values than the 
conventional heavy-bodied materials. It also has 
better dimensional stability.

Dimensional changes after setting, for conden-
sation curing silicones, may be due to continued 
slow setting or due to loss of alcohol produced as 
a byproduct of the setting reaction. The latter 
effect produces a measurable weight loss which is 
accompanied by a shrinkage of the impression 
material. Dimensional changes of regular-bodied 
condensation silicones are slightly greater than 
those of regular-bodied polysulphides but are 
small compared to the changes which occur with 
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Fig. 19.5 Condensation type silicone elastomer. (a) Hydroxylterminated polydimethylsiloxane prepolymer (mixed with 
inert filler to form paste). (b) Tetraethyl silicate (cross-linking agent). (c) Cross-linking reaction, catalysed by a tin 
compound. Ethyl alcohol is liberated as a byproduct.

alginates. In order to obtain optimum accuracy, 
the models should be cast as soon as possible after 
recording the impression.

Silicone elastomers may be considered essen-
tially non-toxic, despite the fact that they contain 
a heavy metal catalyst. The materials are extremely 
hydrophobic and are in the patient’s mouth for 
only a few minutes. The liquid component of 
the paste/liquid materials may be hazardous if 
not handled carefully. Accidental splashes may 
cause considerable irritation and blistering of 
the eyes.

Applications: For clinical applications of these 
materials see the end of Section 19.4.

The increased usage of additional curing materi-
als (next section) has led to a gradual decline in 
the use of the more traditional condensation 
curing materials.

19.4 Silicone rubbers (addition curing)

Composition: These materials are supplied as two 
pastes. Each paste contains a liquid silicone pre-
polymer and fi ller and one of the pastes contains 
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a catalyst. One paste contains a polydimethylsi-
loxane prepolymer in which some of the methyl 
groups are replaced by hydrogen (Fig. 19.6a). The 
other paste contains a prepolymer in which some 
methyl groups are replaced by vinyl groups (Fig. 
19.6b). One of the pastes contains a catalyst which 
is normally a platinum-containing compound such 
as chloroplatinic acid. Four viscosities are avail-
able depending on the amount of fi ller incorpo-
rated by the manufacturer.

Proportioning is carried out by extruding equal 
lengths of each paste onto the mixing pad. A good 
colour contrast between the pastes enables thor-
ough mixing to be achieved.

A signifi cant advance in recent years has been 
the availability of addition curing silicones in an 
auto mixed, cartridge format (Fig. 19.7). The two 
pastes are housed in separate compartments of the 
cartridge and are brought together and mixed in 
the nozzle during extrusion. The mixed material 
can be extruded into an impression tray or, for 
light-bodied material, into an impression syringe 
or directly into the mouth. Light-bodied and 
regular-bodied materials lend themselves readily 
to the cartridge extrusion system. Some manufac-
turers have also managed to package heavy-bodied 
and even ‘soft putty’ materials in this way. At least 
one manufacturer has taken automixing a stage 
further by producing an electrically driven mixing 

device which is loaded with bulk quantities of 
material (suffi cient for about 20 impressions). 
When required, mixed material is produced at the 
touch of a button.

Fig. 19.9 shows such a mixing device which, in 
principle, is a larger and more automated version 
of the hand-held cartridges (Fig. 19.7). Both 

Fig. 19.6 Structural formulae of the silicone 
prepolymers used in the two pastes of addition 
curing silicone impression materials. (a) One 
paste contains some Si—H groups. (b) The other 
paste contains some Si—CH=CH2 groups.

Fig. 19.7 This shows a typical example of a 
polyvinylsiloxane impression material. The two pastes to 
be mixed are in separate parts of a cartridge and the 
mixing takes place when the pastes are extruded through 
the nozzle. The mixed material can be extruded directly 
into an impression tray or directly around the teeth to be 
recorded.



170  Chapter 19

systems suffer the drawback that the mixing 
nozzle is disposable and a new one is required for 
each mix and the discarded nozzle contains sig-
nifi cant quantities of ‘wasted’ material.

Setting reaction: On mixing the two pastes a plati-
num- catalysed addition reaction occurs, causing 
cross-linking between the two types of siloxane 
prepolymer (Fig. 19.8). It is noteworthy that the 
reaction does not involve the production of 
byproducts although it has been reported that 
these materials occasionally evolve hydrogen. 
Some manufacturers recommend that pouring of 
the cast is delayed until the evolution of hydrogen 
is complete in order that the cast surface does not 
become pitted. The mechanism of hydrogen release 
is unclear but may involve reaction of the plati-
num catalyst with moisture. Cross-linking pro-
duces an increase in viscosity coupled with the 
development of elastic properties.

Properties: In most respects, the addition curing 
silicone rubbers have properties similar to those 
of the condensation type. They have adequate 
setting characteristics and tear resistance coupled 
with near ideal elasticity. The combined use of 

putty and light-bodied materials enables accurate 
impressions to be recorded. The most signifi cant 
difference between the addition curing and the 
condensation curing materials is in their relative 
dimensional stability. The production of little or 
no byproduct in the cross-linking reaction of the 
addition curing material results in a very stable 
impression.

Silicone elastomers are inherently hydrophobic 
in nature – a characteristic which can cause imper-
fections in impressions if the area to be recorded 
cannot be thoroughly dried. The mixed silicone 
material is repelled by moisture and this can result 
in blow holes in the impression. Attempts have 
been made to overcome this problem by the incor-
poration of surface-active agents into the materi-
als in order to make the materials more hydrophilic. 
The newer materials, which are described as 
hydrophilic addition silicones, should strictly be 
described as ‘less hydrophobic’. Nevertheless, the 
improvement in surface characteristics can result 

Fig. 19.8 Platinum-catalysed addition reaction which 
causes cross-linking of prepolymer chains.

Fig. 19.9 This shows the bulk packaging of an 
elastomeric impression material. The machine can provide 
numerous mixes of material from larger cartridges than 
those seen in Fig. 19.7. The pastes are extruded through 
the mixing nozzle using an electrically powered motor 
inside the device. The mixed material can be extruded 
directly into an impression tray which is held underneath 
the nozzle. The nozzle itself is disposable and is replaced 
with a fresh nozzle for each individual mix.
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in an impression with better fi ne detail reproduc-
tion and fewer blow holes. An alternative approach 
to solving this problem has been through the use 
of a surface-active spray which is used to coat the 
surface of the hard and/or soft tissues prior to 
recording an impression.

The use of hydrophilic materials or surface-
active sprays helps not only to improve the affi nity 
between the impression materials and the oral 
tissues during recording of the impression, but 
also in the compatibility with the water-based 
gypsum model material. This ensures that detail 
recorded in the impression is transferred through 
to the model.

Clinical applications: There is virtually no differ-
ence between the addition and condensation cured 
material in terms of their handling characteristics. 
The addition cured materials are preferred on the 
basis of their greater dimensional stability. Both 
are available in a range of viscosities from light-
bodied materials used to record accurate surface 
detail on prepared tooth surfaces, through medium 
viscosities, commonly used as a monophase mate-
rial during either crown and bridgework or den-
ture manufacture, and heavy-bodied materials 
used to support light body in stock trays for crown 
and bridge impressions, to putties which are now 
available in both soft and hard format.

The light-bodied materials can record very 
accurately the surface detail of tooth preparations 
but have inadequate dimensional stability to 
maintain their shape during the production of 
working casts. They are syringed into place onto 
the prepared tooth to provide a surface wash 
giving high quality detail. A more heavily fi lled 
material is then used to support the wash, either 
a heavy body or a putty.

Fig. 19.10 shows a putty-wash type impression 
and a section through such an impression showing 
the relative thickness of the two components 
(putty and wash). Note the similarity of this tech-
nique with that described earlier for polysulphides 
(Fig. 19.4). A feature of these systems is the clear 
colour contrast between the high viscosity and 
low viscosity components.

Heavy body and wash or putty and wash 
impressions can be performed as a one-stage pro-
cedure during which both viscosities of material 
are mixed simultaneously. The clinician then 
syringes the light-bodied material around the 
preparation/teeth whilst an assistant places the 

heavier material into a stock tray. The loaded tray 
is then inserted into the mouth and the two vis-
cosities blend together and set. Obviously this 
approach is ergonomically attractive. There are, 
however, concerns about the accuracy of the one-
stage putty wash impressions recorded in some 
plastic stock trays. The viscosity of the putties is 
such that on seating the impression tray into the 
mouth the sides of the tray fl ex outward. When 
the impression is removed from the mouth they 
then rebound inwards, distorting the impression. 
Unfortunately the distortion is not uniform, as an 
impression of a circular object when taken in this 

(a)

(b)

Fig. 19.10 (a) Diagram to show a two component 
elastomeric impression, with a low viscosity light body 
material adjacent to the preparation (yellow arrowed) and 
the bulk of the impression in a material with greater 
viscosity (green). (b) A cross section through an 
impression for a crown on a molar tooth, the thickness of 
the light body (arrowed) material (in orange in this 
image) varies considerably with its position on the 
preparation but is present over the whole surface of the 
impression. Note similarity with Fig. 19.4.
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way results in a die which is ovoid in shape with 
narrowing bucco-lingually. This occurs with both 
soft and hard putties but does not occur when the 
heavy/light body technique is used.

There are two solutions to this problem. Firstly, 
rigid metal stock trays can be used which do not 
fl ex under seating loads. The disadvantage of 
metal trays is that they are not disposable and 
hence need to be cleaned and sterilized before re-
use which is a laborious task. Alternatively an 
initial putty impression can be recorded with a 
polythene spacing sheet between the putty and the 
teeth. This is allowed to set fully and then the 
light-body impression is recorded as a second 
stage. The spacing sheet is required to avoid the 
large hydraulic pressures which would develop if 
a light wash was placed inside a well fi tting putty 
impression. These pressures would cause distor-
tion in their own right.

Medium viscosity materials can be used in a 
similar way to the monophase polyethers, but 
their dimensional accuracy in stock trays is not 
quite as good as when using a two-viscosity 
technique.

There are two problems with the addition cured 
silicone rubbers. First they are markedly hydro-
phobic. As a consequence tooth surfaces into 
which the light body material is being syringed 
have to be dry. Any moisture contamination will 
simply result in a failure to record accurately the 
surface of the prepared tooth. Furthermore, if the 
tooth is in the upper arch the light body will tend 
to drip off the preparation under the infl uence of 
gravity which is very frustrating. As previously 
stated the more recently developed materials 
incorporate wetting agents to lower the surface 
tension between the impression material and the 
tooth. One manufacturer has gone so far as to 
provide a separate aerosol containing the wetting 
agent to be sprayed on the tooth after drying prior 
to placement of the light-body material. These 
developments have improved matters somewhat, 
but the material remains hydrophobic.

Second, the platinum catalyst system in the 
addition cured materials is relatively easy to 
poison, inhibiting the set of the material. Problems 
can be encountered with the plasticizers in rubber, 
from gloves or rubber dam, glove powders, some 
haemostatic agents, particularly those based on 
ferric salts and freshly placed methacrylate-based 
materials, including composites, compomers and 
light-cured glass ionomer cements. These latter 

products can be used to patch up a crown prepa-
ration if there is some caries present or an existing 
restoration falls out during preparation. However, 
if this is done then the impression should not be 
recorded in the same visit, as the surface of the 
impression material adjacent to the patch will not 
set. The other agents can usually be either avoided 
or washed/cleaned off the prepared tooth surface 
prior to recording the impression. Obviously 
rubber gloves should not be used to protect the 
hands of somebody mixing a putty impression; 
vinyl or nitrile gloves are a viable alternative.

There are no reports in the literature of patients 
suffering an allergic response to these materials 
although they can induce a contact dermatitis in 
dental nurses who mix impression putties without 
wearing suitable gloves.

The standard disinfection regime of a 10 minute 
immersion in sodium hypochlorite will have no 
effect on the dimensional stability of these materi-
als. They are also suffi ciently stable that the more 
rigorous processes associated with managing 
patients with an established cross-infection risk 
(i.e. prolonged immersion in glutaraldehyde solu-
tion) can be undertaken without a marked effect 
on their accuracy (see Appendix 1).

19.5 Polyethers

Composition: These materials are normally sup-
plied as two pastes. (see Fig. 19.11) The ‘base’ 
paste, containing the prepolymer and inert fi ller is 
supplied in a large tube. The ‘catalyst’ paste, con-
taining a reaction initiator together with paste-
forming oils and fi llers, is supplied in a second, 
but much smaller tube. The composition is sum-
marized in Table 19.5. Simplifi ed structural for-
mulae for the imine-terminated, ether initiator are 
given in Fig. 19.12. The group X shown in the 
structural formula of the polyether prepolymer 
(Fig. 19.12) has the structure:

 R R
 | |
− CO2 − [CH− (CH2)n− O]m − CH(CH2)n − CO2− 

where R represents a hydrogen atom or alkly 
group. The values of m and n are such that the 
molecular weight of the difunctional imino mole-
cule is about 4000. The polyester unit (shown in 
the square brackets) is typically produced by 
copolymerisation of ethylene oxide and tetrahy-
drofuran. The materials are generally supplied in 
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cations and each stage of the reaction involves the 
opening of an epimine ring and the production of 
a fresh cation, as illustrated in Fig. 19.13.

Distinct activation, initiation and propagation 
stages may be identifi ed in the reaction as shown. 
The reaction is of the addition type with no 
byproduct being produced. Since each prepoly-
mer molecule has two reactive epimine groups, 
individual propagation reactions may produce 
simple chain lengthening or cross-linking. As the 
reaction proceeds, the viscosity increases and 
eventually a relatively rigid cross-linked rubber is 
produced.

Properties: The polyether materials have adequate 
tear resistance and elastic properties approaching 
those of the silicones. They are relatively rigid 
when set and considerable force may be required 

Fig. 19.11 This shows a typical polyether impression 
material. The two pastes have been extruded on to the 
mixing pad ready for mixing using a metal bladed spatula. 
This type of material is also available in bulk auto-mixed 
format similar to that seen in Figure 19.9.

Table 19.5 Composition of polyether impression materials.

Component Function

Base paste (large tube) Imine-terminated prepolymer Becomes cross-linked to form rubber
Inert fi ller – silica To give ‘body’ control viscosity and physical 

 properties
Plasticizer – e.g. phthalate To aid mixing

Catalyst paste (small tube) Ester derivative of aromatic sulphonic acid Initiates cross-linking
Inert fi ller – silica To form paste
Plasticizer – phthalate

Fig. 19.12 (a) Simplified structural formula of the imine-
terminated ether prepolymer present in the base paste of 
a polyether impression material. X represents repeating 
units of ethers. (b) Structural formula of an aromatic 
sulphonic acid ester. This is the main active ingredient of 
the catalyst paste of a polyether impression material. 
Group R is an alkyl group, for example, butyl.

only one viscosity, equivalent to the regular-
bodied materials of other elastomers. The manu-
facturers do supply a diluent oil, however, which 
can be used to produce a paste with viscosity akin 
to that of a light-bodied material.

The two pastes are proportioned by volume. 
Equal lengths of paste are extruded onto a mixing 
pad giving a base paste/catalyst paste volume ratio 
of about 8  :  1. The good colour contrast between 
the pastes aids mixing.

The materials are also available in bulk auto-
mixed format similar to that shown in Figure 
19.9.

Setting reaction: When the two pastes are mixed 
together a cationic, ring opening addition poly-
merisation occurs. The ionized form of the sul-
phonic acid ester provides the initial source of 
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to remove the impression after setting, particu-
larly when the undercuts are severe.

The accuracy of polyether impressions com-
pares favourably with other regular-bodied elas-
tomers. The lack of heavy-bodied and putty pastes, 
however, precluded the use of techniques using 
combined viscous/fl uid pastes which are com-
monly used with other elastomers to optimize 
accuracy.

The manufacturers of polyether materials have 
recently introduced products having a range of 
viscosities. These enable the use of combined 

heavy- and light-bodied techniques described for 
polysulphides and silicones. This enables precise 
impressions to be recorded using stock impression 
trays.

Under conditions of low relative humidity, the 
polyether materials have very good dimensional 
stability. This is related, primarily, to the fact that 
the material contains no volatile constituents and 
sets by an addition reaction which produces no 
volatile byproducts. The set material is relatively 
hydrophilic and absorbs water under conditions 
of high humidity. This causes the impression 
material to swell and distort. The use of polyether 
materials should therefore be avoided in climates 
where humidity is high and where effi cient air 
conditioning is not available.

Clinical applications: Commonly these materials 
are used as a monophase where a single viscosity 
of material is used for both the bulk of the impres-
sion in the tray and to be syringed around the 
prepared teeth in the mouth. The polyethers are 
suffi ciently dimensionally stable on setting to 
allow this approach when using a stock impres-
sion tray.

Polyether materials are hydrophilic, conse-
quently they can record an accurate impression 
when it is diffi cult to achieve perfect moisture 
control.

The greatest disadvantage from a clinical stand-
point is the rigidity of these materials when set. 
This can make removal of impressions very diffi -
cult in dentate patients when there are marked 
undercuts present around the teeth, for example 
when there has been gingival recession exposing 
root surfaces with open embrasure spaces between 
the teeth or where bridgework is present else-
where in the mouth. It is sensible to block out such 
undercut areas with wax prior to recording the 
impression if the operator is not to risk being 
unable to remove the impression or, in extreme 
cases, removing existing bridgework or even 
extracting teeth when the impression is removed.

The rigidity of these materials is used to good 
effect when recording impressions for dental 
implants. Whilst clinicians attempt to place 
implants parallel to each other this is not always 
possible. The transmucosal elements of some 
implants have a keyway on their upper surface 
over which a precision machined collar should fi t 
and then be screwed to the implant. The impres-
sion process for this style of implant involves 

Fig. 19.13 Schematic representation of the cationic, ring 
opening polymerisation involved in the setting of 
polyether impression materials.
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attaching brass dummies of the collar to the 
surface of the implant with long screws. The brass 
dummies have undercut areas within their super-
structure which allows them to be engaged by an 
overlay impression. However, this impression 
must exhibit high levels of rigidity to ensure that 
the brass analogues do not move within the 
impression once removed from the mouth. The 
implants are rigid within the base of the jaws so 
there is no leeway for movement of the analogues 
in the impression. If the implants are parallel to 
each other then impression plaster can be used for 
this purpose. However, when the fi xtures are not 
parallel to each other a polyether is the material 
of choice for these locating impressions.

Allergic reactions have also been associated 
with the use of polyether impression materials, 
usually to the sulphonic acid catalyst system.

A ‘standard’ disinfection routine of 10 minutes 
immersion in sodium hypochlorite is unlikely to 
have a deleterious effect on the accuracy of these 
materials, although longer periods of immersion 
in water will result in water uptake and associated 
dimensional change (see Appendix 1).

19.6 Comparison of the 
properties of elastomers

Many of the clinically important properties of 
elastomeric impression materials are included as 
requirements in the International Standard (ISO 
4823). These requirements are reproduced in 
Table 19.6. The setting characteristics of materials 
are important in determining ease of manipulation 
and patient discomfort levels. Materials should 
ideally possess suffi cient working time for mixing, 
loading the tray (or syringe) and placing in the 
mouth. There should be a distinctive transition 

from plastic to elastic behaviour which enables the 
dentist to judge when the material is set and safe 
to remove from the mouth without distortion. The 
transition should occur rapidly to reduce the time 
required for the dentist to hold the impression tray 
still and reduce patient discomfort. During the 
working time phase the material should remain 
plastic and mouldable whilst at the time of removal 
from the mouth the material should ideally be 
perfectly elastic. Methods of determining working 
and setting times do not always address these 
facts. Measurement of changing viscosity, for 
example, may not be adequate for predicting 
developed elasticity. As a general rule polysul-
phides take longer to set than the other materials 
whilst the polyethers have a very distinctive transi-
tion from plastic to elastic behaviour which can 
be helpful in estimating the earliest safe time for 
removal from the mouth.

The initial accuracy of any material is related in 
part to its ability to reproduce fi ne lines on a test 
block. This is more closely related to the viscosity 
of the material than to chemical nature (assuming 
the area to be recorded is dry). It is seen that type 
0 materials (putty type) must be able to reproduce 
a line 0.075  mm wide whereas a type 3 material 
(lightbodied) must be able to reproduce a line only 
0.020  mm wide. In addition to the ability to 
reproduce fi ne detail accuracy also depends on 
dimensional changes which occur during or imme-
diately after setting. The validity of such tests of 
accuracy and detail reproduction must be ques-
tioned as the recording of detail on a dry block of 
metal is unlikely to refl ect the ease with which 
detail on a relatively moist oral structure can be 
captured. The silicones tend to be relatively hydro-
phobic although some materials now contain 
additives to improve hydrophilicity. On the other 

Table 19.6 Requirements of the ISO Standard for Elastomeric Impression Materials (ISO 4823).

Strain in 
compression (%)

Recovery from 
deformation (%)

24  h dimensional 
change (%)

Detail reproduction – width of line 
reproduced (mm)

Type* in impression in gypsum cast

0 0.8–20 96.5 0–1.5 0.075 0.075
1 0.8–20 96.5 0–1.5 0.050 0.050
2 2–20 96.5 0–1.5 0.020 0.050
3 2–20 96.5 0–1.5 0.020 0.050

* See Table 19.1.
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hand polyether materials are more inherently 
hydrophilic. Recording detail of moist surfaces 
with hydrophobic impression materials requires 
attention being paid to rigorous drying regimes 
prior to recording the impression.

Polymerisation shrinkage varies within the 
range 0.4–1.0% for regular viscosity materials. 
These values are greater for light-bodied products, 
and lower for heavy-bodied or putty products. A 
further dimensional change occurs when the 
impression cools from mouth temperature to 
room temperature. Values of the coeffi cient of 
thermal expansion are quite large for elastomers 
(190–300 × 10−6 ºC−1 for regular-bodied materials) 
and this can result in a dimensional change of 
0.1–0.3%. These values are greater for light-
bodied materials and smaller for heavy-bodied 
and putty materials.

The value of strain in compression gives an 
indication of the stiffness of the set material. It is 
determined by measuring compression under a 
stress of 0.1  MPa. The higher viscosity materials 
(types 0 and 1) tend to be stiffer than fl uid materi-
als (types 2 and 3), although it is clear from Table 
19.6 that there are signifi cant differences in stiff-
ness within the type 0–3 categories (i.e. 2–20% 
for type 2). This refl ects signifi cant differences for 
the different types of material. In general, the 
polyether materials tend to be much stiffer than 
the other products whilst the polysulphides tend 
to be less stiff than the other products. The values 
of the limits of strain in compression required by 
the ISO Standard illustrate the diffi culty of stan-
dardizing different types of materials within one 
document, i.e. the lower values of strain in the 
acceptance range are there to accommodate the 
polyether materials whilst the higher values 
accommodate the polysulphide materials. The sig-
nifi cance of the value of strain in compression is 
that it gives an indication of the ease with which 
a set impression can be removed (less stiff material 
is easier) and an indication of the possibility that 
teeth may be fractured from models (greater stiff-
ness gives a greater danger of fracture). For stiff 
materials it is important to use them in great 
enough thickness to allow suffi cient deformation 
to occur under load.

The value of recovery from deformation (Table 
19.6) gives an indication of the elastic character-
istics of the material. It is determined by com-
pressing a cylindrical sample by 30% of its height 
for one second at one minute after the end of its 

setting time (the time recommended by the manu-
facturer for removing the material from the 
mouth). The recovery is measured 40 seconds 
after removing the compressing load. All elasto-
meric impression materials are required to undergo 
at least 96.5% recovery in this test. In practice, 
most silicone and polyether materials give 99–
100% elastic recovery and the lower limit of 
96.5% recovery is set in order to accommodate 
the polysulphide materials. The latter products are 
markedly viscoelastic in nature and their recovery 
from deformation depends signifi cantly on the 
time for which the deforming load is applied (i.e. 
the time the material is under stress).

The maximum dimensional change permitted 
by the ISO Standard is 1.5% for all materials. This 
is measured by recording the distance between 
two lines on a metal test block and comparing the 
measurement with an equivalent measurement in 
an impression of the test block which has been 
stored for 24 hours. The change in dimensions is 
negligible for polyether and addition silicone 
products and more signifi cant for the other mate-
rials – particularly for condensation curing sili-
cones. The dimensional change of the latter 
materials can be correlated with a weight loss 
which occurs on standing. This is caused by loss 
of ethyl alcohol which is formed as a byproduct 
of the setting reaction. A small dimensional change 
(and weight loss) can be measured for polysul-
phides. This may be due to loss of water which is 
formed as a byproduct. The fi nal major require-
ment of the ISO Standard is that the fi ne detail 
which is recorded in the impression can be retained 
in the gypsum cast.

Two approaches have been used to assess resis-
tance to tearing. One involves measurement of 
tensile strength, the other involves measurement 
of elongation to break. Both approaches can be 
considered less than ideal and this probably 
explains why there is no test for tear resistance in 
the ISO Standard. Polysulphide materials invari-
ably give the highest elongation at break (500% 
or more for regular-bodied material) but very little 
of this is ‘usable’ elongation as much of it will 
result in permanent deformation. On the other 
hand, the addition silicones give the highest values 
of tensile strength (2–5  MPa for regular-bodied 
materials). The strength of these products can be 
infl uenced by the presence of pre-existing notches 
in the material. Perhaps a more acceptable way to 
compare materials is, therefore, to use a specimen 
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of the type shown in Fig. 18.4. On stretching the 
specimen, the force required to propagate a tear 
from the notch tip can be determined. This type 
of determination, which is commonly used in the 
rubber industry, reveals that there is little differ-
ence between the different material types.

Decontamination of elastomeric impression 
materials is required in order to prevent cross-
infection. It is a requirement of the ISO Standard 
that the manufacturer provides details of a method 
which is suitable for any particular product. Typi-
cally, the method of decontamination involves 
rinsing followed by a short soak in a solution of 
hypochlorite or glutaraldehyde. Such treatment is 
unlikely to harm the silicone or polysulphide 
materials. However, the polyether materials are 
hydrophilic and great care must be taken when 
soaking impressions in aqueous solutions – lest 
the material absorbs water and swells.

Jaw Registration: Increasingly elastomeric materi-
als (both polyether and addition cured silicone 
rubber) are being used to record the relationship 
between the upper and lower jaws. The materials 
are usually in a gun-mix format and of suffi cient 
viscosity that they will not drip off the teeth when 
applied from the applicator. One clinical problem 

with their use is that the materials will record too 
much surface detail from the occlusal areas of the 
molar teeth which is not recorded and/or cannot 
be re-engaged by the registration when placed 
onto the working model. This results in folds of 
registration material being trapped against the 
surface of the casts making the whole process less 
accurate.

Table 19.7 gives a qualitative summary of the 
comparative properties of the materials.

19.7 Suggested further reading
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Table 19.7 Comparison of the properties (qualitative) of elastometric impression materials.

Property Polysulphides Condensation silicones Addition silicones Polyethers

Viscosity Available in three 
 viscosities (no putty)

Available in four 
 viscosities including 
 putty

Available in four 
 viscosities 
 including putty

Available in a single 
 viscosity (regular) + 
 diluent + putty

Tear resistance Adequate Adequate Adequate Adequate
Elasticity Viscoelastic material Very good Very good Adequate
Accuracy Good with special trays Acceptable with stock 

 trays
Good with stock 
 trays

Good with special trays*

Dimensional stability Adequate, but pouring 
 of models should not 
 be delayed†

Models should be 
 poured as quickly as 
 possible†

Very good† Very good in low 
 humidity conditions

* Can give good accuracy with stock trays, with care.
†  Some manufacturers recommend a short delay in pouring models for these materials, either to allow elastic recovery to occur or to 
allow gaseous products to escape which would otherwise cause pitting of the model surface.
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Requirements of Direct Filling Materials 
and Historical Perspectives

application is durability. In this context the term 
refers to the life expectancy of the restoration and 
the life expectancy of the surrounding tooth sub-
stance and how it may be affected by the presence 
of the restoration. Durability depends on the 
physical and biological properties of the restora-
tive material.

The acceptance of the material by the profession 
also depends on the ease with which it can be 
handled in the surgery.

20.2 Appearance

Logic dictates that materials used as restorations 
in ‘visible’ cavities in anterior teeth will be sub-
jected to greater scrutiny of their appearance than 
materials used in occlusal cavities in posterior 
teeth. However, patients’ awareness of the variety 
of material options available to the dentist may 
result in requests for the use of tooth coloured 
materials even where appearance may seem to be 
of minor signifi cance to the trained professional 
eye.

20.3 Rheological properties and 
setting characteristics

Many restorative materials are supplied as two or 
more components which require mixing. Thor-
ough mixing should be easy to accomplish in a 
reasonable time. After mixing, the ease of han-
dling depends on factors such as viscosity, tacki-
ness and setting characteristics such as working 
time and setting time. Different techniques must 
often be adopted to handle different materials. 
Whereas some materials readily fl ow into the pre-
pared cavity under little pressure some products 
require ‘packing’ under considerable pressure. 
When materials remain tacky for some time after 

20.1 Introduction

Direct fi lling materials are used for chairside res-
toration of teeth. They differ from indirect resto-
rations, such as crowns, bridges or inlays, because 
no laboratory stage is involved in the provision of 
the restoration.

Teeth may need restoring for a variety of 
reasons. Destruction of tooth substance caused by 
dental caries may result in the loss of considerable 
quantities of enamel and dentine. Trauma may 
cause fracture and loss of parts of teeth. In this 
case the anterior teeth are most vulnerable and 
those teeth affected may be otherwise sound and 
caries-free. A third factor causing loss of tooth 
substance is wear. This often arises due to over-
zealous brushing using an abrasive dentifrice but 
may also arise due to a peculiarity of the diet, 
working environment or habits of the patient. 
High frequency of exposure of teeth to acids in 
food and drink or from regurgitated gastric juice 
is of growing concern in relation to the wear of 
teeth involved.

The parts of teeth which require replacement by 
a restorative material vary in size, shape and loca-
tion in the mouth. Thus, at one extreme, it may 
be necessary to restore a large cavity which extends 
over the mesial, occlusal and distal surfaces of a 
molar tooth. An entirely different situation is the 
restoration of the corner of an incisor which has 
been lost in an accident. The requirements of 
materials used in these and other applications vary 
and it is not surprising that no single restorative 
material is suitable for all cases. For some situa-
tions the strength and abrasion resistance of the 
material may be the prime consideration. In other 
situations appearance and adhesive properties 
may become more important.

The factor which is generally used to assess the 
success or failure of a restorative material for any 

178
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mixing they may be diffi cult to handle because 
they adhere to instruments. Working time should 
be suffi ciently long to enable manipulation and 
placement of materials before the setting reaction 
reaches the stage at which continued manipula-
tion is either diffi cult or would adversely affect the 
structure and properties of the fi nal set material. 
Setting times should, ideally, be short for the 
comfort and convenience of both the patient and 
clinician.

20.4 Chemical properties

Filling materials are required to withstand the 
hostile environment of the oral cavity for many 
years without dissolving, degrading or eroding. 
Thus, the materials must withstand large varia-
tions in pH and a variety of solvents which may 
be taken into the mouth in drinks, foodstuffs and 
medicaments. In addition, metallic fi lling ma-
terials should not undergo excessive corrosion or 
be involved in the development of electrical cur-
rents which may cause galvanic pain.

20.5 Thermal properties

Filling materials should, ideally, be good thermal 
insulators, protecting the dental pulp from the 
harmful effects of hot and cold stimuli. The 
thermal insulating properties of fi lling materials 
are best characterised in terms of thermal diffusiv-
ity (p. 21) since this describes the behaviour of 
materials subjected to transient thermal stimuli. 
Hence, the value of thermal diffusivity should 
ideally be low. Materials having relatively high 
values of thermal diffusivity may require the use 
of an insulating cavity base material.

The thermal expansion and contraction of a 
fi lling which occurs, for example, when a patient 
takes a hot or cold drink, should match that of 
the surrounding tooth substance. Thus, materials 
should have values of coeffi cient of thermal expan-
sion (p. 23) similar to those of enamel and dentine. 
A large mismatch of values may result in leakage 
of fl uids down the margin between the fi lling 
material and surrounding tooth. However, the 
extent of dimensional changes caused by thermal 
fl uctuations may be minimized by the transient 
nature of most intra-oral thermal stimuli and the 
relatively low thermal diffusivity of most non-
metallic restorative materials. A transient temper-
ature change of 10ºC applied for only a second to 

the surface of a polymeric material is likely to 
cause an insignifi cant change in dimensions of 
anything other than the surface layer of material 
directly exposed to the stimulus.

20.6 Mechanical properties

The mechanical property requirements of fi lling 
materials vary considerably depending on the type 
of tooth and the particular surface being restored. 
For the restoration of large cavities, involving 
two or more surfaces of a posterior tooth, a strong 
material with adequate abrasion resistance is 
required to withstand the large stresses developed 
in that region of the mouth. When materials are 
subjected to direct masticatory loading they should 
also be able to resist plastic deformation or creep. 
For a small occlusal cavity in a posterior tooth the 
properties of the material may not be as critical 
since it is totally supported by enamel. For a small 
interproximal cavity in the anterior region the 
major factor for consideration may be abrasion 
resistance. That surface of the tooth is not involved 
in direct contact with other teeth but may be 
subjected to considerable toothbrush/dentifrice 
abuse.

It is recognized that the marginal seal between 
fi lling material and tooth substance may be 
destroyed if the material is able to undergo elastic 
deformation under loading. A high value of 
modulus of elasticity is therefore benefi cial.

20.7 Adhesion

It is recognized that an adhesive bond between 
restorative material and tooth substance is desir-
able though not always attainable. Such a bond 
effectively seals the margin, preventing the ingress 
of fl uids and bacteria. In addition, the adhesive 
bond potentially reduces the amount of cavity 
preparation required in order to achieve retention 
of the fi lling. The subject of adhesion and adhesive 
materials is dealt with in Chapter 23.

20.8 Biological properties

Filling materials, in common with all other dental 
materials, should be harmless to both the opera-
tors and patients. The specifi c requirements of 
these products relate to their effect on the dental 
pulp. They should not, either directly or indirectly 
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cause irritation to the pulp, nor should they 
contain substances which are able to leach out and 
cause irritation. It should be remembered that 
dentine contains many tubules which are capable 
of transporting chemicals from the base of fi llings 
to the pulp. Biologically bland cavity bases or 
cavity linings are often used when fi lling materials 
are not suffi ciently bland to be used directly.

20.9 Historical

Directly placed fi llings offer the advantage of 
potential savings in time and cost coupled with 
greater convenience when compared with restora-
tions which are constructed by an indirect process. 
Historically, the three earliest materials to gain 
acceptance as direct fi llings were cohesive gold 
foil, dental amalgam and silicate cements. Of 
these, only amalgam is still widely used and its 
continued use is subject to considerable scrutiny 
as concerns over the use of heavy metals, and 
particularly mercury, increase. Cohesive gold is 
discussed in Section 7.2. Although it has some 
attributes its use is now very limited due to the 
cost of the material and the involved technique 
required.

Silicate cements were the fi rst directly placed 
tooth coloured fi lling materials. They are now 
rarely, if ever, used but some important lessons 
can be learned from a consideration of their 
composition and properties. The materials were 
supplied as a powder (alumino silicate glass) 
and liquid (aqueous phosphoric acid) which were 
mixed together to bring about setting. Setting was 
through a complex series of acid–base reactions. 
One of the most crucial aspects of the manipula-
tion of the cement was the need to protect the 
material from moisture during setting. Contami-
nation could lead to a marked increase in solubil-
ity – a fact which also applies to some currently 
used cements which have similar setting reactions 
to that of the silicates. Dentists using silicates were 
aware of the highly acidic nature of the cements 
and a lining was considered essential to protect 
the dentine and pulp from the phosphoric acid 
component. Pulpal problems were invariably 

attributed to the harmful effects of acid and this 
is of interest in respect of the modern trend to 
utilize acid treatments of dentine for conditioning 
prior to the placement of fi llings. There has 
recently been a lot of work carried out to review 
the way in which the pulp reacts to chemical 
attack. It is now thought that many of the pulpal 
problems associated with silicates had nothing to 
do with traumatization by acid but were more 
likely related to the fact that silicates offer no 
means of adhesion to the tooth and therefore 
cannot prevent micro leakage from occurring.

Much of the evidence (some anecdotal) on the 
benefi cial effects of fl uoride release from fi llings 
comes from experience of the use of silicates. The 
materials were able to release fl uoride over a long 
time and the incidence of decay around silicate 
fi llings was always low.

The mechanical properties of silicates were far 
from ideal. The materials were relatively weak 
and brittle compared with other materials and this 
limited their use to low-stress situations – particu-
larly class III cavities. Experience with silicates 
clearly illustrated the importance of using the 
correct powder–liquid ratio for cements and 
pointed the way to the improvements which could 
be obtained with encapsulation. Silicate materials 
offered a very good example of the way in which 
material durability can depend on the oral hygiene 
and dietary habits of the patient. The solubility 
and erosion of the cements was very pH depen-
dent. A well constructed restoration in a patient 
practising good oral hygiene and having a low 
acid content diet could survive 20 years or more. 
On the other hand, an acidic environment arising 
from poor oral hygiene and/or a habitual acid 
drink intake caused rapid erosion of the fi lling. To 
some extent, the same is true of some modern day 
restorative cements. The use of silicates declined 
markedly with the advent of resin based products 
– particularly composites in the 1960s. Glass-
ionomer cements, which have been used since the 
1970s, bear some similarity to the silicates. They 
set by a similar acid–base reaction and have a 
glass component which is similar to that of the 
silicates.
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Dental Amalgam

compositional limit specifi ed in the earlier version 
of the ISO Standard represented an attempt to 
control properties such as corrosion and setting 
expansion in the absence of any real understand-
ing of the structure of amalgam. Materials having 
a composition which is in line with the pre-1986 
standard are referred to as ‘conventional’ amalgam 
alloys. The change in the compositional limits 
specifi ed in the current standard (post-1986) 
refl ects a marked improvement in the understand-
ing of structure–property relationships for the 
materials.

The quantities of silver and tin specifi ed ensure 
a preponderance of the silver/tin intermetallic 
compound Ag3Sn. This compound, known as the 
γ (gamma) phase of the silver–tin system, is formed 
over only a small composition range and is par-
ticularly advantageous since it readily undergoes 
an amalgamation reaction with mercury. Most 
conventional alloys contain around 5% copper, 
which has a signifi cant strengthening effect on the 
set amalgam.

The role of zinc is as a scavenger during the 
production of the alloy. The alloy is formed by 
melting all the constituent metals together. At the 
elevated temperatures required for this purpose 
there is a tendency for oxidation to occur. Oxida-
tion of tin, copper or silver would seriously affect 
the properties of the alloy and amalgam. Zinc 
reacts rapidly and preferentially with the available 
oxygen, forming a slag of zinc oxide which is 
easily removed. Many alloys contain no zinc. 
They are described as zinc-free alloys and oxida-
tion during melting is prevented by carrying out 
the procedure in an inert atmosphere.

The majority of alloy powders contain no 
mercury. Those products containing up to 3% 
mercury are called pre-amalgamated alloys. They 
are said to react more rapidly when mixed with 
mercury.

21.1 Introduction

An amalgam consists of a mixture of two or more 
metals, one of which is mercury. Dental amalgam 
consists, essentially, of mercury combined with a 
powdered silver–tin alloy. Mercury is a liquid at 
room temperature and is able to form a ‘work-
able’ mass when mixed with the alloy. This behav-
iour renders the material suitable for use in 
dentistry.

The reaction between mercury and alloy which 
follows mixing is termed an amalgamation reac-
tion. It results in the formation of a hard restor-
ative material of silvery-grey appearance. The 
colour generally limits its use to those cavities 
where appearance is not of primary concern (see 
Fig. 21.1).

Dental amalgam has been used for many years 
with a large measure of success. For many years 
it was the most widely used of all fi lling materials. 
For various reasons, including the development of 
viable alternatives based upon resins and ceramics 
and perceptions of a dubious and frequently ques-
tioned level of safety, its popularity has declined.

21.2 Composition

Mercury used in dental amalgam is purifi ed by 
distillation. This ensures the elimination of impu-
rities which would adversely affect the setting 
characteristics and physical properties of the set 
amalgam.

The composition of the alloy powder is con-
trolled by the ISO Standard for dental amalgam 
alloy (ISO 1559). The compositional limits 
allowed by the standard are given in Table 21.1. 
It can be seen that the major components of the 
alloy are silver, tin and copper. Small quantities 
of zinc, mercury and other metals such as indium 
or palladium may be present in some alloys. The 
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The shape and size of the alloy powder particles 
vary from one product to another. Two methods 
are commonly used to produce the particles. 
Firstly, fi lings of alloy may be cut from a pre-
homogenized ingot of alloy. These lathe-cut alloy 
powders are irregular in shape (Fig. 21.2a) and 
are graded according to size, being described as 
fi ne-grain or coarse-grain. Secondly, particles may 
be produced by atomization. Here, molten alloy 
is sprayed into a column fi lled with inert gas. The 
droplets of alloy solidify as they fall down the 
column. Particles produced in this way are either 
spherical or spheroidal in nature (Fig. 21.2b).

Lathe-cut alloys are normally subjected to two 
heat treating procedures. The fi rst of these is a 
homogenization heat treatment (see Section 6.5) 
normally carried out on the alloy ingot before 
lathe-cutting and designed to produce homoge-
neous grains in which the Ag3Sn intermetallic 
compound predominates. During the formation of 
the ingot of alloy there is a tendency for phase 

separation to occur and for a cored grain structure 
to be formed. The heat treatment involves heating 
to about 420ºC for several hours. The resulting 
alloy contains relatively large grains of γ phase 
material. The second heat treatment is carried out 
after lathe-cutting. This is a lower temperature 
treatment typically involving heating the alloy 
powder to approximately 100ºC for about 1 hour. 
This treatment is referred to as alloy ageing; it is 
thought to remove residual stresses introduced 
during cutting and ensures that the alloy remains 
stable during future storage.

For spherical alloys the method of manufacture 
dictates that each small sphere is like an individual 
ingot. Thus homogenization is normally carried 
out for the reasons outlined above.

Many alloy powders are formulated by mixing 
particles of varying size or even shape in order to 
increase the packing effi ciency of the alloy and 
reduce the amount of mercury required to produce 
a workable mix.

Fig. 21.1 This shows an occlusal amalgam filling which 
has been contoured and polished.

Table 21.1 Compositional limits of dental amalgam 
alloys specified in ISO 1559.

Weight (%)

Metal
Limits prior to 1986 
(‘conventional’ alloys) Current limits

Silver 65 (min) 40 (min)
Tin 29 (max) 32 (max)
Copper  6 (max) 30 (max)
Zinc  2 (max)  2 (max)
Mercury  3 (max)  3 (max)

(a)

(b)

Fig. 21.2 Dental amalgam alloys. (a) Lathe-cut alloy 
particles (×100). (b) Spherical alloy particles (×500).
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After the discovery in the 1960s that some of 
the properties of ‘conventional’ amalgam materi-
als could be improved by the inclusion of great 
quantities of copper (in place of silver) a new class 
of materials was developed and became available 
for use by the dentist. The ISO Standard fi nally 
recognized this change in composition when the 
1986 version of ISO 1559 was published. As 
shown in Table 21.1, these newer alloy powders 
have the same basic ingredients as the conven-
tional products but they contain much greater 
concentrations of copper, typically 10–30% 
compared with less than 6% in the conventional 
materials. These newer alloys are referred to as 
copper-enriched alloys. In addition to the increased 
copper levels some alloys also contain small quan-
tities of other metals such as palladium. Higher 
copper levels in alloy powders may be produced 
by the manufacturer in one of several ways. Lathe-
cut, spherical or spheroidal powders can be pro-
duced in which the manufacturer alters the ratio 
of metals at the melting stage. Hence the resulting 
alloy particles are similar in shape and size to 
conventional alloys but simply contain a higher 
copper content. These are single-composition, 
copper-enriched alloys. An alternative approach is 
to blend particles of conventional alloy with those 
of, for example, a silver–copper alloy in order to 
achieve a higher overall copper content. Such 
blends are called dispersion-modifi ed, copper-
enriched alloys and one widely used product con-
tains two parts by weight of a lathe-cut alloy of 
conventional composition (less than 6% copper) 
and one part by weight of spherical silver–copper 
eutectic particles (Fig. 21.3). The latter particles 
contain 72 parts silver and 28 parts copper and 
the overall copper content in the blended alloy 
is 12%.

21.3 Setting reactions

The reaction which takes place when alloy powder 
and mercury are mixed is complex. Mercury dif-
fuses into the alloy particles; very small particles 
may become totally dissolved in mercury. The 
alloy structure of the surface layers is broken 
down and the constituent metals undergo amalga-
mation with mercury. The reaction products crys-
tallize to give new phases in the set amalgam. A 
considerable quantity of the initial alloy remains 
unreacted at the completion of setting. The struc-
ture of the set material is such that the unreacted 

cores of alloy particles remain embedded in a 
matrix of reaction products.

In simplifi ed terms, the reaction for conven-
tional amalgam alloys may be given by the follow-
ing unbalanced equation:

Ag3Sn + Hg → Ag2Hg3 + SnxHg + Ag3Sn
or γ + Hg → γ1 + γ2 + γ

The primary reaction products are a silver–
mercury phase (the γ1 phase) and a tin–mercury 
phase (the γ2 phase). The γ2 phase has a rather 
imprecise structure and the value of x in the 
formula SnxHg may vary from seven to eight. The 
equation emphasizes the fact that considerable 
quantities of unreacted alloy (γ phase) remain 
unconsumed.

For copper-enriched alloys the reaction may be 
represented by:

Ag3Sn + Cu + Hg → Ag2Hg3 + Cu6Sn5 + Ag3Sn
or γ + Cu + Hg → γ1 + Cu6Sn5 + γ

The essential difference between this and the 
reaction for conventional alloys is the replacement 
of the tin–mercury, γ2 phase in the reaction product 
with a copper–tin phase. The copper–tin phase 
may exist in the form of Cu6 Sn5 (η phase) or Cu3 

Sn (ε phase) depending on the precise formulation 
of the alloy. In either case, the elimination of the 
γ2 phase has a profound effect on the properties 
of the set material.

In the case of the dispersion-modifi ed, copper-
enriched materials, it is believed that the particles 
of conventional lathe-cut alloy initially react to 
form γ1 and γ2 phases. The γ2 phase then reacts 

Fig. 21.3 Dispersion-modified alloy powder. Lathe-cut 
particles of conventional alloy and spherical particles of 
silver-copper eutectic alloy (×500).
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with copper from the silver–copper eutectic 
spheres to form the copper-tin phase. Thus, in 
these materials, the γ2 phase exists as an intermedi-
ate reaction product for a short time during 
setting. The reaction rate is quite slow and some-
times takes several days or even weeks to reach 
completion. This is refl ected in the rate of develop-
ment of mechanical properties.

21.4 Properties

Some of the important physical and mechanical 
properties of amalgam are specifi ed as tests and 
requirements in the ISO specifi cation for dental 
amalgam alloy (ISO 1559). The requirements are 
given in Table 21.2.

Dimensional changes: The setting reaction for 
amalgam involves a dimensional change. If cylin-
drical specimens of material are prepared and 
allowed to set in unrestrained conditions, plots of 
dimensional change versus time are akin to those 
shown in Fig. 21.4. Curves (a) and (b) are typical 
of results obtained for commonly used materials. 
A small contraction takes place during the fi rst 
half hour or so. This corresponds to the stage 
during which mercury is still diffusing into the 
alloy particles. The upturn in the curve begins 

when crystallization of new phases becomes the 
predominant feature of the setting reaction. The 
outward thrust of growing crystals causes the 
expansion. The overall effect may cause a slight 
fi nal expansion as shown in curve (a) or a slight 
fi nal contraction as in curve (b). Factors which 
affect the amount of expansion of contraction 
include the type of alloy used, the particle size and 
shape and, most signifi cantly, manipulative vari-
ables such as the pressure used to condense the 
amalgam into the cavity. It is important that the 
fi nal set fi lling should not have dimensions which 
are very different from that of the cavity. A large 
contraction would result in a marginal-gap down 
which fl uids could penetrate. A large expansion 
may result in the material protruding from the 

Table 21.2 Physical and mechanical properties of dental 
amalgam specified in ISO 1559.

Property Required value

Dimensional change (%) −0.1 to +0.2
Compressive strength (MPa)
 at 1 hour  50 (minimum)
 at 24 hours 300 (minimum)
Creep (%) 3.0 (maximum)

Fig. 21.4 Dimensional change versus time for dental amalgam. Measurements started soon after mixing. (a) and (b) 
Examples of normal behaviour. (c) Example of moisture-contaminated zinc containing material. (note: logarithmic time 
scale)
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surface of the cavity or even in the fracture of 
the tooth (see Fig. 21.5). Hence, standard 
specifi cation tests for dental amalgam permit only 
a small expansion (typically 0.1% maximum) or 
a small contraction (typically 0.1% maximum).

A far greater expansion than the maximum 
value given above may result if a zinc-containing 
amalgam is contaminated with moisture during 
condensation. Zinc reacts readily with water 
producing hydrogen:

Zn + H2O → ZnO + H2

The liberation of hydrogen causes a considerable 
delayed expansion as illustrated by curve (c) in 
Fig. 21.4. This confi rms the need for adequate 
moisture control when using these materials.

In order to facilitate a good marginal seal 
between amalgam fi llings and the cavity wall it is 
suggested that a cavity varnish is used. Such var-
nishes consists of solutions of natural or synthetic 
resins in a volatile solvent such as ether. The 
varnish is applied to the cavity walls and after 
evaporation of the solvent a thin layer of resin 
covers the dentine. The amalgam is condensed 
against the varnish which helps to seal the cavity 
walls and to take up some of the strain if the 
amalgam expands. In order to effectively seal the 
cavity the varnish should be water resistant, a 
property which is not achieved in some of the 
natural resin varnishes.

Strength: The strength of dental amalgam is devel-
oped slowly. It may take up to 24 hours to reach 
a reasonably high value and continues to increase 
slightly for some time after that. At the time when 
the patient is dismissed from the surgery, typically 
some 15–20 minutes after placing the fi lling, the 
amalgam is relatively weak. It is necessary, there-
fore, to instruct patients not to apply undue stress 
to their freshly placed amalgam fi llings. The 
requirements of the ISO Standard (Table 21.2) 
refl ect the slow development of the strength which 
can occur with dental amalgam. The requirement 
for strength at 24 hours is six times the require-
ment at 1 hour.

Spherical particle alloys and copper-enriched 
alloys develop strength more rapidly than conven-
tional lathe-cut materials. Fine-grain, lathe-cut 
products develop strength more rapidly than 
coarse-grain products (Fig. 21.6). There is little 
difference in the ultimate compressive strength 
values of the materials – all being adequate in this 
respect.

The tensile strength and transverse strength 
values of amalgam are very much lower than the 
compressive strength. The material is weak in thin 
sections and unsupported edges of amalgam are 
readily fractured under occlusal loads. Due regard 
must be paid to the mechanical properties of 
amalgam when considering cavity preparation. 
The material should be considered essentially 
brittle in nature, requiring adequate support from 
surrounding structures. Technique may play an 
important part in determining the fi nal strength of 
amalgam. There is good correlation between 
strength and mercury content. Optimum proper-
ties are produced for amalgams containing 44–
48% mercury. Since most materials are initially 
proportioned at more than 50% mercury it is nec-
essary to reduce this level during manipulation.

Table 21.3 gives mechanical properties of a 
typical lathe-cut amalgam along with those of 
enamel and dentine for comparison. It can be seen 
that in many respects the material is a relatively 
good replacement for the natural tooth substance. 
Values of modulus of elasticity, tensile strength 
and hardness lie between those of the materials 
being replaced. The hardness of amalgam is some-
what lower than that of enamel, a factor that may 
be responsible for amalgam restorations develop-
ing surface facets when they make contact with 
cusps of opposing teeth. Despite having a surface 
hardness which is over three times lower than that 

Fig. 21.5 An occlusal amalgam filling which has caused 
the tooth to crack. The most likely cause of this cracking is 
the expansion of the amalgam during or shortly after 
setting.
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of enamel, amalgam appears to have adequate 
resistance to intra-oral abrasion and rarely fails 
by this mechanism.

Plastic deformation (creep): Amalgam undergoes 
a certain amount of plastic deformation or creep 
when subjected to dynamic intra-oral stresses. The 
tendency for a material to creep is, however, nor-
mally measured in the laboratory using a static 
creep test. (See p. 18.) Creep is determined by 
applying an axial compressive stress of 36  MPa to 
a cylinder of amalgam 6  mm long and 4  mm in 
diameter. The specimen is stored at 37ºC for 7 
days before testing. After loading, the change in 
length of the specimen is monitored for 4 hours 

and the creep is calculated as the change in length 
between 1 hour and 4 hours as a percentage of 
the original length.

The signifi cance of creep can be explained by 
reference to Fig. 21.7. Creep causes the amalgam 
to fl ow, such that unsupported amalgam pro-
trudes from the margin of the cavity (Fig. 21.7b). 
These unsupported edges are weak and may be 
further weakened by corrosion. Fracture causes 
the formation of a ‘ditch’ around the margins 
of the amalgam restoration. The phenomenon is 
often referred to as the ditching of amalgam. The 
γ2 phase of amalgam is primarily responsible for 
the relatively high values of creep exhibited by 
some materials. The copper-enriched amalgams, 

Fig. 21.6 Graph showing increase in 
compressive strength as a function of 
time. (a) Coarse-grain, lathe-cut 
material. (b) Fine-grain, lathe-cut 
material. (c) Spherical particle material. 
(note: logarithmic time scale)

Table 21.3 Mechanical properties of a lathe-cut amalgam compared with tooth substance.

Property Enamel Dentine Amalgam

Modulus of elasticity (GPa) 50  12  30
Compressive strength at 7 days (MPa) 250* 280 350
Tensile strength at 7 days  35† 40–260‡   60†

Vickers hardness 350  60 100

* Value for enamel cusp.
† Diammetral test.
‡ Higher values calculated from fl exural test.
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which contain little or no γ2 in the set material, 
have signifi cantly lower creep values and clinical 
trials show they are less prone to ditching. Amal-
gams produced from copper-enriched alloys con-
taining small quantities of metals such as palladium 
or indium have lower values still. This suggests 
that although the γ2 phase may be implicated as 
being responsible for high creep it is not the only 
factor involved. Typical values of static creep for 
three types of amalgam are given in Table 21.4. 
These values can be compared with the maximum 
value accepted in standards (Table 21.2).

Corrosion: The term corrosion should be distin-
guished from the often misused term tarnish. Tar-
nishing simply involves the loss of lustre from the 
surface of a metal or alloy due to the formation 
of a surface coating. The integrity of the alloy is 
not affected and no change in mechanical proper-
ties would be expected. Amalgam readily tarnishes 
due to the formation of a sulphide layer on the 
surface.

Corrosion is a more serious matter which may 
signifi cantly affect the structure and mechanical 
properties.

The heterogeneous, multiphase structure of 
dental amalgam makes it prone to corrosion. Elec-
trolytic cells are readily set up in which different 
phases form the anode and cathode and saliva 
provides the electrolytes (p. 29).

The γ2 phase of a conventional amalgam is the 
most electrochemically reactive and readily forms 
the anode in an electrolytic cell. The γ2 phase 
breaks down to give tin-containing corrosion 
products and mercury which may be able to 
combine with unreacted alloy (γ phase). Not all 
the mercury formed during corrosion is able to 
combine rapidly with unreacted alloy and small 
quantities inevitably become ingested. This source 
of ingested mercury is a worry to those concerned 
about the cumulative toxic effects of mercury in 
the body. The proposed mechanism for the release 
of mercury during corrosion would suggest that 
this problem should be less acute for the copper-
enriched, γ2 free materials. For these products the 
most reactive phase, and the one most likely to 
form the anode in a corrosive couple, is the Cu–Sn 
phase. The rate of corrosion is accelerated if the 
amalgam fi lling contacts a gold restoration. The 
large difference in potential results in a signifi cant 
corrosion current being established.

Corrosion produces a restoration with poor 
appearance and may signifi cantly affect mechani-
cal properties. The chances of ditching are 
increased, particularly if creep has also occurred. 
The level of corrosion can be minimized by polish-
ing the surfaces of restorations. Smooth surfaces 
are less prone to concentration cell corrosion.

The corrosion products are thought to produce 
one benefi cial result. They are thought to gather 
at the restoration-tooth interface and to eventu-
ally form a seal which prevents microleakage. This 
proposed mechanism is supported by the fact that, 
in laboratory tests, microleakage is observed to 
decrease with time if amalgam restored teeth are 
stored in a corrosive environment.

Copper-enriched amalgams contain little or no 
γ2 phase. The copper–tin phase, which replaces γ2 
in these materials, is still the most corrosion-prone 
phase in the amalgam. The corrosion currents 
produced, however, are lower than those for con-
ventional amalgams.

(a) (b) (c)

Fig. 21.7 Diagram showing how creep of 
amalgam causes the formation of 
unsupported edges which can fracture. 
(a) Initial restoration. (b) Following creep. 
(c) Following marginal fracture.

Table 21.4 Values of static creep for amalgam.

Material type Creep (%)*

Conventional lathe-cut 2.5
Dispersion-modifi ed, copper-enriched 0.2
Copper-enriched, containing 0.5% 
 palladium

0.06

* Creep after 7 days, stress of 37  MPa applied for 4 hours. 
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It is now generally accepted that copper-enriched 
amalgams perform better than conventional mate-
rials in terms of corrosion and that this may be a 
factor involved in the lower incidence of ditching 
reported for these materials. There are no reports 
of increased marginal leakage for the copper-
enriched materials, indicating that suffi cient quan-
tities of corrosion product are produced to seal 
the margins.

Thermal properties: Amalgam has a relatively 
high value of thermal diffusivity, as would be 
expected for a metallic restorative material. Thus, 
in constructing an amalgam restoration, an insu-
lating material, dentine, is replaced by a good 
thermal conductor (Table 21.5). In large cavities 
it is necessary to line the base of the cavity with 
an insulating, cavity lining material prior to con-
densing the amalgam. This reduces the harmful 
effects of thermal stimuli on the pulp.

The coeffi cient of thermal expansion value for 
amalgam is about three times greater than that for 
dentine (Table 21.5). This, coupled with the 
greater diffusivity of amalgam, results in consider-
ably more expansion and contraction in the res-
toration than in the surrounding tooth when a 
patient takes hot or cold food or drink. Such a 
mismatch of thermal expansion behaviour may 
cause microleakage around the fi lling since there 
is no adhesion between amalgam and tooth sub-
stance. However, one must take care not to 
overstate the effects of thermal expansion and 
contraction since the transient nature of intra-oral 
thermal stimuli indicates that only the surface 
layers of exposed materials will be affected as 
suggested in Section 20.5. The occurrence of decay 
in the dentine which surrounds an amalgam fi lling 
is the major cause for replacement of such restora-
tions. It is likely that microleakage plays an impor-
tant part in initiating such lesions.

Biological properties: Certain mercury compounds 
are known to have a harmful effect on the central 

nervous system. The patient is briefl y subjected to 
relatively high doses of mercury during placement, 
contouring and removal of amalgam fi llings. A 
lower, but continuing, dose results from ingestion 
of corrosion products. Some studies have shown 
a higher concentration of mercury in the blood 
and urine of patients with amalgam fi llings than 
those without. Levels of mercury were generally 
within acceptable limits however, and some studies 
have been unable to demonstrate a difference 
between patients with amalgam fi llings and those 
without. Despite this there have been reports 
linking mercury from dental amalgams with a 
variety of ailments, ranging from fairly mild 
behavioural problems to major psychiatric distur-
bances and multiple sclerosis. Many of the claims 
are unsubstantiated and are often based on unsci-
entifi c evidence. There are some documented 
cases, however, in which symptoms appear to 
subside after a patient’s amalgam fi llings are 
removed. This is a surprising observation that 
goes a long way towards proving that the original 
symptoms had little or nothing to do with mercury 
since the removal of amalgam fi llings would 
ensure a marked increase in the body burden of 
mercury. This is caused by release of mercury 
vapour during the grinding of amalgam.

Another concern has been associated with 
reports that mercury can be concentrated in the 
placenta and then be passed from mother to fetus, 
potentially causing spontaneous abortion or 
abnormalities in the new-born child. Scientifi c evi-
dence suggests that there are no grounds for such 
concerns. Despite the wealth of scientifi c evidence 
some authorities have advocated avoidance of the 
exposure of pregnant women to dental amalgam. 
Concerns over mercury release from amalgam fi ll-
ings should have become less of an issue since the 
introduction and widespread use of non-γ2 alloys. 
These alloys have signifi cantly better corrosion 
resistance and the corrosion process involves 
the liberation of far less mercury than the γ2-
containing products.

There are global variations in perceptions of 
mercury toxicity and its use in dentistry. Often, 
concerns are focused upon unwanted environmen-
tal effects related to contamination of water by 
waste amalgam products. Some countries have a 
history of environmental and human health prob-
lems related to contamination of water or food 
with industrial mercury. Such a background not 
surprisingly effects perceptions of safety for the 

Table 21.5 Thermal properties of amalgam and dentine.

Thermal diffusivity 
×10−3  cm2  s−1

Coeffi cient of thermal 
expansion ×10−6  ºC−1

Amalgam 78 25
Dentine  2  8



Dental Amalgam  189

use of mercury in dentistry. These specifi c prob-
lems have led to the situation in which amalgam 
is rarely used in certain countries. In other coun-
tries its use is restricted to certain groups of ‘low 
risk’ patients. Where amalgam use is deprecated, 
the potential hazardous effects of alternative 
materials are often conveniently neglected. Whilst 
the potential hazards of mercury are frequently 
highlighted there is far less scrutiny of the poten-
tial harmful effects of resin matrix composites, 
including the cytotoxicity of various components, 
the oestrogenicity of some commonly used resin 
precursors and the potentially tumour-inducing 
aerosols of fi ne glass particles produced during 
polishing. Whilst the evidence for each of these 
problems may be tenuous, it is no more tenuous 
than the body of evidence on the toxicity of 
mercury in dental amalgam.

Another potential problem concerns allergic 
reactions to mercury in dental amalgam. Such 
allergic reactions, usually manifested as a con-
tact dermatitis or lichenoid reaction, are well 
documented and can normally be explained by 
previous sensitization of the patient with mercury-
containing medicaments. Despite the vast numbers 
of amalgam fi llings placed every year the number 
of reported allergic reactions is very small and will 
presumably decrease further if the use of mercury-
containing sensitizing agents (e.g. certain eye oint-
ments) declines.

Whilst it is generally agreed that amalgam fi ll-
ings cause little damage to patients, concern has 
been expressed over the possible effects of long-
term exposure of dentists and assistants to mercury 
vapour. Mercury vapour may be released into the 
atmosphere during trituration, condensation or 
during the removal of old amalgam restorations. 
In addition, spillages of mercury in the surgery can 
cause long-term contamination of the atmosphere. 
It should be remembered that the vapour pressure 
of mercury increases markedly with temperature. 
The levels of atmospheric mercury will increase 
if an attempt is made to sterilize instruments 
contaminated with mercury or dental amalgam. 
Mercury-containing material should always be 
stored well away from any heat source. Spillages 
of mercury which occur near any source of heat, 
such as radiator or oven, will cause a marked 
increase in the concentration of mercury in the 
atmosphere.

Serious problems can be avoided by ensuring 
that the surgery is well ventilated and that fl ooring 

of a suitable type is chosen such that accidental 
spillages can be readily dealt with. Excess, waste 
or scrap amalgam should be stored, under water 
or chemical fi xative solution, in a sealed container 
in order to prevent another possible source of 
contamination. Mercury or freshly mixed amalgam 
should never be touched by hand. Mercury is 
readily absorbed by the skin, a fact which was 
obviously not appreciated in the days when it was 
normal practice to ‘mull’ the material in the hand 
before condensation. In addition to being hazard-
ous this practice leads to contamination of the 
amalgam.

Despite the increased exposure of dental per-
sonnel to mercury vapour, examinations of the 
health, mortality and morbidity rates for dentists 
have shown that they are not signifi cantly differ-
ent from those of the general population, a fact 
which should go a long way towards reassuring 
those who harbour fears over mercury toxicity.

21.5 Clinical handling notes for 
dental amalgam

Cavity design: Many designs of cavity have been 
used for amalgam restorations, starting with mod-
ifi cation of Black’s design for cavities for gold 
restorations. Over the years the cavity design has 
been refi ned to minimize destruction of sound 
tooth tissue and to give an appropriate form to 
the restoration to ensure that the physical proper-
ties of the material are optimized in the end 
product.

Amalgam has no intrinsic ability to bond to 
enamel and dentine, hence cavities have to be used 
which are undercut, i.e., the cavity is wider within 
the structure of the tooth than at its surface, in 
order that the material should be mechanically 
retained. At all times the cavity should be no 
wider than is compatible with removal of caries 
from the dentine, removal of any unsupported 
enamel and adequate access to pack the amalgam 
into the cavity. All internal line angles should 
be rounded to minimize internal stresses within 
the restoration and to facilitate adaptation of 
the material to the cavity walls. The fl oor of the 
cavity, both that overlying the pulp and at the 
gingival extent of any box, should be fl at to permit 
condensation of amalgam.

The cavo-surface margin is of particular impor-
tance for amalgam restorations. Amalgam is weak 
in thin section and hence a cavo-surface angle of 



190  Chapter 21

approaching 90º is desirable. This can be diffi cult 
to achieve, particularly on a cusp slope, whilst 
retaining a reasonable quantity of tooth tissue. 
Local modifi cations to the cavity margin, in 
enamel, may help to surmount this problem.

It is always necessary to remove unsupported 
enamel once any carious dentine has been removed. 
This is relatively easy to achieve on the clearly 
visible cavity surface, but it should be remembered 
that the enamel prism orientation close to the 
gingival margins is apical. Hence this area of the 
tooth needs to be fi nished using a gingival margin 
trimmer. Failure to remove unsupported enamel 
will result in an intrinsic weakness at the margins 
of the restoration. The unsupported tissue could 
fail either during function or under the pressure 
applied by a steel matrix band whilst the restora-
tion is being packed (Fig. 21.8). Such failure 
would result in very rapid marginal ditch forma-
tion and probable early failure of the restoration 
through recurrent decay.

Small cavities rely upon the undercut between 
opposing walls of the tooth for retention. If one 
or more cusps has fractured off a tooth it may be 
necessary to use an alternative form of retention 
for the amalgam. One method is to prepare pits 

and grooves in the remaining dentine into which 
the amalgam can be condensed. These act as 
retentive features if positioned correctly in rela-
tion to the remaining tooth tissues. Alternatively 
dentine pins can be used. A pin hole is prepared 
in the dentine and a pin is cemented, pressed or 
threaded into place. Nowadays, the most common 
form of pin is the self-threading pin in which a 
thread on the pin acts as its own tap to cut a 
thread into the dentine. In practice the quality of 
the thread cut into the dentine is poor and such 
pins are retained by tightly packed dentine chips. 
Pins which have a shoulder which engages the 
tooth tissue before the threaded shaft of the pin 
contacts the base of the pin hole cause less damage 
to the tooth. Pins need to be placed with care to 
avoid the pulp and the periodontium. At the same 
time adequate space needs to be available between 
the pin and the location of the surface of the res-
toration to permit the condensation of an appro-
priate bulk of amalgam. Finally pins should not 
be placed too close together. All dentine pins 
weaken the restoration in which they are placed 
so they should be used sparingly. The most recent 
innovation for retention of amalgam is the use of 
chemically-active adhesive resins as an adhesive 
between tooth structure and the restoration. These 
materials are covered in Sections 23.9 and 27.2.

Matrices: If an external wall of a tooth is breached 
by a cavity a steel matrix band needs to be applied 
to the tooth to provide a surface against which the 
amalgam can be condensed. In addition to forming 
the external wall of the cavity the matrix should 
adapt very closely to the gingival margin of the 
cavity to prevent the production of ledges of 
amalgam outside the cavity during packing.

Matrices either come with some form of holder 
or can be made from stainless steel tape held in 
place using impression compound.

It is important when rebuilding the proximal 
surfaces of any tooth to restore its contact rela-
tionship with any adjacent tooth. Obviously the 
use of a matrix may compromise this objective as 
the thickness of the matrix is interposed between 
the fi lling material and the tooth. This problem is 
surmounted when using amalgam in two ways. 
First, having adapted the matrix to the tooth it is 
burnished outward to try to achieve a contact 
with the adjacent tooth. Second, a wooden or 
metal wedge should be inserted between the teeth 
if possible. This has a dual benefi t in that it helps 

Fig. 21.8 Preparation of cavity margins with round-
tipped cutting instruments can lead to the production of a 
marginal lip of unsupported enamel. If this lip is not 
removed prior to adaptation of the matrix the band will 
apply considerable pressure to the enamel which will tend 
to fracture. The fractured portion will be held in place by 
the matrix, but will be lost relatively rapidly after matrix 
removal, resulting in a marginal defect at the base of the 
box.
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to maintain adaptation of the band to the tooth 
surface cervically and it separates the teeth slightly. 
Once the wedge is in place the matrix can be 
loosened slightly to facilitate burnishing against 
the adjacent tooth.

21.6 Manipulative variables

The manipulation of amalgam involves the fol-
lowing sequence of events.

(1) Proportioning and dispensing;
(2) Trituration;
(3) Condensation;
(4) Carving;
(5) Polishing.

The way in which each of these operations is 
carried out has an effect on the properties of the 
fi nal restoration.

Proportioning and dispensing: Alloy/mercury 
ratios vary between 5  :  8 and 10  :  8. Those mixes 
containing greater quantities of mercury are 
‘wetter’ and are generally used with hand mixing. 
Those mixes containing smaller quantities of 
mercury are ‘drier’ and are generally used with 
mechanical mixing. For any given alloy/mercury 
ratio, the nature of the mix may vary depending 
upon the size and shape of the alloy particles. 
Spherical particle alloys, for example, require less 
mercury to produce a workable mix.

For optimum properties the fi nal set amalgam 
should contain less than 50% mercury. Those 
materials used at alloy/mercury ratios at or 
approaching 5  :  8 require the removal of excess 
mercury following trituration and during 
condensation.

The optimal fi nal mercury content ranges from 
an average of 45% for lathe-cut materials to an 
average of 40% for spherical materials. Hence, 
the amount of mercury required to produce a 
workable plastic mass of material is generally 
greater than that required to produce optimal 
properties in the set material. If too much mercury 
is present in the fi nal set amalgam it is likely that 
too much of the relatively hard γ phase will be 
converted into relatively weak and soft γ2 phase 
and that a considerable amount of mercury will 
remain unreacted. If, on the other hand, an attempt 
is made to use too little mercury there may not be 
enough to wet the surface of the alloy particles 
and produce suffi cient matrix phase material to 

bind the unreacted γ cores together. This would 
result in porosity being present in the set 
material.

Various methods of dispensation are available. 
The most accurate method is to weigh the mercury 
and alloy components using a balance. This 
method is rarely used however, and both are com-
monly proportioned using volume dispensers.

The simplest type of volume dispenser consists 
of a glass bottle with a plastic, screw-top cap. The 
cap has a spring-loaded plunger which releases a 
known volume of either mercury or alloy when 
depressed. This method of dispensation is rela-
tively accurate and reproducible for mercury but 
less so for the powdered alloys since the amount 
of alloy released depends on the way in which the 
particles are packed together in the container.

An alternative method of dispensation for the 
alloy is preproportioned as a powder in a small 
sachet or envelope or as a tablet in which the 
powder particles are compressed together. Mixing 
involves the use of either the contents of one 
envelope or one tablet with a given volume of 
mercury.

Perhaps the most commonly used method of 
dispensation involves the use of semi-automatic 
dispensers which also carry out the mixing or 
trituration. These devices typically have two 
hoppers. One is fi lled with alloy, the other with 
mercury. The alloy/mercury ratio can be set by the 
operator and the required amount of each com-
ponent is released into a mixing chamber on the 
throw of a switch or the press of a button.

Another convenient method of dispensation 
involves the use of encapsulated materials. Each 
capsule contains both alloy and mercury in pro-
portions which have been determined by the 
manufacturer. The two components are initially 
separated by an impermeable membrane which is 
readily shattered using a purpose-built capsule 
press or on starting to vibrate the capsule in a 
mechanical mixer. The capsules are similar to 
those for some dental cements (Fig. 24.2) and are 
mixed using devices such as that shown in Fig. 
24.3. Capsules which do not require the use of a 
press are called self-activating capsules.

Trituration: The mixing or trituration of amalgam 
may be carried out by hand, using a mortar and 
pestle, or in an electrically powered machine 
which vibrates a capsule containing the mercury 
and alloy.
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For hand trituration, a glass mortar and pestle 
with roughened surfaces are normally used. A low 
alloy/mercury ratio (around 5  :  8) is often required 
to produce a workable mix and care must be 
taken not to use excessive pressure during tritura-
tion in order to prevent splintering of alloy parti-
cles which may change the character of the mix.

The trituration time may have an effect on the 
properties of the fi nal set amalgam. Some prod-
ucts require at least 40 seconds trituration in order 
to achieve full ‘wetting’ of alloy particles by 
mercury and optimal properties in the amalgam. 
Following trituration it is necessary to reduce the 
mercury content of the mix before condensing. 
This is normally done by placing the amalgam 
into a strip of gauze or chamois leather and 
squeezing to express excess mercury which appears 
as droplets on the outside.

Trituration by hand is not extensively practised 
in developed countries nowadays. Mechanical 
mixing is far more widely used. There are three 
levels of sophistication which may be employed. 
Following proportioning, the mercury and alloy 
may be placed in a capsule which is vibrated on 
a purpose-built machine, often referred to as an 
amalgamator. Alternatively, mechanical mixing in 
a semi-automatic machine, which also propor-
tions mercury and alloy, is possible. The use of 
encapsulated, preproportioned materials is prob-
ably the most convenient, although also the most 
expensive option. For all three options, trituration 
times of 5–20 seconds are normal. The trituration 
time will vary according to the nature of the alloy 
and the alloy  :  mercury ratio. For uncapsulated 
products the mercury and alloy are separated by 
a diaphragm which commonly has to be broken 
mechanically before the material can be triturated. 
Manufacturer’s instructions should be followed at 
all times for length of trituration.

The advantages of mechanical trituration are as 
follows.

(1) A uniform and reproducible mix is 
produced.

(2) A shorter trituration time can be used.
(3) A greater alloy/mercury ration can be used.

This negates the requirement to express excess 
mercury before condensing. Encapsulated materi-
als have the extra advantage that they are propor-
tioned by the manufacturer.

Another potential advantage of using encapsu-
lated materials is that they may help to reduce the 

risk of atmospheric mercury contamination. In 
order for this potential advantage to be realized it 
is essential that the capsules do not release mercury 
during trituration. If the capsule is not properly 
sealed, considerable amounts of mercury may 
escape as the temperature within the capsule 
increases during mechanical mixing. A further 
precaution is recommended when trituration is 
complete and the capsule is opened. The contents 
remain warm at this stage and the capsule should 
be opened away from the face in well-ventilated 
conditions.

Condensation: Following trituration, the material 
is packed or condensed into the prepared cavity. 
A variety of methods have been suggested to con-
dense amalgam including ultrasonic vibration and 
mechanical condensing tools. The mechanical 
tools apply quite high loads with a reasonably 
large amplitude of movement of the condensing 
tool. As a consequence they may be associated 
with damage to teeth, notably cuspal fracture 
during condensation.

Ultrasonic condensers tend to produce local 
heating of the amalgam with detrimental effects 
both in terms of mercury vapour release and mod-
ifi cation in the setting reaction of the material.

The most widely used method of condensation 
is with a hand instrument called an amalgam con-
denser. These are fl at-ended and come in a variety 
of styles. The shape and size of the condenser 
should be chosen with the size of the cavity in 
mind. The condenser must be able to fi t within the 
cavity outline and should be able to get reasonably 
close to the peripheral margin of the restoration. 
This can be a problem with boxes on the surface 
of a tooth as a large round condenser will not 
pack the amalgam well into the box walls close to 
the matrix. It is often better to use a smaller diam-
eter round condenser or an ovoid instrument to 
facilitate this fi rst stage of packing. The amalgam 
is packed in increments, each increment being 
equivalent to the volume of material which can be 
carried in an amalgam ‘gun’. This is the device 
used to transfer the material from the mixing 
vessel to the prepared cavity. During condensa-
tion, a fl uid, mercury-rich layer is formed on the 
surface of each incremental layer. The cavity is 
overfi lled and the mercury-rich layer carved away 
from the surface. This effectively reduces the 
mercury content of the fi lling thus improving its 
mechanical properties.
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The technique chosen for condensation must 
ensure the following.

(1) Adequate adaptation of the material to all 
parts of the cavity base and walls.

(2) Good bonding between the incremental 
layers of amalgam.

(3) Optimal mechanical properties in the set 
amalgam by minimizing porosity and achiev-
ing a fi nal mercury content of 44–48%.

There should be a minimal time delay between 
trituration and condensation. If condensation is 
commenced too late, the amalgam will have 
achieved a certain degree of set and adaptation, 
bonding of increments and fi nal mechanical prop-
erties are all adversely affected,

There is good correlation between the quality 
of an amalgam restoration and the energy 
expended by the operator who condenses it. For 
lathe-cut amalgam alloys best results are achieved 
by using a high condensing force at a rapid con-
densing frequency and continuing to condense 
until the amalgam feels hard and a mercury-rich 
layer has been formed at the surface. Amalgams 
made from spherical alloy particles have very dif-
ferent condensation characteristics to their lathe-
cut counter parts. They require lower condensation 
pressures to achieve the same degree of homoge-
neity and physical strength. Indeed, there is a risk 
when condensing spherical alloys of using too 
great a condensation pressure. If this occurs the 
alloy particles roll over each other and are dis-
placed by the condenser rather than being con-
densed into an homogenous mass. Recently some 
manufacturers have started to sand blast the 
spherical alloy particles. This has the effect of 
giving the material a similar handling characteris-
tic to lathe-cut alloys but still retaining their ease 
of condensing with low pressure.

Carving: The objectives of carving an amalgam 
restoration are to remove the mercury-rich layer 
on the amalgam surface and to rebuild the anatomy 
of the tooth, re-establishing contact with the 
opposing dentition. Obviously a knowledge of 
normal tooth anatomy is necessary for this 
purpose.

Soon after condensing the amalgam, the surface 
layer, which is rich in mercury, is carved away 
with a sharp instrument. Carving should be carried 
out when the material has reached a certain degree 
of set. If attempts are made to carve too soon there 

is a danger of ‘dragging out’ signifi cant amounts 
of material from the surface. If carving is delayed 
too long the material may become too hard to 
carve and there is a danger of chipping at the 
margins. It is useful to try to retain a mental 
picture of the extent of the cavity when carving. 
The amalgam needs to be cut back to the cavity 
margins. If this is not done, long fi ne-tapered 
extensions of amalgam will lie on top of the 
enamel surface. These will be poorly supported 
and will fracture rapidly if under occlusal load 
producing a positive margin (the amalgam stands 
proud of the tooth structure).

It will be necessary to check the pattern of 
occlusal contacts whilst carving a restoration. 
When the amalgam is still soft, rubbing the surface 
with cotton wool produces a matt fi nish, if the 
subject then gently taps their teeth together or 
moves them from side to side in contact, any areas 
of contact will show up as bright burnished spots 
and can be removed/reduced as required. If carving 
is not complete by the time that the amalgam has 
become hard, occlusal contacts need to be marked 
using thin articulating tape. High areas can be 
removed using steel instruments or ultimately a 
bur, usually a steel bur in a slow hand piece.

Spherical amalgams are easier to carve than 
lathe-cut materials and fi ne-grain products easier 
than coarse-grain.

Removal of the matrix: If a matrix has been used 
to help form a large amalgam restoration this 
should be removed during the carving process. 
The amalgam must be suffi ciently set that removal 
of the band will not result in bulk failure of the 
restoration. Equally, the materials should be suf-
fi ciently soft that any marginal excesses can be 
removed easily once the band has been removed. 
It is important to check that excess amalgam has 
not been forced beyond the matrix band gingivaly 
during condensation. This would otherwise result 
in a marginal ledge formation which could lead to 
periodontal disease as a consequence of inade-
quate cleansibility.

Polishing: Polishing is carried out in order to 
achieve a lustrous surface having a more accept-
able appearance and better corrosion resistance. 
The fi llings should not be polished until the mate-
rial has achieved a certain level of mechanical 
strength, otherwise there is a danger of fracture, 
particularly at the margins. The strength which 



194  Chapter 21

should be attained before polishing is commenced 
is not certain but many products require a delay 
of 24 hours between placing and polishing. It is 
claimed that some faster setting materials can be 
polished soon after placing.

Gross irregularities in the surface are reduced 
using multi-bladed steel burs in a slow hand piece. 
This stage should result in a smooth surface 
contour. Fine polishing to produce a lustre is then 
undertaken using graded abrasives, either fl ours 
of pumice followed by zinc or ceric oxides with 
water as a carrier or by using abrasive impreg-
nated rubber points and wheels. Pastes need to be 
applied using a rubber cup or brush, but are less 
frequently used now that impregnated points are 
available. One benefi cial effect of using a rubber 
carrier for the abrasive (either a cup or a point) is 

to burnish the surface of the restoration, improv-
ing its marginal adaptation. Care is required when 
using impregnated rubber points as the amalgam 
can be heated signifi cantly as a result of friction 
between the material and the rotating point. They 
should be used with intermittant contact pressures 
rather than continuous loods.

21.7 Suggested further reading
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Resin-based Filling Materials

The amine which is often used as a chemical 
activator in acrylic resins remains largely uncon-
sumed at the end of the setting reaction. One such 
amine which has been widely used is N, N′ 
dimethyl-p-toluidine. This has very poor colour 
stability, particularly in ultraviolet light, and grad-
ually changes from clear to brown, causing a con-
sequent change of colour in the material itself; 
hence some acrylic fi lling materials have been 
reported as having very poor colour stability. 
Attempts to overcome this problem have involved 
the use of uv absorbers and more stable amines 
as well as other types of activators and initiators. 
Peroxide/alkylborane systems have been used as 
an alternative to peroxide/amine. This system was 
claimed to produce a material with adhesive prop-
erties although this has never been extensively 
evaluated.

Other materials utilized a peroxide/mercaptan 
initiation system whilst peroxide/sulphinic acid 
was used in other products. The latter system is 
complicated because the sulphinic acid (normally 
p-toluene sulphinic acid) is unstable and can 
in advertently cause premature polymerisation of 
the monomer if incorporated in the liquid. This 
problem is overcome by incorporation of a salt of 
the sulphinic acid in the powder with the perox-
ide. A small quantity of methacrylic acid is incor-
porated in the liquid. This rapidly converts and 
sulphinic acid salt to the free acid when powder 
and liquid are mixed together. The sulphinic acid 
then reacts with the peroxide to activate the poly-
merisation process.

Advantages: The acrylic resin materials are less 
prone to erosion than silicates. They have low 
solubility over a wide range of pH values. They 
are less acidic than silicates though cannot be 
considered biologically bland due to the presence 

22.1 Introduction

The development of fi lling materials based on syn-
thetic polymers has been initiated by two major 
driving forces, in addition to the obvious com-
mercial ones. Firstly, there was a requirement to 
produce a material which could overcome the 
major defi ciencies of the silicate materials, namely, 
erosion, brittleness, acidity and a moisture sensi-
tivity which demanded very careful manipulation. 
Secondly, developments in polymer technology 
produced resins which could be readily cured at 
mouth temperature and, with the aid of pigments 
and fi llers, could be made to resemble the natural 
tooth in appearance.

The fi rst materials to be widely used were the 
acrylic resins. These are, essentially, similar to 
resins used in denture construction (Chapter 13). 
The unfi lled acrylic resins have now been super-
seded by a myriad of composite materials consist-
ing of a heterogeneous blend of organic resin and 
inorganic fi ller.

22.2 Acrylic resins

These are supplied as a powder and liquid which 
are mixed together. The composition is similar to 
that given in Table 13.1 for denture base materi-
als. Briefl y, the materials consist of a powder and 
liquid. The powder contains beads of polymethyl-
methacrylate (<50  μm), chemical initiator (often a 
peroxide) and pigment, whilst the liquid consists 
of methylmethacrylate monomer and a chemical 
activator (often a tertiary amine). The pigments 
used are, generally, white, yellow or brown, in 
order to match natural tooth shades, as opposed 
to the pink pigments used in denture base 
polymers. The setting reaction involves a free 
radical addition polymerisation as described in 
Chapter 12.
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of residual methylmethacrylate monomer. They 
are less brittle than silicates although their 
mechanical properties are far from ideal.

The materials are good thermal insulators 
having a low value of thermal diffusivity, 1.0 × 
10−3  cm2  s−1 as opposed to 2.0 × 10−3  cm2  s−1 for 
dentine. The ability to match the appearance of 
tooth substance is, initially, very good, although 
some products have a tendency to discolour grad-
ually with time. Discoloration at the margins is 
also observed with many restorations.

Disadvantages: Although the acrylic materials do 
not contain any strong acids, some products 
contain methacrylic acid, used to modify setting 
characteristics, and all contain a certain level of 
residual methylmethacrylate monomer which is 
irritant. This, coupled with a signifi cant tempera-
ture rise during setting caused by a highly exother-
mic polymerisation reaction, necessitates the use 
of a protective cavity base material. The material 
of choice is a setting calcium hydroxide type. 
Products containing eugenol should be avoided 
since they retard the setting of the resin and cause 
discoloration.

The materials undergo a considerable setting 
contraction (6% by volume). If uncontrolled, this 
could produce a signifi cant marginal gap down 
which fl uids could penetrate. The problem may be 
partially alleviated by fi lling the cavity with small 
increments and allowing the contraction to occur 
towards the walls of the cavity before the next 
increment is added. Another approach is to over-
fi ll the cavity and place the setting material under 
strong fi nger pressure with a matrix strip during 
setting.

The coeffi cient of thermal expansion value for 
acrylic resin is some ten times greater than that 
for tooth substance (see Table 22.2). The potential 
for percolation of fl uids down the restoration–
tooth interface when the patient takes hot or cold 
food and drink is, therefore, signifi cant.

The mechanical properties of acrylic resin 
compare unfavourably with those of the natural 
tooth material which it replaces (Table 22.1). The 
low value of modulus of elasticity indicates that 
acrylic resin is a far more fl exible material than 
either enamel or dentine. Flexing of restorations 
under load can lead to marginal breakdown. The 
lower compressive strength and hardness values of 
acrylic resin are refl ected in a poor durability, par-
ticularly when restorations are subjected to abra-
sive forces. Material loss by wear is a phenomenon 
associated with these relatively soft materials.

Current status: Acrylic resins are now rarely used 
as permanent fi lling materials. They overcome the 
major problems associated with silicates but have 
many other disadvantages which preclude regular 
use. The materials are still in use for temporary 
crown and bridge construction.

22.3 Composite materials – introduction

A composite material is a product which consists 
of at least two distinct phases normally formed by 
blending together components having different 
structures and properties. The purpose of this is 
to produce a material having properties which 
could not be achieved from any of the individual 
components alone. The two main components of 
composite fi lling materials are the resin phase and 
the reinforcing fi ller. The benefi cial properties 
contributed by the resin are the ability to be 
moulded at ambient temperatures coupled with 
setting by polymerisation achieved in a conve-
niently short time. The disadvantages of using 
resin alone have been given in the previous section. 
The benefi cial properties contributed by the fi ller 
are rigidity, hardness, strength and a lower value 
for the coeffi cient of thermal expansion. In addi-
tion, if the fi ller occupies a signifi cant proportion 
of the volume of a composite material it markedly 
lowers setting contraction. The effect of fi ller 

Table 22.1 Some mechanical properties of acrylic resin, enamel and dentine.

Acrylic resin Enamel Dentine

Modulus of elasticity (GPa)  2  50  15
Compressive strength (MPa) 70 250 280
Tensile strength (MPa) 30  35* 40–260**
Hardness (Vickers) 20 350 60

* diammetral test, ** higher values from fl exural test.
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depends on the type, shape, size and amount of 
fi ller incorporated and, often, the existence of effi -
cient coupling between the fi ller and resin.

When particulate glass fi llers are incorporated 
in acrylic resins, three properties, namely, coeffi -
cient of thermal expansion, setting contraction 
and surface hardness, depend almost linearly on 
the fi ller content, as shown in Fig. 22.1.

Other thermal and mechanical properties may 
vary in a similar way. Strength and modulus of 
elasticity generally increase with addition of fi ller, 
as does abrasion resistance, probably as a result 
of increased surface hardness. If the added fi ller is 
translucent, the optical properties of the resin 
are improved and a more lifelike appearance 
produced.

The resins used in composite materials are 
invariably based in methacrylate monomers. 
Simple methylmethacrylate was used in some early 
products but most materials now utilize dime-
thacrylates. These monomers undergo a smaller 
contraction on setting and form a highly cross-
linked three dimensional network with properties 

which are generally better than those of 
polymethylmelthacrylate.

22.4 Classification and composition of 
composites

All dental composites consist of a blend of resin 
and inorganic fi ller. Methods used to characterise 
materials are based upon the method used to acti-
vate polymerisation of the resin and on the parti-
cle size distribution of fi ller. Figure 22.2 shows the 
polished surface of a composite in which the fi ller 
particles embedded in a matrix of resin are clearly 
visible.

Resins: The nature of the resin may alter slightly 
from one product to another, although, essen-
tially, they all contain a modifi ed methacrylate or 
acrylate. Figure 22.3 gives the molecular struc-
tures of two of the most commonly used mono-
mers, Bis GMA and urethane dimethacrylate, 
together with that of tri-ethylene glycol dimethac-
rylate (TEGMA) which is a comonomer often 
used to control the viscosity of the unmixed mate-
rials. It can be seen from Fig. 22.3 that the 
monomer and comonomer molecules are difunc-
tional methacrylates. Each carbon–carbon double 
bond is able to take part in a free radical addition 
polymerisation, to give a highly cross-linked resin 
after setting. New composites, only just appearing 
on the market, are based upon a different kind of 
chemistry in which polymerisation occurs through 
a ring-opening mechanism. These products are 
considered in the context of the reduction in 
setting contraction (see page 207).

Fig. 22.1 Variation of surface hardness, setting 
contraction and coefficient of thermal expansion with 
inorganic filler content for acrylic resins.

Fig. 22.2 Polished surface of a dental composite 
showing filler particles embedded in a matrix of resin 
(×1445).
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Bis GMA is a difunctional methacrylate which 
is normally formed by a reaction between bisphe-
nol A and glycidylmethacrylate. It has two phenyl 
groups which lend a degree of rigidity to the mol-
ecule and the hydroxyl groups are thought to give 
some intermolecular hydrogen bonding. These 
features give Bis GMA a consistency which is 
similar to that of thick treacle at room tempera-
ture. Blending of fi ller particles with a material of 
this consistency is diffi cult and the manufacturers 
normally have to use a fl uid diluent monomer 
such as TEGMA to reduce the viscosity. A mixture 
of three parts Bis GMA and one part TEGMA is 
typically blended with fi ller. Bis MA monomer is 
used in some products. This is very similar to Bis 
GMA but contains no hydroxyl groups.

The urethanedimethacrylate monomers may be 
aliphatic or aromatic in nature. The central group 
in Fig. 22.3 is typically:

− O − CO − NH − CH2 − CH(CH3) − CH2 − 
C(CH3)2 − CH2 − CH2 − NH − CO − O −

in a commonly used aliphatic dimethacrylate 
monomer. Monomers of this type have relatively 
low viscosity and do not require the use of a 
diluent monomer although some manufacturers 
do blend various monomers together. Urethanedi-
methacrylate monomers containing aromatic 
groups have a slightly more complicated structure 
and are often more viscous, normally requiring 
the presence of a diluent monomer.

The size of the monomer and comonomer mol-
ecules, coupled with a rapid increase in viscosity 
during setting, causes a relatively high concentra-
tion of acrylate or methacrylate groups to remain 
unreacted after setting. This results from the fact 
that reactive methacrylate groups fi nd it increas-
ingly diffi cult to migrate to the reaction sites as 
viscosity increases. When the glass transition tem-
perature of the polymerizing mass approaches the 
ambient temperature the rate of diffusion dimin-
ishes markedly and little further reaction is possi-
ble. Further reaction could be encouraged by 
heating the material to a temperature well above 

Fig. 22.3 Molecular structures of three modified methacrylate or acrylate resin monomers used in composite materials. 
(a) Bis GMA (addition product of BisPhenol A and glycidylmethacrylate). (b) Urethane dimethacrylate. (c) Triethylene 
glycol dimethacrylate.
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the ambient temperature in order to regenerate 
mobility of reactive groups. Heat treatment of this 
type is not feasible for direct composite fi lling 
materials but may be used to enhance the proper-
ties of composite inlay materials.

Methods of activation: Polymerisation may be 
activated chemically, by mixing two components, 
one of which typically contains an initiator and 
the other an activator, or by an external ultravio-
let or visible light source. The traditional method 
for delivering the blue visible light required for 
‘visible light activation’ involves the use of a 
quartz tungsten halogen (QTH) lamp. Other 
systems including plasma arc, laser and light emit-
ting diode (LED) systems are now also available. 
These various types of lamps are discussed on 
p. 204.

For chemical activation, many different methods 
of dispensation are available. The most popular is 
the ‘two paste’ system (see Fig. 22.4). Each paste 
contains a blend of resin and fi ller. One paste 
contains about 1% of a peroxide initiator, such as 
benzoyl peroxide, whilst the other paste contains 
about 0.5% of a tertiary amine activator, such as 
N, N′ dimethyl-p-toluidine on p-tolyl diethanol-
amine. The ensuing reaction is a free radical addi-
tion polymerisation as described in Chapter 12.

Other systems which rely on chemical activa-
tion are as follows:

(1) Powder/liquid systems, in which the powder 
contains fi ller particles and peroxide initiator 
whilst the liquid contains monomer, como-
nomer and chemical activator.

(2) Paste/liquid materials in which the paste con-
tains monomers, comonomers, fi ller and per-
oxide whilst the liquid contains monomers 
and chemical activator.

(3) Encapsulated materials in which the fi ller, 
mixed with peroxide, is initially separated 
within a capsule from the monomers and 
comonomers containing the chemical activa-
tor. On breaking the seal between the two 
parts of the capsule the reactive compon-
ents come into contact and are mixed 
mechanically.

Light-activated materials are generally supplied as 
a single paste which contains monomers, como-
nomers, fi ller and an initiator which is unstable in 
the presence of either ultraviolet (uv) or high-
intensity visible light. For uv-activated materials, 
the most commonly used initiator is benzoin 
methyl ether. At certain selected wavelengths 
within the uv range, this molecule is able to absorb 
radiation and undergo heterolytic decomposition 
to form free radicals. The radicals initiate poly-
merisation which then continues in much the 
same way as that described for vinyl monomers 
(p. 102).

The use of uv-activated materials has dimin-
ished greatly since the possible dangers of long-
term exposure to ultraviolet radiation were 
highlighted.

For visible light-activated materials the initiator 
system comprises a mixture of a diketone and an 
amine. Camphorquinone is a commonly used 
diketone which rapidly forms free radicals in the 
presence of an amine and radiation of the correct 
wavelength and intensity.

Light-activated materials require the use of a 
specialist light source, capable of delivering radia-
tion with the appropriate characteristics to the 
surface of the freshly placed material in situ. 
(see Fig. 22.5)

Care must be taken in the storage of unused 
pastes since exposure to sunlight, or particularly 
to the surgery operating light, may be suffi cient to 
activate a slow initiation process which causes the 
paste to thicken and become unworkable. For 
materials which are supplied in pots it is essential 
to replace the lid quickly after removing the 
required amount of paste.

Many materials are supplied in syringes which 
will enable the operator or his assistant to 
expel suffi cient material for one restoration. The 

Fig. 22.4 A typical two paste composite material. 
Approximately equal amounts of two pastes are taken out 
of the containers using a plastic spatula and then they are 
mixed together on a paper pad.
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material remaining in the syringe is not exposed. 
Another method of dispensation is in the form of 
‘compules’. Each compule contains suffi cient paste 
for at least one restoration and is extruded into 
the cavity by placing the compule into a press. (see 
Fig. 22.6)

Fillers: The type, concentration, particle size and 
particle size distribution of the fi ller used in a 
composite material are major factors controlling 
properties.

Fillers commonly used include quartz, fused 
silica and many types of glass including alumino-
silicates and borosilicates, some containing barium 
oxide.

The fi rst generation of composite materials typi-
cally contain 60–80%, by weight, of quartz or 
glass in the particle size range of 1–50  μm. The 
particle size distribution may vary, within this 
range, from one product to another, some con-
taining relatively greater amounts of larger parti-
cles, approaching 50  μm, others containing larger 

quantities of smaller particles. Materials contain-
ing fi ller particles of this type are normally referred 
to as conventional composites. The fi ller particles 
are subjected to a special pretreatment prior to 
blending with the resin. This involves laying down 
a surface coating of a coupling agent on the par-
ticles to enhance bonding between the fi ller and 
resin matrix. The coupling agent most commonly 
used is γ-methacryloxypropyltrimethoxysilane:

CH2 = CCH3CO2(CH2)3Si(OCH3)3

This is a difunctional molecule which at one end 
has the characteristics of a methacrylate monomer 
whilst at the other it has a silane group capable 
of interacting and bonding with glass or quartz 
surfaces. Hence, it is able to set up a bond between 
the resin and fi ller components in a composite 
system.

Since the composite fi lling materials were intro-
duced in the mid-1960s, there has been a trend 
towards the use of fi llers with smaller particle size. 
Many of the currently available products with 
glass or quartz fi llers contain particles in the more 
limited range of 1–5  μm.

Another development has been the introduction 
of a number of products containing submicron 

Fig. 22.5 Light-activated composite materials are 
often provided in light-proof syringes of the type shown 
here. Materials are provided in various tooth shades 
corresponding to the different shades on the shade guide 
which is also shown in this figure. The same manufacturer 
is likely to also supply a light curing unit which is used to 
activate polymerisation. The curing units shown here are a 
QTH unit (on the right) and an LED unit (on the left).

Fig. 22.6 This shows the three most common means of 
supplying composite filling materials. On the left we have 
the two paste chemically activated materials supplied in 
pots. Mixing of the pastes is required to bring about 
activation of polymerisation. In the middle we see the 
syringe format and on the right we see mini-syringe or 
‘compule’ format. Both the syringe and compule format 
are used for light-activated materials which require no 
mixing. In the case of the compule format each small 
mini-syringe contains sufficient material for one or two 
restorations and the compule is disposed of after use.



Resin-based Filling Materials  201

particles of silica. These materials are referred to 
as microfi lled composites and contain silica parti-
cles in the range 0.01–0.1  μm with a typical mean 
diameter of 0.04  μm. The very small particle size 
produces a massive increase in available surface 
area for a given volume of fi ller (typically 103–104 
times more surface area). Consequently, it is not 
possible to incorporate very high fi ller loadings of 
this small particle size and products which are 
available contain only 30–60% fi ller by weight. 
Even at these lower levels, calculations show that 
many fi ller particles must be present as agglomer-
ates and not as individual particles surrounded by 
resin.

The method of incorporating the smaller parti-
cles varies, direct blending with resin being diffi -
cult. The most widely used method is to prepare 
prepolymerised blocks of resin containing a high 
fi ller loading of silica. The block is splintered and 
ground to give particles of resin up to 100  μm in 
diameter, each containing silica. These particles 
are blended with monomer, comonomers, initia-
tors or activators to form pastes.

A third series of composite materials contain a 
blend of both conventional glass or quartz parti-
cles together with some submicron, particulate 
silica. These products are referred to as hybrid 
composites. Using fi ller loadings of about 75% 
conventional size (1–50  μm) and 8% submicron 
size (0.04  μm average), a total fi ller content of 
83% or greater can be achieved. Some hybrid 
products contain a blend of at least three different 
particles sizes of fi ller. These allow effi cient 
packing of fi ller into the smallest possible volume 
and enable fi ller loadings of up to 90% by weight 
to be achieved.

Figure 22.7 shows diagrammatically the micro-
structure of the main groups of materials.

Modern formulations of composites often 
involve new methods of manufacture of fi llers in 

which the particle size and shape is controlled and 
in which the traditional boundaries between con-
ventional, microfi lled and hybrid products can no 
longer be clearly identifi ed. Wet techniques includ-
ing sol-gel technology as well as jet blasting tech-
niques in which streams of powder are fi red at 
other streams to reduce and control particle size 
and shape give the manufacturer the opportunity 
to optimize all aspects of fi ller composition and 
nature. Composites produced using very small 
particles of less that one μm average diameter are 
often termed ‘nanocomposites’ by manufactures. 
However, the essential characteristics of such 
materials are adequately defi ned within the groups 
of microfi lled and hybrid materials without the 
need to consider a whole new class of products.

Conventional, microfi lled and hybrid compos-
ites are all available as either chemically activated 
or light-activated products.

The ISO Standard for resin-based restorative 
materials (ISO 4049) classifi es materials as being 
of two types depending upon the intended appli-
cation. Type 1 is claimed by the manufacturer to 
be suitable for the restoration of cavities involving 
occlusal surfaces. Type 2 includes all other 
polymer-based fi lling and restorative materials. 
The standard further sub-divides materials into 
three classes as follows:

• Class 1 comprises self-curing materials whose 
setting is activated by mixing an initiator and 
an activator.

• Class 2 materials are those whose setting is 
effected by application of energy from an 
external source such as blue light or heat. 
These materials are further sub-divided as 
follows:

Class 2 group 1 – materials whose use 
requires the energy to be applied 
intra-orally.

Fig. 22.7 Diagrammatic representation of 
the size of filler particles used in the three 
main groups of composite resins. A further 
group of ‘nanocomposites’ have particles 
similar to those used in microfilled products.
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Class 2 group 2 – materials whose method 
of use requires the energy to be applied 
extra-orally.

 The latter materials are specifi cally designed 
for the production of composite inlays and 
onlays.

• Class 3 materials are dual-cure materials which 
have a self-curing chemical mechanism but are 
also cured by the application of external 
energy.

Another method for classifying composite mate-
rials which has been developed and used by the 
manufacturers recognizes the fact that many den-
tists choose materials based upon their handling 
characteristics. Hence, some highly viscous mate-
rials are classifi ed as ‘packable’ composites whilst 
some more fl uid products are classifi ed as ‘fl ow-
able’ composites. There is an understanding that 
the choice of packable or fl owable material may 
vary depending upon the particular clinical appli-
cation. Figure 22.8 shows a packable material 
which has a viscosity which is so high that it 
cannot be extruded through a syringe or compule 
and an alternative means of providing the material 
in small portions of paste suffi cient for one resto-
ration has been devised.

22.5 Properties of composites

Some of the properties of resin-based restoratives 
are included within the tests and requirements of 
the ISO Standard (ISO 4049). This standard sets 

minimum standards of quality in relation to the 
following:

(1) The working time and setting time of class 1 
materials.

(2) The sensitivity to ambient light and depth of 
cure of class 2 materials.

(3) The fl exural strength of type 1 and 2 
materials.

(4) The water absorption, solubility, shade, 
colour stability and radiopacity of all 
materials.

Biocompatibility: Whilst composites are consid-
ered to be generally acceptable in terms of bio-
compatibility they should be treated as potentially 
harmful materials and handled with caution. The 
potential risks with composites are discussed in 
comparison with mercury in dental amalgam in 
Section 21.4. As with most materials, the products 
are potentially more harmful before setting when 
smaller molecules are not strongly bound within 
the mass of material. After setting the rigid cross-
linked structure helps to bind potentially harmful 
components more tightly.

Setting characteristics: For chemically activated 
materials, setting commences immediately after 
mixing the two components (paste and paste or 
paste and liquid etc.). The rate of set is uniform 
throughout the bulk of the material causing a 
gradual increase in viscosity at room temperature. 
Hence, the materials have a limited working time 
and must be inserted into the prepared cavity 
before they become unmanageable. In ISO 4049 
the working time is determined using a thermo-
couple located at the base of a small cavity (6  mm 
deep by 4  mm diameter). The working time is 
taken as the time when the exothermic heat of 
reaction for the mixed material causes a notice-
able rise in temperature. The standard requires 
that the working time (timed from start of mixing) 
should be at least 90 seconds.

After insertion, the materials are held under 
pressure with a plastic matrix strip and setting is 
normally completed within two or three minutes. 
Since setting occurs uniformly throughout the 
material it is safe to assume that a hard surface 
indicates that the material has set right through to 
the base of the cavity. Any material which is not 
covered by the matrix during setting is likely to 
have a tacky surface layer due to inhibition of the 
polymerisation reaction by oxygen. In ISO 4049 

Fig. 22.8 Some very viscous light-activated materials 
cannot be extruded from syringes or compules and they 
may be provided in containers of the sort shown here. 
The viscous material does not require any mixing and can 
be packed directly into a prepared cavity. Materials of this 
sort are sometimes referred to as packable composites.



Resin-based Filling Materials  203

the setting time is determined using the same 
apparatus as that described for measuring working 
time. For setting time determinations the equip-
ment is maintained at mouth temperature (37ºC). 
The setting time is defi ned as the time to reach the 
peak temperature in the exothermic setting reac-
tion. The setting time measured by this method 
must be no more than 5 minutes.

For light-activated materials, only a minimal 
increase in viscosity takes place before the mate-
rial is exposed to the activating light source. With 
these products the operator has, therefore, a 
longer working time. It should be remembered, 
however, that visible light-activated materials do 
begin to set slowly after exposure to light, particu-
larly light of high intensity such as the surgery 
operating light. Therefore, insertion of the mate-
rial into the cavity should not be delayed longer 
than necessary. In ISO 4049 light-activated mate-
rials are required to be tested for sensitivity to 
ambient light. When subjected to lighting equiva-
lent to a dental operating light they should show 
no detectable change in consistency after 60 
seconds exposure. After being covered with a 
matrix strip and exposed to the light source, poly-
merisation is often very rapid. Exposure times of 
between 10 seconds and one minute are, typically, 
required to cause setting. This ability to set rapidly 
after exposure to a light source is termed command 
setting.

The pattern of setting for light-activated materi-
als is dictated by the fact that activation is fi rst 
achieved in the surface layers of material where 
the light intensity is greatest. The potential for 
activation declines exponentially as a function of 
the distance from the surface of the fi lling. The 
intensity of light Ix at a distance x from the surface 
is given by the function

Ix = I0e−μx

where I0 is the light intensity at the surface and μ 
is the absorption coeffi cient of the material. Since 
a certain level of intensity is required to cause 
activation it follows that light-activated materials 
have a limited depth of cure. The high viscosity of 
the pastes retards the diffusion of active free radi-
cals from the surface layers to the lower unacti-
vated layers, hence, material which is not activated 
initially may take a considerable time to set or 
may remain unset indefi nitely. In ISO 4049 depth 
of cure is evaluated simply using a scrape test. 
Material is packed into a cylindrical mould and 

cured from one end for the time specifi ed by the 
manufacturer. Immediately after curing, the mould 
is opened and any soft uncured material is removed 
using a plastic spatula. The height of the remain-
ing hard, cured material is used to indicate depth 
of cure. In recognition of the fact that the method 
is quite crude and that material near the centre of 
the mass of material cures to a greater depth than 
the edges, the measured value is divided by 2 
to give the fi nal calculated depth of cure. This 
should be no less than 2  mm for most materials. 
A lower value of 1  mm is allowed for opaqueing 
materials.

Manufacturers of light-activated composites 
can control depth of cure by formulating the prod-
ucts in such a way that they more readily allow 
light penetration. In addition, they can supply or 
recommend a light source of adequate intensity 
and stipulate the exposure time required to give a 
certain depth of cure. Darker and more opaque 
shades of materials cannot be cured to the same 
depth as light and translucent shades. As an 
example, the light paste of one material can be 
cured to a depth of 2.5  mm using a 30 second 
exposure to light. The brown, opaque paste of the 
same material can only be cured to a depth of 
1  mm using the same exposure time. Increasing 
the exposure time has very little effect on the 
depth of cure. If a material cures to a depth of 
2.5  mm following a 30 second exposure it will not 
be cured to a signifi cantly greater depth by increas-
ing the exposure time to 1 or 2 minutes. On the 
other hand, the depth of cure can be signifi cantly 
reduced by using a light exposure time of less than 
that recommended by the manufacturer.

The compatibility of light sources and compos-
ite materials has been the subject of several studies 
and debates. Most currently available light-acti-
vated composite materials utilize a similar catalyst 
system and most light-activation units are designed 
to deliver radiation which has a high intensity at 
the relevant wavelength. There are marked differ-
ences in performance between the units however, 
with a variation in intensity of light at 470  nm of 
up to ten times (130–1300  lux at 470  nm). Since 
depth of cure values which are supplied by manu-
facturers have normally been measured with a 
specifi c light source, it cannot be guaranteed that 
the same depth of cure could be achieved with a 
different light source.

Other factors can be controlled by the operator. 
The distance of the light source from the surface 



204  Chapter 22

of the material is important. Depth of cure 
decreases signifi cantly as this distance increases. 
The operator should never attempt to cure a 
greater depth of material than that recommended 
by the manufacturer, nor should he attempt to use 
a shorter exposure time. When large cavities are 
being restored the composite material should be 
cured in increments to ensure proper curing.

The polymerisation reaction which causes 
setting of composite materials is exothermic in 
nature. The heat liberated can cause a signifi cant 
temperature rise within the material. If the tem-
perature rise is excessive and the pulp is not effec-
tively insulated, irritation, sensitivity or more 
serious irreversible damage may be caused. The 
heat of reaction for chemically activated and light-
activated materials is of similar magnitude but the 
resulting temperature rise varies considerably. In 
the case of a typical chemically activated material 
the temperature rise is expected to be in the range 
1–5ºC for an average size of restoration. For light-
activated materials the temperature rise is typi-
cally 5–15ºC depending upon the monomer system 
used and the fi ller content. The temperature rise 
is much higher for light-activated materials 
because the heat of polymerisation is liberated 
over a much shorter time-scale. In addition, the 
heating effect of the light-activation unit further 
increases the temperature of the composite mate-
rial when it is illuminated. In order to minimize 
the latter effect, manufacturers incorporate fi lters 
into their light-activation units. These fi lters are 
designed to remove the ‘hotter’ parts of the white 
light which occur at the red end of the visible 
spectrum. Hence, the radiation used in most units 
appears blue.

Light activation units: The purpose of the light 
activation unit is to deliver high intensity radia-
tion of the correct wavelength to the surface of 
the material in order to activate polymerisation. 
The critical wavelength used by the vast majority 
of units and materials is 470  nm which cor-
responds to the blue region of the visible 
spectrum.

Several types and designs of light activation unit 
are available for activating the polymerisation of 
light-activated materials. The conventional type of 
blue visible light activation unit used in dentistry 
since the early 1970s (shown in Fig. 22.5) is based 
upon light produced by a quartz tungsten halogen 
bulb (often shortened to QTH or halogen bulb) 

equivalent to that used in motor car headlights or 
slide projectors.

The design of the light curing unit is either a 
light box with a fl exible fi bre-optic umbilical and 
a light wand that is used to illuminate the restora-
tion or a gun design where the bulb and cooling 
fan are located in a hand-held device with a rigid 
fi bre optic light guide protruding out of the front 
of the gun to conduct light to the restoration. 
There are problems with all fi bre-optic systems in 
that the glass fi bres break with time reducing the 
effi ciency of light transmission. This is a greater 
problem with fl exible bundles than with rigid light 
guides. Both designs will include a cooling mecha-
nism for the bulb, a timing unit and fi lters to 
remove some of the unwanted spectra produced 
by incandescent light sources, particularly the 
ultra-violet end of the spectrum.

Halogen lamps are the most widely used and 
are available in both designs. They are capable of 
generating the required power of light output and 
are relatively cheap. The power output from the 
bulb deteriorates as the bulb ages reducing the 
effectiveness of the curing process. These bulbs 
produce a broad spectrum of light and require 
appropriate fi ltration to eliminate harmful ele-
ments of the light spectrum. They also generate a 
considerable amount of heat both directly and 
through emissions in the infra red range of the 
light spectrum.

Alternative light delivery systems: The light energy 
can now be delivered through other alternative 
means using plasma arc, laser or light emitting 
diode (LED) systems (Fig. 22.5). These delivery 
systems vary in the spectral distribution of radia-
tion produced and in the power or intensity of 
radiation over the critical wavelength region. In 
the case of camphoroquinone the optimal absorp-
tion of radiation occurs at 460–480  nm and 
systems which produce high intensity radiation 
outside the effective region are likely to be ineffi -
cient. They may require fi lters to remove unwanted 
radiation and cooling systems to reduce the effects 
of some of the radiation which causes heating but 
is ineffective in activating polymerisation. Such is 
the case with QTH type lamps described above.

The plasma arc lamps use a Xenon bulb which 
works on the same principle as a motor vehicle 
spark plug. A spark is produced by generating a 
large potential difference across a gas which 
becomes ionized to form the ‘plasma’. Plasma arc 
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lights are more commonly available in the light 
box/umbilical/light wand design. The power 
output from the bulbs is considerable (most are of 
the order of 300  watts) and require very effi cient 
cooling systems. There are a smaller number of 
recently designed products that use a new design 
of light and refl ector working at 120  watts that 
can be mounted in a gun design. The power output 
from these light units is about ten-fold that of a 
halogen bulb resulting in considerably shorter 
curing times and possibly greater depth of cure. 
There is also a signifi cant heating effect with these 
bulbs through the infrared spectrum.

The total amount of light generated for plasma 
lamps is signifi cantly greater than in the QTH 
lamps. Filtering is required to remove radiation 
with <400  nm or >500  nm wavelength and expo-
sure times much shorter than those with QTH 
lamps are recommended. Typically, only 2 or 3 
seconds of exposure is required with plasma arc 
lamps to achieve the same depth of cure obtained 
with a 30-second exposure to a typical QTH 
lamp. The timer on the control unit for these 
plasma arc lamps normally allows exposure times 
of only a few seconds followed by a latent period 
during which further exposure is not allowed. 
This prevents undue tissue heating which may 
result from over-exposure. Nevertheless, high 
temperature development is still a source of some 
concern with these systems.

Argon lasers emit a blue light which can be used 
to activate polymerisation. Two potential advan-
tages of laser light are: (1) the radiation is pro-
duced in a narrow wavelength distribution which, 
if matched to the absorption spectrum of the ini-
tiator/activator system, results in increased effi -
ciency (2) lasers are capable of emitting a 
collimated beam of radiation which may travel a 
large distance without dispersing. This character-
istic is in contrast to the normal behaviour of light 
in which the natural dispersion of radiation results 
in a rapid decrease in intensity as the distance 
from the source increases. In practice, laser curing 
units often employ a diffuser which disperses the 
radiation into a cone to produce improved cover-
age of a larger area. Laser curing units can achieve 
a degree of polymerisation and a depth of cure 
similar to that achieved with other systems, in a 
time which is shorter than that required for QTH 
units but longer than that required for plasma arc 
units. The effi ciency of the light production ensures 
that heat production is minimized. The narrow 

wavelength distribution of the laser systems means 
that the radiation may be incompatible with a 
small number of resins which employ different 
photoinitiator systems. Also, the nature of laser 
light dictates that these systems are subjected to 
greater national and international regulation relat-
ing to safety, warnings and the appropriate train-
ing of personnel.

Light emitting diodes (LEDs) have become used 
in many areas of technology and certain LEDs emit 
blue light over a narrow wavelength band which 
closely matches the absorption spectrum of the 
most commonly used photoinitiators (see Fig. 
22.9). Light emitting diodes are completely differ-
ent in their technology. An LED is a semiconduc-
tor that emits light within a very narrow frequency 
band when an electric current passes through it. A 
standard diode does not fl uoresce in function but 
when the diode is doped with specifi c metals at low 
concentration fl uorescence occurs. For example an 
aluminum gallium phosphate doped LED emits 
green light; light in the blue frequency bands is 
developed from diodes doped with gallium nitride, 
indium gallium nitride, silicon carbide, sapphire 
(aluminium oxide) and zinc selenide.

LEDs have a number of advantages over incan-
descent bulbs:

• Their low current use enables the practical 
design and manufacture of portable, recharge-
able light curing units which are environmen-
tally sealed facilitating cross infection 
control.

• They emit virtually no heat during use which 
will reduce the thermal change that a tooth is 
subject to during curing to only that of poly-
merisation reaction.

• They have a limited and specifi c spectrum of 
light output that can be tailored to a specifi c 
activity like activation of a photo-sensitive ini-
tiator for resin curing.

Curing units based on blue light LEDs have the 
advantage of low power consumption with battery 
power becoming a feasible option. There is no 
need for a fi ltration system and minimal heat is 
produced. The LEDs generally have a long service 
life with no bulbs to change, have a consistent 
output and are quiet because there is no need for 
a cooling fan. As for laser systems, a few products 
employing less common photoinitiators may be 
incompatible with the specifi c wavelength band of 
the LED light.
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Compatibility and testing: The compatibility of 
composite material and light curing unit remains 
an issue of concern on which much research is 
focused. Regular testing of equipment and materi-
als is recommended to ensure adequate curing of 
materials. All of these light sources will fail with 
time. The pattern of failure for all can either be 
catastrophic or there will be a gradual deteriora-
tion of light output with ageing of the bulb/LED. 
The life expectancy of LEDs is considerably longer 
than incandescent bulbs. For this reason it is 
important clinically to monitor the optical power 
output of light curing units and to change the bulb 
if the lower output falls signifi cantly.

An ISO standard for dental curing light units 
has been in preparation for several years. Diffi cul-
ties in preparing an acceptable standard arise from 
the fact that it is diffi cult to divorce the perfor-
mance of the lamp from that of the material. 
Nevertheless, manufacturers have produced a 
number of devices which can be used to monitor 
the quality of light-curing units. Many consist of 
light-sensitive diodes which are used as light-
intensity meters. When the reading falls below a 
critical value it suggests that the unit needs atten-
tion – perhaps a bulb needs replacing. Another 
approach to quality control is to carry out a depth 
of cure test using the chosen light unit/composite 
combination. Such testing performed on a regular 
basis is probably the best way to monitor the 
performance of both curing unit and material. At 
least one manufacturer supplies an easily assem-
bled three-part mould to enable this determina-
tion to be made (see Fig. 22.10).

Setting contraction: The setting contraction of 
composite resins is considerably smaller than that 
observed for unfi lled acrylic resins. Two factors 
contribute to this reduction. Firstly, the use of 
larger monomer and comonomer molecules effec-
tively reduces the concentration of reactive groups 
in a given volume of material. Secondly, additions 
of fi llers which take no part in the setting reaction 
further reduce the concentration of reactive meth-
acrylate groups.

The setting contraction depends on the number 
of addition reactions which take place during 
polymerisation and is therefore much smaller for 

Fig. 22.10 A 3-part mould of this sort can be used by 
the dentist to make an estimate of depth of cure. The 
mould is assembled and composite material is packed into 
the cavity and cured by exposure to a curing lamp. The 
mould is then disassembled and a probe can be used to 
estimate the depth at which material remains soft. 
Regular determinations can be used to confirm that both 
material and curing equipment are in good order.

0

0.5

1

1.5

2

2.5

3

3.5

4

350 370 390 410 430 450 470 490 510 530 550

Wavelength (nm)

S
p

ec
tr

al
 f

lu
x 

(m
W

/n
m

)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

C
Q

 a
b

so
rp

ti
o

n
 

LED
Halogen
Camphor Quinone

Fig. 22.9 The spectral distribution of light 
output from LED curing lights corresponds to 
the absorption spectrum for the commonly 
used photo-initiators for light-cured 
composite resins. Conventional halogen light 
sources have a much wider light spectrum 
including elements from the infrared range 
which contribute to heat generation during 
the curing of composite resins. Adapted from 
Neumann M.G. et al. Dental Materials 
2006:22,657–684.



Resin-based Filling Materials  207

composite materials. Values of around 1.5–3.0% 
volumetric contraction are typical as opposed to 
6% for acrylics. The setting contraction varies 
from one type of composite to another. Products 
with higher fi ller loadings undergo less shrinkage 
since there are fewer reactive groups participating 
in the setting reaction. Heavily fi lled hybrid mate-
rials exhibit the lowest shrinkage values. Micro-
fi lled materials generally have lower shrinkage 
values than would be expected from their low 
fi ller contents. It should be remembered however 
that these materials contain prepolymerised resin 
fi ller in addition to the inorganic fi ller material. 
The total volumetric proportion of combined 
inorganic and resin fi ller is often equal to, or 
greater than, that present in conventional or 
hybrid products and gives a value of shrinkage 
which can compare favourably with that for other 
materials. The type of resin used may infl uence 
shrinkage. Bis GMA has a relatively low setting 
contraction but this is increased proportionately 
according to the amount of diluent monomer 
(e.g. TEGMA) used. High molecular weight ure-
thanedimethacrylate monomers which are often 
fl uid enough to be used without diluents may give 
a lower value of contraction.

Very recently, manufacturers have been able to 
develop resins based upon oxirane, silorane or 
similar derivatives which undergo addition poly-
merisation through ring-opening of an oxirane 
ring. This process creates a slight volume expan-
sion which reduces or eliminates the setting 
contraction.

Shrinkage can compromise marginal seal (Fig. 
22.11) and rupture adhesive bonds created at the 
tooth-restorative interface. The total amount of 
volumetric contraction which occurs depends 
upon the bulk of material used and hence on 
cavity size and clinical technique. Some materials 
are expected to perform quite well in small cavi-
ties where the contraction may be small enough 
to ensure that marginal adaptation is maintained. 
The same product may undergo suffi cient contrac-
tion to cause breakdown of marginal seal in larger 
cavities. Layering techniques, particularly appli-
cable to use with light-activated materials, can be 
used to limit the damaging effects of shrinkage. In 
addition, it has been claimed that the slight expan-
sion, due to absorption of water, which gradually 
occurs in some materials over a period of several 
weeks following placement can help to partially 
off-set the effects of shrinkage.

Another potentially serious effect of shrinkage is 
thought to be the stress placed on tooth substance, 
particularly on the residual cusps of posterior teeth 
when composite materials are used in relatively 
large class II cavities. Such stresses, caused by the 
composite material ‘pulling-in’ cusps to which it 
may adhere, is thought to be responsible for some 
cases of post-operative pain experienced after 
placement of so-called posterior composites. In 
extreme cases the stress on the tooth may be great 
enough to cause cuspal fracture.

For light-activated materials, different modes of 
curing have been advocated in order to achieve 
optimal conversion of monomer to polymer whilst 
minimizing the effects of polymerisation shrink-
age. Most notable amongst these approaches is 
the ‘soft-start’ curing in which the light activated 
material is subjected to a short exposure or low 

Fig. 22.11 Shrinkage of a filling material during 
polymerisation can potentially cause the formation of a 
marginal gap. This may seriously compromise the long 
term viability of the restored tooth. Top – freshly placed 
restoration before polymerisation. Bottom – after 
polymerisation, illustrating the formation of a gap.
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power exposure of activating radiation followed 
by a short delay and then a longer or higher power 
exposure to complete curing. The aim is to enable 
the early polymerisation phase to occur slowly 
enough to enable the shrinkage stress to be dissi-
pated through the fl ow of the relatively soft mate-
rial. This method also has the potential to reduce 
the temperature rise resulting from polymerisation 
as the reaction time is lengthened. There is little 
evidence to show whether or not this approach is 
effective.

The direct measurement of the volumetric 
shrinkage of composites during setting has proved 
diffi cult – a fact which probably explains the lack 
of a test for this property in the ISO Standard. 
Simple dilatometric methods are diffi cult for 
various reasons including the high initial viscosity 
of the composite pastes and the setting character-
istics which allow inadequate working time to set 
up a dilotometer (for chemically-activated prod-
ucts) or require access for a light-activation unit 
(for light-activated products). The method which 
has emerged as being most practical has been to 
sandwich the composite paste between two glass 
plates and to measure the reduction in the plate 
separation distance as the material sets. Since the 
vector of shrinkage is normal to the interface 
between composite paste and glass plates, 
virtually all the shrinkage is constrained in one 
direction and the linear shrinkage across the 
plates refl ects the volumetric shrinkage of the 
composite.

Measurements of shrinkage made using this or 
similar methods have led to other important 
observations. First, if the material is allowed to 
set between two plates which are constrained the 
contraction stress can be calculated. This gives an 
indication of the stress which would be set up at 
a cavity margin or wall and may be a signifi cant 
factor in determining whether an adhesive bond 
is disrupted or whether cusp defl ection occurs, etc. 
Measurements of shrinkage stress indicate that the 
initial shrinkage which takes place whilst the 
material is still fl uid may be of little clinical sig-
nifi cance as it can be compensated by the fl ow of 
the material. It is the ‘post-gelation’ rigid contrac-
tion which is signifi cant and when we measure 
shrinkage it is important to identify this compo-
nent of the overall shrinkage.

The distinction between volumetric shrinkage 
and the resulting stress is emphasized in publica-
tions in which setting of resin matrix materials is 

monitored through changes in the shrinkage strain 
(volumetric shrinkage) or shrinkage stress. Both 
approaches can yield important information on 
the rate of set, but the stress determination may 
be more pertinent to the clinical consequences of 
the material setting within the confi ned spaces of 
a cavity.

The ability of a resin-based fi lling material to 
compensate for shrinkage by fl ow depends on the 
cavity confi guration. When there is a small ratio 
of contact surface area to free surface area fl ow 
occurs readily over the free area in order to mini-
mize the stress at the interface. When there is little 
free surface area of material, little fl ow can occur 
and a larger stress at the interface results. The 
ratio of bonded:free area can therefore be used 
to predict interfacial stress caused by shrinkage. 
The ratio has become known as the C-factor or 
confi guration factor. Further insight into the C-
factor can be obtained by reference to Fig. 22.12. 
If a cube of composite material is completely 
unconstrained (as in (a)) it can fl ow readily in all 
directions in order to minimize the shrinkage 
stress. The C-factor for this situation is zero. In 
example (b) the material is bound to a surface 
across one of the six faces of the cube. There are 
fi ve free faces over which fl ow can readily occur 
(a C-factor of 0.2) and the stress at the interface 
with the bonded surface will be relatively small. 
In example (c) the cube of material is constrained 
at two of the six faces giving a C-factor of 0.5. 
This will result in a greater stress at the interface 
as fl ow can only occur over 67% of the area of 
the cube. When the material is constrained over 

Fig. 22.12 Diagrammatic illustration of the configuration 
C-factor. A cube of resin having six faces, is completely 
free in (a), bound at one face (b) or bound at two of its 
faces (c). The C-factors for these situations are 0, 0.2 and 
0.5, respectively.
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fi ve of the six surfaces of the cube (giving a C-
factor of 5) fl ow can only occur at the one free 
surface and the stress at the fi ve remaining surfaces 
is much greater. Hence, the C-factor gives an indi-
cation of the potential for stress to develop. It is 
possible to make approximate calculations of the 
C-factor values which would apply for different 
cavity confi gurations, i.e. a class IV cavity approx-
imates to Fig. 22.12c and therefore has a C-factor 
of 0.5 whereas a class I cavity approximates to a 
cube constrained on fi ve out of six sides and thus 
has a C-factor of about 5. The greatest C-factor 
values will apply when materials are used in thin, 
constrained layers, such as occurs when the mate-
rial is used as a luting agent. In this situation C-
factor values of greater than 10 may apply.

Thermal properties: The thermal properties of 
composite materials depend primarily on the inor-
ganic fi ller content. Table 22.2 gives values of 
thermal diffusivity and coeffi cient of thermal 
expansion for a conventional composite, micro-
fi lled composite, unfi lled acrylic resin and dentine 
for comparison. It can be seen that as the fi ller 
content increases the coeffi cient of thermal expan-
sion decreases, although even for conventional 
composites, with 78% fi ller, there is still a consid-
erable mismatch in values compared to dentine. 
This mismatch may cause percolation of fl uids 
down the margins when patients take hot or cold 
foods. The amount of mismatch which can be 
tolerated without causing clinically signifi cant 
problems is not precisely known. It is signifi cant, 
however, that the microfi lled composites have 
values some six or seven times greater than tooth 
substance.

The thermal diffusivity also depends on fi ller 
content although the values for all the materials 
are close to that measured for dentine and 
they can all be considered adequate thermal 
insulators.

Mechanical properties: The mechanical properties 
of composite materials depend upon the fi ller 
content, the type of fi ller, the effi ciency of the 
fi ller–resin coupling process and the degree of 
porosity in the set material.

Light-activated composites, supplied as single 
pastes, contain very little porosity whereas chemi-
cally-activated composites requiring the mixing of 
two components contain, typically, 2–5% poros-
ity. The porosity is introduced during mixing. A 
correctly cured, light-activated, conventional com-
posite may, typically, have a compressive strength 
value of 260  MPa, whereas an equivalent chemi-
cally activated material, containing 3% porosity, 
is likely to have a compressive strength of 
210  MPa. Porosity also has a signifi cant effect on 
the fatigue limits of composite materials. Non-
porous products have a higher fatigue limit and 
longer fatigue life than porous ones. This may 
have some bearing on the durability of materials 
in certain applications.

The lack of an adequate coupling agent pre-
treatment of the fi ller has a dramatic effect on 
properties. Both the compressive strength and 
fatigue limit are reduced by about 30% when the 
coupling agent is not used.

Heavily fi lled, conventional composites undergo 
brittle fracture. As the fi ller content is reduced a 
transition to a more ductile failure is observed. 
Microfi lled composites, which generally have a 
fi ller content of 50% by weight or less, normally 
exhibit a yield point at a stress considerably lower 
than that for fracture. Values of compressive 
strength for microfi lled materials are often similar 
to or even higher than those for conventional 
composites, but the lower yield stress value is 
probably more signifi cant for these products since 
it represents the point of irretrievable breakdown 
of the material.

The hybrid composites have mechanical pro-
perties very similar to those of conventional 

Table 22.2 Thermal properties of typical composite resins.

Filler content 
(% by weight)

Thermal diffusivity 
× 10−3  cm2  s−1

Coeffi cient of thermal 
expansion × 10−6  ºC−1

Hybrid composite 78 5.0 32
Microfi lled composite* 50 2.5 60
Unfi lled acrylic  0 1.0 90
Dentine – 2.0  9

* Includes nanocomposites.
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materials. Strength and modulus values are often 
slightly higher but not signifi cantly so. Table 22.3 
gives values of certain mechanical properties for 
typical products from each of the three groups 
of composite materials. The values of compressive 
strength are for a porosity-free material.

In the past a lot of emphasis has been placed 
on the compressive strengths of dental restorative 
materials. Nowadays more emphasis is placed on 
tensile and fl exural strength as it is recognized that 
these modes of fracture may be more clinically 
relevant. Table 22.3 shows that the fl exural 
strength and tensile strength of hybrid composites 
tend to be greater than for the microfi lled prod-
ucts. Table 22.4 gives the values of fl exural 
strength required by the ISO Standard (ISO 4049) 
for different types of material. Type 1 materials 
(for use on occlusal surfaces) are required to be 
stronger than type 2 materials (more limited use). 
Type 1 class 2 (group 2) products which are sub-
jected to extra-oral curing are required to have 
even higher strength. These products are used 
to produce composite inlays and onlays. Most 

commercially available materials have values of 
strength well above the minimum values allowed 
by the standard.

The signifi cantly lower value of modulus of 
elasticity for the microfi lled materials may have 
clinical signifi cance. These products may poten-
tially deform under stress, leading to a breakdown 
of the marginal seal. This is recognized as a 
problem with unfi lled acrylics, where a modulus 
value of 2  GPa is normal. Whether or not the 
increase from 2  GPa to 6  GPa is suffi cient to 
prevent breakdown is not known.

Fracture toughness testing is being used increas-
ingly to give an indication of mechanical strength 
(see Section 2.2). Tests are carried out on notched 
specimens and the results indicate the critical 
stress intensity factor. This factor gives an indica-
tion of elastic stress distribution near a crack tip 
when a force is applied of suffi cient magnitude to 
cause fracture. It provides a means of comparing 
the ability of different materials to resist crack 
propagation. The value of fracture toughness for 
a typical conventional composite material is 
around 1.2  MNm−1.5, whilst that for an unfi lled 
acrylic resin is around 1.0  MNm−1.5. Some heavily 
fi lled hybrid composites have values approaching 
2.0  MNm−1.5. These can all be considered to be 
relatively low values when compared with that for 
mild steel of 100  MNm−1.5.

Surface characteristics: Surface hardness, rough-
ness and abrasion resistance are properties which 
are mainly controlled by the fi ller content and 
particle size.

The resin and fi ller have characteristic hardness 
values which remain independent of fi ller 
content. The bulk hardness value of the compos-
ite, however, increases as the fi ller content 
increases. The Vickers hardness number for 

Table 22.3 Mechanical properties of composite resins.*

Typical microfi lled composite Typical hybrid composite

Compressive strength (MPa) 260 300
Yield stress (MPa) 160 300
Tensile strength (MPa)  40  50
Flexural strength (MPa)  80 150
Modulus of elasticity (GPa)  6  14
Hardness (VHN)  30  90

* Modern ‘nanocomposites’ have properties similar to those of microfi lled and hybrid products.

Table 22.4 Flexural strength of resin-based restorations 
as required by ISO 4049.

Type Class
Minimum value of 

fl exural strength (MPa)

1 1  80
1 2 (group 1)  80
1 2 (group 2) 100
1 3  80
2 1  50
2 2 (group 1)  50
2 3  50

The different types and classes are defi ned at the end of 
Section 22.4.
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unfi lled resin is about 18 whereas that for a heavily 
fi lled hybrid composite approaches 100. The 
microfi lled materials have values around 30–40.

The surface of a composite material is initially 
very smooth and glossy due to contact with a 
matrix strip during setting. The surface layer is 
initially richer in resin than the bulk of the mate-
rial and few, if any, fi ller particles are exposed at 
the surface. Any process of abrasion, however, has 
a tendency to cause surface roughening as the 
relatively soft resin matrix is worn preferentially 
leaving the fi ller particles protruding from the 
surface. This is a particular problem with the con-
ventional and hybrid materials which contain rel-
atively large particles (Fig. 22.13). One advantage 
of the microfi ll materials is that they retain a rela-
tively smooth surface following abrasion, due to 
the fact that the hard inorganic particles are very 
small. Another factor which contributes towards 
surface roughness is the exposure of porosity 
voids at the surface by abrasion. This is observed 
for all types of chemically activated composites, 
and is illustrated in Fig. 22.14 for a microfi lled 
material.

Surface roughness may be caused by abrasive 
forces exerted on materials during service, for 
example, from foodstuffs, dentifrices etc. Alterna-
tively, roughening may occur during contouring 
and polishing. The surface cured against the 
matrix strip should be left intact if possible, but 
removal of excess material followed by polishing 
is often necessary. Table 22.5 gives roughness 
average and gloss values for a typical small-
particle hybrid composite following roughening 
and polishing. The results for the roughened 
surface refer to a surface abraded intra-orally or 
ground by the dentist during contouring. The 
results for the abrasive disc indicate the fi nal result 
after using medium, fi ne and fi nally ‘superfi ne’ 
abrasives as the intra-oral polishing procedure.

It can be seen that all of the polishing proce-
dures produce a signifi cant increase in roughness 
compared to the matrix surface. This is accompa-
nied by a loss of gloss. The polishing method 
which appears most damaging is the use of rubber 
points which are impregnated with abrasive.

Fig. 22.13 Scanning electron microscope photograph of 
the roughened surface of a conventional composite 
material showing protruding filler particles (×750).

Fig. 22.14 Scanning electron microscope photograph of 
the abraded surface of a microfilled composite material 
showing exposed porosity (×325).

Table 22.5 Roughness average (Ra  μM) and gloss values (GU) after roughening and polishing. Values are for a typical 
hybrid type composite.

Surface treatment
Roughness average Ra   μm over 

80  μm scan length Gloss units (GU)

Baseline – as set against Melinex matrix 0.08 89
Roughened with sandpaper 0.48   2.7
Polished with medium + fi ne + superfi ne discs 0.12 66
Polished with rubber ‘point’ 0.32   9.3
Polished with fi ne polishing paste 0.27 23
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The differences in surface roughness given in 
Table 22.5 appear to be quite small and in most 
cases Ra remains less than 0.5  μm. However, 
small differences in roughness can have a large 
effect on gloss. Surface gloss is the property which 
is responsible for a lustrous surface. Gloss is a 
measure of the amount of light refl ected from a 
surface at a predetermined angle (60º is common) 
compared with the light refl ected from a standard 
black glass surface. A change in roughness from 
0.1  μm to 0.5  μm can cause the gloss to decrease 
from 90 gloss units to 2 gloss units. This effec-
tively represents a change from glossy to matt.

A smooth surface can be restored to a rough-
ened composite by using a glazing agent. These 
consist of resins which are identical to composites 
except that they do not contain fi ller particles. The 
glaze is applied to the surface of the composite 
and sets to form a smooth surface layer of about 
100  μm thickness. The material is very soft, 
however, and is soon abraded, revealing the com-
posite surface again.

If the rate of material loss due to abrasion 
becomes excessive it may cause a change in the 
anatomical form of the restoration. Abrasion of 
this magnitude may, conceivably, be caused by 
one of a variety of mechanisms and is of particular 
importance when considering the use of compos-
ites in posterior cavities. Here, the forces exerted 
on materials are relatively high and abrasive 
wear may take place at a rapid pace due to either 
two-body contacts, normally involving the restor-
ative material and an opposing tooth cusp, or 
three-body contacts in which an abrasive food-
stuff maybe involved as the third body between 
the material and opposing tooth cusp. Cyclic 
masticatory loadings also offer a potential for 
fatigue wear in which surface failure occurs fol-
lowing the development of small surface or sub-
surface cracks over a period of time. The process 
of wear, whether occurring by a fatigue or abra-
sive mechanism, may be accelerated by chemical 
factors. Certain solvents occurring naturally in 
some drinks and foodstuffs may soften the resin 
component of the composite. Other chemical 
agents, particularly acids, may cause degradation 
of the fi ller component and this process is proba-
bly accompanied by, or preceded by, the break-
down of the fi ller–matrix bond. Indeed, following 
storage of some composite materials in erosive 
media it is often possible to detect metallic ions 
from the composite fi ller in the storage liquid. 

These chemical processes may signifi cantly affect 
the perceived rate of wear.

Wear resistance of composites designed for use 
in posterior cavities has improved markedly over 
the past few years. Most modern products wear 
at a rate of 10–30  μm per annum. Some products 
undergo a generalized loss of material including 
that at the cavity margins (Fig. 22.15). This type 
of wear is relatively easy to detect and monitor 
using a sharp probe either directly in the mouth 
or on a cast. Wear which takes place primarily in 
the occlusal contact areas is more diffi cult to eval-
uate and is likely to be more rapid.

Appearance: Composite materials, when freshly 
placed, offer an excellent match with surrounding 
tooth substance. The availability of a variety of 
shades, combined with a degree of translucency 
imparted by the fi ller, enables the dentist to achieve 
a very pleasing result. Polishing reduces the 
gloss, however, and abrasion may further increase 
surface roughness. The surface may eventually 
become stained due to deposition of coloured 
foodstuffs or tobacco tars. The microfi lled prod-
ucts are capable of maintaining a smoother surface 
than either the conventional or hybrid materials. 
Providing the resin of the material is inherently 
colour stable or contains effective stabilizers these 
products should be more resistant to surface 
staining.

Cavity linings: Although monomers employed in 
composite materials may be considered potentially 
harmful to the pulp, they are generally strongly 

Fig. 22.15 Scanning electron microscope photograph of 
the margin of a composite restoration showing loss of 
material due to wear (×83).
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bound in a highly cross-linked network following 
setting. There is an inevitable tension between the 
perceived need to protect the pulp from these 
monomers and the requirement for the composite 
and its bonding agent to be in intimate contact 
with the dentine for bonding to occur. Providing 
there is not an overt pulpal exposure, linings are 
no longer used. When an exposure or a ‘near miss’ 
happens then it may be prudent to use a small 
lining of a fast setting calcium hydrocide material 
over the pulp itself.

Adhesion: Composites do not inherently form a 
durable bond with tooth substance. Retention of 
the material is generally achieved by using under-
cut cavities. This often involves removing signifi -
cant quantities of sound tooth substance.

Methods of establishing a bond between com-
posites and enamel or dentine are discussed 
in Chapter 23. Such techniques greatly increase 
the number of potential applications of the 
materials and also offer a means of preventing 
microleakage.

22.6 Fibre reinforcement of composite 
structures

The use of glass or carbon fi bres to reinforce com-
posite resins has recently been developed in two 
areas; for posts used when managing root fi lled 
teeth and to provide composite structures of suf-
fi cient toughness to make bridges.

The reinforcement that is imparted to a com-
posite material by the incorporation of fi bres 
depends on the quantity of fi bres, their orienta-
tion, the quality of bond between the fi bres and 
the resin and fi nally the fi bre length. Fibre length 
is only relevant when fi bres are short as there is a 
critical length for each type/size of fi bre below 
which it acts more as a conventional fi ller particle 
rather than imparting additional toughness to the 
material. Once fi bres exceed this critical length the 
reinforcement depends on the fi bre loading and 
orientation.

The stages in construction of a fi bre reinforced 
composite bridge are illustrated in Fig. 
22.17a–d.

The effi ciency of reinforcement for any given 
level of fi bre loading is described by the Krenchel 
factor. A material has a Krenchel factor of 1 when 
the fi bres are oriented in one direction (Fig. 22.16); 
this gives the maximum level of reinforcement for 

a given fi bre loading but produces a material 
which is anisotropic (i.e. it has markedly differing 
properties when tested in different orientation). 
When fi bres are arranged perpendicular to each 
other the effi ciency of reinforcement is reduced by 
50% in any one direction (Krenchel factor 0.5) 
and the resultant material is likely to be ortho-
tropic (i.e. it will have similar properties in two 
planes of testing that relate to the orientation of 
the fi bres but markedly differing properties if 
tested in other planes). Finally a random orienta-
tion of fi bres results in a material which is isotro-
pic (having similar properties in all directions) but 
in which the effi ciency of reinforcement is only 
20% (Krenchel factor 0.2) in all directions. The 
effi ciency of reinforcement will also be infl uenced 
by the orientation of the fi bres in relation to the 
strain they are designed to resist (Fig 22.17a–d).

The ability of the fi bre reinforcement to combine 
with the resin composite is also vital in their 
effectiveness. Most fi bres that are used clinically 

1

(A)

0.2

(B) (C)

0.5

Fig. 22.16 Various patterns of fibre loading give 
different levels of reinforcement and physical properties 
of the material. A uniaxial fibre orientation resulting in an 
anisotropic material with a Krenchel factor of 1 (A), 
biaxial fibre mat resulting in an orthotropic material with a 
Krenchel factor of 0.5 (B), random fibres orientation 
resulting in an isotropic material with a Krenchel factor of 
0.2 (C) providing the fibres are longer than the critical 
length for that fibre type.
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are presented as pre-impregnated fi bre/resin 
mats or cords. One manufacturer has also devel-
oped a novel semi-interpenetrating polymer net-
work to enhance this effect. This is based on a 
mixture of PMMA and BisGMA resins.

Fibre posts

Fibre posts for root fi lled teeth use either glass or 
carbon fi bres (carbon fi bres are black which limits 
their use in other settings) for reinforcement and 
the fi bres are arranged uniaxially along the long 
axis of the post. These posts are designed to have 
similar physical characteristics to dentine and are 
bonded in place using a composite luting agent 
and dentine bonding system to maximize the 
attachment between post and tooth. One signifi -
cant challenge when using this type of post is an 

appropriate technique to achieve a bond between 
the resin lute and root dentine. A total etch tech-
nique (see p. 236) is most commonly used as the 
setting reaction of the lute is chemically initiated. 
This requires great care in terms of etching the 
root dentine, washing the acid out of the root and 
then controlled drying to maximize the bond 
strength. Very careful clinical technique is essen-
tial and drying must be achieved using a blotting 
approach, most commonly with paper points. A 
composite resin core is then built up around the 
post with the composite also being bonded to the 
remaining coronal dentine. The vast majority of 
such posts come as preformed structures of fi bre 
reinforced resin of standard taper and with a 
limited range of diameters. The root canal is pre-
pared using standard tapered burs which match 
the sizes of the preformed posts. An alternative 

(a) (b)

(c) (d)

Fig. 22.17 Illustration of the technique for making a fibre reinforced composite resin bridge in situ (With permission 
from Pekka Vallittu and Katja Narva, Turku, Finland.)
(a) The edentulous span prior to bridge placement for 24
(b) The fibre sub-structure in place, these are uni-axial fibre mats with fibre orientation along the mat (across the span), 
there are 2 crossed pieces of mat in place, the first runs from the palatal of 23 to the buccal of 25 and the second from 
the buccal of 23 to the buccal of 25
(c) The completed bridge during final polishing from the buccal, note that the embrasure spaces have been maintained to 
facilitate cleaning (arrows)
(d) The completed bridge from the occlusal, note the wide contact areas between composite and tooth in the proximal 
contacts to the distal of 23 and the mesial of 25 to maximise support and retention.
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technique is available in which pre-impregnated 
sticks of fi bre are moulded to the shape of the 
canal under pressure prior to polymerisation 
of the custom post out of the mouth and sub-
sequently luting the custom post in place in a 
similar manner to above. Currently there is no 
clinical evidence to suggest which technique is 
superior.

There are two signifi cant clinical advantages to 
the use of fi bre posts compared with metallic 
posts.

• The physical characteristics of the post and 
tooth are similar, consequently failure of a 
fi bre post is less likely to be associated with 
catastrophic failure of the tooth root (root 
fracture); rather the post snaps or it is pulled 
out of the root.

• When a glass fi bre reinforced post is used the 
aesthetics of the core are maximized which is 
a potential benefi t if the defi nitive restoration 
for the tooth is planned to be one of the new 
translucent all ceramic materials.

Fibre reinforcement for bridges and splints

Composite resin has inadequate physical proper-
ties to allow it to be used for bridgework without 
some form of reinforcing sub-structure. Resin 
impregnated mats of fi bre can be used for this 
purpose for short span structures, made either in 
the laboratory with conventional designs of tooth 

preparation (Fig. 22.18) or directly at the chair-
side using an approach similar to conventional 
adhesive bridgework with the fi bre mat being 
bonded to the supporting teeth on either side of 
the span and a composite resin pontic built up at 
the chairside (Fig. 22.19).

These materials exhibit suffi cient physical 
strength to allow for closure of short spans. One 
challenge is that the fi bre mats need to be encased 
in resin for durability. It is a particular problem 
if the fi bre mat is exposed during fi nishing and 
polishing of the restoration. The bond between 
the fi bres and their resin coating is relatively sus-
ceptible to breakdown in an aqueous environment 
and failure by delamination of the fi bre reinforce-
ment will rapidly follow.

Fibre reinforcement of direct 
filling composites

There have been some attempts to use fi bres as 
part of the fi ller load within composite resins. The 
early attempts used very short fi bres where the 
fi bre length was below the critical length that 
would allow the benefi ts of fi bres as a reinforce-
ment. Commercial fi bre reinforced materials 
designed for core build-up are now available 
which claim a 10% improvement in their physical 
properties compared with conventional materials. 
There are also some experimental clinical materi-
als under evaluation.

Fig. 22.18 A fibre reinforced bridge made in a laboratory 
prior to bonding into the patient. The design is similar to a 
ceramo-metallic adhesive bridge. Note that the wings are 
thicker than those where metal is used as the fibres need 
to be covered in composite for durability. The advantage 
of this material is that the wings are tooth-coloured so 
there is no risk of metal ‘shine through’ causing greying 
of the abutment teeth. With permission from Pekka 
Vallittu and Katja Narva, Turku, Finland.

Fig. 22.19 Figure of 8 reinforcement using uni-
directional fibres for a conventional bridge manufactured 
from fibre reinforced composite resins. Reprinted from 
J. Dent 35(5), Garoushi et al, 403–8, 2006 with 
permission from Elsevier.



216  Chapter 22

22.7 Clinical handling notes for composites

One common failing amongst dentists is their 
failure to adopt new techniques which are appro-
priate to new materials. New products are often 
used in the same way as existing materials without 
due thought being given to modifying technique 
and applications to maximize the physical perfor-
mance of the materials concerned. Whenever den-
tists are faced with a new material they should ask 
‘What are the properties of this product?’. ‘How 
can I or should I change what I usually do to 
maximize the performance of any restoration I 
produce with this material when compared with 
the one I have used previously?’ These are ques-
tions that have been answered historically only 
after a material has been unsuccessful when used 
in a ‘classical’ manner. This can result in a mate-
rial gaining a bad reputation undeservedly and in 
a delay in its acceptance by the profession to the 
detriment of patient care. A case in point are the 
dental composites. These materials are very differ-
ent in physical characteristics to their predecessors 
(either dental silicate cements or amalgam) and 
yet were used initially in amalgam cavities where 
their performance was less good than it is now 
that attempts have been made to adopt cavity 
design and placement techniques better suited 
to their physical characteristics and handling 
properties.

Cavity design and bonding to enamel

The ability of composites to form a durable seal 
to both enamel and dentine has allowed modifi ca-
tions to cavity design to both minimize the destruc-
tion of otherwise sound enamel and dentine and 
to maximize the performance of these restora-
tions. Access through enamel should be suffi cient 
to permit removal of underlying decayed dentine.

Composite resins exhibit good fl ow characteris-
tics in their prepolymerised form. Cavities should 
be designed to use this property with rounded 
internal line angles and smooth fl owing contours. 
Smaller cavities produced as a result of caries 
removal alone will help to reduce the potential for 
wear of the composite, as a consequence of the 
remaining tooth structure providing some protec-
tion from functional contact. Traditional cavity 
design has included the removal of deep tortuous 
fi ssures adjacent to areas of decay as these were 
regarded as being at high risk from carious attack. 

This is not required when using a composite as 
these areas can be prepared and then sealed using 
a compatible fi ssure sealant system to achieve 
extension for prevention.

Cavities designed for tooth-coloured restora-
tions rely heavily on their bonding to enamel and/
or dentine to achieve retention and resistance to 
displacement. If a restoration is to be placed under 
high functional load it may be sensible to augment 
this chemical attachment by the preparation of 
macro-mechanical undercuts where possible. It is 
just as important, however, to remove unsup-
ported enamel from cavity margins with compos-
ites as it is with amalgam, although for different 
reasons. The margins of a cavity for a composite 
restoration are treated to achieve a chemical and/
or mechanical link between resin and tooth. Once 
this link is established then the forces that are 
generated by polymerisation shrinkage of the 
composite are transmitted to the tooth through 
the enamel margins. If the enamel at these margins 
is unsupported then there is an increased risk that 
the enamel prism structure will be disrupted by 
the shrinkage of the resin, resulting in a failure of 
marginal seal.

Once any unsupported enamel has been 
removed, the cavity margins need to be designed 
to maximize the bond strength that can be achieved 
with either enamel or dentine. Attachment of 
composites to enamel is achieved primarily by 
etching the enamel surface with acid as described 
in the next chapter. This etching process results in 
preferential dissolution of either the enamel prism 
cores or the prism boundaries, producing a micro-
porous enamel surface with high surface energy. 
The pattern and quality of etching depend on the 
acid used and also on the orientation of the enamel 
prisms in relation to the cavity margin. Classi-
cally, enamel is etched with between 30 and 37% 
phosphoric acid, although more recently a wider 
variety of acids have been used including 10% 
phosphoric, nitric and maleic. The etching time is 
specifi c to a given acid and hence manufacturer 
recommendations should be followed with care. 
Enamel prisms can be etched in any orientation. 
However, the quality of the etch pattern is better 
when they are etched perpendicular to their long 
axes as opposed to parallel to the prism orienta-
tion. Unfortunately the production of a 90º cavo 
surface angle giving well supported enamel 
margins will result in prisms being exposed for 
etching parallel to their long axes. Production of 
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a cavo surface angle of the order of 120º will help 
to overcome this problem by exposing a combina-
tion etch pattern, although it is not as easy to 
fi nish a tooth-coloured restoration accurately 
to an oblique margin. Additionally, enamel is 
an anisotropic material with markedly different 
mechanical proportions when measured at differ-
ent orientations to the enamel prisms. Enamel is 
toughest when loaded perpendicular to the tooth 
surface and weakest when loaded parallel to the 
surface (this would include loads applied to the 
enamel prisms on cavity walls).

This approach (the 120º cavo surface angle) is 
acceptable for cavities where a tightly adapted 
matrix band is not required during the initial stage 
of restoring the cavity. This is not the case for 
class II cavities (those involving two surfaces of 
molar or premolar teeth) where a matrix in a band 
holder is used to help form the shape of the tooth 
surface. In this situation the unfi lled resin that is 
used to initiate the bond between composite and 
tooth tends to pool in the V-shaped defect formed 
between the matrix and an obtusely fi nished cavity 
margin (Fig. 22.20). This produces a marginal 
fi nish formed from unfi lled resin which is both 
weak and prone to wear/degradation in function 

in an area where both problems are to be avoided 
if possible. In this circumstance a 90º cavo surface 
angle is preferable.

Etching the enamel surface produces a clean 
higher energy surface that is highly receptive to 
wetting. Attachment to the etched surface is estab-
lished best using either an unfi lled resin (the resin 
which forms the basis of the composite) or a 
dentine bonding agent (DBA). Although DBAs are 
designed to attach composite to dentine, they also 
bond well to enamel. Indeed, the bond strength of 
composite to etched enamel using a DBA as the 
intermediary layer is often greater than that when 
using a simple unfi lled resin. It is essential to use 
an unfi lled resin as the intermediary between 
etched enamel and the composite. Modern com-
posites contain suffi ciently small quantities of 
resin that they cannot wet the enamel surface 
adequately without the intermediary resin layer.

Etching a prepared enamel surface is relatively 
straightforward. If part of the enamel to be etched 
has not been prepared then it is necessary to 
extend the etching time. Enamel that has been 
exposed in the mouth has an amorphous mineral-
ized layer on its surface as a result of intra-oral 
maturation. (This occurs as a consequence of the 
regular cycle of surface de- and re-mineralization 
associated with acids in diet and those produced 
as a consequence of intake of fermentable sugars. 
As a consequence the surface layers of enamel 
have high levels of trace minerals and fl uoride, 
making them more resistant to etching, and are 
without a regular prismatic structure.) The same 
caveat applies to enamel on teeth that have recently 
erupted into the mouth where there is also an 
amorphous layer on the surface. Such amorphous 
layers need to be removed before the etching 
process can produce an appropriately micropo-
rous surface to achieve micromechanical retention 
at the enamel interface.

The high energy enamel surface produced by 
etching will also actively attract saliva and its 
contained protein. If an etched surface becomes 
contaminated with saliva then its surface energy 
is dramatically reduced and effective bonding with 
a resin system is prevented. The precipitated 
protein can be removed by further acid treatment 
of the enamel surface. The etching time required 
to remove such protein contamination is less than 
that required for initial enamel preparation (typi-
cally 15 seconds compared with 30 for treatment 
with 37% phosphoric acid).

Fig. 22.20 If a class II cavity is prepared with an oblique 
finishing margin there is a risk of unfilled resin pooling in 
the narrow cleft at the edge of the box. This is a particular 
problem when clear matrix strips are used as these tend 
to flatten across the proximal box, making the cleft even 
narrower.
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The bonding of composites to dentine

The reader is encouraged to refer to Chapter 23 
of this book before undertaking any consideration 
of the clinical handling of bonding systems. 
Dentine has a very different structure to enamel. 
It has much higher levels of organic component 
with reduced mineral. In addition the structure 
and composition vary considerably as the dentine 
surface under consideration gets closer to the 
pulp. There are two reasons for the alteration in 
mineralization and structure. Dentine maturation 
is greater as the dentine gets close to the root 
surface or the amelodentinal junction. This results 
in increased mineralization of intertubular dentine 
and extensive deposition of intratubular mineral. 
This latter has the effect both of increasing local 
mineral content and altering the relative areas of 
mineralized dentine and patent dentine tubules. 
As the dentine gets closer to the pulp the miner-
alization of intertubular dentine decreases, as do 
the deposits of intratubular mineral. Furthermore, 
all tubules originate at the pulp and then radiate 
outwards towards the periphery of the tooth/root. 
Consequently, the tubule density per unit surface 
area of a cut dentine surface increases markedly 
the closer that surface gets to the pulp (Fig. 
22.21).

The bulk of the water that is contained in 
dentine is located in the dentine tubules, hence the 
water content of the dentine increases the closer 
to the pulp. All vital dentine contains some mois-
ture and hence a hydrophilic resin (e.g. DBA) is 
required to achieve adequate attachment. The 
DBA can be designed to bond to either the organic 
or the inorganic elements of dentine, although 
the latter is more common. Current concepts of 
dentine bonding also include the creation of an 
interpenetrating resin structure with collagen 
fi bres originating within the dentine becoming 
invested in resin to form the hybrid layer. Theories 
of bonding are covered in greater detail in 
Chapter 23.

In order to achieve bonding the surface of the 
dentine needs to be demineralized using an acid. 
This results in removal of the smear layer (a layer 
of loosely attached cutting debris from surface 
preparation) and then demineralization of the 
dentine, exposing collagen. Simultaneously the 
plugs of cutting debris that occlude dentine tubule 
openings are removed and the tubule orifi ce 
widened.

Care is required in handling this prepared 
surface to achieve reliable bonding. If the surface 
of the dentine is desiccated during drying the 
cavity the collagen network collapses, producing 
a dense mat of collagen fi bres lying on the surface 
of the dentine. This collagen thatch is very diffi cult 
to penetrate with a resin to achieve bonding. 
Equally, if the dentine surface is too wet, even the 
hydrophilic resins used in DBAs cannot cope with 
the water volume and the DBA tends to form an 
emulsion with the water rather than displacing it. 
This emulsion cannot polymerise adequately and 
hence bond strengths are reduced. There is an 
optimum dampness of dentine which maintains an 
expanded collagen structure but at which level 
homogeneity of the DBA is maintained. The 
methods of achieving this optimum in vivo may 
depend on whether a total etch or self etching 
primer approach is being used but in principle are 
two-fold:

(1) If the cavity is confi ned to dentine alone then 
the wet dentine surface should be blotted dry 
with cotton wool rather than air dried.

(2) If there are both enamel and dentine surfaces 
involved there is a need to dry the enamel to 
check the quality of enamel preparation (well 
etched enamel has a frosty surface appear-

Fig. 22.21 The area of a cross-section of dentine 
occupied by dentine tubules is reduced as the dentine 
approaches the amelo-dentinal junction for two reasons: 
(1) The dentine tubules radiate outwards from the pulp 
(a) towards the enamel, reducing the number per unit 
area. (2) The diameter of the dentine tubule reduces 
dramatically as it progresses towards the pulp as the 
intratubular dentine increases in thickness (b).
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ance). The drying is likely to result in a for-
mation of a collagen thatch. The dentine 
surface is then rehydrated with water before 
blot drying with cotton wool to achieve the 
required dampness. DBAs bond to damp 
enamel as well as damp dentine, so it is not 
of concern if the etched enamel is also moist-
ened with water in this process.

Prevention of salivary contamination of prepared 
dentine surfaces is again important to ensure 
adequate bonding. For both enamel and dentine 
bonding the best way of achieving this quality of 
isolation is the use of a rubber dam. This can be 
diffi cult to place for cavities with deep subgingival 
margins. In this circumstance it may be possible 
to use a combination of cotton rolls and gingival 
retraction cord to control moisture. If it is not 
possible to control moisture contamination, par-
ticularly at the gingival extent of a cavity, then the 
operator should question seriously whether com-
posite is the appropriate material to use for a 
given cavity. A lack of bonding of composite to 
enamel and/or dentine will result in a signifi cant 
marginal gap forming and an associated risk of 
sensitivity and recurrent decay.

Material placement

There are two considerations to be taken into 
account when placing composites in a cavity: 
maximizing quality of cure and minimizing the 
adverse effects of polymerisation shrinkage on the 
tooth. All currently available composites shrink 
on setting by between 1.5 and 3% by volume 
(depending on fi ller type and loading). The pattern 
of shrinkage and quality of cure depends upon the 
method of initiation of polymerisation (see above). 
In summary, chemically activated resins shrink 
towards their centre and will cure in bulk. Visible 
light cured (VLC) resins shrink towards the curing 
light and can only be cured in thin section. These 
latter properties can be exploited when placing 
VLC resins to help to maximize the chance of 
obtaining a marginal seal and minimize the effects 
of polymerisation shrinkage on tooth tissue by 
directing cure towards tooth/resin interfaces and 
placing the material in small increments. This is 
particularly appropriate and important for class II 
cavities, where material bulk is greater and tooth 
deformation associated with wall-to-wall poly-
merisation contraction has been implicated 
in causation of post-operative sensitivity.

(d)

(a) (b) (c)

(e)

Fig. 22.22 An example of the clinical technique used to place modern resin composite restoration. (a) A worn dentition 
with a matrix made from impression putty of a diagnostic wax-up of the desired clinical outcome to help guide composite 
placement. (b) The palatal and distall walls of 21 have been rebuilt using an ‘enamel’ composite. (c) ‘Dentine’ composite 
is used to build the core of the restoration in an attempt to reproduce the graded diamond burs and disks structure. (d) 
Surface contouring of the final ‘enamel’ composite layer, a stiff brush is a useful tool for shaping resin composite 
materials. (e) The final restoration with the matrix removed prior to polishing. With this approach it is not possible to 
produce a ‘matrix finish’ and the surface needs to be polished carfully with graded diamond burs and discs. This both 
improves the surface lustre and eliminates the oxygen inhibited layer from the surface of the restoration.
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Maximizing quality of cure

It is necessary to place VLC resins in increments 
of not more than 2  mm in depth to ensure ade-
quate cure using currently available curing units. 
The 2  mm cure depth is dependent upon the 
colour and translucency of the resin, the distance 
the light tip is away from the surface of the com-
posite and whether or not the curing is being per-
formed through another tissue (e.g. enamel or 
dentine). Incremental depths should be reduced 
for dark shades, where the light tip has to be some 
distance from the resin or when cure is being 
attempted through tooth tissue. One particular 
problem is achieving adequate cure at the base 
of the gingival fl oor of a class II cavity. Some 
light-curing units have interchangeable fi bre-optic 
light guides with small tip diameters to allow the 
tip of the curing light to get as close as possible 
to the resin surface. Alternatively light-transmit-
ting wedges can be used in conjunction with a 
transparent matrix band to direct light towards 
the gingival fl oor of the cavity and material present 
in that area. Fig. 22.22 shows a clinical sequence 
for placement of a modern ‘aesthetic’ anterior 
restoratior where the composite, with varying 
colour and opacity, is used to simulate enamel and 
dentine. The multiple small increments are cured 
separately, maximising quality of cure.

Minimizing the adverse effects of 
polymerisation shrinkage

The adverse effects of polymerisation shrinkage 
include distortion of the tooth and failure to 
establish a marginal seal, both of which can result 
in postoperative sensitivity. Developments of low 
shrinkage materials (see p. 207) will reduce the 
damage caused.

Incremental placement techniques: The dimen-
sional changes associated with polymerisation 
affect composite resins in two ways. Whilst the 
material remains plastic it will fl ow in association 
with contraction, whereas once a certain level of 
rigidity is achieved the material undergoes a 
formal shrinkage process. Plastic fl ow occurs 
towards bound surfaces (usually those where the 
resin is in contact with another material, e.g. 
enamel or dentine) and away from surfaces 
exposed to air. If a given volume of material is 
cured in increments then there are multiple oppor-

tunities for this plastic fl ow to occur. Hence, 
although the overall proportional shrinkage of the 
resin fi lling a cavity will be the same for bulk or 
incremental placement, more of that shrinkage 
will be taken up by plastic fl ow with an incremen-
tal approach. An explanation of this is given 
by consideration of the section on setting contrac-
tion (see Section 22.5).

There have been two techniques for incremental 
curing described, the herringbone and lateral 
fi lling methods (Fig. 22.23). Both techniques mini-
mize the wall to wall effects of shrinkage.

Directional curing techniques: VLC materials start 
to cure at the surface closest to the curing light 
and then shrink towards that light. This can be 
used to help establish and maintain a marginal 
seal. At the base of a box, curing can be initiated 
by using a light-transmitting wedge to cure the 
increment closest to the cervical margins fi rst. 
Curing of the remainder of the increment will then 
be undertaken from the occlusal aspect. When the 
herringbone approach is used the initial curing 
application of the curing light should be through 
the tooth from the lateral aspect if possible. This 

Fig. 22.23 Composites should be introduced into large 
cavities in increments to maximize quality of cure and 
help to reduce polymerisation stress. On completion of 
the cavity (a) composite is placed in the cavity in diagonal 
increments, producing a herringbone effect (b–e) to 
restore the defect. An alternative approach is a lateral 
incremental filling technique (f).
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will establish the link between the composite and 
tooth before once again curing the bulk of the 
increment from the occlusal.

Increasing the effective fi ller loading: One of the 
principal methods of reducing polymerisation 
shrinkage in composites is to increase the relative 
proportion of fi ller to resin. Unfortunately there 
are practical limits in increasing the fi ller loading 
after which the material becomes so viscous that 
it cannot be handled clinically. It is, however, 
possible to increase the effective fi ller loading by 
incorporating either a pre-polymerised piece of 
composite into the restoration or by using com-
mercially available quartz inserts to achieve the 
same effect. The logical extension of this approach 
is to make a composite or porcelain inlay and lute 
the inlay using a composite luting agent. Unfortu-
nately there comes a stage where the geometry of 
the restoration negates the benefi cial result of 
reducing the volume of resin undergoing a poly-
merisation reaction. This effect is associated with 
the confi guration or C-factor, as discussed in 
Section 22.5.

Matrix techniques and the establishment of 
proximal contacts

A surface matrix has three benefi ts: (1) it helps 
to guide the formation of a peripheral profi le of 
the restoration, (2) it isolates the resin from the 
atmosphere which helps to minimize the effect of 
air inhibition of cure of the resin at the surface 
and (3) the layer of material immediately adjacent 
to the matrix is resin-rich, producing a high 
gloss surface giving optimal appearance on 
placement.

Two materials are used to produce clear, fl exi-
ble matrix structures for use with composites, 
cellulose acetate and polyester fi lm (Mylar® or 
Melinex®). Cellulose acetate is thicker and more 
fragile than the polyester products. In addition 
there have been some suggestions that the plasti-
cizer in cellulose acetate strips may cause some 
softening of the resin surface, making it more 
susceptible to early loss of resin and hence the 
high gloss matrix fi nish.

Matrixes for proximal cavities on anterior teeth 
should be placed between teeth after the enamel 
has been prepared for bonding but before the 
DBA or unfi lled resin is applied to the prepared 
tooth tissues. If the matrix is not applied before 

the DBA/resin there is a risk that the unfi lled resins 
will fl ow between adjacent teeth, linking them 
together and making subsequent matrix place-
ment diffi cult if not impossible. This approach 
applies even when an incremental build-up tech-
nique is being used, even though the matrix does 
not come into use until the increments begin to 
restore the peripheral contour of the tooth.

Transparent matrixes for cervical restorations 
are more diffi cult to use. Those that are commer-
cially available are pre-formed to produce the 
buccal convexity of the root surface. They can 
exhibit some fl exibility to allow them to adapt to 
different root contours. However, there remains a 
tendency for the matrix to ‘fi t where it touches’ 
with an associated risk of producing marginal 
overhangs that need to be removed after the res-
toration has been cured.

Matrix techniques for proximal cavities on 
molar teeth involve placing a band around the 
tooth with some form of tightening mechanism. If 
a tooth only has one proximal box and the oppo-
site surface is intact, forming a good contact with 
an adjacent tooth, it can be diffi cult to pass a 
transparent band through such a contact as the 
matrix material is relatively fragile. Pressing a 
wedge home between pairs of teeth in this position 
can help to separate the contact and facilitate 
band placement. Obviously, a transparent band is 
essential if the concepts of directional polymerisa-
tion described earlier are to be used. As a last 
resort a metallic matrix can be used, but it must 
be recognized that the ability to achieve a satisfac-
tory marginal seal may be compromised as a 
consequence.

Obviously, when restoring a proximal surface 
it is desirable to establish an appropriate contact 
relationship between any adjacent tooth and the 
restoration. This can be a diffi cult task when using 
a composite as compensation has to be achieved 
both for the thickness of the matrix band itself 
and also for the shrinkage of the resin on setting. 
The use of a proximal wedge to help to hold the 
cervical extent of the band against the root face 
will help with this process as the wedge will tend 
to separate adjacent teeth and also extrude the 
teeth from their socket slightly. On removing the 
wedge the teeth will rebound into their original 
position, coming closer together in the process. 
Once the wedge is in place, it is essential to ensure 
that the matrix band is in contact with the adja-
cent tooth in the separated state, to optimize the 
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chance of a contact being achieved. One further 
possibility is to make a small pellet of pre-cured 
composite which can be wedged into the proximal 
box between the axial wall of the box and the 
adjacent tooth. Obviously this will not shrink on 
further polymerisation and hence will facilitate 
the formation of a contact.

Finishing and polishing

Once material is placed, there will usually be a 
requirement for fi nishing and polishing in some 
form, either as a consequence of marginal excess 
or to defi ne and refi ne the position and pattern of 
tooth to tooth contact. Composites can be fi n-
ished immediately after placement using rotary 
cutting tools, burs, discs and strips. (Fig 22.24). 
Bulk changes in profi le are best achieved using 
small particle size diamond burs, either in an 
airotor or a speed accelerating hand piece on a 
conventional motor (the latter accelerates the 
rotational speed by between 3 and 5 to 1, giving 
a burr speed of up to 120–200  000  rpm from a 
40  000  rpm air or electromotor). These burs are 
delicate and should be used with care and with 
copious water cooling to prevent damage to the 
diamond abrasives. Such small particle diamond 
burs are produced in a variety of shapes and grit 
sizes of diamond. The basic principle of surface 
fi nishing – commencing with the large particle size 
abrasives and progressing downward in grit size 
– should be observed. Multi-fl uted tungsten 

carbide burs are an alternative to diamond abra-
sives. These have between 20 and 40 cutting 
blades as opposed to 6 or 8 for conventional 
cavity preparation instruments.

The ease of identifi cation of cavity margins, par-
ticularly on the occlusal surface of molar teeth, 
during fi nishing will depend on the design of the 
enamel fi nishing line. Enamel margins that are 
fi nished at or close to a 90º angle are easier to 
identify than those that are prepared with a very 
marked marginal bevel. In addition such margins 
are less likely to develop marginal stain with 
time. (This is probably a refl ection of the relative 
fragility of thin fi lms of composite and their very 
different thermal properties compared to enamel 
on dentine.) The desirability for ease of identifi ca-
tion of a margin and structural integrity of the 
periphery of the completed restoration given by 
marginal bulk must be weighed against the desire 
to achieve optimal bonding by etching enamel 
prisms perpendicular to their long axes. A fi nish-
ing angle of about 120º gives a reasonable com-
promise between these two ideals.

Once bulk contour has been achieved using 
burs then fi nishing can continue with either 
disc-mounted abrasives or abrasive-impregnated 
rubber wheels, cones or points. There are a large 
number of commercially available systems for fi ne 
polishing of composite, some of which are 
material-specifi c and some more generic in nature. 
Once again, each system comes in a variety of 
abrasive particle sizes and the larger abrasive size 
should be used fi rst. Polishing is achieved by grad-
ually reducing the particle size of the abrasive. 
Some composite manufacturers recommend an 
abrasive paste in a slurry for fi nal polishing.

The objective of polishing is to produce as 
smooth a surface as possible whilst maintaining 
the required morphology of the restoration. The 
quality of surface fi nish that can be achieved 
depends upon both the skill of the operator and 
the nature of the composite, as described in Section 
22.5. Microfi lled composites are inherently more 
polishable than those with larger/harder fi ller 
particles. One secondary benefi t of the polishing 
process is an increased toughness of the surface 
layer of the composite. This is due to local heating 
when using rubber or disc-based abrasives without 
water cooling. The local rise in temperature often 
exceeds the glass transition temperature of the 
resin, producing some smearing of the resin surface 
with altered physical characteristics.

Fig. 22.24 Instruments and devices used for shaping, 
contouring and polishing composite filling materials.
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Repair of composite restorations

One of the advantages of composite restorations 
is that it is possible to repair them in a fairly 
straightforward way by addition of further com-
posite material. However, the strength of the 
union between old composite and new is relatively 
weak. There are three reasons for this:

• The matrix of the composite to be repaired has 
already been cured so there will be relatively 
few un-reacted double bonds on the surface of 
the resin to which the new material is to be 
attached. Consequently the link between old 
and new materials is relatively tenuous.

• The exposed surface of a cut or fractured com-
posite resin comprises between 65 and 80% 
fi ller with the remainder as resin between the 
fi ller particles. There is the potential for some 
attachment between the old and new resin. 
However the exposed fi ller surfaces are unlikely 
to be coated in a silane coupling agent and as 
a consequence it is not possible for the resin 
in the new composite to bond to a signifi cant 
proportion of the old composite surface.

• Resins that have been exposed in the mouth 
for periods of time take up water and swell. 
It is thought that it is more diffi cult to bond 
to a water imbibed surface and also stresses 
will inevitably be set up at the interface 
between old and new material as the new 
material also absorbs water with time in the 
oral environment and swells. Thorough clean-
ing of the resin surface to remove cutting 
debris helps to maximize attachment strength, 
as does the use of an intra-oral sandblaster to 
either roughen the surface or to silicoat the 
surface using a tribo-mechanical approach. 
More details of this technique can be found in 
section 23.9.

22.8 Applications of composites

Composite resins may be used as alternatives to 
silicate fi lling materials for the restoration of class 
III cavities. Other applications, such as the resto-
ration of fractured incisal edges, depend upon 
the use of special techniques in which adhesion 
between restorative material and tooth substance 
is achieved. These are discussed in Chapter 23.

There is a growing tendency to consider com-
posite resins for use as alternatives to amalgam in 

posterior cavities. Materials are available which 
appear to match amalgam in terms of physical 
properties, however, the technique of placement 
for composites in posterior teeth, without incor-
porating voids, is diffi cult. In addition, the dura-
bility of composites appears to be inferior to that 
of amalgam, particularly in class II cavities where 
considerable loss of anatomical form can take 
place due to wear. For class I cavities, where the 
material is fully surrounded by enamel, the wear 
is less noticeable. Improvements in the quality of 
materials have to some extent overcome the prob-
lems related to wear resistance in that other factors 
such as chipping, ditching, fracture and leakage 
have become more noticeable.

There is some question over which group of 
composite materials offers the best chance of 
success in posterior teeth. Some clinical trials 
report encouraging results for microfi lled compos-
ites after a year or two. However, many of the 
products offered commercially as alternatives 
to amalgam are hybrid materials, particularly 
the light-activated variety. Materials containing 
barium glass fi llers or other fi llers containing 
heavy metal atoms are most promising since they 
are radiopaque. They offer the practitioner the 
chance to confi rm that the cavity has been cor-
rectly fi lled and also to check for the presence of 
caries in the surrounding dentine at subsequent 
examinations.

Good marginal seal is considered to be a major 
requirement of a restorative material in order to 
reduce or eliminate the chances of microleakage. 
The attainment of a good seal depends upon the 
formation of adhesive bonds between the restor-
ative resin and tooth substance and upon minimal 
shrinkage of the resin during curing. In larger 
cavities the total amount of shrinkage is greater 
and the chance of maintaining a good marginal 
seal reduced. Class I and II cavities in molars 
and premolars may be large enough in some cases 
to cause signifi cant stress to be placed on the 
tooth-restoration interface with a subsequent 
breakdown of adhesion, particularly at restor-
ative-dentine margins. Inadequate marginal seal in 
large cavities is still considered a potential disad-
vantage of posterior composite materials, particu-
larly when a seal to dentine is required. Adhesive 
materials and specialized techniques, including the 
so-called sandwich technique are discussed in 
Chapters 23 and 24.
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Composite inlays: Another approach to overcom-
ing the effects of shrinkage and the resulting 
micro-leakage that may occur is the use of com-
posite inlays. The principle behind these is that the 
bulk of the shrinkage occurs before the material 
is fi nally seated into the prepared cavity using 
a luting resin. Two approaches are possible, 
using either a chairside technique or an indirect, 
laboratory-based technique. For the chairside 
technique, an inlay cavity is cut by the dentist and 
the walls of the cavity coated with a release agent. 
The cavity is then fi lled with a composite resin – a 
light-activated material would normally be used. 
After initial curing the inlay is removed from the 
cavity; a process which is facilitated by proper 
cavity preparation and the use of the release agent. 
At this stage an opportunity may be taken to 
enhance the properties of the composite material 
by subjecting it to treatment with intense light and 
heat or pressure and heat to increase the degree 
of polymerisation. The principle of this post-
curing or annealing treatment is to heat the mate-
rial to above the glass transition temperature of 
the resin in order to cause suffi cient molecular 
mobility to allow further polymerisation and 
cross-linking to occur. This treatment has been 
shown to cause only a moderate improvement in 
hardness and fl exural strength. Care must be 
taken not to induce an excessive amount of cross-
linking as this causes the material to become more 
brittle. Hence, post-curing must be carried out 
under controlled conditions. The indirect approach 
is similar except that the inlay is formed on a 
model constructed from an impression. The 
composite inlay is seated back into the prepared 
cavity using a composite resin luting cement. Most 
cements used for this purpose are of the dual-cure 
variety. They have relatively low fi ller content 
giving the fl uidity required to enable seating of the 
inlay. They set rapidly at the exposed margins 
when illuminated by a polmerization activation 
light but also undergo slow chemically activated 
polymerisation within the unexposed bulk. The 
completed inlay therefore consists of a bulk of 
well-polymerised composite material for which 
the margins are sealed by a thin layer of the luting 

product. Only the shrinkage of the luting material 
can contribute towards marginal leakage gaps and 
the thin section of this material ensures that such 
gaps should be minimal. Although only a thin 
layer of luting resin cement is used, its shrinkage 
can result in a relatively large stress at the surface 
with both the tooth and the inlay due to the large 
C-factor which applies to this type of situation. 
The magnitude of the stress can be great enough 
to disrupt adhesive forces which may not have 
matured suffi ciently to withstand the effects of 
shrinkage.

Another potential problem with composite 
inlays is related to the differential wear rates of 
the relatively hard inlay material compared with 
the relatively soft luting material. This is caused 
by a combination of the lower fi ller content and 
lower degree of polymerisation of the latter. It can 
cause the formation of a ditch around the inlay as 
the softer material is preferentially worn.
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Chapter 23

Adhesive Restorative Materials: 
Bonding of Resin-based Materials

23.2 Acid-etch systems for 
bonding to enamel

The surface of enamel is smooth and has little 
potential for bonding by micromechanical attach-
ment. On treatment with certain acids, however, 
the structure of the enamel surface may be modi-
fi ed considerably. Figure 23.1 shows the surface 
of human enamel following one minute of etching 
with a 37% solution of phosphoric acid, which is 
the acid of choice for most applications of the 
acid-etch technique. Solutions of phosphoric acid 
are diffi cult to control when applied to enamel, 
some acid inevitably contacts areas which are not 
required to be etched. One improvement in acid-
etching procedures has been the development of 
acidifi ed gels. These contain phosphoric acid in 
aqueous gel which is viscous enough to allow 
controlled placement in the required area. In addi-
tion, the gel is normally pigmented, a feature 
which further aids control.

The pattern of etching enamel can vary. The 
most common (type 1) involves preferential 
removal of the enamel prism cores, the prism 
peripheries remaining intact. The type 2 etching 
pattern is the opposite of the type 1, involving 
preferential removal of the peripheries with the 
cores being left intact. The type 3 etching pattern 
contains areas which resemble both type 1 and 
type 2 along with some less distinct areas where 
the pattern of etching appears to be unrelated to 
the enamel prism morphology.

The individual features evident in Fig. 23.1 cor-
respond to the ends of enamel prisms, each being 
about 5  μm in diameter. This surface is now suit-
able for micromechanical attachment since it 

23.1 Introduction

The development and regular use of adhesive 
materials has begun to revolutionize many aspects 
of restorative and preventive dentistry. Attitudes 
towards cavity preparation are altering since, with 
adhesive materials, it is no longer necessary to 
produce large undercuts in order to retain the 
fi lling. These techniques are, therefore, responsible 
for the conservation of large quantities of sound 
tooth substance which would otherwise be victim 
to the dental bur. Microleakage, a major dental 
problem which is probably responsible for many 
cases of secondary caries, may be reduced or 
eliminated. New forms of treatment, such as the 
sealing of pits and fi ssures on posterior teeth, the 
coverage of badly stained or deformed teeth in 
order to improve appearance and the direct 
bonding of brackets in orthodontics have all 
grown from the development of adhesive 
systems.

Section 2.5 deals briefl y with the general mecha-
nistic aspects of adhesion. Three major approaches 
can be identifi ed. (1), bonding through microme-
chanical attachment; in dentistry this is best illus-
trated through the bonding of resins to enamel 
using the acid-etch technique. (2), bonding through 
chemical adhesion to either enamel or dentine can 
be identifi ed in many systems based on the use 
of coupling agents or cements containing poly-
acids. (3), bonding through a complex mechanism 
involving wetting, penetration and the formation 
of a layer of bound material at the interface 
between the restorative and the substrate. The 
latter describes the mode of action of many 
modern dentine bonding agents.

225
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contains a myriad of small undercuts into which 
resins can gain ingress, set and form a mechanical 
lock. The three major factors which affect the 
success or failure of acid-etch bonding systems are 
as follows:

(1) The etching time. This should be suffi cient to 
cause effective etching as evidenced by a 
white, chalky appearance on the treated 
section of enamel after washing and drying. 
Etching should not continue long enough for 
dissolved apatites to reprecipitate as phos-
phates onto the etched surface. The etching 
time normally used is between 10 and 60 
seconds.

(2) The washing stage. Following etching the 
enamel surface should be washed with copious 
amounts of water to remove debris. The 
washing time usually used is 60 seconds.

(3) The drying stage. Drying is critical if the 
enamel is being coated with a hydrophobic 
resin (for example BisGMA), when oil free 
compressed air is used to give a chalky white 
appearance. The surface should be main-
tained in this dry state until resin application. 
An example of this would be the applica-
tion of a fi ssure sealant. Conversely, when a 
Dentine Bonding Agent (DBA) is being used 
to attach resin to dentine, bonding to enamel 
can also be achieved when the etched enamel 
is damp.

The type of resin applied to the etched enamel 
surface depends upon the specifi c application 

being used. For composite resins the mixed mate-
rial may be applied directly to the etched enamel 
surface. Resin from the composite fl ows into the 
etched enamel and sets, forming rigid tags, typi-
cally 25  μm long, which retain the fi lling. Many 
manufacturers supply a fl uid bonding resin which 
may enhance the adhesive bond strength (see Fig. 
23.2). It consists of a resin similar to that used in 
the composite material but contains no fi ller par-
ticles. It is very fl uid and readily fl ows into the 
etched enamel surface. The bonding resin may be 
a single component which is activated by light or 
may consist of two fl uid resins, one containing 
initiator and the other activator, which require 
mixing before being applied to the etched enamel. 
The composite fi lling material is applied directly 
to the surface of the bonding resin. The need 
for the use of the intermediary layer of unfi lled 
bonding resin varies depending upon the type of 
composite material used. For conventional com-
posites it is likely that the materials contain suffi -
cient excess resin to satisfy the requirements for 
attachment to etched enamel without the presence 
of the intermediate resin. For the more heavily 
fi lled and viscous products (mainly hybrid-type 
composites) it is necessary to use the unfi lled resin 
layer in order to achieve adequate penetration of 
the etched enamel surface.

Bonding readily occurs at the unfi lled resin to 
composite interface. This is aided by the fact that 
surface layers of resins polymerised by a free 
radical mechanism remain soft and unpolymerised 
due to the inhibiting effect which oxygen has on 

Fig. 23.1 Scanning electron micrograph of the surface of 
enamel after etching with 37% phosphoric acid followed 
by rinsing and drying (×2000 magnification).

Fig. 23.2 Pack of enamel bonding agent containing 
etching agent (37% phosphoric acid) and two fluid resins 
which begin to polymerize on mixing. Modern materials 
contain a single resin which is light activated.
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the polymerisation mechanism. On applying a 
composite material to the surface of a ‘cured’ 
unfi lled resin, mixing of the two resin systems 
occurs at the interface followed by a degree of 
copolymerisation and entangling which effectively 
bonds the fi lled and unfi lled resins together. 
The resulting shear bond strength achieved 
between etched enamel and restorative resins is 
16–20  MPa.

The way in which the enamel etch pattern 
affects bonding has never been conclusively 
proven. The nature of some enamel bonding 
systems has changed over recent years as some 
manufacturers have produced materials which can 
be used for both enamel and dentine bonding. 
Hence, some enamel bonding resins now contain 
primers and solvents which enable bonding to 
moist enamel to be achieved. This is contrary to 
the previous situation in which thorough drying 
of enamel was essential for effective bonding. This 
theme is developed further in Section 23.8.

23.3 Applications of the 
acid-etch technique

The acid-etch technique has many applications in 
dentistry. It is now widely used for most compo-
site fi llings as a means of aiding retention and 
reducing or preventing microleakage. For class IV 
cavities (incisal edge restorations) the acid-etch 
technique has replaced the gold inlay as the treat-
ment of choice for restoring the tooth contours 
and function. In this example the use of an adhe-
sive system allows the conservation of consider-
able quantities of tooth substance which would 
otherwise be lost in cavity preparation. Bonding 
of resins using the acid-etch technique has also 
been used as a means of strengthening or splinting 
teeth which have been weakened by cavity prepa-
ration. It can readily be shown that a tooth having 
a prepared cavity is weakened relative to an 
unprepared tooth. Under stress, fracture of the 
tooth is likely with cusp fracture being the most 
likely occurrence. Restoring the cavity with a non-
adhesive restoration has little benefi cial effect on 
the strength of the tooth whereas the use of an 
adhesive material will strengthen the tooth and 
help to prevent cusp fractures.

Fissure sealants are now widely used for pre-
venting pit and fi ssure caries. The majority of 
products are based on dimethacrylate resin systems 
such as Bis GMA or urethane dimethacrylate. 

The simplest products consist of two liquid 
components, each containing the dimethacrylate 
monomer or a mixture of the monomer and a 
diluent monomer such as triethylene glycol dimeth-
acrylate (see Fig. 22.4). In addition, one compo-
nent contains a peroxide initiator whilst the other 
contains an amine activator. The normal proce-
dure is to mix together one drop of each liquid 
component in order to activate the polymerisation 
of the methacrylate groups. Chemically, these 
products are almost identical to the intermediary 
resin bonding agents referred to in the previous 
section. The mixed material is applied to the 
etched enamel of the occlusal surface of the 
selected tooth where it typically takes a few 
minutes to harden. The surface layer remains 
tacky due to air inhibition of the polymerisation 
and is generally wiped away to expose the fully 
cured material underneath.

Some products contain additives such as tita-
nium dioxide in order to make the sealant more 
readily visible in situ (Fig. 23.3). With the unpig-
mented material the sealant can be diffi cult to 
detect on inspection due to the translucent nature 
of the resin. There has also been a trend towards 
adding glass fi ller to improve durability and those 
products containing fi ller may be considered as 
lightly fi lled composites. The fi ller content remains 
somewhat lower than that found in composite 
fi lling materials so that the viscosity is low enough 
to enable the materials to fl ow into the fi ssure 
pattern of the occlusal surface of the tooth.

Not surprisingly, the development of light-
activated fi ssure sealant materials has followed the 

Fig. 23.3 Pack of fissure sealant material which is similar 
in composition to the enamel bonding agent shown in 
Fig. 23.2. In this product one resin contains titanium 
dioxide in order to allow the sealant to be visualized in the 
pits and fissures after placement. Equivalent materials, 
provided as a single liquid resin component, are light 
activated.
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development of light-activated composites. One of 
the most popular materials in use until a few years 
ago was activated using ultraviolet radiation. This 
is no longer used and has been replaced by prod-
ucts which are activated by light within the visible 
range. The visible light activation units which are 
used for curing composites can also be used to 
activate curing of fi ssure sealants so it is conve-
nient for dentists who have such a unit to use it 
for several applications (see p. 204). The problems 
of limited depth of cure do not apply to these 
materials which are used in thin sections. The 
effi cacy of fi ssure sealants is measured in one of 
two ways. One way is to monitor the survival of 
the sealant as a function of time. Apparent sealant 
loss may be due to detachment or wear. The other 
way is to monitor the caries reduction on sealed 
teeth compared with a group of unsealed control 
teeth. Surprisingly the two approaches do not 
produce the same result. Sealants, being unfi lled 
or lightly fi lled resins, are relatively soft and 
readily undergo abrasive wear, although this is 
minimized in practice due to the fact that the 
material is in a protected environment in which it 
is unlikely to come under direct occlusal loads. In 
any event, wear of the sealant does not impair its 
effi cacy since the surface enamel remains impreg-
nated with resin. Likewise, if a sealant becomes 
detached it may still have some benefi cial effect if 
it leaves behind an enamel surface which is resin 
impregnated.

The success of fi ssure sealants is mainly depen-
dent on initial placement conditions and tech-
niques. In order to get good resin tag formation 
the enamel must be properly etched and washed 
and thoroughly dried before the sealant is applied. 
It is the variability in levels of moisture which 
causes the wide variation in success rates recorded 
for fi ssure sealants. Attempts have been made to 
produce fl uoride containing sealants so that the 
benefi ts of surface sealing can be combined with 
those of a sustained fl uoride release. Release of 
fl uoride from resin-based materials is diffi cult to 
achieve and the rate of release is generally much 
lower than is observed for glass ionomers. Fluo-
ride releasing resin-modifi ed glass ionomers (see 
Chapter 25) offer a potential for achieving the 
ideal of effective bonding durability and sustained 
fl uoride release.

Most recently, chemically active luting resins 
have become available which will bond to oxide 
layers on the surface of non-precious metals and 

to copper oxide on heat treated gold casting alloys 
(see Section 23.9).

Resin systems are now widely used for attaching 
orthodontic brackets. These resins are normally 
supplied as two components carrying relatively 
high loadings of initiator and activator respec-
tively. One component is applied to the etched 
enamel surface and the other to the bracket. When 
the two are pressed together rapid setting takes 
place. Alternatively, conventional composite resin 
materials can be used for this application.

Composites are gaining in popularity for the 
attachment of bridges. This involves a more con-
servative technique than the traditional methods, 
which involve considerable destruction of the 
abutment teeth in order to achieve retention. The 
principle of the resin-bonded systems is that 
the composite bonds mechanically to the etched 
enamel of the tooth and also to the surface of the 
cast alloy framework of the bridge. There are 
various means of achieving mechanical attach-
ment between the resin and the alloy. One system 
employs the use of perforated ‘wings’ on the cast 
alloy bridge framework. The composite used for 
bonding fl ows through the perforations giving a 
mechanical lock onto the framework. Attachment 
to the abutment tooth is through resin penetration 
of acid-etched enamel. This type of bridge is 
known as a Rochette bridge. Another approach is 
to etch the wings of the bridge to produce a rough-
ened surface with a myriad of small undercuts 
similar in appearance to the surface of etched 
enamel (Fig. 23.4). This surface is suitable for 

Fig. 23.4 A scanning electron micrograph of an 
electrolytically acid-etched metal surface showing the 
irregular etch pattern that can give micromechanical 
retention for attachment (×124).
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achieving mechanical attachment with a compo-
site. Etching is carried out electrolytically or in a 
strong acid. This second type of bridge is normally 
referred to as a Maryland bridge. Chemically 
active resins capable of attaching to both metals 
and tooth have been used to bond sand-blasted 
metal retainers to the supporting tooth. (see Fig. 
23.5)

The active groups may be phosphate or melittic 
acid anhydride groups akin to those used in certain 
dentine bonding agents (see Section 23.4).

Another application of the acid-etch technique 
is the attachment of acrylic or porcelain labial 
veneers in order to improve the appearance of 
stained, discoloured or misshapen teeth. Acrylic 
veneers may be produced in a range of standard 
shapes and sizes which can be customized by heat 
adaptation to a cast of the patient’s teeth. A com-
posite of the correct shade is used to attach the 
veneer to the etched enamel surface. The fi tting 
surface of the veneer is softened with a solvent 
primer to aid bonding between the veneer and 
composite. The acrylic laminate veneers have 
limited lifetime due to the fact that the acrylic 
resin is soft and readily abrades to expose regions 
of the underlying composite resin. Also the bond 
between the composite resin and veneer has a 
tendency to fail, probably due to stresses set up at 
the interface as a result of the differing values of 

the coeffi cient of thermal expansion and water 
sorption for the two materials. The use of porce-
lain veneers is covered in Section 11.8. Essentially 
the veneers are custom made and bonding to the 
composite is achieved by etching the fi tting surface 
of the veneer with hydrofl uoric acid and using a 
silane coupling agent to chemically link silica 
groups in the porcelain to methacrylate groups in 
the resin. Porcelain veneers are much harder and 
more resistant to abrasion than acrylic veneers. 
Providing that etching and silane treatment 
is carried out carefully the bond to composite 
appears adequate. The brittle nature of the porce-
lain must be taken into account when considering 
the design of veneers if chipping at the incisal edge 
is to be avoided.

23.4 Bonding to dentine – background

The mechanism of bonding to enamel involves the 
penetration of resin into the relatively porous 
surface layer of the etched enamel to create a 
mechanical interlocking. It was recognized many 
years ago that a similar mechanism could poten-
tially be used with dentine. This would involve 
etching of the surface of exposed dentine with acid 
to expose the patent dentinal tubules which could 
be penetrated by resin to form tags. Until quite 
recently this mechanism of bonding to dentine 
was rejected by most authorities as being both 
ineffective and unacceptable for the following 
reasons:

(1) Concerns over the potentially damaging 
effect of acids on vital dentine: these concerns 
were related to what was considered a well-
established fact that acid-containing restor-
atives placed in contact with vital dentine 
cause irritation and/or irreversible pathologi-
cal change to the pulp. Much of the evidence 
for these concerns involved experience with 
silicate restorative materials which contain 
phosphoric acid. Current philosophy on this 
important point is that most cases of pulpal 
irritation were not related to direct chemical 
traumatization with phosphoric acid but 
were as a result of ineffective sealing of cavity 
margins due to lack of adhesion. Hence, most 
authorities now accept that the dentine and 
pulp are able to withstand a greater chemical 
insult with acids than was once thought to 
be acceptable.

Fig. 23.5 A chemically active resin luting cement which 
is used to bond laboratory made dental appliances and 
restorations to teeth.
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(2) Etching dentine opens dentinal tubules and 
encourages dentinal fl uid fl ow. In view of the 
fact that most restorative resins are relatively 
hydrophobic, any increase in the moisture 
content of the surface of dentine is likely to 
make bonding more diffi cult to achieve. Ever 
since attempts to bond resins to dentine were 
fi rst attempted, the inability of resins to ‘wet’ 
moist dentine and adapt closely enough to 
achieve bonding has been recognized as a 
major problem which has hindered develop-
ment. Experience of bonding to enamel sug-
gested that ‘dryness’ of the substrate was 
essential in order to achieve an effective 
bond, so it is easy to appreciate why the 
etching of dentine was considered unlikely to 
help in the production of an effective bond 
to this substrate. Most early attempts to 
achieve bonding emphasize the drying of 
dentine as an important step in the bonding 
procedure. Current thinking appreciates the 
damage which can be caused by desiccation 
of dentine and tries to overcome the moisture 
problem by the use of primers and solvents. 
Furthermore, it is now recognised that den-
tinal tubular fl uid fl ow is negligible in anaes-
thetised teeth due to the reduction in pulpal 
blood fl ow as a consequence of the effect of 
the vasoconstrictor (usually epinephrine) 
in the local anaesthetic solution. Dentinal 
tubular fl uid is a transudate from the blood 
vessels of the pulp, when pulpal perfusion 
pressure falls the rate of transudation also 
falls.

(3) The dentinal tubule openings occupy only 
about 5% of the cut dentine surface in super-
fi cial dentine (near the amelodentinal junc-
tion). This rises to near 20% in deep dentine. 
Hence, it was suggested that in inserting resin 
tags into dentinal tubules the effectiveness of 
the bond to dentine would be limited by the 
relatively small proportion of the area being 
utilized. It is currently accepted that whereas 
tags in dentinal tubules can contribute to 
bonding, other mechanisms involving all the 
exposed dentine surface are at least equally 
as important. In the 1970s and 1980s, when 
dentine bonding was considered desirable 
but when etching of dentine was considered 
unacceptable, emphasis was placed on trying 
to achieve bonding to dentine through the 
formation of chemical links between restor-

atives and chemical moieties in the dentine 
surface.

Attempts at chemical bonding

When attempting to form chemical links with the 
tooth surface it is obviously necessary to pay some 
attention to the chemical nature of the substrate 
tooth material. Dentine contains approximately 
50% hydroxyapatite and 30% polypeptides (e.g. 
collagen), the balance being aqueous solutions 
which occupy the dentinal tubules. Enamel, on the 
other hand, contains only about 1% protein and 
97% hydroxyapatite. Forming chemical links with 
enamel therefore inevitably involves forming a 
union with hydroxyapatite. Adhesive systems 
which attach to hydroxyapatite will form links 
with both enamel and dentine, although the bond 
to enamel for such materials is generally signifi -
cantly stronger than the bond to dentine. Dentine 
offers the possibility of utilizing reactive groups, 
such as – NH which are present in dentine pro-
teins, for achieving chemical union with adhesives. 
For adhesives of this type a signifi cant bond 
strength may be demonstrated with dentine but no 
appreciable adhesion is observed with enamel.

In order to bridge the gap between the tooth 
surface and the resin-based restorative a series of 
difunctional chemical coupling agents were devel-
oped. Resin-based restorative materials were 
bonded to either dentine or enamel using coupling 
agents or adhesion promoters comprising difunc-
tional molecules, one part of which enters into 
chemical union with the tooth surface whilst the 
other attaches to the resin, as illustrated in Fig. 
23.6. The method of use was to apply the coupling 
agent to the clean, dry tooth surface followed by 
the resin fi lling material, normally a composite. 
The adhesion promoters had a general formula of 
the type shown in Fig. 23.7 where M represents a 
methacrylate group which eventually becomes 
bound to the resin by co-polymerisation, X repre-
sents a reactive group which interacts with the 
tooth surface and R is a linking and spacing group. 
Examples of such molecules are N-phenylglycine-
glycidylmethacrylate, NPG-GMA (Fig. 23.8 and 
23.9), 4-methacryloxyethyltrimelliticanhydride (4-
META) (Fig. 23.10) and phosphate-methacrylates 
such as that shown in Fig. 23.11. In these, the 
mineral component of the tooth was thought to 
bind with the glycine, mellitic acid and phosphate 
groups respectively.
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Fig. 23.6 Diagram illustrating the principle of bonding 
with a coupling agent. (a) Part of molecule which enters 
into bonding with restorative resin. (b) Part of molecule 
which enters into bonding with tooth surface.

Fig. 23.7 General structural formula of a resin–tooth 
coupling agent. X represents a chemical group which 
interacts with enamel or dentine. R represents a linking 
group which joins X to the methacrylate (M).

Fig. 23.8 Structural formula of N-phenylglycine-glycidylmethacrylate (NPG-GMA). Used as a coupling agent to link 
composite resin restorative materials with tooth substance.

Fig. 23.9 Diagram illustrating the probable mechanism 
of adhesion between NPG-GMA and the tooth surface.

The coupling agents referred to above are all 
polymerizable monomers containing groups 
capable of interacting with the tooth surface. In 
the presence of the required initiators and activa-
tors the monomers are readily polymerised to 
form resins. Hence some of the products were 
supplied as two components, one containing a 
chemical activator (e.g. a tertiary amine), the other 
containing a polymerisation initiator (e.g. a per-
oxide). Over the years there has been a trend for 

chemically activated resin systems to be replaced 
by light-activated materials. As a result, some 
products are supplied as one component contain-
ing the adhesive and a light-sensitive polymerisa-
tion activator.

The adhesive systems described above worked 
primarily through affi nity for calcium in the 
organic component of dentine. Consequently, 
whereas each material was primarily designed as 
a dentine adhesive they all formed a more tena-
cious bond to enamel. Some direct bonding 
between reactive groups in dentinal collagen and 
reactive groups in the adhesives was thought 
possible.

Some adhesive systems were developed specifi -
cally with the aim of grafting to the organic col-
lagenous component of dentine. Collagen has 
several reactive groups which make this a feasible 
proposition. The groups which have received most 
attention are the hydroxyl and amine groups. One 
commercial product relied on the addition reac-
tion which occurs between isocyanate groups and 
both hydroxyl and amine groups. Another com-
mercial product relied on the reaction which 
readily occurs between aldehyde groups and amine 
groups.

Attempts at bonding restorative resins to dentine 
by direct chemical coupling led to limited clinical 
success in the absence of any form of dentine 
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pre-treatment or conditioning. Table 23.1 shows 
values of shear bond strength to acid-etched 
enamel and unconditioned dentine. The signifi -
cantly lower bond strengths to dentine explain the 
lack of clinical effi cacy. Microleakage studies also 

showed that a less than perfect marginal seal to 
dentine was achieved, indicating that close adap-
tation between the restorative and dentine had not 
been developed over a signifi cant proportion of 
the dentine surface.

Fig. 23.10 Structure of 4-META (4-
methacryloxyethyltrimelliticanhydride) and 
its mode of bonding to tooth substance. 
(a) Structure of 4-META. (b) 4-META 
bound to calcium in tooth substance.

Fig. 23.11 Structure of a phosphate ester 
suggested as a dental adhesive. (a) Structure of 
the ester which is essentially a product of an 
aromatic phosphate and hydroxyethylmethacrylate 
(HEMA). (b) Proposed method of bonding to 
tooth substance.
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Improvements in the ability to bond to dentine 
and to form an effective seal at the tooth restora-
tion interface were not possible until a greater 
understanding of the nature of the dentine surface 
and the changes which could be produced by con-
ditioning was achieved. For those materials dis-
cussed in this section, drying of the dentine surface 
was considered a prerequisite for effective bonding. 
The higher values of shear bond strength to 
dentine (Table 23.1) were achieved only after 
effective drying. Work on dentine conditioning 
and the use of primers was to cause a complete 
re-think of how bonding to dentine is best 
achieved.

23.5 Dentine conditioning – the smear layer

There are several possible reasons why the bond 
strength to dentine was so much lower than that 
which could be achieved with enamel (Table 
23.1). The proposed mechanism was different and 
relied upon the very close adaptation of bonding 
agent to substrate in order to allow chemical 
bonding to occur. The inherent problem involved 
in bonding a hydrophobic resin to a hydrophilic 
substrate was thought to be a major factor in this 
regard. It became clear, however, that one of the 
most signifi cant factors which limits bonding, in 
the absence of any form of dentine pre-treatment, 
is the presence of the dentine smear layer. This 
layer, which is 3–15  μm thick, prevents interac-
tion of the adhesive with the bulk dentine and this 
prevents the formation of any effective or durable 
bond. Any bond which is formed is to the surface 
of the smear layer itself and since this may not be 
strongly bound to the underlying dentine the bond 
strength and sealing ability are compromised. The 
smear layer (Fig. 23.12) is formed by the process 

of cavity preparation and extends over the whole 
prepared surface of the dentine and into the den-
tinal tubules (smear plug). It is a loosely bound 
layer of cutting debris including dentine chips, 
micro-organisms, salivary protein and collagen 
from the dentine. A smear layer is present on the 
surface of freshly cut dentine irrespective of the 
method of mechanical tooth preparation.

It is now recognized that in order to form an 
effective bond and seal between a restorative resin 
and dentine the smear layer must be removed, 
disturbed or modifi ed in some way which allows 
access to the underlying bulk dentine. The liquids 
used for dentine pre-treatments prior to bonding 
are called conditioners. They are generally acid 
solutions which are capable of dissolving or at 
least solubilizing the smear layer, exposing the 
underlying dentine to the bonding agent. Many 
acidic solutions have been employed as condition-
ers. Some of the more common agents are listed 
in Table 23.2.

It is advantageous if the acid used for dentine 
conditioning can also be used for acid-etching 
enamel and there is a growing trend now for man-
ufacturers to supply a single agent for both pur-
poses. Since 37% phosphoric acid has a proven 

Table 23.1 Shear bond strength of various bonding 
systems to etched enamel, conditioned or unconditioned 
dentine.

Bonding system Bond strength (MPa)

Acid-etched enamel + resin 16–20
Unconditioned dentine + adhesive 3–5
Conditioned dentine with total 
 etch bonding

15–25

Conditioned dentine with 
 self-etching primer system

15–25

Table 23.2 Commonly used dentine conditioners.

35–37% Phosphoric acid
10% Phosphoric acid
10% Maleic acid
17% EDTA
10% Citric acid + 3% ferric chloride

Fig. 23.12 Surface of the dentine smear layer formed 
after cavity preparation.
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track record as an enamel etchant its popularity 
as a dentine conditioner is increasing. In many 
ways, dental research has come full circle in 
accepting acidic dentine conditioning using strong 
etchants as part of a normal treatment regime. 
There is mounting evidence that etching can be 
tolerated, without adverse effects, even in the 
deepest dentine and the use of cavity liners under 
resin-based restorative materials is declining. A 
prerequisite to the tolerance of acidic dentine con-
ditioning is the ability to form a strong bond with 
an adequate seal at the end of the treatment.

The option for removing or just disturbing the 
smear layer depends on whether the manufacturer 
recommends rinsing after the conditioning stage. 
A rinse at this stage is likely to remove the smear 
layer completely, leaving a relatively smooth 
dentine surface with patent dentinal tubules (Fig. 
23.13). When there is no rinsing stage after con-
ditioning the smear layer becomes re-deposited on 
the dentine surface. The latter approach is used 
when manufacturers attempt to reduce the number 
of steps required to form a bond. The condition-
ing stage can be viewed as the fi rst of three stages 
– the other two being priming and bonding. Many 
manufacturers now try to combine at least two of 
the three stages.

23.6 Priming and bonding

Having conditioned the dentine in order to remove 
or modify the smear layer, the next stage is the 
priming stage. This is a key stage in the procedure 
as it is designed to change the chemical nature of 

the dentine surface and to overcome the normal 
repulsion between the hydrophilic dentine and the 
hydrophobic resin. The priming agents are similar 
in nature to the di-functional chemical coupling 
agents described in Section 23.4. Their nature is 
described in general terms in Fig. 23.6. They are 
difunctional materials with a methacrylate group 
(having affi nity for the resin) and another reactive 
group having affi nity for the dentine. This other 
reactive group may be an amino group, a phos-
phate group or a 4-META group as described in 
Section 23.4. However, the most commonly used 
primer is hydroxyethylmethacrylate (HEMA) in 
which the R–X group in Fig. 23.7 is simply a 
C2H4OH group. It is the hydrophilic nature of the 
hydroxyl group which makes HEMA such an 
effective priming agent. Much more emphasis is 
now placed on the affi nity between the reactive 
groups and the dentine and less emphasis is placed 
on the ability to form a chemical bond with com-
ponents of dentine, although this is still recog-
nized as being a possibility with some materials. 
After priming, the nature of the dentine surface 
is signifi cantly changed – it being more hydropho-
bic and ready to accept the resin-based bonding 
agent.

The bonding agent is normally a fl uid resin 
similar in composition to the products described 
for enamel bonding (Section 23.2). The fl uid resin 
is able to fl ow over and wet the primed surface to 
complete the formation of an effective bond. 
Curing of the bonding agent is activated by light 
for single component materials or chemically for 
two component materials.

The achievement of a satisfactory bond to 
dentine through three stages of conditioning, 
priming and bonding enables us to appreciate 
the complex nature of some bonding systems 
(Fig. 23.14).

Manufacturers have responded to the needs of 
clinicians by trying to simplify the application 
procedures for conditioners, primers and bonding 
agents and by combining these procedures into 
one in some cases (Figs 23.15, 23.16 and 23.17). 
Hence, the primer is sometimes incorporated with 
the conditioner and following the combined con-
ditioning/priming the smear layer is incorporated 
within the primer which now has direct contact 
with the bulk dentine surface. Alternatively, the 
primer may be incorporated with the bonding 
resin and the combined liquid applied to the con-
ditioned and rinsed dentine surface. A previously 

Fig. 23.13 Surface of dentine after conditioning with 
37% phosphoric acid followed by rinsing. The smear layer 
is removed, the dentinal tubules opened and the 
intertubular dentine partially decalcified (×1690).
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Fig. 23.14 This pack of a dentine bonding agent 
contains all the ingredients required to bring about 
bonding between restorative materials such as composites 
and tooth substance. The different components essentially 
enable acid etching or conditioning, priming and finally 
bonding to be achieved. Multiple stages are often 
required and the systems may be highly complex.

Fig. 23.15 A simplified approach to bonding can be 
achieved by combining together the priming and bonding 
agent into one container and hence in this case only two 
bottles of liquid are required. The bottle on the left 
contains acid in the form of a gel which is used for 
etching or conditioning. The dark bottle on the right 
contains a mixture of resin and priming agent which is 
applied after etching and drying.

Fig. 23.16 An alternative approach to achieving bonding 
to dentine is the so-called self-etching primer approach. 
In this sort of material one bottle contains an acidic primer 
which can act as both an etching agent and a priming 
agent, hence the term self-etching primer. The other 
bottle contains a resin in order to bring about completion 
of the bond.

Fig. 23.17 In an attempt to help the dentist, some 
manufacturers have tried to simplify the approach to 
bonding as much as possible and here we see a device in 
which the manufacturers have combined together all the 
necessary ingredients for bonding and the conditioner, 
primer and the resin all into the one device. Mixing is 
carried out in the device prior to application with the 
applicator.
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unmentioned component of the priming agent is 
the solvent carrier. The role of this solvent becomes 
evident when the overall concept of bonding is 
considered.

23.7 Current concepts in dentine bonding – 
the hybrid layer

In Sections 23.5 and 23.6 the importance of 
dentine conditioning and priming has been 
stressed. Modern dentine bonding systems are 
able to produce bond strength values equivalent 
to or greater than the value obtained in bonding 
resins to acid-etched enamel. An indication of the 
tenacious nature of the bond which can be achieved 
is obtained from the mode of failure during bond 
testing. This is often cohesive in nature – either 
within the adhesive or within the dentine. Table 
23.1 gives an indication of the bond strength 
values which can be achieved with some systems. 
Values of this magnitude suggest that the mecha-
nism of bonding must involve something other 
than weak interfacial bonding caused by good 
wetting and close adaptation.

Painstaking work in Japan and the USA has 
gone some way towards explaining the mecha-
nism of bonding of most modern materials 
and the reason why high bond strength values 
are achieved. It is now believed that effi cient 
dentine conditioning not only involves removal 
of the smear layer and smear plug but also 
causes a signifi cant decalcifi cation of inter-tubular 
dentine to a depth of a few microns. The decalci-
fi cation process leaves a three-dimensional col-
lagenous network which can be infi ltrated by 
primer and resin to form a resin infi ltrated/rein-
forced layer or hybrid layer at the interface 
between the bulk dentine and the resin. This 
hybrid layer is illustrated in Fig. 23.18 and can be 
considered to have a composite structure of two 
continuous phases, the resin phase and the fi brous 
collagenous phase, which when the resin is poly-
merised, strongly binds the resin and dentine 
together. In Fig. 23.18 it can be seen that the resin 
also penetrates the dentinal tubules and this is 
likely to contribute to the overall effi cacy of the 
bond.

The ability of primers and resins (or mixtures 
of the two) to penetrate the demineralized dentine 
surface is the key to the formation of the hybrid 
layer.

Two different approaches have been developed 
to achieve hybrid layer formation: the total-etch 
method and the self-etching primer method.

Total etch method

This method involves application of a strong acid 
(commonly 37% phosphoric acid) followed by 
rinsing with water in order to completely remove 
the smear layer and demineralize the surface of 
the bulk dentine. Following demineralization the 
collagenous network is supported only by mois-
ture and any attempt to rigorously dry the dentine 
at this stage will lead to the collapse of collagen 
fi bres and impair the formation of a hybrid layer. 
Most manufacturers now recommend that dentine 
is maintained in a moist state immediately prior 
to application of the primer in order to prevent 
collapse of the demineralized collagenous network. 
This represents a strange turn of events for den-
tists who had previously believed dryness to be 
critical when bonding to both enamel and dentine. 
Published results for many products confi rm that 
the bond strength to moist dentine is often greater 
than that to dry dentine. The ability of primer 
solutions to wet and penetrate moist dentine is a 
function of the hydrophilic group in the primer 
molecule and the presence of a solvent such as 
acetone. This type of solvent is able to ‘chase’ 
away the water in the porous dentine surface, 
allowing the spaces to be fi lled by primer and 

 Fig. 23.18 Interface of conditioned, primed dentine and 
resin bonding agent illustrating the presence of the resin 
reinforced or hybrid layer. (Kindly supplied by Professor 
N. Nakabayashi. Originally published in Oper. Dent. Suppl. 
5, 197 (1992), reproduced with permission from the 
editor.) In this case bonding was achieved using a 4-
META system (×1472).
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resin. Before curing of the resin the solvent is lost 
by evaporation. Another approach to wetting and 
penetration is to use aqueous primer solutions 
in which infi ltration of primer is achieved by 
diffusion.

One advantage of the total etch method is that 
conventional and effective etching of enamel with 
phosphoric acid can be performed at the same 
time as conditioning of the dentine.

Self-etching primer method

This method involves application of a solution 
containing an acidic primer which can solubilize 
the smear layer and at the same time perform the 
functions of a difunctional primer. The applica-
tion of the self-etching primer is not followed by 
rinsing as this would remove the primer and inter-
fere with bond formation. Primers are similar in 
nature to certain chemicals described earlier (e.g., 
Fig. 23.11). Following the application of the self-
etching primer the bonding resin is applied and 
polymerised. In some materials the manufacturers 
have combined the bonding resin with acidic 
primer to form single component systems which 
are designed to appeal to dentists through their 
simplicity of approach. Hence, the -OH group in 
fi gure 23.11(a) is highly acidic and able to condi-
tion dentine and also function as a primer. One 
potential advantage of the self-etching primer 
systems is that there is no stage in the proceedings 
when there are open dentinal tubules exposed and 
no danger of over drying following a rinse stage 
(as required for the total etch system). On the 
other hand one potential problem is that the self-
etching systems may not be as effective at etching 
enamel as phosphoric acid. Some manufacturers 
provide a solution of phosphoric acid for the pur-
poses of enamel etching during bonding proce-
dures with self-etching primer systems but this 
rather defeats the object.

23.8 Classification of dentine 
bonding systems

In an attempt to help the dentist, manufacturers 
and researchers have used various descriptive 
terms to describe bonding systems. Of these the 
system of ‘generations’ of dentine bonding agents 
has been very widely employed and has led to fre-
quent races amongst manufacturers to produce the 
‘next generation’. Implied within this method of 

classifi cation is the message that new develop-
ments lead inevitably to improvements and that 
the nth generation is automatically an improve-
ment upon the n-1th generation. Inspection of 
materials which represent the various generations 
reveal two surprising fi ndings. First, new genera-
tions are often claimed for very small develop-
ments and modifi cations. Second, there is a 
tendency for the generation scale to follow a some-
what circular route, as even a cursory inspection 
shows that a recently developed generation bears 
a striking resemblance to a much earlier one. Other 
curious methods of classifi cation involve reference 
to the number of steps used in the application or 
the number of bottles in the kit. There is an impli-
cation that fewer steps and fewer bottles represents 
progress of some sort. Nevertheless, closer inspec-
tion often reveals that all is not as simple as may 
fi rst appear. For example, multiple applications 
from a single bottle may be applied. The main 
limitation of all these methods of classifi cation is 
that there is no direct reference to the mechanism 
of bonding and the principles involved. On the 
other hand descriptions such as ‘self-etching 
primer’ and ‘total-etch’ are helpful as they do refer 
to the mechanism of bonding which is employed.

The mechanism of bonding which involves the 
formation of the hybrid layer produces some 
impressive values of bond strength. Most bond 
failures above 20  MPa occur through fracture 
within dentine (cohesive failure).

Reported values of shear bond strength to 
dentine in the range 15 to 30  MPa are not uncom-
mon and this illustrates the marked improvement 
in bond strength which has followed the improve-
ment in the understanding of the structure of the 
resin–dentine interface. The thickness of the 
hybrid layer is not considered an important factor 
which controls bonding. In most cases the layer is 
thought to be 2–10  μm thick and the important 
feature as far as bonding is concerned is that the 
demineralised dentine is completely infi ltrated to 
give close adaptation of the resin to the irregular 
surface of the bulk dentine.

Values of bond strengths can only be used as a 
rough guide to bond quality, as the value is likely 
to vary markedly within a population of speci-
mens. The values quoted are normally mean values 
and this may disguise the fact that there is a rea-
sonable probability of fi nding a proportion of 
weak bonds which account for some clinical fail-
ures. Weaker bonds within a population may be 
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related to the technique sensitivity associated with 
the use of some of these materials.

It is not known what value of bond strength is 
required in order to prevent debonding during the 
setting of a composite restorative. The stress set 
up caused by shrinkage during setting is a function 
of cavity shape and size as well as the nature of 
the material, as described in Section 22.5. One 
method adopted by some manufacturers to prevent 
the disruption of bonding resins by polymerisa-
tion shrinkage of composites is to incorporate 
elastomeric resins into the bonding material. These 
may allow the bonded layer to deform elastically 
without destroying the bond. Another approach 
is to advise the application of multiple layers of 
bonding resin in order to create a more fl exible 
buffer layer between the tooth and the composite. 
Since dentists demand the availability of bonding 
systems which can be used simultaneously with 
both dentine and enamel the products described 
in this section have become widely used as enamel 
bonding agents. The mechanism of bonding to 
enamel is essentially similar to that for conven-
tional enamel bonding systems (Section 23.2). 
Application of the conditioning (or etching) agent 
results in the familiar change in the surface of the 
enamel (Fig. 23.1). This is then impregnated by 
the primer and bonding resin. The developments 
in dentine primers, which are now also used for 
enamel bonding, have led to the emphasis on 
enamel dryness becoming less of an issue with 
these modern systems. Also, there is evidence that 
an enamel–resin hybrid layer analogous to the 
dentine hybrid layer can form during enamel 
bonding. Figure 23.19 shows the interface of a 
resin–enamel bond after partial removal of enamel 
with hydrochloric acid. The area at the interface 
where resin had impregnated the porous enamel 
surface is clearly visible.

23.9 Bonding to alloys, 
amalgam and ceramics

In the previous sections, emphasis has been placed 
on the use of enamel and dentine bonding agents 
used to improve bonding to tooth substance 
during the placement of direct composite restora-
tions. In Section 23.3 reference was made to the 
fact that composite type materials are used for 
bonding of orthodontic brackets and resin-retained 
bridges. In these situations the bond between the 
composite and metal may rely upon mechanical 

retention, either by building in retention into the 
design of the metal structure (e.g. the base of the 
orthodontic bracket) or by creating a retentive 
surface through electrolytic etching or abrasion. 
For these and other applications where a strong 
durable bond is required in the absence of any 
natural retentive forces a resin-based luting agent 
may be preferred to a conventional cement. The 
ability of the resin to achieve a chemical union 
with the alloy may improve retention whilst at the 
same time reducing the amount of preparative 
work required to be performed on the alloy.

Virtually all the bonding agents described in the 
previous section can be used to achieve bonding 
with a variety of alloys – normally in conjunction 
with a low viscosity composite luting cement. 
Some specialist resin-based adhesive luting cements 
have become widely used over recent years. One 
such system, originally supplied as a powder and 
liquid, was essentially a self-curing composite in 
which the powder was primarily a quartz fi ller 
along with some initiator and the liquid consisted 
of a mixture of dimethacrylate monomers and a 
methacrylate–phosphate coupling agent along 
with a small amount of a chemical activator. The 
mixed material combined adhesive characteristics 
with an ideal consistency for luting purposes. A 
material of similar composition is now available 
in two-paste form (Fig. 23.5). One feature of this 
particular type of resin-based cement was a 

Fig. 23.19 The interface of a resin–enamel bond 
(mediated by a 4-META primer) after partial removal of 
enamel with hydrochloric acid. (Kindly supplied by 
Professor N. Nakabayashi. First published in Dent. Mat. 8, 
175 (1992), reproduced with permission from the editor 
(×1000).
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marked sensitivity of the polymerisation reaction 
to the presence of oxygen. In order to enable the 
material to set properly oxygen must be excluded 
from the exposed surface of the cement. This is 
achieved by the application of a gel-type barrier 
which can be washed away after setting (see also 
section 23.11).

Another powder–liquid type luting cement in 
common use is based upon the 4-META system 
referred to in the previous section (Fig. 23.10). 
The powder contains polymethylmethacrylate 
(PMMA) whilst the liquid contains a mixture of 
methylmethacrylate monomer (MMA), 4-META 
and tri-butylborane (TBB). The TBB liberates free 
radicals on contact with moisture (e.g. on the 
tooth surface) and causes polymerisation of the 
MMA (see also section 23.11).

The nature of the metal surface required for 
bonding has received some attention – particularly 
with regard to crown and bridge alloys. Bonding 
of most materials to base metal alloys appears to 
be quite straightforward with bond strengths in 
excess of 20  MPA being normal. The naturally 
formed oxide layer on the alloy surface is thought 
to be involved in the bonding process and the only 
preparation required is a moderate roughening 
using sand blasting followed by steam cleaning. 
Bonding to precious alloys can be more diffi cult, 
Tin plating is recommended for some products in 
order to generate an oxide layer. It is not clear 
whether this treatment aids bonding by producing 
a surface suitable for chemical bonding or through 
the formation of a roughened surface coated with 
tin oxide crystals. For other alloy/adhesive systems 
heating of the alloy to 400ºC in air for 10 minutes 
generates a copper oxide layer on the metal 
surface, whilst other products claim to bond ade-
quately to a sand blasted alloy surface.

Much of the work in this area relates to luting 
adhesive bridgework and a wide variety of tech-
niques have been described for roughening the 
surface to produce either macro or micro mechani-
cal irregularities on the fi tting surface of the metal. 
One problem with relatively large irregularities is 
that they will necessitate the metal to be relatively 
thick to allow for the porous surface and then to 
have adequate strength. In addition they were 
mainly produced by some sort of loss of wax 
casting technique and were technically sensitive as 
a consequence. The most effective means of pre-
paring metal surfaces for conventional composite 
resin lutes is to etch the metal surface producing 

a micro porous surface analogous to etched ena-
mel (the Maryland technique). This can only be 
achieved using non-precious metal casting alloys 
and relies on preferential destruction of metals at 
the grain boundaries within the alloy. Precise tech-
niques are specifi c to the composition of the alloy 
concerned, but all rely on an electrolytic process 
under carefully controlled conditions in a highly 
acidic environment. The effectiveness of the 
process depends on a combination of the correct 
blend of acids and use of the correct current 
density for a specifi c metal alloy. As a consequence 
it is once again highly technique sensitive.

One fi nal approach that has been developed 
depends on preparing the surface of the material 
with a specialized form of blasting sand. In this 
tribomechanical approach, silica coated corun-
dum particles with a mean particle size of 30-μm 
are blasted against the surface to be bonded. The 
impacts of the corundum particles on the surface 
produce some roughening of the surface and also 
transfer of the silica from the surface of the corun-
dum to the substrate. This silicatized surface can 
then be treated with a silane coupling agent before 
bonding with a conventional resin composite. 
This technique (Cojet®) can be used for all sur-
faces from composite resin through ceramics to 
metals.

Bonding of base metal alloys opened up the 
possibility of achieving union between dental 
amalgam and tooth substance. One specialist 
product based on 4-META and several of the 
materials referred to in Section 23.5 are now advo-
cated by the manufacturers for this purpose. This 
has led to the bonded amalgam restoration. The 
potential advantages are that the cavity does not 
need to be so retentive and that the adhesive pro-
vides a means of reducing leakage. Other applica-
tions of these systems are in amalgam repairs 
(bonding amalgam to amalgam) and in amalgam 
core build-up (bonding amalgam to dentine).

Systems which bond to ceramics can be used to 
bond ceramic inlays, onlays, veneers and ceramic 
orthodontic brackets. The surface to be bonded 
may be initially prepared using a diamond bur, 
sand blasting or etching with hydrofl uoric acid. 
The latter is an extremely caustic substance so the 
etching procedure is often performed in the labo-
ratory rather than in the clinic. The priming agent 
comprises a solution of a silane–methacrylate cou-
pling agent such as γ-methacryloxypropyltrime-
thoxysilane (as described in Section 22.3) in a 
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volatile solvent such as acetone. The solution is 
applied to the surface of the ceramic material and 
air drying rapidly removes the solvent to leave a 
layer of bound silane coupling agent. Very high 
values of bond strength (>20  MPa) to ceramic can 
be achieved using composite luting cements. In 
orthodontics concern has been expressed that 
ceramic brackets are bonded to enamel so strongly 
that debonding can result in fracture through the 
ceramic or, more seriously, fracture through the 
tooth. There is a suggestion that silane coupl-
ing becomes less effective with time as the silane 
may be subjected to hydrolysis (see also section 
23.11).

Bonding in orthodontics

Bonding systems used to attach orthodontic 
brackets to teeth have distinctive requirements, 
which have led to the development of products 
used specifi cally for this purpose. During the 
bonding of brackets the adhesive is applied to the 
bracket base which is then located in the correct 
position on the tooth. The adhesive must possess 
ideal rheological properties which allow the posi-
tioning of the bracket on the tooth surface to 

which the bracket is to be bonded, by ‘sliding’, 
but must then retain the positioned bracket 
without sliding until the adhesive is set. Further-
more, the adhesive must retain the bonded bracket 
in position throughout the course of orthodontic 
treatment but must allow the bracket to be 
removed at the end of the treatment without dam-
aging the tooth enamel. It is advantageous if little 
or no adhesive is retained on the tooth surface 
after de-bonding as this may be diffi cult and time 
consuming to polish away and may discolour. 
Traditionally, two-paste, chemically activated or 
single-paste, light activated composites similar to 
those described in Chapter 22 have been used in 
which adhesion to enamel is achieved through 
bonding to acid-etched enamel, whilst bonding to 
stainless steel brackets is through mechanical 
engagement in undercuts created by a mesh on the 
bracket base. The required rheological properties 
are achieved through adjustment of the fi ller par-
ticle size and content. Contact adhesives have also 
been widely used in orthodontics. These materials 
consist of paste and liquid components. The com-
posite paste is heavily loaded with initiator and 
the liquid contains dimethacrylate monomers and 
is heavily loaded with activators (see Chapter 12). 
The paste component is applied to the bracket 
base whilst the liquid component is applied to the 
etched tooth surface. Polymerisation is activated 
when the bracket is applied to the tooth and the 
initiator and activator are brought into contact.

A number of alternative materials are now 
available for orthodontic bonding including some 
which are based upon hybrids of glass ionomers 
and composites such as resin-modifi ed glass iono-
mers and compomers. A potential advantage of 
materials having some glass-ionomer characteris-
tic is that they may offer some protection to the 
teeth during orthodontic treatment by means of 
fl uoride release. These issues will be discussed 
further in Chapters 24 and 25.

23.10 Bond strength and 
leakage measurements

It is recognized that the most meaningful test of a 
new adhesive system involves long-term clinical 
use as part of a formal clinical trial or as part of a 
prospective or retrospective audit procedure. In 
vitro testing of adhesives can be used as a means 
of ensuring that only relatively promising materi-
als are subjected to clinical testing. The two 

Fig. 23.20 Diagram illustrating the principle of a shear 
bond strength test. The tooth has been embedded in resin 
and ground to expose dentine. The adhesive and 
associated material has been bonded and is being sheared 
off using a test instrument. Measurement of the force to 
shear enables bond strength to be determined.
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methods most widely used for assessing adhesives 
in the laboratory are bond strength and leakage. 
Bond strength testing involves the measurement of 
tensile or shear bond strength (the latter has been 
quoted in Table 23.1). These tests produce results 
which are notoriously variable, particularly for 
natural substrates such as enamel and dentine. 
Variations in the value of bond strength may result 
partly from imperfections in the testing equipment 
(e.g. imperfect alignment in a tensile bond test rig) 
or from variations in the substrate material. For 
example, bond strength to dentine varies with the 
type of tooth, age of patient, depth of dentine, time 
of storage after extraction, nature of the storage 
medium, etc. These variations can be dealt with in 
one of two ways – either by controlling the distri-
bution of variables between test groups or by using 
teeth at random but using suffi ciently large 
numbers of test specimens which will make biased 
distributions unlikely. The International Standards 
Organization has recognized these problems in its 
technical report on testing adhesion to tooth sub-
stance (ISO TR 11405). This report makes recom-
mendations as to the nature of the teeth to be used 
in testing and to the method of storage, the method 
of forming and testing the bond. Even when the 
guidelines are followed a coeffi cient of variation 
of 50% is not unusual and this can cast some 
doubt over the reliability of some of the systems. 
The results of these tests suggest that there is 
always a reasonable probability of getting an 
unusually low value of bond strength and these 
examples when translated into clinical practice 
may account for some of the observed failures with 
otherwise ‘good’ materials.

In addition to the value of bond strength the 
mode of bond failure is normally quoted and this 
is often considered a more important parameter. 
The mode of failure may be adhesive, i.e. occur-
ring at the adhesive/substrate interface, cohesive, 
i.e. occurring entirely within the substrate or 
adhesive or mixed, i.e. occurring partly at the 
interface and partly cohesively. A value of bond 
strength without any indication of the mode of 
failure is almost meaningless. Recently techniques 
have been developed to simulate dentine tubular 
fl uid fl ow perfusion during bond strength testing. 
The surface of dentine that has been etched will 
be wet as a result of tubular fl uid fl ow and it is 
important to simulate this if possible.

As the development of new adhesives has accel-
erated, particular emphasis has been placed upon 

the comparative values of bond strength to differ-
ent substrates and this in turn has produced 
greater scrutiny of the tests themselves. Problems 
which have been highlighted include:

(1) Questions over the value of bond strength 
testing using specimens produced in a non-
clinical environment.

(2) Questions arising out of the wide variability 
of test results and the lack of agreement 
between results from different test centres.

(3) Questions over the values of bond strength 
arising from studies in which many fractures 
occur by cohesive failure.

(4) Diffi culties in obtaining suffi cient numbers of 
suitable test teeth to be used as substrates for 
bond strength testing.

In order to address some of these issues, new 
tests have been developed and of these the micro-
tensile test has achieved the greatest level of accep-
tance. This involves bonding a restorative material 
to an extracted tooth using an adhesive, to form 
a monolithic block which is then sectioned by 
cutting into ‘sticks’ or ‘slabs’ enabling multiple 
specimens to be prepared from one test tooth. The 
sticks or slabs are then bonded to two adjacent 
metal platens using a cyanoacrylate cement so that 
when the platens are driven apart the bond is 
broken and the bond strength can be measured. 
(Fig 23.21) The nature of the test is such that 
fracture at the tooth–adhesive interface is encour-
aged (adhesive failure). Values of bond strength 

Fig. 23.21 Stick specimen for microtensile bond strength 
testing in which half the stick is tooth substance and half 
is composite filling material.
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tend to be greater than those measured using more 
conventional methods.

Problems with the test can be a concern over 
stress development during sectioning of specimens 
which can lead to premature failures and uncer-
tainties over the interpretation of results since 
several test specimens may be derived from a rela-
tively small number of teeth.

Leakage studies are designed to give an indica-
tion of the ability of a material to form an effective 
seal against fl uids and bacteria at the tooth/adhe-
sive interface. Tests are normally performed by 
placing restorations in restored teeth and then 
subjecting them to storage, normally with an 
element of thermal cycling, in a solution of dye-
stuff or other marker (e.g. radioisotope). At the 
end of the prescribed period of testing the restora-
tion and tooth are sectioned and the effectiveness 
of the seal is judged by how far the dye (or other 
marker) has penetrated down the margin towards 
the cavity fl oor. Guidelines for leakage testing are 
also included in ISO TR 11405.

23.11 Polymerizable luting agents

Resin-based luting agents are being used increas-
ingly in association with adhesive dentine bonding 
agents to enhance the retention of prostheses to 
tooth tissue. These lutes tend to be chemically 
setting unless they are being used with porcelain 
veneers, as light penetration through either all 
ceramic crowns or ceramic or resin inlays is poor 
and for obvious reasons light activated materials 
cannot be used with metallic restorations. They 
can be used for all forms of restoration but to 
achieve maximum benefi ts there must be mecha-
nisms for attachment between the fi tting surface 
of the restoration and the surface of the prepara-
tion on the tooth. The latter is relatively straight-
forward when the preparation is wholly on tooth 
tissue (either dentine or enamel) when contempo-
rary dentine bonding agents can be used. The 
lightly-fi lled diacrylate resin luting agents must be 
used with total-etch dentine bonding agents rather 
than self-etching systems. The residual acidity of 
the latter interferes with the polymerisation of 
chemically curing resin systems. However when 
the surface of the ‘tooth’ preparation is predomi-
nantly on some form of core material there are 
greater problems achieving a bond between a resin 
lute and the surface of the prepared tooth. 
Amalgam is diffi cult to bond to with anything 

other than the chemically active lute. A gold post 
and core is even more diffi cult in terms of adhe-
sion, whereas a composite resin is more receptive 
to bonding with a resin lute. However all of the 
diffi culties that are discussed in Section 22.7 con-
cerning bonding between ‘old’ prepared compos-
ite and newly polymerised resin remain.

Polymerisable lutes are available based on both 
composite resins and resin-modifi ed glass ionomer 
cement (RMGIC) technology (see Chapter 25). 
Obviously the latter offer the theoretical benefi t 
of fl uoride release at the margin but there is no 
clinical evidence to substantiate any benefi t for 
their use. The RMGIC lutes tend to be used with 
relatively retentive tooth preparations unlike the 
composite-based materials which are now often 
used to attach onlays and overlays with minimal 
if any retentive capacity, as well as ceramic veneers, 
all ceramic crowns and adhesive bridgework.

The composite based lutes come in two forms; 
those that are essentially dilute or lightly fi lled 
composite resins and those that have some form 
of intrinsic adhesive capacity due to the resin 
molecules in the lute itself (see also section 23.9). 
The technology required to retain restorations 
with these differing materials is separate and 
distinct.

Lightly-filled diacrylate resins

These materials can be regarded as lightly fi lled 
composite resins with both low fi ller loading and 
small particle size fi llers to facilitate the formation 
of thin fi lms of lute. They are available in both 
chemical and light initiated versions, but the most 
common form are so-called ‘dual-cure’ materials. 
These products can either be activated by light 
alone or when the light-activated paste is mixed 
with a second paste containing a chemical catalyst 
where there is a dual cure mechanism. This 
approach is intended to give the benefi ts of 
command set at the periphery of translucent res-
torations (for example a porcelain veneer) whilst 
ensuring that some degree of cure occurs when a 
translucent restoration is suffi ciently thick that it 
attenuates the light from a curing source suffi -
ciently to prevent light initiated activation of the 
setting reaction. This approach is necessary, for 
example, when luting a ceramic or composite 
resin inlay or onlay, when either the thickness of 
the inlay/onlay is suffi ciently great or there may 
be shadowing effects from the residual tooth 
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structure or from adjacent teeth to prevent effec-
tive light activation. Such resins have a limited 
ability to form adhesive bonds to restorations.

Attachment strengths to prefabricated compos-
ite resin structures (for example a composite resin 
inlay, see section 22.8) are surprisingly low. This 
has been attributed to the relatively high conver-
sion rate that can be achieved in resin materials in 
a laboratory setting where curing can be under-
taken either at increased temperature or under 
pressure, or both.

They have no intrinsic capacity to bond to 
ceramics. The fi tting surface of the ceramic has to 
be roughened, usually by etching with hydrofl u-
oric acid and then coated with a silane coupling 
agent before an adequate bond strength can be 
achieved. There is some controversy in the litera-
ture whether the silane is best applied in the pro-
duction laboratory or at the chairside. In practical 
terms it is easiest to apply the silane at the chair-
side having ensured that the ceramic restoration 
has an appropriate quality of fi t to the underlying 
prepared tooth. This approach can only be used 
when the fi tting surface of the ceramic is suscep-
tible to etching with hydrofl uoric acid. Some of 
the high strength ceramics used for crowns cannot 

be treated in this way, particularly the glass infused 
material InCeram® (section 11.6).

These resins have no intrinsic capacity to bond 
to metals, but once again a coupling agent can be 
used or the metal surface roughened in some way 
to provide mechanical interlocking of the resin to 
metal (see also section 23.9).

Chemically active resins (see also section 23.9)

Chemically active resin lutes contain organic 
groups which have intrinsic adhesive activity. This 
chemical activity principally works with metal 
substrates and application of some form of ceramic 
primer is required for use with porcelain. There 
are two types of chemically active materials:

(1) Phosphorylated materials: (see Fig. 23.5 and 
Fig. 23.11) these materials contain phosphor-
ylated resins, for example phenyl P (2-meth-
acryloxyethyl phenyl hydrogen phosphate) 
and MDP (10-methacryloxydecyl dihydro-
gen phosphate), which are intrinsically acidic 
and have the potential to provide some chem-
ical interaction with both tooth substance 
and with metal surfaces, particularly those 

(b) (c)

(a)

Fig. 23.22 Adhesive techniques for 
the management of fractured and 
worn teeth. A metal ceramic 
addition (a) bonded to a non-
retentive cavity (b) using an 
adhesive luting agent to restore the 
tooth (c). From Walls, A.W.G. 
(2001) in Advances in Operative 
Dentistry, eds Roulet, J.-F., Wilson, 
N.H.F. & Fuzzi, M., pp. 229–239. 
Quintessence Publishing.
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with a stable oxide layer on the surface (for 
example stainless steel and non-precious 
metal casting alloys). Bonding to metals may 
be enhanced by roughening the surface by 
sandblasting and by applying proprietary 
priming agents. The Panavia range of materi-
als is particularly susceptible to oxygen inhi-
bition and is provided with a gel barrier to 
facilitate full curing of the material. These 
materials are available as chemical set alone 
or in dual cured forms and some also require 
the use of a dentine bonding system to opti-
mize attachment to tooth tissue. However 
they also have some activity as self-etching 
primers to enamel and dentine.

(2) 4-META products: The resin 4-methacrylo-
loxyethyl trimellitate anhydride (4-META) 
also exhibits chemical reactivity with tooth 
and with metal oxide layers. Its incorpora-
tion into a resin lute again facilitates bonding 
but there are some concerns about the chemi-
cal reactivity of this agent (see Fig. 23.10).

It is undoubted that these resin lutes can result 
in substantial bonds being developed between the 
lute and both tooth surface and a restoration 
being bonded in place. Their development has 
allowed a new era of restorative dentistry where 
mechanical retention is not necessarily a pre-req-
uisite for long-term success (Fig. 23.22) and con-
servation of tooth tissue becomes the overriding 
feature of preparation design and clinical practice. 
They are not however a panacea for all problems. 

There must be surfaces that can be bonded on 
both the ‘tooth’ and the crown/restoration and it 
must be possible to achieve an adequate standard 
of moisture control for adhesively retained resto-
rations to be a predictable part of clinical care. 
Contamination of an etched tooth surface with 
saliva or crevicular fl uid will prevent bond forma-
tion and facilitate marginal leakage as a conse-
quence. Furthermore they are methacrylate-based 
products and undergo substantial shrinkage during 
setting. Whilst the lute space should be relatively 
small in most circumstances the C factor is very 
large as the only free surface is at the margin of 
the restoration. This may not be a problem for 
extra-coronal restorations and those with limited 
mechanical retention. It is however a problem 
with inlay type restorations where considerable 
strain continues to be applied in tensile mode to 
the remaining tooth structure.
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Chapter 24

Glass Ionomer Restorative 
Materials (Polyalkenoates)

acrylic acid. Unfortunately, gelation of the poly-
acid occurred after only a few months, probably 
by intermolecular hydrogen bonding. Gelation 
can be reduced or eliminated by using copolymers 
instead of homopolymers. This creates suffi cient 
steric hindrance to prevent hydrogen bonding.

Nowadays the liquid component may consist 
of an aqueous solution of acrylic acid or of a 
maleic acid/acrylic acid copolymer. Tartaric acid, 
which is used to control setting characteristics, is 
also included in the liquid component by many 
manufacturers. Other products are supplied as a 
powder/water preparation. The powder/water 
materials are of two types; both consist of a powder 
which contains vacuum dried polyacid, in addition 
to the glass powder. For some materials this is 
mixed with water and the manufacturers supply 
a dropper bottle to aid proportioning. With 
other products, the manufacturer supplies a dilute 
aqueous solution of tartaric acid. For products in 
which the polyacid forms part of the powder 
component, the manufacturers are able to revert 
to the use of homopolymers of acrylic or maleic 
acid or copolymers of these two acids as there is 
no problem of gelation in this solid form. Cements 
formed from these homopolymers tend to have 
improved physical characteristics when compared 
to those formed from acid copolymers.

Most glass ionomers for restorative use are now 
available in encapsulated form (Fig. 24.2). This 
offers a great advantage – for these materials 
probably more than any others. The proportions 
are set and controlled by the manufacturer and 
mixing is a quick and clean process.

Another factor which is related to the method 
of mixing is porosity within the mixed and set 
cement. As indicated in Section 24.4 the proper-
ties of a material, and particularly a brittle mate-
rial such as a dental cement, are sensitive to levels 

24.1 Introduction

Glass ionomer restorative materials have been 
available since the early 1970s and were derived 
from the silicate cements (Section 20.8) and poly-
carboxylate cements (Chapter 30). Polycarboxy-
lates were developed several years earlier and were 
the fi rst dental cements for which an inherent 
adhesion to tooth substance could be demon-
strated. They quickly gained popularity as luting 
cements but could not be used as restoratives 
because of high solubility, poor mechanical prop-
erties and unacceptable appearance caused by the 
residual opaque zinc oxide. It was soon discovered 
that when the zinc oxide of the polycarboxylate 
material was replaced with a reactive ion-
leachable glass similar to that used previously in 
silicate cements a stronger, less soluble and more 
translucent cement could be produced.

24.2 Composition

These materials may be supplied as a powder and 
liquid or as a powder mixed with water (Fig. 
24.1). The composition is outlined in Table 24.1. 
For powder/liquid materials the powder consists 
of a sodium alumino-silicate glass of similar com-
position to that used in silicate materials. The 
ratio of alumina to silica in the glass is increased 
compared to that used in silicates. This increases 
the reactivity of the glass to a level where it reacts 
rapidly with polyacrylic acid, which is a weaker 
acid than the phosphoric acid used in silicate 
materials. As for the silicates, the glasses contain 
signifi cant levels of fl uoride which, although not 
directly involved in the setting reaction, may have 
an effect on the caries susceptibility of the sur-
rounding tooth substance.

In the original glass ionomer material the liquid 
component was a 50% aqueous solution of poly-

245
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of porosity. Traditional wisdom teaches that 
mixing a powder and liquid by hand produces 
greater levels of porosity than are incorporated 
through mechanical mixing of a powder and 
liquid in a capsule. However, detailed study using 
micro CT scanning has revealed that the relation-
ship between mixing and porosity is a complex 
one. Fluid cements mixed by shaking in a capsule 
using a device such as that shown in Fig. 24.3 may 
develop a ‘frothy’ structure during mixing and this 
is likely to produce a high level of porosity in the 
set material. Alternative mixing devices involve 

Fig. 24.1 A glass ionomer cement restorative material 
supplied in the form of a powder and liquid. Proportioning 
of the powder is achieved by using a scoop and the liquid 
is proportioned according to the number of drops. 
Powder and liquid are mixed on a mixing pad.

Table 24.1 Composition of glass ionomer cements.

Powder/liquid materials
Powder Sodium aluminosilicate glass with about 20% CaF and other minor additives
Liquid Aqueous solution of acrylic acid/itaconic acid copolymer

or
Aqueous solution of maleic acid polymer or maleic/acrylic copolymer
and
Tartaric acid in some products to control setting characteristics

Powder/water materials
Powder Glass (as above) + vacuum-dried polyacid (acrylic, maleic or copolymers)
Liquid Manufacturers supply a dropper bottle which the operator fi lls with water

or
The manufacturer supplies a dilute aqueous solution of tartaric acid

Fig. 24.2 A glass ionomer cement filling material 
provided in encapsulated form. The powder and liquid 
used are similar to those used in the material shown in 
Fig. 24.1 but now the components are mixed together 
using a device such as that shown in Fig. 24.3. The 
powder and liquid are brought into contact and mixed for 
about 10 seconds before extruding the mixed material 
through the nozzle directly into the cavity.
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mixing by rotating and centrifuging the fl uid 
cement in order to eliminate as much air as pos-
sible from the material. Such a rotary mixer is 
shown in Fig. 24.4. Cements of a less fl uid (higher 
viscosity) nature are less prone to ‘froth’ forma-
tion and are therefore likely to have lower levels 
of porosity following mechanical mixing. The 
levels of porosity trapped inside a viscous cement 
is similar for hand mixing and mechanical mixing 
whilst for fl uid cements hand mixing results in 
lower porosity than mechanical mixing.

24.3 Setting reaction

The structure of polyacrylic acid is shown in Fig. 
24.5a. It consists of repeating units derived from 
acrylic acid with reactive carboxylic acid groups 
at alternate carbon atoms along the polymer 
chain. Polymaleic acid has a similar structure 
except that there are acid groups at every carbon 
atom on the polymer chain. Hence, for a given 
chain length there are twice as many carboxylic 
acid groups in polymaleic acid compared with 
polyacrylic acid. The setting reaction involves the 
formation of a salt through reaction of the acid 
groups with cations released from the surface of 
the glass. The nature of the cross-linked polyalke-
noate salt is illustrated in Fig. 24.5b.

On mixing the powder and liquid or powder 
and water the acid slowly degrades the outer 
layers of the glass particles releasing Ca2+ and Al3+ 

ions. During the early stages of setting, Ca2+ is 
released more rapidly and is primarily responsible 
for reacting with the polyacid to form a reaction 
product akin to that shown in Fig. 24.5. Al3+ is 
released more slowly and becomes involved in 
setting at a later stage, often referred to as a sec-
ondary reaction stage. The set material consists of 
unreacted glass cores embedded in matrix of 
cross-linked polyacid. The stages of setting are 
illustrated in Fig. 24.6. The matrix region is com-
posed of the salt reaction product shown in Fig. 
24.5b. The second stage of the setting reaction 
involves the incorporation of signifi cant quantities 
of aluminium in the matrix structure and results 

Fig. 24.3 A mixing device that can be used for mixing a 
number of materials including dental cements. Mixing is 
achieved by rapid shaking of a capsule. Typically glass 
ionomer cements as shown in Fig. 24.2 are mixed on this 
sort of instrument and mixing times may vary between 5 
and 15 seconds.

Fig. 24.4 A rotary mixing device which can be used as 
an alternative to the shaking device shown in Fig. 24.3. 
In this instrument the capsule is rapidly rotated and 
centrifuged and the aim is to attempt to produce a mix 
which contains lower levels of porosity.

Fig. 24.5 Structural formula of (a) polyacrylic acid and 
(b) its cross-linking through calcium and aluminium ions.
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in a marked maturation of the physical properties 
of the material. Prior to this stage, the materials 
remain very weak and soluble. In order to ensure 
that the reaction proceeds to full maturity it is 
essential that the setting cement is protected from 
excessive moisture contamination since the pres-
ence of disproportionate quantities of water at 
this stage can interfere with salt formation.

The presence of tartaric acid plays a signifi cant 
part in controlling the setting characteristics of the 
material. It helps to break down the surface layers 
of the glass particles, rapidly liberating aluminium 
ions with which it undergoes complex formation. 
Hence the aluminium ions are not immediately 
available for reaction with the polyacid so the 
working time of the cement is maintained. The 
initial onset of setting is further inhibited by 
the tartaric acid preventing unwinding and ioniza-
tion of the polyacid chains. When the concentra-
tion of solubilized aluminium reaches a certain 
level the second stage of the setting reaction pro-
ceeds rapidly. The tartaric acid aids complex for-
mation between the polyacid and the trivalent 
aluminium ions by overcoming steric hindrance 
problems which may occur when an aluminium 
ion attempts salt formation with three carboxylic 
acid groups. Hence many of the aluminium salt 
links consist of an aluminium ion bound to two 
carboxylate groups and one tartrate group. This 
mechanism is supported by the fact that there is 
very little unbound tartaric acid left in the set 
cement. The release of fl uoride ions from the glass 
particles results in the matrix phase of the set 
material becoming a reservoir for fl uoride. After 
setting the matrix is able to release this fl uoride 

into the surrounding environment or to absorb 
fl uoride from the surroundings when the ambient 
fl uoride concentration is high (e.g. from a fl uoride 
containing toothpaste). In addition to the poten-
tial therapeutic effects of the fl uoride concentrated 
in the matrix phase, its presence is also thought 
to contribute towards optimizing the setting char-
acteristics by maintaining workability for a longer 
period followed by a relatively sharp increase in 
viscosity.

24.4 Properties

Some of the property requirements of glass 
ionomer cements are embodied in the ISO Stan-
dard for dental water-based cements (ISO 9917). 
These requirements are given in Table 24.2 along 
with those for the glass ionomer luting materials 
and cavity lining/base materials. Since glass iono-
mers and composites may be considered for similar 
applications – both being tooth coloured restor-
ative materials – their properties are compared 
qualitatively in Table 25.1.

Like many dental cements the properties of 
glass ionomers are critically dependent upon the 
powder/liquid ratio. Unfortunately hand mixing 
at optimal powder/liquid ratios may result in a dry 
and apparently crumbly mix which dentists do not 
like. Hence there is a tendency for dentists to add 
too much liquid to give a wetter consistency with 
a deleterious effect on the physical properties of 
the material. This problem is surmounted by the 
use of encapsulation and mechanical mixing.

The powder/liquid ratio should be high in order 
to optimize strength and solubility, but there 

Fig. 24.6 Diagrammatic illustration of the 
setting of glass ionomer cement.
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should be suffi cient free polyacid available to form 
a bond with tooth substance. The materials are 
often diffi cult to mix at the ratios recommended 
(typically around 3  :  1 by weight). The powder/
water materials tend to be easier to handle than 
the powder/liquid products. Aqueous solutions of 
polyacids should not be stored in a refrigerator 
since this may initiate crystallization. The vari-
ability of material properties with powder/liquid 
ratio and the diffi culties of mixing by hand suggest 
there are defi nite advantages to be gained by using 
the materials in encapsulated form. Here the pro-
portions are fi xed by the manufacturer and mixing 
takes only a few seconds in an electrically-powered 
mixer of the type available in most dental 
surgeries.

The setting reaction is rather protracted despite 
a fairly rapid initial hardening. The material must 
be protected from moisture contamination during 
the fi rst hour, otherwise strength and solubility 
are adversely affected. Hence it is necessary to 
varnish the surface of the fi lling immediately after 
initial hardening. The varnishes used consist of a 
water resistant resin dissolved in a volatile solvent 
such as ether or ethylacetate. These varnishes can 
be expected to afford protection to the glass 
ionomer for a variable period of time, from a few 
seconds to an hour or more depending on how 
quickly they become dislodged. A more long-term 
protective effect can be achieved by using a resin-
bonding agent or fi ssure sealant of the type 
described in Chapter 23.

One of the most important properties of these 
materials is their ability to adhere to both enamel 
and dentine, although the precise mechanism of 
bonding is still somewhat unclear. One theory is 
that polyacid molecules chelate with calcium at 
the tooth surface (Fig. 24.7). Support for this 
mechanism stems from the fact that the formation 

of the interfacial calcium polyalkenoate salt would 
involve a reaction similar to that thought to occur 
during the setting of the cement. Also, the signifi -
cantly greater bond strength achieved with enamel 
than with dentine suggests that it is the calcium 
of tooth substance which is involved in bond for-
mation. Another theory is that the outer layers of 
the apatite on the tooth surface become solubi-
lized in the presence of acid. As more apatite dis-
solves and as the cement begins to set the pH 
begins to rise. This may cause reprecipitation of a 
complex mixture of calcium phosphate (from the 
apatite) and calcium salts of the polyacid onto the 
tooth surface. Thus the polyacid chains would be 
bound to a reprecipitated layer on the tooth 
surface. This mechanism could operate on enamel 
or dentine surfaces and could thus also be sup-
ported by bond strength data. It has been sug-
gested that in the case of dentine there may also 
be some bonding between carboxylic acid groups 
of the cement and reactive groups within collagen, 
either by hydrogen bonding or by metallic ion 
bridging.

Various surface treatments have been used in an 
attempt to improve the strength and reliability of 
the bond between glass ionomer cements and 
dentine. One feature of dentine is the presence of 
a smear layer, as mentioned in Chapter 23. Many 

Table 24.2 Requirements of glass ionomer cements as outlined in ISO 9917.

Property Restorative cement Luting cement Lining/base cement

Film thickness* (μm) – 25 max –
Setting time (min)
 minimum 2 2.5 2
 maximum 6 8 6
Compressive strength (MPa) 130 (min) 70 (min) 70 (min)
Acid erosion (mm/h) 0.05 (max) 0.05 (max) 0.05 (max)

* No requirement for restorative or lining/base cements.

Fig. 24.7 Diagram illustrating one possible mechanism 
of bonding to tooth substance for glass ionomer cements.



250  Chapter 24

suggested surface treatments attempt to remove 
the smear layer or dissolve and reprecipitate it in 
order to give better binding to the underlying 
dentine. Citric acid solutions have been advocated 
for ‘cavity cleansing’ and their use will almost 
certainly lead to the disruption of the smear layer. 
The use of citric acid produces no improvement in 
bond strength however, probably due to the fact 
that the dentine surface is partially demineralized 
and starved of calcium required for bond forma-
tion. Treatment of the surface with a solution of 
polyacrylic acid has been found to be more effec-
tive in improving bond strengths. The mode of 
action is unclear but probably involves dissolution 
and reprecipitation of the smear layer. Another 
attempt to improve bond strengths to dentine 
involved artifi cially increasing the mineral content 
of the dentine surface by applying solutions from 
which calcium phosphate or calcium sulphate 
could crystallize to give a surface layer which is 
potentially more reactive towards polyacids.

There are limits to which the bond strength of 
glass ionomer cements to tooth substance can be 
improved. The tensile strength of the cement itself 
is only around 12  MPa and during tensile bond 
strength testing with enamel failure often occurs 
cohesively within the cement at a stress of around 
5  MPa. This suggests that there is a zone of stress 
concentration within the cement which is set up 
as a result of bonding to the tooth. Hence it would 
appear that there is only limited scope for improv-
ing the bond strength of the cements to dentine 
(normally measured at around 1–3  MPa). Cer-
tainly there seems little scope for increasing the 
bond strength to values approaching that for 
resins to acid-etched enamel (16–20  MPa).

Most authorities consider glass ionomers to 
have acceptable biocompatibility despite their 
acidic nature. Attitudes towards the tolerance of 
acids by the dental pulp are changing rapidly as 
outlined in Chapter 23. However, the cements 
based on polyacids have traditionally been consid-
ered less harmful than those based on phosphoric 
acid for two reasons. First, the acids used are 
weaker acids than phosphoric acid. Second, the 
polyacid chains are large and immobile, their 
mobility being further restricted by their affi nity 
for calcium ions in the tooth to which the material 
is applied. Pulpal studies indicate that glass 
ionomer cements cause a mild infl ammatory 
response which is normally resolved within 30 
days. The response is moderated according to the 

thickness of residual dentine. Only in very deep 
cavities having a thin residual layer of dentine is 
it considered necessary to use a cavity lining. In 
these cases, the lining of choice is normally one of 
the calcium hydroxide materials. The amount of 
calcium hydroxide material used is limited to that 
required to just cover any dentine which is con-
sidered close to the pulp. Covering large areas of 
the dentine with calcium hydroxide cement would 
negate any benefi cial effect which could be gained 
by creating adhesion between the glass ionomer 
and dentine. These views will almost certainly be 
modifi ed as a greater understanding of acid toler-
ance by the pulp is obtained.

The raw materials from which the glasses 
used in the products are derived sometimes 
contain small quantities of arsenic and lead. In 
appreciation of the potential harmful effects of 
such heavy metals the ISO Standard allows only 
2 parts per million of acid soluble arsenic and 
100 parts per million of acid soluble lead in the 
cements.

The thermal diffusivity value for glass ionomer 
cements is close to that for dentine. Hence the 
material has an adequate thermal insulating effect 
on the pulp and helps to protect it from thermal 
trauma. Although the setting reaction for the 
materials is exothermic it is considered that the 
temperature rise created for an average sized 
cavity (about 2–5ºC) would not be great enough 
to cause serious damage.

The extent to which a material expands and 
contracts when subjected to hot and cold stimuli 
is characterised by the value of coeffi cient of 
thermal expansion (Section 2.6). This is thought 
to be one of the parameters which affects the 
quality of the seal and bond between a restorative 
material and the tooth. Ideally, values for tooth 
and material should match as closely as possible. 
It is diffi cult to measure the coeffi cient of thermal 
expansion for a sample of glass-ionomer because 
of the presence of water within the structure of 
the set cement. On heating a sample of the cement 
under dry conditions the sample undergoes marked 
shrinkage as the cement desiccates. Under moist 
conditions the expected expansion on heating is 
compensated by an accelerated fl ow of water from 
within the cement into the surrounding wet envi-
ronment. On cooling, the expected contraction is 
compensated by water uptake. Hence, the lack of 
any noticeable change in dimensions over a range 
of normal intra-oral temperatures under moist 



Glass Ionomer Restorative Materials (Polyalkenoates)  251

conditions may be considered as a type of ‘smart’ 
behaviour being exhibited by the cement.

The matrix phase of a set glass ionomer cement 
contains signifi cant amounts of fl uoride ions which 
are fairly mobile since they are not involved in salt 
formation. The mobile fl uoride ions readily diffuse 
to the surface of the cement where they may be 
washed away with saliva or undergo reactions 
with the surrounding tooth substance. Fluoride 
ions may replace hydroxy groups in the apatite 
structure and this change renders the apatite more 
resistant to acid attack. The presence of glass 
ionomer cements is likely therefore to reduce the 
chance of caries developing in the surrounding 
tooth substance. The cement can be considered as 
applying a long term topical fl uoridation effect on 
the tooth substance with which it is in contact.

As stated earlier, not only can the matrix phase 
of the cement gradually release fl uoride but it can 
also absorb fl uoride from an aqueous medium 
which has a high fl uoride concentration. Hence 
the level of fl uoride in the cement can be ‘topped 
up’ as it absorbs ions released from toothpastes, 
mouthwashes, and drinking water. The amount of 
fl uoride release required in order to give a benefi -
cial therapeutic effect is not known – a fact which 
makes product optimization diffi cult. Also, in the 
UK, manufacturers rarely claim a therapeutic 
effect for glass-ionomer products, for to do so 
may result in the materials being classifi ed as 
pharmaceutical products.

The glass ionomers are relatively brittle, having 
a fl exural strength of only 15–20  MPa (cf >70  MPa 
for composites), and cannot be considered suit-
able as general-purpose fi lling materials for per-
manent teeth but more to answer a specifi c need 
for certain applications. The brittleness of the 
material, for example, would preclude the use of 
these products for restoring fractured incisal 
edges. Cavity designs for glass ionomer restora-
tions should ideally avoid the production of thin 
sections of the material such as would occur in a 
fi lling with a knife-edge margin.

The tests required in the ISO Standard are 
unable to predict these problems as only compres-
sive strength is measured (Table 24.2). Brittle 
materials often have relatively high values of com-
pressive strength, but fail at much lower stress in 
tension or when subjected to a fl exural stress. The 
difference between the compressive strength value 
for restorative cements (130  MPa minimum) and 
luting or lining/base cements (70  MPa minimum) 

is mostly due to the different powder/liquid ratios 
used. Whereas a ratio of about 3  :  1 by weight is 
normal for a restorative cement the ratio for luting 
and lining/base cements is closer to 1.5  :  1. This 
marked effect of powder/liquid ratio on mechani-
cal properties highlights the need to achieve the 
ratio recommended by the manufacturer.

In addition to powder/liquid ratio and the extent 
to which the setting reaction is completed, the 
factor which most affects strength is porosity. 
Porosity is incorporated during mixing, as des-
cribed earlier. Care should be taken during hand 
mixing to minimize trapped air. During mechani-
cal mixing of encapsulated materials, air bubbles 
may be formed by ‘frothing’ of fl uid cements and 
this may produce levels of porosity well in excess 
of levels produced by hand mixing. In more 
viscous cements, commonly used for restorative 
purposes, frothing and bubble formation is less 
common. Alternative mixing regimes, as described 
earlier, are available to reduce porosity.

The glass ionomers have relatively poor abra-
sion resistance which results not only in a change 
of anatomical form but also in considerable 
surface roughening. Roughening may also be 
caused by polishing, leaving hard glass cores pro-
truding from the softer matrix material.

Glass ionomers, like their close relatives the sili-
cates, are susceptible to acid erosion. This is an 
inherent property in materials which are effec-
tively inorganic salts formed by an acid–base reac-
tion. Factors which affect the rate of erosion 
include the pH of the eroding medium (e.g. saliva, 
plaque or drinks) and the maturity of the cement 
at the time it contacts the acid. The worst possible 
conditions are when a freshly placed cement is 
bathed in a highly acidic fl uid such as fruit juice. 
To reduce the risk of acid erosion it is essential 
that cements are protected with varnish or resin 
during setting. The situation is further improved 
if the material has a short setting time. Also, the 
cement should be used at the correct powder/
liquid ratio, which is pre-set in the case of encap-
sulated materials.

The processes of acid erosion and wear are 
somewhat synergistic. The surface of a cement 
which is softened and undermined by acid may be 
more readily broken down by wear.

In the ISO Standard (ISO 9917) the resistance 
to acid erosion is determined using the jet test. 
This involves preparing a sample of the cement in 
a mould with one surface of the cement exposed 
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and then subjecting this surface of the cement to 
an impinging jet of aqueous lactic acid solution at 
a pH of 2.7. The standard requires that less than 
0.05  mm of material be lost per hour (Table 
24.2).

In terms of appearance, glass ionomers offer a 
reasonable match for the natural tooth, particu-
larly to dentine, although most authorities agree 
that a better match is achieved with resin matrix 
composites. The translucency of the restorative 
cements is achieved through the presence of unre-
acted glass cores which are able to transmit light. 
Attempts to improve the properties of glass iono-
mers have involved changes to the composition of 
the glass in order to enhance reactivity with the 
acid component. These attempts are often frus-
trated by the fact that altering the reactivity of the 
glass may also result in an unacceptable change 
in the translucency. Nevertheless, the aesthetic 
nature of the materials, although not perfect, has 
improved signifi cantly since the time when the 
materials were fi rst introduced.

The conventional glass ionomer restorative 
cements lack radiopacity and cannot readily be 
detected using dental radiographic techniques. 
The diagnosis of caries around glass ionomer res-
torations can therefore prove diffi cult. The low 
radiopacity of the cements is due to the presence 
of metallic ions having relatively low atomic 
numbers and therefore having relatively few elec-
trons capable of absorbing X-rays. The incorpora-
tion of metals of greater atomic number either in 
metallic form (e.g. silver) or oxide form (e.g. 
barium oxide) can be used to impart radiopacity 
but with a signifi cant loss of translucency and 
colour match. This may not be acceptable for 
many restorative applications but may be per-
fectly acceptable for applications in which the 
appearance of the cement is of little consequence 
– e.g. cavity linings (Chapter 27) or core build up. 
There is one commercially available restorative 
material which exhibits some radiopacity.

24.5 Cermets

Cermets are essentially metal-reinforced, glass 
ionomer cements. The metal used in the commer-
cially available material is silver, although many 
other metals such as tin, gold, titanium and pal-
ladium have been tried. The cermet powder is 
manufactured by mixing and then pelletizing 
under pressure a mixture of glass and metal 

powder. The pellets are fused at around 800ºC, 
then ground to a fi ne powder. The powder parti-
cles consist of regions of metal fi rmly bonded to 
the glass. A closely related material consists of a 
blend of an aluminosilicate glass and an amalgam 
alloy powder containing silver and tin. In this 
product there is no attempt to bind the glass and 
alloy phases together. The setting reaction for the 
cermet material is identical to that for other glass 
ionomers. Because of the presence of metallic 
phases within the materials they tend to be grey 
in colour and are therefore unsuitable for use as 
aesthetic restorations. Attempts have been made 
to improve appearance using pigments although 
the opacity cannot be reduced. In one respect the 
poor appearance has been used to advantage since 
the manufacturers are able to use a more reactive 
glass (which would spoil the appearance of a con-
ventional cement) in order to produce a faster 
setting material. The presence of silver also imparts 
a degree of radiopacity to cermet materials which 
is not present in conventional glass ionomers.

The cermets were developed in the hope that the 
dispersed phase of a relatively tough, ductile metal 
within the material may have a signifi cant effect 
on some mechanical properties, particularly brit-
tleness and abrasion resistance, whilst maintain-
ing adhesion to enamel and dentine. The materials 
appear to have a greater value of compressive 
strength and fatigue limit than conventional glass 
ionomers. However, fl exural strength and resis-
tance to abrasive wear appear to be no better than 
values recorded for conventional glass ionomers. 
The rapid setting which occurs with these materi-
als is probably responsible for their marked im-
provement in erosion resistance when compared 
with most other glass ionomers.

The cermets based on silver have been shown 
to have a much lower fl uoride release rate than 
equivalent conventional glass ionomers. This is 
probably due to the fact that the acid–base setting 
reaction, which releases fl uoride into the cement 
matrix, occurs quickly but less extensively in the 
cermets since part of the glass is replaced by 
metal.

24.6 Applications and clinical 
handling notes

The major applications of the glass ionomer fi lling 
materials refl ect the advantage of their adhesive 
nature coupled with an inherent brittleness and a 
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less than perfect aesthetic quality. They are widely 
used to restore loss of tooth structure from the 
roots of teeth either as a consequence of decay or 
the so-called cervical abrasion cavity. Both of 
these lesions tend to occur close to the gingival 
margins of teeth. Root caries tends to spread later-
ally across the root as well as centrally towards 
the pulp. Once it has been removed the resultant 
cavities tend to be broad and shallow. Abrasion 
cavities were once thought to be the product of 
over zealous tooth brushing, possibly in associa-
tion with the use of an abrasive dentifrice. It is 
now recognized that both dietary factors and 
functional loading of teeth (causing the teeth to 
bend) can be co-factors in their aetiology. The 
morphology of such lesions is variable: some are 
relatively dish-shaped and shallow whilst others 
are more v-shaped and tend to be deeper. In both 
cases the tooth surface is likely to be caries free 
and highly burnished.

Cavities for glass ionomer cements should be 
of suffi cient depth at their margins to give ade-
quate bulk to the restorative material. A knife-
edge fi nish is not suitable and hence both abrasion 
and carious cavities may need to be modifi ed to 
give a butt joint margin of 0.75  mm depth or 
greater.

The use of glass ionomers for restoring class III 
cavities has been advocated. The early materials 
were far from ideal, being more opaque than 
either silicates or composites. Newer products are 
more satisfactory and are now sometimes used for 
this type of cavity.

Glass ionomer cements are gaining wide accep-
tance as fi lling materials for deciduous teeth, often 
being used in preference to amalgam in deciduous 
molars. They allow the trauma of cavity prepara-
tion to be reduced to a minimum and, although 
they are probably not durable enough to with-
stand forces of mastication in adults, they are 
probably adequate for the limited life of decidu-
ous teeth.

Some new restorative techniques offer alterna-
tives to traditional class I and class II cavities in 
posterior teeth in adults. Cavity preparation takes 
the form of a tunnel with its origin either from the 
occlusal surface a short distance away from 
the marginal ridge or from the buccal aspect. The 
tunnel leads into the area of carious dentine which 
is removed using rotary and hand instruments. An 
injectable glass ionomer cement is then inserted 
into the cavity with an appropriate matrix as 

required. The principal advantage of this approach 
is maintenance of the marginal ridge of the tooth. 
The clinical manipulation of glass ionomer 
cements should be designed to maximize their 
clinical acceptability whilst doing minimal damage 
to the set material. One of the key issues is to take 
care to maintain an appropriate level of hydration 
of the material’s exposed surface.

Dentine surface treatment

Glass ionomer cements are frequently placed in 
non-undercut cavities, with reliance being placed 
upon their adhesive characteristics to ensure their 
retention. Dentine surfaces that are burnished 
(e.g. those from cervical wear lesions that have not 
been mechanically prepared) and both dentine 
and enamel surfaces that are contaminated with 
saliva are not receptive to bond formation. Even 
transient wetting with saliva during cavity prepa-
ration will inhibit good bond formation. These 
surfaces should be prepared to remove the precipi-
tated salivary protein and/or the eburnated dentine 
surface. A variety of agents have been used for this 
purpose, including citric acid. However, the most 
effective agent seems to be 10–15% poly(acrylic) 
acid. This is applied to the tooth surface for 30 
seconds then washed off and the tooth dried, but 
not dessicated, to achieve a receptive surface for 
bonding.

Matrix techniques

Generally, glass ionomer cements are used to 
restore proximal cavities on anterior teeth and 
defects on root surfaces, whether the product of 
wear or decay. The matrix technique for proximal 
cavities on anterior teeth is very similar to that 
for composites, using transparent fl exible fi lm 
made from either cellulose acetate or polyester. 
The matrix is inserted between the teeth adjacent 
to the prepared cavity usually before any dentine 
surface conditioning. Once the material has been 
placed in the cavity to slight excess, the matrix is 
drawn round the tooth root and held in place 
using fi rm digital pressure until the material 
sets.

The problems of adapting preformed, curved 
matrixes to teeth for cervical cavities have already 
been mentioned. An alternative that is available 
for these chemically-setting materials is an alu-
minium cervical matrix. These are malleable at 
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room temperature and hence can be pressure 
formed around the root face of the tooth using 
hand instruments giving a custom matrix for each 
tooth. This is particularly useful where a cervical 
cavity extends into the junction between the roots 
of molar teeth. The cavity margin in this area will 
be concave towards the furcation. This form of 
malleable matrix offers the only possibility of 
achieving a reasonable contour of the restoration 
with a matrix rather than by post placement fi n-
ishing. The matrix is adapted to the tooth surface 
at the completion of cavity preparation. It is then 
set to one side, and the dentine prepared for 
bonding and the material placed in the cavity to 
slight excess. The matrix is then replaced, taking 
care to ensure that the gingival portion of the 
matrix is lying on the outside of the tooth, not 
sitting on the cervical fl oor of the cavity (Fig. 
24.8). These relatively rigid metal foils are very 
good for insertion into the gingival crevice to help 
to form the restoration in that area but care must 
be taken to ensure that the inferior portion of the 
matrix does not get caught on the gingival fl oor 
of the cavity. If this happens then a negative ledge 
will be formed, i.e. the tooth will be wider than 
the restoration. It can be helpful to control the 
position of the gingival tissues using an appropri-
ate retraction cord or by troughing the gingival 
crevice using an electrosurgery unit to assist with 
this process.

The matrix should be left undisturbed until the 
material has set fully and can then be removed 
carefully using a sharp probe or an excavator. 

Matrix techniques for tunnel preparation require 
a thin metal strip to be passed between the teeth 
and then adapted to conform to the tooth using 
wedges.

Finishing and polishing

Glass ionomer cements are water-based and hence 
are highly susceptible to either desiccation or 
excessive moisture contamination during the early 
phase of their setting reaction. They achieve a 
clinical set part way through the chemical process 
of cement formation. Maturation continues for at 
least an hour and, with some materials, up to 24 
hours. The surface of the cement should be pro-
tected during that time period.

A variety of materials have been suggested for 
moisture protection – from cocoa butter through 
copal-ether and resin varnishes to unfi lled 
methacrylate-based resins. This latter group is by 
far the most effective at delaying water fl ow into 
and out from the cement. The unfi lled resin should 
be applied to the surface of the cement as soon as 
the matrix is removed. Light-activated resins are 
easiest to use for this purpose because of their 
command set after placement. Any fi nishing that 
is required will remove this protected layer; con-
sequently early fi nishing should be confi ned to 
removal of gross excess alone (this can usually be 
avoided with careful matrix placement). If gross 
excess is present it should be removed either with 
a sharp-bladed hand instrument or, if necessary, 
a bur in a hand piece. It is best to use steel burs 

Fig. 24.8 Adaptation of a matrix for a 
cavity with subgingival margins can be 
complicated by negative ledge formation. 
The left-hand diagram illustrates a large 
cavity on the root face of a tooth, extending 
beneath the gingival margin. When a matrix 
is adapted to that cavity (b) it is important 
to ensure that it extends beyond the 
gingival extent of the cavity, otherwise a 
negative ledge will be formed (a).
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in slow hand pieces lubricated with petroleum 
jelly for this purpose. Water cooling should be 
avoided. As soon as the gross excess has been 
eliminated the fi nishing procedures should stop 
and a protective layer of resin or varnish should 
be re-applied to the surface of the material.

Once the material is fully mature any fi nal fi n-
ishing that is required can be undertaken. This is 
achieved using the same range of burs, strips, discs 
and abrasive points that are used for composites. 
However, care should be taken to avoid excessive 
heating of the cement if at all possible. All abra-
sives should be lubricated with petroleum jelly if 
water cooling is not being used.

Whilst GICs are not as susceptible to desicca-
tion once setting is complete, it is sensible to coat 
a GIC restoration with a protective layer of resin-
based varnish or unfi lled bonding resin if restora-
tions are likely to be subject to a desiccating 
environment for a protracted period, e.g. if a 
tooth containing a GIC restoration is isolated 
using a rubber dam during a restorative procedure 
or endodontic care elsewhere in the mouth.

Moisture control during placement

There is a dichotomy between the use of the best 
moisture control techniques (isolation with rubber 
dam) and the risk of desiccation of the restoration 
if a rubber dam is used. It is usually adequate to 
isolate a tooth carefully using cotton rolls or dry 
guards during the placement of GIC restorations. 
Obviously, great care is required to avoid con-
tamination of a prepared cavity with saliva prior 
to placing the cement as the salivary pellicle will 
interfere with bonding. Salivary pellicle can be 
removed by treating the dentine with poly(acrylic) 
acid for 15 seconds.

Use as fissure sealants

Another suggested use of glass ionomers is as 
fi ssure sealants. The material is mixed to a more 
fl uid consistency to allow fl ow into the depths of 
the pits and fi ssures of posterior teeth. Early 
cements were found to be unsuitable as fi ssure 
sealants if the fi ssures were less than 100  μm wide. 
The large glass particles of the cement prevented 
adequate penetration of the fi ssure pattern and it 
was necessary to consider enlargement of the fi s-
sures with a bur. Luting cements (Chapter 30) 
having much smaller glass particles may be a more 

sensible choice of material for this application. 
Studies show that whilst the retention of glass 
ionomer fi ssure sealants generally does not 
compare favourably with the resin types (see 
Chapter 23), their caries inhibiting effect is signifi -
cant. This has been attributed to the presence of 
fl uoride within the cement and its ability to change 
the composition of the enamel with which it comes 
into contact.

GICs as an adhesive cavity lining 
(the sandwich technique)

GICs have a number of advantages as a cavity 
lining as they bond to dentine and release fl uoride 
which may help to reduce recurrent decay. They 
can be used beneath either a composite resin or 
an amalgam.

The so called sandwich technique involves using 
a GIC as a dentine replacement and a composite 
to replace enamel (Fig. 24.9). The purpose 
designed lining materials set quickly and can be 
made receptive for the bonding of composite resin 
simply by washing the material surface if the 
material is freshly placed (excess water results in 
some of the GIC matrix being washed out from 
around the fi ller particles, giving a microscopically 
rough surface to which the composite will attach 
in an analogous manner to etched enamel). This 
surface should be coated with either an unfi lled 

Fig. 24.9 Diagram illustrating the use of composite and 
glass ionomer cement for the restoration of a class II 
cavity – the sandwich technique. This combines the 
adhesive characteristics of glass ionomer cements with 
the better durability of composites.
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resin or a DBA to optimize attachment. It is only 
necessary to etch a GIC with acid if the restoration 
has been in place for some time and has fully 
matured.

The sandwich technique has a number of attrac-
tions, but it should be undertaken as a planned 
procedure rather than as a method to improve the 
appearance of an unsatisfactory GIC restoration. 
The principal reason for this is that most restor-
ative-grade GICs are radiolucent; if these are cut 
back and a radiopaque composite placed over 
the top then the radiographic appearance is indis-
tinguishable from recurrent decay beneath a res-
toration. This unfortunate coincidence could 
result in an otherwise perfectly satisfactory resto-
ration being replaced. The purpose designed GIC 
base materials are radiopaque, alleviating this 
problem. Conversely these lining materials are not 
designed to survive exposed in the oral environ-
ment so should not be brought to the surface of 
the tooth even at a dentine interface.

ART

ART (the atraumatic restorative technique) is a 
method of caries management developed primar-
ily for use in the Third World where skilled dental 

manpower and facilities are limited and the popu-
lation need is high. The technique uses simple 
hand instruments (chisels and excavators) to break 
through the enamel and remove as much caries as 
possible. The cavity is isolated using cotton rolls. 
When excavation of caries is complete (or as com-
plete as can be achieved) the residual cavity is 
restored using a modifi ed GIC. These GICs are 
reinforced to give increased strength under func-
tional loads and are radiopaque. Their aesthetic 
properties are poorer with the materials being 
optically opaque.

24.7 Suggested further reading
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Resin-modified Glass lonomers and 
Related Materials

25.2 Composition and classification

There has been considerable controversy over the 
terminology used to describe materials which fall 
into the categories lying between composites and 
glass ionomers. An ISO Standard (ISO 9917–2) 
for light-activated water-based cements describes 
the products as water-based and setting by multi-
ple reactions which include an acid-base reaction 
and polymerisation. An attempt has been made to 
further sub-divide products in these categories 
into modifi ed composites and resin-modifi ed glass 
ionomers (Table 25.2).

Variations on these materials occasionally 
produce other new categories, one example being 
the ‘giomers’. However, these new categories 
often turn out to be very similar to one of the 
existing groups. The giomers, for example are 
very similar to the modifi ed composites or 
compomers.

Modifi ed composites. Some products are essen-
tially resin–matrix composites in which the usual 
insert fi ller has been replaced by an ion-leachable 
aluminosilicate glass in order to encourage fl uo-
ride release. No acid–base reaction takes place 
during the setting of these materials. Setting is 
through free radical polymerisation of methacry-
late groups (often light-activated). In some 
materials the resin, in addition to the normal 
dimethacrylate components, also contains acidic 
(normally alkenoic) groups in order to generate 
the possibility of an acid–base reaction with the 
glass component. These products are often referred 
to as acid-modifi ed composites. The term com-
pomer has also been used to describe these prod-
ucts. The primary setting reaction is still through 
polymerisation of methacrylate groups in the resin 
component. The acid part of the modifi ed resin is 
unable to enter into an acid–base reaction with 
the glass due to the absence of water from any of 

25.1 Introduction

In the previous chapters we have considered two 
of the most important groups of tooth-coloured 
restorative materials – the composites and glass 
ionomers. Both products have advantages and dis-
advantages which are summarized in Table 25.1. 
The properties of these materials dictate that no 
single material from either group is suitable for all 
applications and that materials selection requires 
a decision on the part of the dentist which takes 
account of the limitations of the products. It was 
recognized that if it were possible to combine the 
characteristics of the two types of product it may 
be possible to produce a hybrid material which 
possesses the most advantageous properties of 
both materials whilst at the same time overcoming 
some of the disadvantages. Early attempts at pro-
ducing hybrid products involved blending together 
components of commercially available glass 
ionomer and composite materials to produce a 
material which, though not viable as a clinically 
usable product, demonstrated the possibility of 
combining two apparently dissimilar materials. 
Further research and development has led to a 
large new family of materials which are diverse in 
nature but which have a composition which lies 
somewhere on the continuum between resin–
matrix type composites and acid–base reaction 
type cements. At the one extreme of the contin-
uum they can be viewed as composite materials in 
which a modifi ed resin and a reactive glass have 
been used. At the other extreme they can be 
viewed as acid–base cement matrix products with 
added resin.

Fig. 25.1 gives some indication of the materials 
which lie on the continuum. The fi gure indicates 
very approximately the nature of the materials in 
terms of the relative contribution of cement or 
resin matrix from which it is possible to develop 
a profi le of expected properties.
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setting. This is normally achieved by packaging 
each small syringe in a waterproof foil container. 
Following setting through polymerisation it is 
thought that some acid–base reaction can occur 
as the resin takes up water and the acid groups 
become ionized. This process may enable the 

Table 25.1 Summary of the advantages and 
disadvantages of composites and glass ionomers.

Material Advantages Disadvantages

Composite Strong No inherent adhesion
Tough Shrinkage
Insoluble No fl uoride release
Radiopaque
Quick setting

Glass ionomer Inherent adhesion Brittle
Little shrinkage Soluble
Fluoride release Not radiopaque
Biocompatible Wear

Water sensitive
Slow setting

Resin component Salt component

composite   compomer giomer RMGIC GIC

Fig. 25.1 An illustration of how materials may have a 
matrix composition which comprises a blend or mixture of 
resin and salt components lying between the extremes of 
a dental composite having a purely resin matrix and a 
conventional GIC having a salt matrix.

Table 25.2 Summary of the nature of the available materials.

Material Number of components Require mixing Active ingredients

Modifi ed composites 1 or 2 2 components – yes Fluoroalumino silicate glass
1 component – no 
(compomers)

Methacrylate resin* (acid modifi ed)

Activators/initiators/stabilizers

Resin-modifi ed glass 2 or 3 Yes Fluoroaluminosilicate glass
 ionomers Methacrylate polyacid

Hydroxyethylmethacrylate (HEMA)
Water
Activators/initiators/stabilizers

Giomer 1 No (single paste) Aluminosilicate glass pre-reacted with poly acid
Dimethacrylate resin matrix

* Acid-modifi ed products referred to as acid-modifi ed composites.

the material components. Indeed, the most widely 
used materials from this category are supplied 
premixed in small single dose syringes (Fig. 25.2). 
Since the modifi ed resin and glass are pre-mixed 
and stored in the syringe before use, the exclusion 
of water is essential in order to prevent premature 

Fig. 25.2 An illustration of an acid modified composite 
material, often referred to as compomers, supplied in 
single dose syringes called compules. The material can be 
injected from the compule directly into the cavity using 
the device shown in the picture. Setting of the material is 
then activated by light.
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surface of the glass particles to react in order to 
liberate fl uoride.

Giomers. These products are similar to the acid-
modifi ed composites except that the acid-base 
reaction is completed before blending the fi ller 
with resin. The aluminosilicate glass is reacted 
with polyacid in order to form a pre-reacted glass-
polyalkenoate complex. Two distinct products are 
produced. The fi rst, known as surface reaction 
type, involves breakdown of only the surface 
layers of the glass particles. The second, known 
as full reaction type (Fig. 25.3), involves almost 
complete breakdown of the original glass parti-
cles. Following this initial reaction, the product is 
ground and blended with a dimethacrylate resin 
to form a composite structure. A notable feature 
of the full reaction type materials is the fact that 
some hydroxyethylmethacrylate is required in 
order to enable mixing of the hydrophobic resin 
with the fully reacted glass. The principle of the 
formulation and manufacturing process is that 
fl uoride is released from the glass particles during 
the acid-base reaction and when the glass-
polyalkenoate complex is blended with resin the 
fl uoride becomes available for release. In the 
surface reaction products only the surfaces of the 
glass particles are consumed and for these prod-
ucts the mechanical reinforcing effect of the fi ller 
particles is given priority over fl uoride release. For 
the full reaction products fl uoride release is priori-
tized at the expense of mechanical properties.

Both the full reaction and surface reaction type 
products are provided to the dentist as single paste 
materials which set through light-activated free 
radical addition polymerisation of methacrylate 
groups in the usual way (see Sections 12.2 and 
22.4).

Resin-modifi ed glass ionomers. These products 
are considered by some authorities to be more 
truly based on a hybrid of the two parent groups 
of materials. In their simplest form they consist of 
a powder and liquid which require mixing prior 
to activation of polymerisation (often by light 
activation). The most convenient of the restorative 
type resin-modifi ed glass ionomers are provided 
in an encapsulated form in which the powder/
liquid ratio is determined by the manufacturer and 
the mixing is carried out mechanically in only a 
few seconds (Fig. 25.4). The powder consists pri-
marily of an ion-leachable glass whilst the liquid 
contains four main ingredients:

(1) A methacrylate resin which enables setting to 
occur by polymerisation.

(2) A polyacid which reacts with the ion-
leachable glass to bring about setting by an 
acid–base mechanism.

(3) Hydroxyethylmethacrylate (HEMA), a hydro-
philic methacrylate which enables both the 
resin and acid components to co-exist in 
aqueous solution; the HEMA also takes part 
in the polymerisation reaction.

Fig. 25.3 An illustration of a giomer material supplied as 
a light activated paste in a syringe. This material contains 
filler particles consisting of a pre-reacted glass ionomer 
blended into a paste with resin.

Fig. 25.4 A resin modified glass ionomer restorative 
material. The powder and liquid are contained in a 
capsule which is mixed in a device similar to that seen 
in Figs 24.3 and 24.4. The mixed material can then be 
extruded from the capsule directly into the cavity. Setting 
is through a combination of an acid-based reaction and 
light activated polymerisation.
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(4) Water, which is an essential component 
required to allow ionization of the acid com-
ponent so that the acid–base reaction can 
occur.

Other minor components include polymerisation 
activators and stabilizers. Some products are 
simply formulated by blending together polyacids 
and dimethacrylates in aqueous solution. Most 
products, however, contain specially formulated 
resins in which both methacrylate and acid groups 
are present as active groups on a single polymer 
chain. This can be achieved, for example, as illus-
trated in Fig. 25.5, where some of the acid groups 
on the polyacrylic acid molecule are replaced with 
methacrylate groups by carrying out an esterifi ca-
tion with HEMA.

When the powder and liquid components of the 
cement are mixed together the acid–base reaction 
can begin immediately as the acid groups are able 
to react with the glass in the presence of water. 
Polymerisation takes over as the primary setting 
reaction as soon as suffi cient free radicals become 
available to initiate the reaction. For light-
activated products this corresponds to the time at 
which light irradiation occurs. The light source 
used to activate polymerisation is of the same type 
as that used for light activated composites (see 
Chapter 23). Polymerisation involves the pendant 
methacrylate groups of the modifi ed resin (as 
shown in Fig. 25.5) along with any free HEMA 

present in the liquid components. Most resin-
modifi ed glass ionomers contain activators which 
enable polymerisation to occur both in the 
presence or absence of the activating radiation. 
Where the chemically activated polymerisation 
plays an important part, the presence of three 
setting mechanisms may be claimed by the 
manufacturer:

(1) Acid-base setting;
(2) Light-activated polymerisation;
(3) Chemically-activated polymerisation.

The latter is sometimes described as a dark cure, 
but in essence it is similar to the chemically acti-
vated setting achieved with conventional two-
component composites. In one product, mixing 
releases a previously microencapsulated persul-
phate/ascorbic acid redox catalyst system which 
activates polymerisation in the absence of light.

The glass components of both modifi ed com-
posites and resin-modifi ed glass ionomers have 
been modifi ed in most materials in order to incor-
porate a heavy metal (e.g. strontium) which 
imparts radiopacity.

25.3 Setting characteristics

Resin-modified glass-ionomers

The setting characteristics of these materials are 
controlled by the two reactions which occur, often 
simultaneously. The acid-base reaction occurs 
comparatively slowly whilst the free-radical poly-
merisation reaction occurs very rapidly and 
becomes the predominant mode of setting, par-
ticularly for light activated products.

Although the resin-modifi ed glass ionomers 
used for restorative applications are all light acti-
vated many do not possess the long working times 
associated with light-activated composites. There 
are three possible explanations for this behaviour. 
First, the acid–base reaction proceeds immediately 
after mixing and before exposure to activating 
light. Second, many materials contain chemical 
activators and initiators which enable a chemicall y-
activated polymerisation to proceed before expo-
sure to activating light. Third, some materials are 
very sensitive to ambient visible light. Sensitivity 
to ambient light is tested as part of the ISO test 
for these materials (ISO 9917-2). The sensitive 
nature of the materials is identifi ed by the fact that 
the material is required to remain homogenous for 

Fig. 25.5 Formation of a resin-modified polyacid chain 
by esterification of some acid groups with HEMA.



Resin-modified Glass lonomers and Related Materials  261

only 30 seconds when exposed to ambient light 
equivalent to that which would be found in the 
dental surgery.

In order to achieve acceptable results with these 
products it is best to carry out placement and 
shaping as soon as possible after mixing. Many 
encapsulated materials are provided with extru-
sion nozzles which allow the mixed material to be 
extruded directly from the capsule into the pre-
pared cavity. The modifi ed composite products 
have setting characteristics similar to those for 
light-activated composites. In Chapter 22 the 
‘limited depth of cure’ for light-activated compos-
ites was listed as one of the potential disadvantages 
of those materials. The resin-modifi ed glass iono-
mers exhibit a similar behaviour except that 
unexposed material may set through an acid–base 
reaction or through a chemically-activated poly-
merisation. Nevertheless, only the material prop-
erly activated by light will be optimally cured. The 
concept of ‘depth of cure’ can therefore be applied 
to these materials. The modifi ed composites exhibit 
a similar behaviour to other composites. The 
setting reaction in all cases is highly exothermic 
and a temperature rise of 10ºC above ambient can 
be readily produced in a medium sized cavity. An 
important feature of conventional glass ionomer 
products is their sensitivity to moisture con-
tamination during and shortly after setting. 
Although the resin-modifi ed glass ionomers con-
tain water and set partly through an acid–base 
reaction, the presence of resin appears to protect 
the cement from the effects of contamination by 
moisture. Hence, protection with varnish or a resin 
is not advocated for most materials within this 
category. Another signifi cant factor is that whereas 
fi nishing of conventional glass ionomers is best 
delayed for 24 hours to allow maturation of the 
cement, the light-activated resin-modifi ed materi-
als can be fi nished immediately after curing.

Modified composites and giomers

The setting characteristics of these materials are 
almost identical to those of composites (see Section 
22.4). Although both products contain glass poly-
alkenoates in varying proportion, the acid-base 
reaction involved in its formation does not occur 
during the initial intra-oral setting process. For 
acid-modifi ed composites the acid-base reaction is 
limited in extent and is delayed until after the 
initial setting and until the set material begins to 

absorb water. For giomers, the acid-base reaction 
occurs prior to blending the glass-polyalkenoate 
complex with resin.

25.4 Dimensional change and 
dimensional stability

All categories of materials discussed in this chapter 
undergo a signifi cant shrinkage on setting. The 
major component of the shrinkage is due to the 
polymerisation of methacrylate groups in the resin 
component. Acid–base setting makes a minor con-
tribution to the observed shrinkage. The magni-
tude of the shrinkage is similar to that observed 
for resin–matrix composites (Chapter 22) and the 
same arguments about shrinkage stress, cavity size 
and confi guration factor apply.

The resin-modifi ed glass ionomers undergo a 
rapid and marked expansion when placed in 
water. This more than compensates for the shrink-
age and can result in the material protruding from 
the cavity and exerting a positive pressure against 
the cavity walls. This observation can be explained 
by a value of water absorption after 7 days of 
100–250  μg  mm−3 compared with a maximum of 
40  μg  mm−3 allowed for resin-based materials in 
ISO 4049. The large value of water absorption for 
the resin-modifi ed materials is due to the use of 
the hydrophilic monomer, HEMA, as a primary 
constituent in these products. The clinical signifi -
cance of the observed swelling is yet to be fully 
explained. Swelling does not occur to the same 
extent with modifi ed composites as these products 
generally do not contain HEMA. The full reaction 
type giomers contain HEMA and they have a very 
high value of water absorption.

The effect of the radial pressure generated by 
water absorption of these products is likely to 
depend upon the stiffness of the set material and 
the cavity confi guration (see Section 22.5). It is 
conceivable that the expansion and radial pres-
sure generated within a low-stiffness material 
may have a benefi cial effect in helping to seal the 
cavity margins. In high stiffness materials water 
absorption is likely to produce high radial pres-
sures which could lead to excessive pressures on 
cavity walls. The effect will be magnifi ed by a 
high cavity confi guration factor (C-factor) and 
would be particularly concerning for luting 
applications where cements are constrained as 
thin fi lms with very high confi guration factors 
(see Chapter 30).
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25.5 Mechanical properties

The fl exural strength values for a range of resin-
modifi ed glass ionomers and modifi ed composites 
are given in Table 25.3 along with the minimum 
values required in the ISO Standards. It is clear that 
whereas some of the weaker resin-modifi ed glass 
ionomers are only marginally stronger than the 
conventional glass ionomer products (Chapter 24), 
some of the single component acid-modifi ed com-
posites have a strength value which clearly satisfi es 
the requirement of ISO 4949 for resin-based mate-
rials. The latter products compare favourably with 
composites (Table 22.3). The values given in Table 
25.3 support the hypothesis that the materials have 
a structure/property characteristic which would 
place them somewhere on a continuum which con-
nects the purely acid–base reaction materials at one 
extreme and the purely resin–matrix products at 
the other. In general terms, incorporating increas-
ing amounts of resin in a glass-ionomer system 
does seem to have the effect of strengthening and 
toughening these otherwise brittle materials. There 
is some evidence that the resin-modifi ed glass iono-
mers become weaker after a period of water storage. 
This may be expected in light of the large water 
absorption values for these materials. The modifi ed 
composites appear to be relatively unaffected by 
water storage.

25.6 Adhesive characteristics

All materials within the group of resin-modifi ed 
glass-ionomers and related products contain poly-
acids of various types and at varying concentra-
tions. All materials therefore have a potential to 
interact with the tooth surface to produce bonding 

as for glass ionomer cements (see Section 24.4). 
However, the magnitude and effi cacy of the bond 
is often limited by one of the following:

(1) lack of suffi cient concentration of free acid 
groups to form an effective bond

(2) lack of a suffi ciently ionic character to enable 
bonding to occur

(3) lack of mobility of the active acidic species 
to enable interaction with the tooth surface.

Hence many materials, despite having the poten-
tial for bonding require the use of intermediary 
agents or primers in order to achieve effective 
bonding.

Resin-modified glass ionomers

Some of the products within the resin-modifi ed 
glass ionomer groups give an inherent adhesion to 
enamel and dentine by a mechanism which is 
similar to that for conventional glass ionomers 
(Chapter 24). Free polyacid groups are thought to 
interact with the mineral of the tooth surface. 
When no conditioning or etching is used shear 
bond strengths of 4–10  MPa to both enamel and 
dentine are claimed for some products. Improve-
ments in bond strength are obtained when the 
enamel and/or dentine are etched or conditioned 
and most manufacturers advocate the use of a 
conditioner such as aqueous polyacrylic acid in 
order to remove the dentine smear layer. Other 
manufacturers advocate conditioning and priming 
of dentine and enamel prior to placement of the 
restorative material. The primer may be a solution 
of the methacrylated polyacid (one of the major 
ingredients of the liquid component of the cement), 

Table 25.3 Flexural strength (at 24 hours) of resin-modified requirements of ISO 9917-2 and ISO 4949.

Material Components Mixing Flexural strength (MPa)

Resin-modifi ed glass ionomers 2 Yes 25–60
3 Yes 65–80

Modifi ed composites 2 Yes 35–40
 1* No 100–120

Giomer – full reaction type 1 No  70
Giomer – surface reaction type 1 No 110
Requirements of ISO 9917-2† – – 20 (minimum)
Requirements of ISO 4049‡ – – 80 (minimum)

* Compomers.
† Light-activated water-based cements.
‡ Resin-based fi lling materials.
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which is able to partly demineralize the surface of 
the hard tissue and leave a surface which is more 
readily wetted by the restorative. The use of con-
ditioning and priming can increase the shear bond 
strength into the range 8–24  MPa.

Modified composites and Giomers

It is clear from the previous discussion that some 
materials must be treated in a similar way to com-
posites in order to achieve an effective bond, i.e. 
special treatments of the enamel and dentine are 
required in order to produce effective bonding. To 
achieve adhesion with the modifi ed composite 
products they must essentially be treated as com-
posites and bonded using adhesive bonding agents 
similar to those described in Section 23.8.

Likewise, with giomers there are insuffi cient 
quantities of accessible acid groups to enable 
effective bonding to occur. Dentine and enamel 
bonding systems similar to those used for 
composites must be used.

25.7 Fluoride release

Fluoride release has been considered a major 
advantage of the conventional glass ionomers. 
Various studies have demonstrated reduced levels 
of demineralization and caries around materials 
which are able to release fl uoride ions in vitro. The 
pattern of fl uoride release for conventional glass 
ionomers indicates a high initial release rate fol-
lowed by a rapid reduction in the rate of release 
over time (Fig. 25.6). The relative importance of 
the ‘initial burst’ of greater levels of fl uoride and 
the sustained release at a lower level over an 
extended period has not been fully explored. Fur-
thermore the levels of fl uoride release required to 
produce a therapeutic effect are not known and 
in the absence of such information it is often 
assumed that greater levels of release are better, 
whereas this may not be the case. One factor 
which may be signifi cant is that fl uoride release 
from conventional glass ionomers is reversible and 
when these materials are bathed in an environ-
ment containing a high fl uoride concentration 
(e.g. a topically applied fl uoride gel) they are 
capable of taking up fl uoride. Following such 
treatments the fl uoride release rate of these cements 
can be signifi cantly increased as they are able to 
slowly re-release the freshly absorbed fl uoride. It 
is, therefore, said that conventional glass iono-

Fig. 25.6 Daily (24 hour) fluoride release over time for 
typical glass ionomers (solid-line), resin-modified glass 
ionomers (dashed line) and modified composites 
(compomer, dotted line).

mers can act like a fl uoride ‘sink’ which is capable 
of releasing fl uoride but which can be ‘topped up’ 
at regular intervals.

Figure 25.6 shows daily (24 hours) fl uoride 
release of small disc specimens of cements (10  mm 
diameter by 1.5  mm thick) into 5  ml of water as 
a function of time. The storage water is refreshed 
daily throughout the test. The results show that 
typically the resin-modifi ed glass ionomers behave 
in a similar fashion to the conventional glass iono-
mers in terms of both the pattern of release and 
the daily amount of fl uoride released. It is empha-
sized that results are for ‘typical’ materials and 
some considerable variation is seen between com-
mercial materials. Key factors in the rate of fl uo-
ride release from resin-modifi ed materials are the 
extent to which the acid–base reaction occurs 
during setting and the presence of HEMA, which 
results in the formation of a polymeric hydrogel 
through which water can diffuse quite rapidly. 
The fl uoride release behaviour of the modifi ed 
composite products is somewhat different to that 
of the other materials (Fig. 25.6). Hence, there is 
no initial burst, but there is a low and sustained 
level of fl uoride release which typically, after 
about 40 days, becomes equivalent to that from a 
conventional glass ionomer. The lower level of 
fl uoride release from these products is a function 
of the limited extent to which any acid–base 
setting occurs combined with a lower rate of water 
diffusion through resins which do not contain the 
hydrophilic monomer HEMA.
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Fluoride release from giomers is comparable to 
that from acid-modifi ed composites (compomers). 
The fl uoride available for release is that which is 
liberated from the glass during the initial reaction 
with acid prior to blending with resin. Hence, the 
fully reacted glasses produce products with signifi -
cantly greater fl uoride release than the surface 
reacted glasses. Furthermore, the presence of 
HEMA in the fully reacted glass products facili-
tates more rapid diffusion of water and fl uoride 
through these materials.

The modifi ed composite materials and giomers 
may have an ability to be recharged with fl uoride 
in a similar manner to that described for conven-
tional glass-ionomers. This may be another 
example of the potentially ‘smart’ behaviour of 
materials with some glass ionomer structure.

The effectiveness of fl uoride release as a form 
of prevention or protection is a matter of some 
debate. After the fi rst few days of initial ‘fl uoride 
burst’ which is seen for conventional glass iono-
mers and some resin-modifi ed materials, the rate 
of release becomes very low and it is debatable 
whether this long-term release can be benefi cial. 
However, a sustained long-term release promoted 
by a continual release, recharge and re-release 
may well provide the positive therapeutic effect 
which dentists require. Hence, it is likely that the 
long-term pattern of recharging and re-release is 
much more important than the high initial release. 
On the other hand there is some evidence that the 
materials which have the greatest initial fl uoride 
release also have the greatest ability to be 
recharged.

Fluoride release of materials changes in response 
to changes in pH. Lower pH generates greater 
levels of fl uoride release and this may be another 
example of ‘smart’ behaviour since the benefi t of 
fl uoride is particularly required in regions sub-
jected to plaque acids. However, the mechanism 
of fl uoride release at low pH is likely to involve 
some dissolution of the material and so the 
increased fl uoride release may be at the expense 
of material durability and longevity.

25.8 Clinical handling notes

The handling characteristics and clinical tech-
niques used for these materials are different to 
those for the conventional GICs, not least because 
they become hard, as a consequence of the visible-
light-activated reaction, well before the acid–base 
reaction is complete.

Matrix techniques are similar to those used for 
composites with transparent cellulose acetate or 
polyester strips on proximal surfaces. Again, cer-
vical cavities pose a problem because of the need 
for transparent matrix to permit light activation. 
One possibility is to use a small piece of kitchen 
fi lm (cling fi lm) as a physical separator that will 
allow contouring using hand instruments prior to 
light activation.

These materials are not as susceptible to desic-
cation as the chemically setting types and con-
sequently surface fi nishing can be undertaken 
immediately after placement.
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Temporary Crown and Bridge Resins

(1) Suffi cient working time to allow mixing, 
placement into the impression and seating 
into the mouth.

(2) After seating in the mouth, rapid attainment 
of a ‘rubbery’ stage which facilitates its easy 
removal without distortion.

(3) Rapid hardening outside the mouth, enabling 
the trimmed crown or bridge to be cemented 
into place after a short time.

It should be strong and tough enough to resist 
fracture and wear in use and should, ideally, be 
tooth-coloured. Factors which affect durability 
and appearance are not of prime importance in 
view of the temporary nature of its use.

26.3 Available materials

Five types of material are available, as outlined in 
Table 26.1. The auto-cure acrylic material is 
essentially identical with that discussed on p. 195 
as a restorative resin. A dual cure methacrylate 
material is now available. The liquid contains 
both chemical and light-sensitive initiators. The 
material undergoes a chemical setting reaction ini-
tially to achieve a partial set, the provisional res-
toration can be removed from its matrix (and the 
mouth) at this stage and fi nal setting is achieved 
by visible light curing either in the mouth or at 
the chair-side. Care is required as the heat gener-
ated during this latter process is substantial.

The higher methacrylate resin is similar in many 
ways to the product sometimes used as a reline 
material for dentures and described on p. 124.

The composite material is different from those 
used as fi lling materials, which are not suitable for 
temporary crown and bridgework due to their 
unfavourable setting characteristics.

26.1 Introduction

Temporary crown and bridge resins are used to 
provide immediate temporary coverage following 
tooth preparation for crowns or bridges.

The usual technique is to record an initial 
impression in an alginate material prior to tooth 
preparation. The major impression may be 
recorded then or subsequently using an elasto-
meric impression material. The mixed temporary 
crown or bridge resin is applied to the prepared 
areas by placing it into the desired area of the 
alginate impression which is reseated in the 
patient’s mouth. After initial setting, the impres-
sion and the resin are removed and fi nal hardening 
occurs outside the mouth. Temporary crowns can 
also be fabricated by placing the resins on to pre-
pared teeth in clear plastic crown formers. In 
addition, the fi t of prefabricated crowns can be 
improved by relining them with one of the tem-
porary crown and bridge resins.

The temporary crowns and bridges are cemented 
into place with temporary cements, normally of a 
zinc oxide – eugenol composition.

26.2 Requirements

The product should ideally be non-injurious to 
oral tissues since it comes into direct contact with 
freshly cut dentine and the oral mucosa. During 
setting, it should not give an unduly large tem-
perature rise whilst in contact with dentine, as this 
could damage the pulp. It should not undergo 
a large setting contraction which could make 
removal of the temporary crown or bridge diffi -
cult, particularly if the set material is rigid.

The material should also have convenient setting 
characteristics, including the following.
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26.4 Properties

Setting characteristics: The composite materials 
have the advantage of exhibiting a distinct rubbery 
stage, during which the temporary crown or 
bridge can be removed from the patient’s mouth 
without distortion or damage.

This rubbery phase is achieved in the composite 
material by the use of a multifunctional acrylic 
monomer which produces a relatively high cross-
link density early on in the setting reaction. 
Normal fi lling composites do not possess this 
characteristic and set rapidly to a hard rigid 
solid.

After removing the provisional crown during its 
rubbery stage, fi nal setting can be accelerated by 
immersion in hot water for a few seconds.

The two types of acrylic material do pass 
through a rubbery stage, when removal is facili-
tated, but this stage is not as distinct as in the 
other two products. Automated mixing of provi-
sional crown and bridge resins should enhance 
their properties by eliminating mixing porosity. 
The dual-cure composite material once again 
relies upon its chemical set to give the rubbery 
stage to facilitate removal of the provisional res-
toration. Final curing is achieved out of the mouth 
by visible-light activation.

None of the materials should be allowed to set 
completely in situ since they all undergo a signifi -
cant setting contraction. This is greatest for the 
polymethylmethacrylate material where a volu-
metric shrinkage of about 5% occurs.

Each of the materials exhibits an exothermic 
reaction on setting, the temperature rise being 
greatest in the acrylic material. This may have 
important biological consequences, when a con-

siderable bulk of resin is present, in constructing 
a large temporary crown or bridge on freshly cut 
vital dentine. One should ensure that the materials 
are removed from the patient’s mouth well before 
their maximum temperature rise has occurred. 
This relies on being able to identify the com-
mencement of the rubbery stage after which the 
maximum temperature is normally reached within 
a minute or two.

Biocompatibility: Certain components of some of 
the products are known to have an irritant effect 
when placed on freshly cut vital dentine. Methyl-
methacrylate monomer, for example, present in 
the acrylic material, falls into this category. When 
using this product it is necessary to either varnish 
the preparations or apply a surface layer of petro-
leum jelly as a protective measure. The isobutyl-
methacrylate monomer used in the higher 
methacrylate product is far less irritant than 
methylmethacrylate.

Mechanical properties: The mechanical properties 
of the materials become most signifi cant when 
minimal tooth tissue removal or shoulderless 
crown preparations are used. There is a danger of 
fracture occurring in the thin areas at the tapered 
margin of such a temporary crown. This is most 
likely in the acrylic material which is weaker and 
more brittle than the other products.

Appearance: In terms of appearance the acrylic, 
higher methacrylate and composite materials 
are all available in a range of shades and a 
good match with tooth substance can be 
achieved.

Table 26.1 Temporary crown and bridge resins.

Type Dispensation method Composition

Acrylic Powder/liquid Powder Polymethylmethacrylate (PMMA) beads + peroxide
Liquid Methacrylate monomer + activator

Acrylic Single paste (light activated) PMMA + monomer + light activators
Higher methacrylate Powder/liquid Powder Polyethylmethacrylate beads + peroxide

Liquid Isobutylmethacrylate + activator
Composite Paste/paste (gun-mix) Multi-functional methacrylate + fi llers + initiators 

 + activators
Composite Single paste (light activated) Multi-functional methacrylate + fi llers + light activators



Chapter 27

Requirements of Dental Cements for 
Lining, Base and Luting Applications

disruption during the placement of fi llings and 
provide a fi rm, rigid base which will adequately 
support the fi lling above it.

Thermal barrier

The cavity lining or base is often expected to form 
a thermally insulating barrier in order to protect 
the pulp from sudden intolerable changes in tem-
perature. The insulating properties of the cement 
are characterised by its value of thermal conduc-
tivity or thermal diffusivity (see Chapter 2).

A thermally insulating cavity lining is particu-
larly required when a metallic fi lling, such as 
amalgam is used. Table 21.5 shows that the 
thermal diffusivity value for amalgam is about 40 
times greater than that for dentine. In deep cavi-
ties, having only a thin residual layer of dentine, 
there is a danger of ‘thermal shock’ to the pulp 
when the patient takes hot or cold food. A layer 
of insulating cavity lining material of suffi cient 
thickness helps to prevent this. Unfortunately this 
protective effect can be negated if a dentine pin is 
used to help to provide retention for a metallic 
restoration. The interface between the pin and the 
restoration cannot be insulated hence conduction 
of thermal change can occur rapidly into the 
tooth. In shallow cavities, where there is a rela-
tively thick layer of residual dentine, it becomes 
less important to use a lining with thermal insulat-
ing properties. Indeed, for amalgam restorations 
in shallow cavities, the use of a thick layer of 
cavity lining may reduce the thickness of the over-
lying amalgam to such an extent that it becomes 
weakened and liable to fracture. Hence, in such 
shallow cavities, the base and walls of the cavity 
can be lined with a varnish.

The varnish consists of a solution of a natural 
or synthetic resin in a volatile solvent. It is painted 

27.1 Introduction

Cements are widely used in dentistry for a variety 
of applications. Some products are used primarily 
for cavity lining whilst others are primarily used 
for luting applications. Other, more specialist 
products, are used for sealing root canals as part 
of a course of endodontic treatment.

Some cements are specifi cally formulated as 
fi lling materials. These products are discussed in 
Chapters 20, 24 and 25. Some of the materials 
described previously in those chapters are used for 
a variety of applications and some of the discus-
sion related to their use as fi llings will be relevant 
to other applications of the same or similar 
products.

27.2 Requirements of cavity lining materials

Certain fi lling materials are not suitable for placing 
directly into a freshly prepared cavity. In such 
circumstances, a layer of cavity lining material is 
placed in the occlusal fl oor of the cavity, and on 
the pulpal axial dentine wall for class II cavities, 
prior to placement of the fi lling. The requirements 
of the cavity lining material chosen for any specifi c 
application depend on the depth of the cavity, 
which determines the thickness of residual dentine 
between the base of the cavity and the dental pulp, 
and the type of fi lling material which is being used 
to restore the tooth.

The purpose of the cavity lining, or cavity base, 
is to act as a barrier between the fi lling material 
and the dentine which, by virtue of the dentinal 
tubules, has direct access to the sensitive pulp. 
Depending upon the specifi c circumstances, the 
lining may be expected to provide a thermal, 
chemical and electrical barrier as illustrated in Fig. 
27.1. In addition, the cavity lining or base must 
have suffi cient mechanical strength to resist 
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into the cavity and the solvent evaporates to leave 
a very thin layer of resin which helps to seal the 
ends of the dentinal tubules. The varnishes do not 
provide adequate thermal protection in deep cavi-
ties since they form only a thin layer. The resin in 
the varnish will tend to swell in the presence of 
water; this may help to establish a marginal seal 
around an amalgam restoration immediately after 
its placement.

Another potential cause of thermal injury to the 
pulp is through the considerable amount of heat 
liberated by certain fi lling materials during setting. 
The acrylic resins, for example, can give a tem-
perature rise of 10ºC or more for a small cavity, 
whilst some light-activated composite materials 
can show a transient increase of 15ºC for an 
average-sized cavity. Temperature rises of this 
magnitude may cause injury to the pulp and one 
function of the cavity lining is to form an insulat-
ing barrier against such stimuli.

One complicating factor is that many of the 
lining cements themselves set by an exothermic 
reaction.

Chemical barrier

Cavity lining materials may be required to form a 
protective barrier against potential chemical irri-
tants present in some fi lling materials. Phosphoric 
acid in silicate materials, and acrylic monomers in 
some resin-based materials, are two such potential 
irritants. The situation may again be complicated 
if the cement itself contains irritants. Some cements 

may be suitable for use in shallow to medium 
depth cavities but totally unsuitable in deep 
cavities where they may be placed adjacent to 
the pulp.

Set against these conventional arguments is a 
gathering wealth of knowledge which suggests 
that conventional wisdom relating to the effects 
of some chemicals, particularly acids, on the pulp 
has been misguided. It is now accepted by most 
authorities that the dentine and pulp are able to 
survive contact with quite powerful acids (e.g. 
37% phosphoric acid) providing that access to the 
pulp is effectively sealed at the end of the course 
of treatment. Hence, creating a chemical barrier 
is now seen in terms of generating an adhesive 
bond at the tooth/restorative material interface so 
that leakage at the margins can be reduced or 
eliminated.

Electrical barrier

When two dissimilar metals are placed adjacent 
to or opposing each other (e.g. amalgam/gold) it 
is possible to set up a galvanic cell which not only 
accelerates corrosion but can cause pain. The use 
of an electrically insulating lining material helps 
to prevent such activity. Unfortunately, most of 
the lining materials used are either water-based or 
contain polar organometallic compounds. They 
are not, therefore, ideal electrical insulators.

Varnishes consisting of less polar resins, such as 
polystyrene, may be used to provide some electri-
cal resistance. These are sometimes painted onto 
the surface of metallic restorations giving tempo-
rary relief to the symptoms of ‘galvanic pain’.

Strength and flow

The vast majority of cavity lining materials are 
supplied as two components which are mixed 
together, initiating a setting reaction. The setting 
characteristics should allow suffi cient time for 
mixing and placing in the cavity followed by rapid 
setting in order that the fi lling material can be 
placed without too much delay.

The lining should remain intact during the 
placement of the fi lling material. The integrity of 
the lining depends on several factors.

(1) The degree of set achieved at the time the 
fi lling material is placed.

(2) The strength of the set material and its 
thickness.

Fig. 27.1 Diagram illustrating the way in which a cavity 
lining protects the dental pulp.
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(3) The type of cavity.
(4) The pressure exerted during the placement of 

the fi lling material.
(5) The degree of support from surrounding 

structures.
(6) The choice of correct operative techniques.

When an amalgam restoration is being placed 
it is important to ensure that the lining is fully set 
or there is every possibility that the material will 
undergo considerable fl ow due to the high pres-
sures used. This is illustrated in Figs. 27.2 for a 
class I cavity and 27.3 for a class II cavity. It can 
be seen that in both cases the insulating layer of 
lining is lost and the amalgam comes into close 
contact with dentine. For the class II cavity, a 
further danger is the production of a thin section 
of amalgam as the lining fl ows upwards during 
the packing of the inter-proximal box (Fig. 27.3a) 
and is forced further upwards during the fi lling of 
the remainder of the cavity (Fig. 27.3b).

If the lining material has set at the time of 
amalgam condensation there is little chance of 
fl ow. The strength of the set material should be 
suffi cient to resist fracture. For class I cavities 
there is little chance of fracturing a set lining, even 
though it may have relatively low strength, since 
it is supported on all sides by a rigid cocoon of 
tooth substance (Fig. 27.4). For class II cavities 
the situation is different, as illustrated in Fig. 27.5. 
The axial wall of lining is unsupported and 
attempts to condense amalgam directly onto this 
may cause fracture at the exposed corner. This 
technique not only destroys the integrity of the 
lining but may produce an incompletely fi lled 
cavity, having voids as shown.

The correct technique is to condense amalgam 
into the interproximal box fi rst, as shown in 
Fig. 27.6. This provides support for the lining of 
the axial wall which can then withstand direct 
forces.

Fig. 27.2 Flow of an unset cement lining caused by the 
high pressure of condensation.

Fig. 27.3 Flow of an unset cement lining in a class II 
cavity caused by the high pressure of condensation. (a) 
Whilst filling the box. (b) Whilst filling the occlusal part of 
the cavity.

Fig. 27.4 There is little danger of fracturing a cement 
lining in a class I cavity since it is fully supported by 
dentine on all sides.

The placement of other fi lling materials does 
not present problems as severe as those encoun-
tered with amalgam condensation since much 
smaller forces are used for adaptation. If the lining 
material is properly set, there is little chance 
of fl ow and fracture is also unlikely at lower 
pressures.
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Radiopacity and compatibility

Cavity linings should, ideally, be radiopaque in 
order that the dentist can observe them on radio-
graphs, thereby aiding the diagnosis of caries 
around the fi lling. A radiolucent lining material 
may hinder the early detection of such lesions.

Finally, the cavity lining material chosen for any 
particular application must be compatible with 
the fi lling material which is placed above it. The 
constituents of the lining should not have any 
effect on the setting characteristics or properties 
of the fi lling.

A technique to increase the retention of amalgam 
restorations using zinc phosphate cement has been 
described in which a thin lining is placed over the 
tooth and the amalgam packed immediately, 
whilst the lining is still fl uid. This may result in 
some ‘bonding’ of the amalgam to the tooth. This 
approach has been ‘rediscovered’ with the advent 
of materials that can bond to the amalgam and 

tooth tissue. These materials are either glass-
ionomer cements (Chapter 24) or chemically-
active methacrylate-based luting agents (Chapter 
23). Again, the amalgam is condensed against 
freshly mixed cement/resin with the deliberate 
intention of achieving a chemical union between 
the tooth and the amalgam to assist with the 
retention and in improving marginal seal.

27.3 Requirements of Iuting materials

Some of the requirements of dental cements are 
covered in the appropriate ISO standards (e.g. 
ISO 9917-1: Dental water-based cements or 
ISO 9917-2: Dental water-based cements, light-
activated cements).

Many dental appliances and restorations are 
constructed outside the patient’s mouth and then 
fi xed into place using a cement luting material. 
Examples include the fi xing of porcelain and metal 
crowns, bridges, inlays and metal posts.

Many of the requirements of luting materials 
are similar to those of cavity lining materials, for 
example, the material should, ideally, be non-
irritant. This requirement is not as critical for 
luting as for cavity lining since the luting cement 
is normally applied to a thicker residual layer of 
dentine than would exist in a deep cavity.

The setting characteristics should allow suffi -
cient time for mixing the material, applying to the 
restoration and/or tooth preparation and for 
seating the restoration in place in the mouth. The 
material should, ideally, be of low initial viscosity 
or be pseudoplastic, to allow fl ow of the cement 
lute so that proper seating can occur. If the viscos-
ity of the cement is high at the time of insertion 
there is a danger of the restoration being incom-
pletely seated. For crowns, a thick layer of cement 
may be produced at the margins as illustrated in 

Fig. 27.5 When condensing amalgam into 
a class II cavity, the cement lining on the 
axial wall is most vulnerable to fracture.

Fig. 27.6 The problem highlighted in Fig. 27.5 is 
overcome by condensing amalgam into the interproximal 
box first. This then provides support for the cement lining 
of the axial wall and the occlusal part of the cavity can be 
filled without causing fracture.
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Fig. 27.7. An indication of the ability of a cement 
to fl ow during seating is sometimes obtained by 
measurements of fi lm thickness. A given volume 
of mixed cement is placed on a fl at surface and at 
a predetermined time is compressed under a con-
stant load. The thickness of the fi lm of cement 
produced gives an indication of the fl ow during 
seating of a crown or other restoration.

Luting cements should, ideally, give thermal 
and electrical insulation since many of the restora-
tions commonly cemented to teeth are based on 
alloys, for example gold crowns.

The retention of restorations depends on the 
correct design and accuracy of the restoration and 
on the strength of the cement. Figure 27.8 illus-
trates how the cement enters microscopic inter-
stices on the rough tooth and restoration surface. 
On setting, the cement gives mechanical resistance 
to the displacement of the restoration, and must 
be strong enough to resist fracture when loads 
are applied to the restoration. Retention may be 
further improved if the luting cement adheres to 
the tooth surface and restoration.

The solubility of a luting cement should be low 
because cement margins are often exposed to oral 
fl uids as illustrated in Fig. 27.7. Dissolution or 
erosion of the cement may lead to failure by loss 
of retention or by the initiation of caries in the 
tooth substance adjacent to the eroded lute.

(a) (b) (c) (d)

Fig. 27.7 The magnitude of a marginal discrepancy caused by failure to seat a crown fully during cementation is 
influenced by the geometry of the crown margin. The marginal opening will be greater for a shoulder preparation (a and 
b) compared with a knife edge margin (c and d).

Fig. 27.8 Diagram illustrating how the cement lute gives 
mechanical retention of the restoration by entering small 
interstices in the tooth and restoration surface.

27.4 Requirements of endodontic cements

The reader is encouraged to read Chapter 31 
for a more complete consideration of these 
materials.

Certain forms of treatment require removal of 
the pulp followed by preparation and disinfection 
of the root canal. The cleaned canal is then fi lled 
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using a combination of an inert fi ller (most com-
monly gutta percha) and a cement as a sealant. 
The root canal system is a complex three-dimen-
sional structure and the fl uidity of both the fi ller 
and the sealant needs to be adequate to fl ow or to 
be pressed into such a complex structure. Alterna-
tive forms of treatment involve the sealing of the 
canal with cement sealer alone, but this is not a 
widely used or recommended procedure.

The requirements of the cement sealer are 
mainly concerned with its biocompatibility and its 
ability to resist dissolution and to form a good 
seal, both along the walls and at the apex of the 
canal. The material should also be radiopaque in 
order that the dentist can confi rm the attainment 
of a satisfactory root fi lling radiographically.

Cements used for sealing root canals must have 
setting characteristics which enable them to be 
forced into the warm, moist environment of the 
root canal before setting. This would not be pos-
sible with some conventional cements which set 
almost instantaneously in the presence of mois-
ture. Hence, specialist products have been devel-
oped for endodontic applications; these tend to 
have a very prolonged working time to allow the 
procedure to be completed (which may take 20–
30 minutes for a multi-rooted tooth) and then for 
a check radiograph to be taken to ensure that the 
root fi lling is satisfactory. If it is not satisfactory 
then it can be removed immediately if the sealant 
has not set (see also Chapter 31).

27.5 Requirements of orthodontic cements

Cements are used extensively in orthodontics for 
attaching bands and brackets. Materials used for 
this purpose have special requirements which are 
based on the fact that the brackets and bands must 
be held securely in place during the course of 
treatment but must be quite readily removed at 
the end of treatment without damaging the teeth. 
Furthermore, after removing the brackets and 
bands there should ideally be a minimal amount 
of residual cement attached to the teeth so that 
only a short time is required for ‘clean up’. It 
would be an added advantage if the cement were 
able to exert a protective infl uence on the sur-
rounding tooth substance during treatment as 
these areas are prone to plaque accumulations and 
decalcifi cation of the enamel around brackets can 
be a problem.

The rheological properties of orthodontic 
cements are important. The mixed cement should 
have a viscosity which is low enough to enable 
positioning of the bracket and the creation of a 
low fi lm thickness of cement. Likewise, it should 
be possible to make minor adjustments to the 
position of the bracket before cement setting 
occurs. Once positioning is complete there should 
be no drift in the position of the bracket and this 
will be most easily achieved if the cement has 
pseudoplastic characteristics or a signifi cant yield 
stress (Bingham characteristics). Rapid setting 
(e.g. through light activation) will also help to 
ensure that the position of the bracket does not 
change.

In order to create an effective bond between 
bracket/band and tooth, the bond strength to 
enamel and to the material of the band or bracket 
(alloy, ceramic or plastic) must be adequate. The 
bonding surfaces of bands or brackets are often 
provided with mechanical undercuts (e.g. in the 
form of a mesh) or are treated with adhesion pro-
moters (e.g. silane for ceramics), in order to give 
an adequate bond. Ideally, bond failure should 
not occur during treatment, but on completion 
of treatment debonding should occur readily. If 
debonding occurs at the cement/enamel interface 
leaving the enamel surface ‘clean’ a minimal clean 
up is required. One danger of trying to encourage 
debonding at the interface is that fracture can 
occasionally occur partly within the tooth. Frac-
ture within the cement may require some clean up 
of the enamel but will help to ensure that fracture 
of the enamel does not occur. Many cements used 
for orthodontic bonding are of the resin type 
described in Chapter 23. Acid–base type cements 
and resin-modifi ed cements are attracting more 
attention as it is recognized that some of these 
products are capable of matching the ideal char-
acteristics more closely. See also Section 23.9.

27.6 Suggested further reading
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Cements Based on Phosphoric Acid

Setting reaction: On mixing the powder and liquid 
together a vigorous reaction occurs, resulting in 
the formation of a relatively insoluble zinc phos-
phate as follows:

3ZnO + 2H3PO4 + H2O → Zn3(PO4)2 · 4H2O

Only the surface layers of the zinc oxide particles 
react, leaving unconsumed cores bound together 
by the phosphate matrix.

The reaction is rapid and exothermic although 
its rate is tempered somewhat by the presence of 
buffers in the acid and a special process of deac-
tivation of the zinc oxide powder involving heating 
and sintering with other, less reactive, oxides.

Manipulative variables: The powder/liquid ratio 
depends on the application. For cavity lining a 
putty-like consistency having a powder/liquid 
ratio of about 3.5  :  1 is used. For luting, a more 
fl uid mix, with lower powder/liquid ratio, is 
employed to ensure fl ow of the cement during 
seating of the restoration. It is not normal practice 
to measure the proportions of powder or liquid 
but rather to assess the suitability of the mix ‘by 
experience’. When proportioning, it is important 
to remember that lowering the powder/liquid 
ratio produces a weaker, more soluble and more 
irritant material.

The powder is best incorporated into the liquid 
in small increments until the desired consistency 
is reached. This method has the effect of delaying 
the set slightly and creating more working time, 
since the concentrations of zinc phosphate pro-
duced during the early stages of setting are not 
suffi cient to cause a noticeable increase in viscos-
ity. When all the powder has been incorporated 
mixing should be quickly discontinued, since con-
tinuing to mix after zinc phosphate has started to 

28.1 Introduction

One group of widely used cements is based on the 
vigorous reaction which occurs between certain 
basic oxides and phosphoric acid to form phos-
phate salts of low solubility. The three products 
considered in this section are the zinc phosphate 
cements, silicophosphate cements and copper 
phosphate cements. The silicate fi lling materials 
described in Chapter 20 are closely related, having 
a liquid component which is essentially an aqueous 
solution of phosphoric acid and a powder which 
is a glass derived from amphoteric or basic oxides, 
but these are considered separately due to their 
different applications.

28.2 Zinc phosphate cements

Composition: These materials are generally sup-
plied as a powder and liquid which are mixed 
together by hand (Fig. 28.1). Encapsulated prod-
ucts are available but are rarely used due to the 
extra cost involved (Fig. 28.2). They do, however, 
give both a greater speed and consistency of mix 
which has the dual benefi ts of more reliable per-
formance and an increased working time. This is 
of particular benefi t when using these cements as 
luting agents.

The composition of powder and liquid in a 
typical cement are given in Table 28.1. The major 
reactive component of the powder is zinc oxide. 
Small quantities of other oxides such as magne-
sium oxide may also be present. The liquid is 
essentially an aqueous solution of phosphoric acid 
buffered by adding small quantities of zinc oxide 
or aluminium oxide. These compounds form 
phosphates which stabilize the pH of the acid and 
reduce its reactivity.
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condense from the atmosphere into the mix of 
cement below this temperature. Excess water 
affects both the setting characteristics and the 
physical properties of the set material. Proportion-
ing and mixing are greatly simplifi ed by using 
pre-encapsulated materials. Some products are 
supplied pre-encapsulated in syringes which enable 
the mixed material to be syringed into place fol-
lowing mechanical mixing for 5 or 10 seconds.

For hand-mixed powder/liquid systems it is nec-
essary to take precautions over the handling of the 
liquid. The cap should be removed from the bottle 
only long enough to dispense suffi cient liquid for 
one mix, and then replaced immediately. If the 
liquid is left open to the atmosphere for extended 
periods, water will either be lost or gained depend-
ing upon the ambient humidity. Such changes in 
the water content of the liquid may alter the 
setting characteristics and physical properties of 
the material. In a hot, dry atmosphere crystalliza-
tion of phosphates may be observed on the sides 
of the bottle as water evaporates. If this occurs the 
remaining liquid is useless and should be dis-
carded. Only a small change in the water content 
of the liquid is required to produce a large and 
unacceptable change in the properties of the 
cement.

When using the materials for luting, the working 
time is optimized by adding the cement to the 
fi tting surface of the restoration, which is initially 
at room temperature, and not to the tooth prepa-
rations which are at mouth temperature (37ºC). If 
the cement is added to the tooth preparations fi rst, 
there is every chance that its viscosity will have 
increased considerably before the restoration can 
be seated. In extreme cases the cement may even 
be completely set. This demonstrates the marked 
effect of temperature on the rate of reaction for 
these products. Cast or all-porcelain restorations 
are usually designed to have a reasonable space 
between the casting and the preparation for the 
cement lute (approximately 30–40  μm). This space 
is generated for castings by painting the surface of 
the working die with a varnish or die spacer which 

Fig. 28.1 A zinc phosphate cement supplied as a white 
powder containing primarily zinc oxide and a colourless 
liquid which is an aqueous solution of phosphoric acid. 
Mixing typically is performed on a glass mixing slab of the 
type shown.

Fig. 28.2 An encapsulated type zinc phosphate cement. 
The capsule contains powder and liquid similar to that 
shown in the powder liquid system in Fig. 28.1, but here 
mixing takes place automatically on a device similar to 
that shown in Fig. 24.3. The mixed material can then be 
extruded from the syringe type capsule.

form can signifi cantly weaken the cement. Mixing 
is easier if carried out on a cooled glass mixing 
slab. Care must be taken, however, not to cool the 
mixing slab below the dew point, since water may 

Table 28.1 Composition of zinc phosphate cements.

Powder Zinc oxide Approximately 90% as main active ingredient
Other metallic oxides Approximately 10%

Liquid Aqueous solution of phosphoric acid 50–60% concentration
AI PO4

Zn3(PO4)2
Up to 10% as buffers}
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dries in a single coat to give a reliable fi lm thick-
ness. Multiple coats are often required to achieve 
the desired spacing. The platinum foil achieves the 
same purpose for porcelain jacket crowns. For 
those crowns that are made on a refractory die the 
dental stone model of the prepared tooth is coated 
in die space before the preparation is replicated. 
The luting agent should be loaded into/onto the 
restoration in suffi cient quantity to fi ll this ‘defect’, 
but not in gross excess otherwise there may be 
problems seating the restoration.

Properties: Some of the important properties of 
zinc phosphate cements, as required in the ISO 
Standard (ISO 9917), are outlined in Table 28.2.

Providing the materials are manipulated cor-
rectly, the phosphate cements have suffi cient 
working time to allow placement of a cavity lining 
or cement lute before the viscosity has increased 
markedly. The ISO Standard (ISO 9917) carries 
no requirement for working time. However, there 
is a minimum setting time of 2.5 minutes for 
luting cements and 2 minutes for lining cements 
which is designed to ensure that there is suffi cient 
working time. The evaluation is made by deter-
mining the resistance to penetration of 1  mm 
diameter probe under a load of 400  g. The mate-
rial is considered set when it can fully support the 
loaded probe. At the lower powder/liquid ratio 
used for luting, the material is suffi ciently fl uid to 
allow seating of the restoration and formation of 
a thin fi lm of lute.

Film thickness, which is an important property 
for luting cements, is not only controlled by 
powder/liquid ratio but also by particle size of the 
zinc oxide powder. Large grains of powder tend 
to form a thick layer of cement and prevent proper 
seating of a crown. In order to achieve adequate 
seating it is important that cements with fi ne grain 

zinc oxide powders are used. Such powders have 
relatively high exposed surface areas and react 
rapidly with phosphoric acid. Adequate working 
time is achieved by manufacturers reducing the 
reactivity of the acid with buffers. Proper material 
selection and manipulation should result in a 
cement fi lm thickness of less than 25  μm as 
required by the ISO Standard. This is determined 
in the standard by the application of a force of 
150  N across two circular glass plates (area 
200  mm2) with a sample of mixed cement sand-
wiched between them. Another factor which can 
seriously affect the seating of crowns is an incor-
rect convergence angle of the axial walls of the 
prepared tooth. This should ideally be 10º (5º 
taper on each side); any angle which is considera-
bly smaller than this will make proper seating of 
the crown diffi cult due to no fault of the cement.

Initial hardening of the material normally occurs 
within 4–7 minutes, although the strength contin-
ues to increase for some time after that. The ISO 
Standard requires a maximum setting time of 6 
minutes for lining cements and 8 minutes for 
luting cements. The compressive strength ulti-
mately reaches a value of about 80  MPa for luting 
cement and 140  MPa for lining material, refl ecting 
the differing powder/liquid ratios used. As seen in 
Table 28.2, the ISO Standard requirement for 
compressive strength (at 24 hours) is only 70  MPa 
and the difference between this and some typical 
values given above refl ects the variation in proper-
ties which can be seen when comparing different 
brands. For lining materials used beneath amalgam 
restorations, the mechanical properties at between 
3 and 6 minutes after placing are important, since 
this is the time at which amalgam is normally 
condensed. This time has been reduced over the 
years by the increased use of mechanically mixed 
amalgams requiring only a few seconds tritura-

Table 28.2 Requirements of cements as specified in ISO 9917.

Cement Maximum fi lm 
thickness* (μm)

Minimum compressive 
strength (MPa)

Maximum acid erosion 
(mm/hour)

Zinc phosphate 25 70 1.0
Polycarboxylate 25 70 2.0
Glass ionomer 25 70–130† 0.05
Silicophosphate – 170 0.05

* Requirement for luting cements only.
†   Lower limit for luting and lining, higher limit for restorations.
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tion. At about 5 minutes after placement a typical 
zinc phosphate lining cement has a compressive 
strength of only 30  MPa. This value is comparable 
with the stress used by some practitioners during 
amalgam condensation with lathe-cut alloys. 
Obviously the packing pressures required for 
spherical particle alloys are lower. Fracture of 
lining is unlikely since it is almost totally con-
strained in both class I and class II cavities provid-
ing a correct technique is used (see Figs 27.5 and 
27.6). The materials have generally achieved a 
suffi cient degree of set at 5 minutes to resist fl ow 
during amalgam condensation.

The mechanical properties of the cement play a 
part in determining the retentive properties of a 
cement luting agent. Phosphate cements are not 
adhesive to tooth substance or to restorative mate-
rials. The cement fl ows into the myriad of fi ne 
undercuts naturally occurring on the fi tting surface 
of the restoration and on the cut tooth surface. 
The importance of an element of surface rough-
ness on these two surfaces which are to be joined 
is clear. Polished surfaces are not easily joined by 
cement luting agents. Tags of set cement, along 
with a correct design of taper to the preparation, 
prevent displacement of the restoration. It is 
important therefore that the tags should resist 
fracture in function. Experience suggests that 
phosphate cements are suffi ciently strong to resist 
such fracture. As mentioned earlier, the strength 
increases with increasing powder/liquid ratio up 
to a maximum, then reaches a plateau before 
falling again if insuffi cient acid is present to bind 
all the zinc oxide particles together. Maximum 
strength can only be achieved therefore at high 
powder/liquid ratios but these cannot be used for 
luting cements because of the adverse effect on 
fi lm thickness. As a general rule it follows that the 
cement should be as thick as practicable for the 
particular work being carried out.

The set material has a small, though signifi cant, 
solubility in water and cement lute margins may 
erode slowly in the mouth by a combination of 
dissolution and abrasion. The cement lute is, 
potentially, the weak link of any indirect restora-
tion since it normally joins two resistant materials, 
for example, gold and enamel or dentine, or por-
celain and dentine. Erosion, leading to loss of the 
cement lute and failure of the restoration, is not, 
however, a problem particularly associated with 
zinc phosphate cement. Loss of restorations is 
more likely to occur due to a poorly retentive 

design of the preparation. An important conse-
quence of cement lute erosion is that the crevice 
formed is a potential site for caries development. 
One problem with evaluating cement erosion and 
solubility is that it is notoriously diffi cult to repro-
duce in laboratory experiments. The simplest of 
tests for solubility involve suspending discs of 
cement in water for 24 hours, at which time the 
weight loss of the cement is recorded. In such a 
test a phosphate cement would be expected to give 
a solubility of about 0.1% whereas in a similar 
test a solubility of around 0.3% would be normal 
for a silicate cement. It is known, however, that 
in the clinical situation the relative rankings of 
solubility for the two cements is reversed. A better 
indication of solubility and erosion is achieved by 
testing the materials in acidic media (e.g. pH 2.7 
lactate buffer) in the presence of mildly abrasive 
conditions. The method currently used in the ISO 
Standard employs the use of impinging jets of 
buffered lactic acid which can both dissolve mate-
rial at the surface and at the same time wash away 
the solubilized material to expose a fresh surface. 
The maximum values of material loss (Table 28.2) 
allowed in the standard are determined using this 
method. It can be seen that whereas the erosion 
rate is expected to be smaller than that for a poly-
carboxylate cement it is signifi cantly greater than 
that for a glass-ionomer cement.

Zinc phosphate cements may have an irritant 
effect on the dental pulp, particularly when used 
as cavity lining materials. The pH value of the 
cement at the time of application to the tooth is 
between 2 and 4 depending on the particular 
brand and the powder/liquid ratio. The degree of 
irritation depends on the depth of the cavity and 
the thickness of residual dentine. It is necessary 
to remember that attitudes towards the acid 
tolerance of the dentine and pulp are changing 
(Chapters 23, 24 and 27), although many experts 
still feel that zinc phosphate cements are unsuit-
able for use as linings in deep cavities unless 
a sublining of a less irritant material such as 
calcium hydroxide or zinc oxide/eugenol cement 
is used (see Fig. 29.6). The powders of zinc phos-
phate cements often contain small quantities of a 
fl uoride salt. This is thought to leach out from 
within the set cement and to afford some protec-
tion to the surrounding tooth substance. The 
quantity of fl uoride leached is generally much less 
than that leached from silicate or glass-ionomer 
cements.
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The phosphate materials have adequate thermal 
insulating properties when used under metallic 
restorations. The value of thermal conductivity is 
approximately 1.17  Wm−1  ºC−1 compared with 
0.63  Wm−1  ºC−1 for dentine and 23  Wm−1  ºC−1 for 
dental amalgam. The value of thermal diffusivity 
does not differ markedly from that of tooth sub-
stance. They are not able to form an effective 
chemical barrier, however, due to their inherent 
acidity.

The set material is opaque due to a high con-
centration of unreacted zinc oxide. This may 
detract from the aesthetic appeal of a porcelain 
crown having a zinc phosphate lute, particularly 
if the cement lute margin is visible. Consequently 
crown margins should be placed within the gingi-
val crevice if they are going to be visible in order 
to hide any exposed cement lute.

Zinc phosphate cements are widely used for all 
types of lute applications, and as cavity linings 
under amalgam fi llings.

28.3 Silicophosphate cements

Silicophosphate cements are, essentially, hybrids 
of zinc phosphate and silicate materials. They are 
supplied as a powder and liquid. The liquid is an 
aqueous solution of phosphoric acid, containing 
buffers, whilst the powder is, essentially, a mixture 
of zinc oxide and aluminosilicate glass. The setting 
reaction produces a matrix of zinc and aluminium 
phosphates enclosing unreacted cores of zinc 
oxide and glass particles.

As seen in Table 28.2, the silicophosphate 
cements are stronger and less soluble than the 
phosphate cements. Their properties are more 
akin to those of the silicates (Chapter 20). The 
aluminosilicate glass particles also contain a sig-
nifi cant amount of fl uoride. The leaching of fl uo-

ride ions imparts a signifi cant anticariogenic 
infl uence on the surrounding tooth substance.

These materials are used, primarily, as tempo-
rary fi lling materials.

28.4 Copper cements

These materials are closely related to the zinc 
phosphate cements. They are supplied as a powder 
and liquid. The liquid is an aqueous solution of 
phosphoric acid whilst the powder is a mixture of 
zinc oxide and black copper oxide. The setting 
reaction is similar to that for zinc phosphate 
materials.

The two properties which distinguish these 
products from simple zinc phosphate materials 
are their black appearance and their bactericidal 
effects, produced by the presence of copper.

The materials are not widely used nowadays, 
although they can be used as fi lling materials in 
deciduous teeth where it has not been possible to 
remove all caries. Their durability is not good but 
they are capable of preserving such teeth until they 
exfoliate. Another application is the cementation 
of orthodontic appliances, although they have 
been largely superseded by other materials for the 
latter application. Finally they can be used for the 
cementation of cast silver cap splints that are used 
occasionally during the management of facial 
fractures.

28.5 Suggested further reading

Going, R.E. & Mitchem, J.C. (1975) Cements for per-
manent luting: a summarizing review. J. Am. Dent. 
Assoc. 91, 107.

Øilo, G. (1991) Luting cements: a review and compari-
son. Int. Dent. J. 41, 81.

Smith, D.C. (1983) Dental cements. Current status and 
future prospects. Dent. Clin. North Am. 27, 763.



Chapter 29

Cements Based on Organometallic 
Chelate Compounds

ion to form zinc eugenolate (see Fig. 17.6). This 
reaction proceeds very slowly in the absence 
of moisture. When the mixed material contacts 
water, however, setting is often completed within 
a few seconds.

Properties: The setting characteristics of the zinc 
oxide/eugenol cements are, to some extent, ideal. 
They offer a combination of adequate working 
time, during which very little increase in viscosity 
occurs, coupled with rapid setting after placing 
into the cavity. The latter is caused by residual 
moisture in the cavity and the higher temperature 
of the mouth compared with room temperature. 
The effect of cavity moisture is noteworthy, par-
ticularly since efforts are generally made to dry 
the cavity before placement of a lining. Only very 
small amounts of water are required to cause the 
accelerating effect.

The ultimate compressive strength values for 
the zinc oxide/eugenol cements are somewhat 
lower than those recorded for zinc phosphate 
materials, typically 20  MPa for unreinforced 
materials and 40  MPa for reinforced materials, 
The nature of the setting reaction is such, however, 
that the materials develop their strength rapidly 
and the reinforced materials in particular are 
unlikely to fl ow or fracture during amalgam con-
densation, providing correct technique is used.

Zinc oxide/eugenol cements may be used as 
linings in deep cavities without causing harm to the 
pulp. Unconsumed eugenol is able to leach from 
the set material and although this substance has 
been shown to be irritant under certain conditions, 
it appears to have an obtundant effect on the pulp. 
The free eugenol is also bacteriocidal which helps 
to minimize the effects of bacterial ingress and 
the production of exotoxins causing pulpal damage 
as a consequence of microleakage.

29.1 Introduction

Many cements used in dentistry can be character-
ised by setting reactions which involve the for-
mation of chelate compounds between divalent 
metallic ions such as zinc ions and ortho-disubsti-
tuted aromatic compounds. Three types of aro-
matic compound are commonly used, delineating 
the three groups of materials.

(1) Zinc oxide/eugenol cements.
(2) Ortho-ethoxybenzoic acid (EBA) cements.
(3) Calcium hydroxide cements, in which the 

aromatic ligands are silicylates.

29.2 Zinc oxide/eugenol cements

Composition and setting: These products may be 
supplied as a powder and liquid or as two pastes 
(Figs. 29.1 and 29.2). The composition of a typical 
powder/liquid material is given in Table 29.1. The 
small quantity of zinc acetate in the powder acts 
as an accelerator by helping to create an ionic 
medium in which the setting reaction can occur. 
Some commercial products contain hydrogenated 
rosin or polystyrene and are known as resin-rein-
forced zinc oxide/eugenol cements. The relative 
proportions of powder and liquid are not nor-
mally measured accurately, although some manu-
facturers provide a scoop which gives a known 
volume of powder to which a given number of 
drops of liquid are added. Thin mixes, having a 
low powder/liquid ratio, should be avoided since 
they produce inferior properties – lower strength 
and higher solubility. The paste/paste materials 
are similar to the impression pastes described on 
p. 151. These have the advantage of easier pro-
portioning and mixing.

The setting reaction involves chelation of two 
eugenol molecules (see Fig. 17.5) with one zinc 

278
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therefore, not suitable for luting applications 
except on a temporary basis.

Free eugenol may also have an effect on resin-
based fi lling materials, interfering with the poly-
merisation process and sometimes causing 
discoloration. Clinically this can also result in 
softening of the surface of the composite. In addi-
tion there can be problems with resin-based adhe-
sive luting systems that are being used increasingly, 
if a provisional restoration is luted using a zinc 
oxide eugenol temporary cement.

The materials form an effective thermal barrier 
under metallic restorations having a value of 
thermal diffusivity similar to that for dentine.

The main uses of these cements are for linings 
under amalgam restorations, either used alone or 
as a sublining overlaid with a zinc phosphate 
material. They are also used as temporary luting 
cements and as temporary fi lling materials. (Fig. 
29.3)

Root-canal pastes: The uses of these materials in 
endodontics are covered in Chapter 31.

Fig. 29.1 Zinc oxide eugenol cavity base and cavity 
lining materials. The materials consists of a white powder 
which is primarily zinc oxide. The liquid contains mainly 
eugenol, which is derived from oil of cloves. The smell of 
eugenol is one of the traditional odours of the dental 
surgery. The powder and liquid are mixed together before 
undergoing a setting reaction.

Fig. 29.2 A zinc oxide eugenol cement provided in the 
form of two pastes. The active ingredients are very similar 
to those in the powder/liquid system shown in Fig. 29.1. 
Two pastes are mixed together on a mixing pad.

Table 29.1 Composition of zinc oxide/eugenol cements.

Component Function

Powder Zinc oxide Primary reactive 
 ingredient

Zinc acetate (1–5%) Accelerator
Liquid Eugenol Primary reactive 

 ingredient
Olive oil (5–15%) To control viscosity

The ease with which eugenol can gain egress 
from the material is responsible for its relatively 
high solubility. Leached eugenol is replaced by 
water which, under certain conditions, can cause 
hydrolysis of the zinc eugenolate and disintegra-
tion of the cement structure. The materials are, 

Fig. 29.3 A zinc oxide eugenol paste used in a 
temporary cement.
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29.3 Ortho-ethoxybenzoic 
acid (EBA) cements

Composition: These cements are generally sup-
plied as a powder and liquid. The composition of 
a typical material is given in Table 29.2. The ratio 
of o-ethoxybenzoic acid to eugenol in the liquid 
may vary from one product to another but is 
usually about 2  :  1. The structural formula of o-
ethoxybenzoic acid is given in Fig. 29.4. Compari-
son with Fig. 17.6 shows the similarity between 
the structure of o-ethoxybenzoic acid and eugenol. 
Both compounds are able to form chelate com-
pounds with zinc ions.

The structural formula for zinc eugenolate is 
shown in Fig. 17.7. The structure of zinc o-eth-
oxybenzoate is very similar.

Properties and applications: The setting character-
istics are similar to those of the zinc oxide/eugenol 
materials and are similarly affected by moisture. 
It is possible to achieve a higher powder/liquid 
ratio with these products since much of the powder 
consists of inert, reinforcing fi ller.

The set material is signifi cantly stronger than 
even the reinforced zinc oxide/eugenol products 
due to the high powder/liquid ratio and the pres-
ence of fi llers. A typical commercial product 
has an ultimate compressive strength of around 
85  MPa. In addition, the lower level of residual 
eugenol, coupled with a greater resistance to 
hydrolysis of the zinc o-ethoxybenzoate, produces 
a cement with lower solubility than that observed 

for zinc oxide/eugenol products. Thermal charac-
teristics are similar to those of the zinc oxide/
eugenol materials.

The materials form a suitable cavity lining for 
amalgam condensation due to their adequate 
strength and resistance to fl ow, although they are 
primarily used as luting cements.

29.4 Calcium hydroxide cements

Composition: Some calcium hydroxide prepara-
tions consist simply of a suspension of calcium 
hydroxide in water. This is applied to the base of 
the cavity and dries out to give a layer of calcium 
hydroxide. These materials are both diffi cult to 
manipulate and form a very friable cavity lining 
which is easily fractured. A solution of methyl 
cellulose in water or of a synthetic polymer in a 
volatile organic solvent can be used instead of 
water. These additives produce a more cohesive 
cement but the compressive strength remains very 
low at about 8  MPa. This is well below the value 
of strength required to withstand amalgam con-
densation and when this fi lling material is to be 
used the calcium hydroxide preparation must be 
overlaid with a layer of a stronger cement. Most 
calcium hydroxide products in current use are 
supplied in the form of two components, normally 
pastes, which set following mixing to form a more 
substantial cavity lining (Fig. 29.5). The composi-
tion of a typical commercial product is given in 
Table 29.3.

The structural formula of butylene glycol dis-
alicylate, a glycol salicylate commonly used in one 
of the pastes, is given in Fig. 29.6. This is a difunc-
tional chelating agent having two aromatic groups 
with reactive groups in ortho positions. On mixing 
this with a paste containing zinc oxide and calcium 
hydroxide, chelate compounds with structures 
similar to that shown in Fig. 17.7 are formed. It 

Fig. 29.4 Structural formula of ortho-ethoxybenzoic 
acid.

Table 29.2 Composition of an ortho-ethoxybenzoic acid (EBA) cement.

Component Function

Powder Zinc oxide (approximately 60%) Primary reactive ingredient
Quartz (approximately 35%)
Hydrogenated rosin (approximately 5%)

Reinforcing agents

Liquid 0-Ethoxybenzoic acid
Eugenol

Reactive ingredients

}
}
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Fig. 29.5 A calcium hydroxide cement. The material is 
provided as two pastes. Approximately equal amounts of 
each paste are dispensed onto the mixing pad and mixed 
with a spatula. One of the active ingredients is a salicylate 
compound which has a very distinctive ‘medicated’ odour.

Table 29.3 Composition of a typical calcium hydroxide cement.

Component Function

Paste 1 Calcium hydroxide (50%)
Zinc oxide (10%)

Primary reactive ingredients

Zinc stearate (0.5%) Accelerator
Ethyl toluene sulphonamide (39.5%) Oil compound, acts as carrier

Paste 2 Glycol salicylate (40%) Primary reactive ingredient
Titanium dioxide
Calcium sulphate
Calcium tungstate

Inert fi llers, pigments and radiopacifi ers

is thought that zinc ions are primarily responsi-
ble for chelation, with calcium being largely 
unreacted.

The sulphonamide compound used in the zinc 
oxide/calcium hydroxide paste is present merely 
as a carrier and is not thought to have any thera-
peutic effect.

Some cements contain paraffi nic oils instead of 
sulphonamides. These cements are more hydro-
phobic and release their calcium hydroxide more 
slowly. This may have an adverse effect on the 
antibacterial properties of the cement.

Light-activated calcium hydroxide cements are 
available. They carry brand names which suggest 
that they are chemically similar to the two-paste 
products. They are, however, based on a totally 
different setting reaction involving light-activated 
polymerisation of a modifi ed methacrylate mo-

Fig. 29.6 Structural formula of butylene glycol 
disalicylate.

nomer of the type used in resin based fi lling mate-
rials (see Chapter 22). A typical material contains 
dimethacrylate (e.g. Bis GMA) hydroxyethyl-
methacrylate (HEMA), polymerisation activators 
and calcium hydroxide. The purpose of the HEMA 
is to produce a relatively hydrophilic polymer 
which can absorb water and release calcium 
hydroxide to create an alkaline environment.

Properties: The mixed materials have very low 
viscosity and setting can be relatively slow for 
some products. Moisture has a dramatic effect on 
the rate of setting however, and the materials set 
within a few seconds of being placed in the cavity, 
even when the cavity has been ‘dried’. Setting of 
the light-activated materials is more under the 
control of the operator and residual moisture in 
the cavity does not have the same infl uence on 
setting time. An exposure to activating light for 
only a few seconds is required to activate poly-
merisation of the thin layer of cement. One char-
acteristic of these cements which has been largely 
ignored is the relatively high temperature rise pro-
duced on setting. This results from the heating 
effect of the light source and the exothermic 
setting reaction.

The set material is relatively weak compared to 
other cements, having a compressive strength of 

}

}



282  Chapter 29

about 20  MPa. This strength is gained rapidly, 
however, and under the constrained conditions of 
a cavity the material is able to resist fl ow and 
fracture during amalgam condensation, providing 
correct technique is used. The light-activated 
materials in which the set material has a cross-
linked resin matrix are less brittle than the two 
paste products.

The consistency of the materials makes them 
diffi cult to apply to cavities in thick section. In 
deep cavities, therefore, a commonly used tech-
nique is to apply a thin sublining of a calcium 
hydroxide cement and then to build up the base 
of the cavity with a zinc phosphate material prior 
to amalgam condensation, as illustrated in Fig. 
29.7.

The set materials have a relatively high solubil-
ity in aqueous media. Calcium hydroxide is readily 
leached out, generating an alkaline environment 
in the area surrounding the cement. This is thought 
to be responsible for the proven antibacterial 
properties of these materials. This characteristic is 
utilized in very deep carious lesions, sometimes 
involving exposure of the pulp, or occasionally in 
cases of traumatic exposure of the pulp during 
cavity preparation. The calcium hydroxide cement 
is used as a pulp capping agent in such situations. 
It is suffi ciently biocompatible to be placed adja-
cent to the pulp and capable of destroying any 
remaining bacteria. The material is also able to 
initiate calcifi cation and formation of a secondary 
dentine layer at the base of the cavity. This calci-
fi cation process is a product of irritation of the 
pulp tissues by the cement, possibly mediated by 
the activation of TGFβ, a cellular growth factor. 
Calcium from the cement does not become bound 
into the mineralized tissues of the calcifi c barrier/
secondary dentine. In pulp capping procedures the 
calcium hydroxide material is generally overlaid 
with a strong cement base material such as zinc 
phosphate cement before completing the restora-
tion of the tooth with amalgam.

The resin-based calcium hydroxide materials 
are far less soluble than the conventional prod-
ucts. This is advantageous providing that the rate 
of calcium hydroxide release remains great enough 
to maintain the antibacterial and dentine regener-
ation properties of the material. One problem 
with the resin-based materials is that the unre-
acted methacrylate groups can become attached 
to a freshly placed composite resin restoration. 
The composite shrinks during its setting reaction 

and this can pull the calcium hydroxide material 
away from the tooth, leaving a void.

Calcium hydroxide cements are routinely used 
as lining materials beneath silicate and resin-based 
fi lling materials. Unlike the eugenol-containing 
cements they have no adverse effect on these fi lling 
materials and form an effective chemical barrier 
against acids and monomers.

The need for a lining material beneath a com-
posite is controversial. As stated previously, some 
authorities would suggest that with modern 
dentine adhesives there is no need for a lining as 
the cavity margins are sealed by the adhesive, 
making microleakage unlikely. Obviously any 
lining that is placed will act as a barrier between 
the bonding agent and the dentine, reducing the 
potential area available for bonding. Indeed, it has 
been suggested that even exposed pulps can simply 
be etched and then coated with a resin adhesive 
to give a primary seal.

The converse of this argument is that pulp per-
fusion studies (a technique whereby fl uid is 
pumped into the pulp chamber at physiological 
pressures during in vitro microleakage studies to 
mimic the effects of dentinal tubule fl uid fl ow) 
have failed to demonstrate complete sealing of the 
dentine tubules, even under ideal laboratory con-
ditions (i.e. despite bonding composite to a cut 
dentine surface there is continued egress of fl uid 
from the pulp measured by monitoring fl uid fl ow 
into the pulp chamber). This suggests that some 
of the tubules remain patent and hence the poten-
tial for microleakage remains.

Fig. 29.7 Diagram showing the use of a calcium 
hydroxide cement as a sublining beneath a zinc 
phosphate cement.
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At the time of writing the consensus view is

• That exposed pulps should be capped with a 
proprietary calcium hydroxide material before 
attempting to bond composite to the adjacent 
dentine.

• That where the dentine at the base of the 
cavity is superfi cial (judged to be some dis-
tance from the pulp) then a lining is not 
required beneath an adhesive restoration.

• That where a cavity is very deep and the 
dentine at the base of the cavity is judged to 
be ‘close to the pulp’, then it may be prudent 
to place a lining over that area alone.

This fi nal point gives problems clinically as it can 
only be based on a dentist’s subjective assessment 
of the depth of the cavity.

Calcium hydroxide preparations, similar to 
those used for cavity lining and pulp capping but 
containing retarders, are now available as root-
canal sealing pastes. The retarders are required to 
extend the working times of the materials whilst 
they are being manipulated in the warm, humid 
environment of the root canal. The advantage of 
the calcium hydroxide products over some of the 
alternative pastes is that they have effective anti-
bacterial properties without being irritant to apical 
tissues.

Non-setting calcium hydroxide pastes are also 
widely used during root-canal therapy either as a 
dressing for the canal between visits or as a tem-
porary root fi lling when managing problems with 
teeth in very young patients. Teeth erupt into the 
mouth before the end of the root is fully formed. 
If such a tooth with an ‘open apex’ requires a root 
fi lling it is very diffi cult to achieve an adequate 
apical seal due to the canal morphology. However, 
if non-setting calcium hydroxide is packed into 
the canal then often apical development will con-
tinue providing there is no infection. The mecha-
nism for this is probably similar to that outlined 
above for dentine bridge formation. Once this 
process is complete (apexifi cation) then a conven-
tional condensed gutta percha root fi lling can be 
placed.

The high solubility and low strength of the 
calcium hydroxide cements render them unsuit-
able for luting purposes.

29.5 Suggested further reading

Fisher, F.J. (1977) The effect of three proprietary lining 
materials on micro-organisms in carious dentine. Br. 
Dent. J. 143, 231.

Milosevic, A. (1991) Calcium hydroxide in restorative 
dentistry. J. Dent. 19, 3.



Chapter 30

Polycarboxylates, Glass Ionomers and 
Resin-modified Glass Ionomers for 
Luting and Lining

oxide. The setting reaction is similar to that 
reported in Chapter 24 for glass ionomers. Zinc 
oxide behaves as a basic oxide and undergoes an 
acid–base reaction with acid groups in the poly-
acid to form a reaction product which consists of 
cores of unreacted zinc oxide bound together by 
a salt matrix in which polyacrylic acid chains are 
cross-linked through divalent zinc ions (Fig. 30.2). 
Many recently developed products contain fl uo-
ride salts which may exert an anticariogenic effect 
on surrounding tooth substance.

The cements have suffi ciently early strength to 
resist amalgam condensation and, allowing for 
product variations, have an ultimate compressive 
strength of about 80  MPa, a similar value to that 
recorded for the EBA materials.

The polycarboxylate materials are acidic, 
though not as irritant as phosphate cements, for 
two reasons. Polyacrylic acid is a weaker acid than 
phosphoric acid and the polyacid chains are too 
large and lack the mobility required to penetrate 
dentinal tubules. Despite the more biocompatible 
nature of these materials they are not widely used 
as linings in very deep cavities unless a sublining 
of a calcium hydroxide or zinc oxide/eugenol 
material is used. One reason for this is that they 
are diffi cult to handle well in a clinical setting. 
They tend to be rubbery during their setting reac-
tion and they also adhere to stainless steel instru-
ments, making their placement complex.

Laboratory tests show that the solubility values 
of polycarboxylate cements are greater than those 
for the zinc phosphate, silicophosphate and glass 
ionomer materials (Section 28.2). Despite this 
apparent disadvantage, the materials are widely 
used for luting without appearing to display an 
unduly high failure rate.

The materials form an adhesive bond with 
enamel and dentine but only a weak bond with 

30.1 Introduction

Before reading this chapter, the attention of the 
reader is drawn to Chapters 24 and 25. Here, the 
glass ionomers and resin-modifi ed glass ionomers 
used for restorative purposes are discussed in 
some detail. Much of the information given in 
these previous chapters is relevant to our discus-
sion of luting and lining cements.

Two types of cement based on polyacids are in 
common use for both luting and cavity lining 
applications. The fi rst products to be developed 
were the polycarboxylate cements which rely on 
the reaction between zinc oxide and a polyacid. 
The second group of products are described as 
glass ionomer or polyalkenoate cements. The 
setting reaction takes place between a polyacid 
molecule and cations released from an ion-
leachable glass.

A new family of cements has been developed by 
producing cements which have a nature which lies 
somewhere between that of the purely salt matrix 
glass ionomers and that of the purely resin matrix 
composite systems. These newer cements may be 
viewed as hybrids of the two parent groups from 
which they are derived.

30.2 Polycarboxylate cements

These materials may be supplied as a powder and 
liquid or as a powder which is mixed with water 
(Fig. 30.1). For powder/liquid materials, the 
powder is fi nely ground zinc oxide which some-
times contains minor quantities of other oxides 
such as magnesium oxide. The liquid is an aqueous 
solution of polyacrylic acid of about 40% concen-
tration. In the powder/water materials the powder 
contains zinc oxide and freeze-dried polyacrylic 
acid. On mixing the powder with water, the poly-
acrylic acid dissolves and starts to react with zinc 
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As for most other cements, strength and solubil-
ity are optimized by achieving a high powder/
liquid ratio. For polycarboxylate materials 
however, two restricting factors should be remem-
bered. First, some free polyacid is required to form 
an adhesive bond and this will not be possible if 
a very dry mix is used. Secondly, a relatively low 
viscosity is required to allow seating of restora-
tions during luting.

The set materials are opaque due to a high 
concentration of unreacted zinc oxide cores. This 
may detract from the appearance of porcelain 
crowns, particularly if the cement lute margin is 
visible.

The materials are primarily used as luting 
cements for attaching crowns, bridges and inlays 
or as cavity base materials. The adhesive proper-
ties of the materials are occasionally utilized for 
the attachment of orthodontic bands, since the 
material forms a strong bond with stainless steel 
as well as with enamel and dentine.

30.3 Glass ionomer cements

The use of glass-ionomer cements as adhesive 
restorative materials is discussed in Chapter 24. 
The cavity lining and luting cements are of broadly 
similar composition to that given in Table 24.1. 
One difference is that the luting and cavity lining 
cements contain glass of smaller particle size to 
allow the formation of a thinner fi lm thickness 
during luting. Powder/liquid and powder/water 
materials are both available and widely used 
(Fig. 30.3).

The set materials are stronger than the polycar-
boxylate products having a compressive strength 
value of about 130  MPa, although there may be 

Fig. 30.1 A polycarboxylate cement. The cement 
contains two main reactive ingredients, zinc oxide and 
polyacrylic acid and both are in the powder; the bottle is 
filled with water by the dentist. Powder and water are 
dispensed onto the mixing pad and mixed with a spatula. 
In other products the powder contains only the zinc oxide 
and the liquid is an aqueous solution of polyacid.

Fig. 30.2 Simplified structural formula of 
polyacrylic acid chains cross-linked with zinc 
ions.

gold and no perceptible bond with porcelain. 
Hence, the adhesive nature of the materials when 
used for the luting of gold or porcelain crowns is 
only utilized to a limited degree and cannot be 
considered an overwhelming advantage for such 
applications. They will, however, bond to non-
precious metal alloys that are being used increas-
ingly for porcelain fused-to-metal crowns. The 
materials form a strong bond with stainless steel 
which makes them useful for attaching orthodon-
tic bands. Care must be taken when using steel 
instruments for mixing and placing. Excess mate-
rial should be removed from such instruments 
before it sets, otherwise a tenacious bond will 
form.
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wide variations from one product to another. The 
materials can withstand amalgam condensation 
and are occasionally used as cavity linings for 
amalgam restorations. Their biological properties 
are akin to those of the polycarboxylate cements 
which are covered in the previous section. 
Although they are considered relatively bland they 
are rarely used as linings in very deep cavities. The 
glass ionomer cements are now widely advocated 
as lining materials beneath posterior composite 
fi lling materials. They are claimed to give more 
rigid support than the calcium hydroxide cements. 
Their success in this situation has been further 
enhanced by the introduction of radiopaque glass 
ionomer cements containing either barium salts or 
metallic silver as the radiopacifying agents. Mater-
ials containing silver are grey in colour and may 
detract from the appearance of the composite res-
toration, although this is not very noticeable in 
molar and premolar teeth. Specialized techniques 
in which glass ionomers are used to form an adhe-
sive ‘sandwich’ between dentine and restorative 
resins are described in Chapter 24.

The glass ionomer cements are less soluble than 
the polycarboxylates, and most of the other 
cement products, when measured under ideal 
laboratory conditions. The solubility can be 
adversely affected by early moisture contamina-
tion, however, as discussed in Chapter 24 for the 

glass ionomer fi lling materials. It is essential that 
cement lute margins are covered with a layer of a 
protective varnish immediately after seating the 
restoration. This can often be a diffi cult proce-
dure, particularly if the margins lie subgingivally. 
Although the glass ionomers are theoretically 
capable of producing an insoluble cement lute this 
ideal may not be as easy to achieve in practice. 
There have been reports of pulpal damage 
associated with the use of some glass ionomer 
cement luting agents, particularly those based on 
poly(acrylic/maleic) acid as opposed to poly(acrylic) 
acid alone. It is thought that the acrylic/maleic 
copolymers maintain a low pH for a relatively 
long time after mixing. Associated with the solu-
bility of the cements is a slow and maintained 
release of fl uoride which may help to protect 
adjacent tooth substance from attack by the acids 
of plaque.

The materials display the same adhesive proper-
ties as the polycarboxylates and are more translu-
cent due to the presence of unreacted cores of 
glass rather than zinc oxide. The extra translu-
cency is considered an advantage for luting por-
celain crowns, although further improvements in 
appearance are required if the cement is to be truly 
able to match porcelain.

Glass ionomer cements are now widely used in 
orthodontics for the attachment of bands. The 
adhesive seal between the cement and tooth 
enamel, coupled with fl uoride release, helps to 
maintain the banded teeth in good condition 
throughout a course of treatment. Several trials 
have been performed to evaluate the use of glass 
ionomers for bonding orthodontic brackets. It is 
felt that they could theoretically provide the ideal 
characteristics of a cement for this purpose, i.e. 
adequate bonding to ensure that debonding does 
not occur during treatment, coupled with easy 
debonding and rapid clean up of the teeth after 
treatment, combined with the benefi ts of fl uoride 
release. In practice, however, the cements have not 
proved suitable for bonding brackets due to 
the unacceptable rate of debonding during 
treatment.

30.4 Resin-modified glass 
ionomers and compomers

In Chapter 25 the potential benefi ts of incorporat-
ing a signifi cant resin component in a glass iono-
mer are explained. A new family of restorative 

Fig. 30.3 A glass ionomer lining and luting cement. The 
material is provided as a powder and liquid which are 
mixed together on a mixing pad or on a glass slab as 
shown. The material is chemically similar to the glass 
ionomer cements used for restorative purposes. However, 
the luting cements are formulated to produce a cement 
with lower viscosity which will flow to form a thin film.
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materials has grown out of these fi ndings. For 
each restorative material the manufacturers invari-
ably produce a similar material for lining and/or 
luting purposes. Just as for those products 
described previously in Chapter 25, the materials 
available have a composition which lies on a con-
tinuum between the ‘true’ glass ionomers and the 

Fig. 30.4 A resin modified glass ionomer used for luting 
and lining purposes. The material consists of a powder 
and liquid which are mixed together on the pad shown. 
Setting takes place by a combination of both an acid-base 
reaction and chemically activated polymerisation.

Fig. 30.5 A resin modified glass ionomer designed 
specifically for use in orthodontics. Chemically, the 
material is very similar to the luting cement shown in Fig. 
30.4 but in this product the resin polymerisation is light 
activated and the cement has characteristics developed 
specifically to aid bonding in orthodontics where there is a 
need to position a bracket on the tooth and for the 
bracket to remain in place without sliding during setting 
of the cement.

Fig. 30.6 A compomer-type luting cement. The material 
is provided in the form of a powder and liquid which are 
mixed together on a mixing pad. The initial setting 
reaction involves polymerisation and for this type of 
cement the reaction is strongly inhibited by air; therefore 
the manufacturer provides an air-block gel which can be 
seen in the syringe at the front of the photograph. The 
air-block gel is applied over the exposed surfaces of the 
cement to ensure that the cement can polymerise 
correctly.

resin–matrix composites. Hence, some are ade-
quately described as resin-modifi ed glass ionomers 
whilst the term acid-modifi ed composite better 
describes other products.

Whereas most restorative cements have a light-
activated polymerisation setting reaction as an 
important part of the setting procedure, the lining 
and luting cements may be chemically activated. 
In this case the material is likely to be provided as 
a powder and liquid containing the necess-
ary monomers and polymerisation initiators/
activators (Fig. 30.4). Setting begins when the 
components are mixed. The main advantages 
of resin-containing materials compared with 
conventional acid–base cements is that they are 
less soluble and less brittle. Many of the other 
potential benefi ts are outlined in Chapter 25.

Products based on a hybrid of GIC and resin 
chemistry have been produced for a variety of 
luting applications. Some, such as the light-
activated resin modifi ed glass ionomer shown in 
fi gure 30.5, are designed specifi cally for use in a 
specialised luting application such as orthodon-
tics bonding. Others, such as the chemically acti-
vated compomer system shown in fi gure 30.6, 
are advocated for general luting applications.
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30.5 Suggested further reading

Millett, D.T. & McCabe, J.F. (1996) Orthodontic 
bonding with glass ionomer cement – a review. Eur. 
J. Orth. 18, 385.

Øilo, G. (1991) Luting cement: a review and compari-
son. Int. Dent. J. 41, 8.



Chapter 31

Endodontic Materials

• able to dissolve/disrupt tissue and debris in the 
canal;

• non-toxic;
• low surface tension (to allow penetration into 

inaccessible areas);
• able to lubricate instruments in the canal;
• able to sterilize (or at worst disinfect) the canal 

system;
• able to remove the smeared layer of prepara-

tion debris from the canal walls (Walton & 
Torinejad 2002).

A variety of liquids have been used for this 
purpose which achieve the desired outcomes to a 
varying degree. The ability of the various liquids 
used as irrigants to fulfi l these roles is shown in 
Table 31.1.

The most effective of the currently available 
materials is sodium hypochlorite which is usually 
used at a concentration of between 2 and 10%. 
There are a variety of proprietary solutions avail-
able for this purpose but care needs to be taken 
with their use particularly if the solution is going 
to be used in association with an ultrasonic instru-
ment with internal irrigation. The alternative is to 
dilute commercially available ‘thin bleach’ from 
a supermaket. These products normally contain 
about 5.25% hypochlorite and should be diluted 
1  :  1 with water giving a 2.6% solution for irriga-
tion. One of the disadvantages of sodium hypo-
chlorite is that it is a tissue irritant resulting in 
ulceration of the oral and oesophageal mucosa if 
it is allowed into the mouth and an intense and 
extremely painful infl ammatory response if it is 
expressed out of the tooth into the bone around 
the tooth (Fig. 31.1). Under normal circumstances 
leaching into the mouth is prevented by using a 
rubber dam to isolate the tooth from the oral 
environment. However, hypochlorite should NOT 
be used as an irrigant in circumstances where this 

31.1 Introduction

Endodontic materials are used to obturate the 
root canal system of teeth when the pulp tissue 
has been destroyed either as a consequence of 
trauma or subsequent to tooth decay involving the 
pulp and infection of the pulp tissue. The objec-
tives of endodontics are to:

• Clean and shape the root canal system to within 
0.5  mm of the point of maximum constriction 
of the root canal close to the periapex.

• Obturate the canal with a combination of ma-
terials that will allow a full three-dimensional 
obturation of the canal system with a material 
that is inert and biocompatible.

• Provide an adequate seal at the coronal extent 
of the root canal to prevent the ingress of 
bacteria from the oral cavity re-infecting the 
root canal system.

The materials used during endodontics include 
irrigants and lubricants used during canal prepa-
ration, materials placed within the canal between 
clinical visits to maintain the canal in a disinfected 
state and the bulk fi ll material and sealant used 
during canal obturation. The restorative materials 
used to seal the canal access are dealt with else-
where in this text. The one fi nal group of materials 
used in endodontology are those used during end-
odontic surgery and repair of internal damage 
within the root canal system.

31.2 Irrigants and lubricants

The purpose of endodontic irrigants is to fl ush the 
debris from preparation of the root canal out of 
the prepared area, to help to both disturb debris 
in the canal and fi nally to disinfect the canal.

The properties of an ideal irrigant, as adapted 
from Walton & Toribinejad, 2002 are:
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All of the solutions that are used as irrigants 
will to an extent lubricate the passage of instru-
ments into the root canal. In addition, gel prepara-
tions containing ethylene diamine tetra acetic acid 
(EDTA) have been described as custom lubricants. 
In addition to their lubricating role the EDTA will 
also soften the walls of the canal and may facili-
tate the negotiation of canals where there has been 
internal mineralization of the canal system.

31.3 Intra-canal medicaments

The basis for use of intra-canal medicaments is 
controversial. There is little evidence for their 
benefi t unless there are problems with obtaining 
pulpal anaesthesia or where the clinician is 
attempting to either induce formation of the root 
apex in young patients or arrest the progress of 
internal or external root resorption. There are 
three medicaments that have been widely used.

Paramonochlorophenol (PMCP)

This is a disinfectant whose use has been advo-
cated to reduce the risk of recurrent infection of 
the root canal system between visits. Unfortu-
nately its effectiveness is very short-lived within 
root canals as it is denatured in the presence of 
calcium and there is currently no clinical indica-
tion for use of this medicament.

Non-setting calcium hydroxide paste

Non-setting calcium hydroxide has a very high pH 
(of the order of 11) and has a potent antimicrobial 
action as a consequence. It is also a mild tissue 

Table 31.1 The capacity of different irrigants to undertake the roles of an endodontic irrigant.

Flushing of debris Softening / removal of tissue from the canal Disinfection of the canal

Saline Yes No No
Local anaesthetic solution Yes No No
Chlorhexidine gluconate Yes No Yes
Sodium hypochlorite Yes Sodium hypochlorite is capable of breaking 

 down organic debris within the canal 
 facilitating cleansing. This is more 
 effective when the irrigant is used in 
 combination with ultrasonic agitation 
 from an endodontic instrument

Yes

Fig. 31.1 Facial swelling caused by a ‘hypochlorite 
accident’. Hypochlorite is highly irritant to bone and soft 
tissue resulting in rapid development of pain and swelling. 
This responds to analgesia and takes 10–14 days to 
recover. Removal of the tooth is of no benefit.

is not achievable, either as a consequence of loss 
of coronal tooth structure or where it may not be 
possible to confi ne the irrigant within a tooth; for 
example where the apex of a tooth has not fully 
formed at the time of pulp death or where the 
clinician is aware that there has been internal 
damage within the structure of the root resulting 
in a perforation through the side of the root 
through which irrigant could leak. The most 
appropriate alternative is chlorhexidine gluconate 
in a 0.2% solution. This is available commercially 
as a mouthwash.
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irritant and has been shown to promote closure 
of root apex (apexogenesis) in teeth where loss of 
vitality has occurred before normal growth and 
development of the tooth is complete. The ratio-
nale for its routine use as a medicament between 
visits during endodontics is unclear but it can be 
left within the tooth for long periods of time when 
trying to induce apex closure or arrest root 
resorption.

Poly-antimicrobial paste

This is a proprietary poly-antibiotic paste that 
contains a mixture of a corticosteroid, a sulphon-
amide and a tetracycline. It is used during the 
management of ‘hot pulps’. When nerve tissue is 
infl amed it is less susceptible to the effects of local 
anaesthetic due to changes in tissue pH. In this 
circumstance it can be diffi cult to obtain adequate 
pain relief when gaining access into the pulp 
chamber. Use of this paste can result in a reduc-
tion of pulpal infl ammation and facilitate access 
at the next visit. The paste loses its effectiveness 
after 5 to 7 days so there is no benefi t to be gained 
from leaving it in the pulp chamber for any 
longer.

31.4 Endodontic obturation materials

A root canal is a complex three-dimensional space 
(Fig. 31.2). The objective of contemporary canal 
preparation techniques is to clean and shape this 
space to remove bacteria and infected debris and 
then to prepare the space to facilitate its obtura-
tion. There is no attempt to try to prepare the 
space to conform to a notional geometric form. 
As a consequence contemporary obturation mate-
rials need to be plastic during placement to allow 
them to be moulded to the canal form. It should 
also be possible to remove part or the entire root 
fi lling with ease after it is completed, to permit the 
use of a post to facilitate restoration of the tooth 
or repeat endodontics if that is ever required.

31.5 Historical materials

Silver

Silver points that had a matching taper to the fi les 
or reamers used to prepare the canal were used at 
one time to obturate the canal space. When these 

materials were in vogue it was thought that it 
should be possible to machine the walls of the root 
canal to make it a smooth tapered preparation 
that the silver point would then ‘match’. The 
points were sealed into place with an appropriate 
sealant (see later). It is now known that the fun-
damental principle behind this approach is fl awed 
in that the anatomy of most root canals is far too 
convoluted to allow for a seal to be developed by 
machining the root dentine in this way. Further-
more the silver points themselves underwent cor-
rosive breakdown within the canal system resulting 
in breakdown of the seal.

There were two variants to this technique: the 
point could either be left to ‘fi ll’ the whole canal 
in length or it could be weakened during fi nal 
preparation with the intention that a segment of 
silver 5–6  mm long would be left at the apex 
of the tooth, leaving the remainder of the root 
canal space available for a post preparation if 
required.

Fig. 31.2 This micro CT image of a lower molar tooth 
illustrates the complexity of the normal anatomy of the 
root canal system, seen here in red. Illustration courtesy 
of P. Dummer.
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One disadvantage of this sectional technique 
was that it was very diffi cult to retrieve the apical 
fragment if the endodontic procedure failed and 
there had to be an attempt at repeating the 
procedure.

Dental amalgam

Conventional dental amalgam has also been used 
as an orthograde root fi lling material with special-
ized amalgam carriers and pluggers designed to 
allow the mixed material to be carried to the apex 
of the root and then condensed into place. Obvi-
ously it would not be possible to remove the 
mercury rich layer from the surface of such a 
fi lling (see Chapter 21) but this would be within 
the root canal system. Again this approach was 
not amenable to re-treatment and was technically 
diffi cult to execute.

Medicated pastes

Medicated pastes have also been proposed as root 
fi lling materials. There have been two broad 
groups, those based on paraformaldehyde (for 
example N2, SPAD and endomethasone) and 
those based on iodoform. All of these materials 
are placed in the canal in a liquid or paste form; 
the iodoform pastes remain as a paste whilst 
the paraformaldehyde products set into a hard 
mass. The principle of using a medicated paste 
was that the antimicrobial activity of the paste 
would help to destroy any residual bacteria in the 
canal system. Whilst this may have been a benefi t 
of both groups there were also some signifi cant 
drawbacks.

The paraformaldehyde pastes set hard to 
produce a material that is very diffi cult to remove 
making the use of the root canal for a post diffi cult 
and retreatment of the endodontic lesion if 
required very complex. Furthermore if any of the 
material was expressed beyond the apex of the 
tooth it is highly toxic to tissues causing lingering 
pain in bone and permanent dysaesthesia (changed 
sensation) or anaesthesia (numbness) of nerve 
tissue. This could be a particular problem if the 
material was inadvertently expressed beyond the 
apex of a molar tooth into the inferior dental 
nerve canal.

Iodoform paste is resorbable and whilst this is 
a benefi t if it is used during endodontic treatment 
of deciduous teeth it can result in an empty canal 
in the permanent dentition.

31.6 Contemporary materials

The contemporary approach to obturating the 
root canal space is to use a malleable bulk fi ll 
material in association with a thin sealant that is 
used to fi ll the spaces around the bulk fi ll material 
and to refi ne adaptation of the materials particu-
larly to the walls of the prepared root canal.

Sealants

The purpose of a sealant is to fi ll the spaces 
between increments of the bulk fi ll material and 
to improve the quality of adaptation of the com-
posite of sealant and bulk fi ll to the walls of the 
root canal to help to maintain the seal around the 
root fi lling.

The ideal properties of a sealant as suggested by 
Grossman et al. would be:

• tissue tolerance
• insoluble in tissue fl uids
• dimensionally stable during setting
• hermetic sealing ability
• radiopaque
• bacteriostatic or bacteriocidal
• exhibit good adhesion to the canal wall 

when set
• easy to mix
• non-staining
• slow setting time
• easily removed if necessary (may need to be 

soluble in a solvent to facilitate removal)

They are essentially thin pastes that can be both 
introduced into the canal system and used to coat 
the bulk fi ll material. The setting time should 
extend over hours rather than minutes to allow 
for exacting clinical technique.

There have been a number of dental cements 
adapted for this purpose including glass ionomer, 
zinc oxide and eugenol, and calcium hydroxide 
based products. The currently available glass 
ionomer sealants set rather too rapidly for clinical 
use. They do however provide a good seal to tooth 
structure. The two most commonly used materials 
are either zinc oxide and eugenol or calcium 
hydroxide based. The calcium hydroxide products 
provide a good short-term seal but there are some 
concerns about their longer term solubility in sus-
taining this seal. Modifi ed zinc oxide and eugenol 
cements are widely used and are exemplifi ed by 
‘Grossman’s formulation’ of
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Powder: 42 parts zinc oxide, 27 parts stabellite 
resin, 15 parts bismuth subcarbonate, 15 parts 
barium sulphate and 1 part sodium borate
Liquid: eugenol

This does have an exceptionally long setting time 
(up to 2 months), but has been shown to give 
consistent results with a good peripheral seal and 
produces a fi lling that is retrievable.

There is one resin-based product that is com-
mercially available for use with gutta percha, 
which is based on the epoxy resins with a formula-
tion of

Powder: bismuth oxide 60%, hexamethylene-
tramine 25%, silver 10%1 and titanium dioxide 
5%
Liquid: epoxybisphenol-resin

This material provides a good seal and has a 
marked antimicrobial action, but there are disad-
vantages also in that the silver-containing formu-
lation is associated with staining of the dentine 
and there is some release of formaldehyde from 
the material once set which is tissue toxic. The 
most recent versions of the product have lower 
levels of formaldehyde release than seen 
previously.

Resins and dentine bonding agents are also used 
as sealants with the polyester bulk fi ll materials. 
These resins are essentially chemically setting 
composite resin luting agents and they are used in 
association with a self-etching primer. The concept 
behind this system is to produce a bonded struc-
ture in which the resin sealant bonds to both 
the root dentine and to the polyester bulk fi ll 
material.

Bulk filling materials

The purpose of the bulk fi lling material is to 
provide an inert mass that can be used to fi ll the 
large defect which comprises the prepared root 
canal. These materials have to be malleable during 
the insertion phase and must be dimensionally 
stable. The most commonly used products are 
based on a modifi ed natural rubber gutta percha. 
More recently a polyester resin-based material has 

been developed with similar handling characteris-
tics to gutta percha.

Gutta percha: The most widely used bulk fi ll 
material is gutta percha. In its pure form gutta 
percha is derived from latex as an isomer of rubber 
known as trans-polyisoprene. It can be produced 
in two crystalline forms α and β. It is less elastic 
and harder than natural rubber. The α form is the 
natural state and is mainly used in thermoplastic 
manipulation techniques (see below) whilst the β 
form is produced by cooling α material slowly (at 
a rate of about 0.5ºC per hour). The β form is 
more commonly used with cold packing tech-
niques (see below).

Gutta percha as used in dentistry comprises 
between 19 and 22% trans-polyisoprene, zinc 
oxide (between 60 and 75%) and a variety of 
other components including colouring agents, 
resins, waxes, antioxidants and metallic salts; the 
latter are incorporated to improve the visibility of 
the material on radiographs. It is presented to the 
dentist in either tapered cones which may or may 
not be ‘matched’ to the sizes of the instruments 
used to prepare the canal mechanically or as 
pellets of material to be loaded into a gun-type 
delivery system.

Polyester resin: Resilon® is a commercially avail-
able material which is based on a thermoplastic 
synthetic polyester, barium sulphate, bismuth 
chlorate and a bioactive glass. It is claimed that 
the bioactive glass releases calcium and phosphate 
ions from its surface on exposure to bodily fl uids 
stimulating bone growth. This material is also 
available in both tapered and pelleted forms for 
use with either cold or thermoplastic fi lling 
techniques.

Materials for root canal repair and 
peri-radicular surgery

A variety of materials have been used for this 
purpose including dental amalgam, zinc oxide and 
modifi ed zinc oxide pastes and glass ionomer 
cements. However until recently no material 
approached the ideal.

Mineral trioxide aggregate (MTA): This com-
prises tricalcium silicate, dicalcium silicate, 
tricalcium aluminate, tetracalcium alumino-
ferrite, calcium sulphate and bismuth oxide. It is 

1 A silver-free formulation is now commercially available also to 
avoid the problems of staining of dentine associated with the 
silver-containing product.
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chemically identical to Portland cement except for 
the incorporation of some bismuth oxide which 
increases radio-opacity and modifi es the setting 
reaction. The material is made by fusing together 
the constituents and grinding them to form parti-
cles of clinker. It is a strongly alkaline material 
which sets on exposure to water. The setting reac-
tion involves an initial hydration phase with 
wetting of the particle surfaces with partial disso-
lution of the calcium sulphate. Crystals of hydrated 
calcium aluminium sulphate hydroxide (ettringite) 
form on the surface of the clinker particles through 
interaction with the tricalcium aluminate. There 
is then a delay in the setting reaction during which 
the material is plastic and can be inserted into 
defects for repair (it is also used as a root-end 
fi lling material during peri-radicular surgery). The 
fi nal phase of setting is characterised by growth 
of calcium silicate hydrate crystals along with the 
ettringite crystals between the clinker particles 
such that the material forms a rigid mass. This 
reaction continues to require moisture to occur 
and progresses over a number of hours until the 
material reaches maturity. The setting produces a 
signifi cant expansion by a mechanism similar to 
that in gypsum products (Section 3.4). This may 
improve the seal of the canals, but if excessive, 
could potentially result in root fracture.

In its set condition it is biocompatible (there is 
some evidence that it can induce cementogenesisis 
and hence is used during apexifi cation procedures 
on immature teeth that have been subject to 
trauma) and can provide a good seal at the root–
material interface. Owing to its alkalinity it is also 
antimicrobial.

31.7 Clinical handling

The complexity of canal anatomy illustrated in 
Fig. 31.2 gives the clinician a signifi cant challenge 
when trying to clean, shape and then fi ll the space. 
Contemporary thinking involves the use of a com-
bination of hand or mechanical instrumentation 
to prepare the canals along with an irrigant to 
remove debris and to disinfect the canal system, 
prior to fi lling the space in three dimensions with 
an inert material. There have been legions of tech-
niques described for canal preparation which are 
beyond the scope of this text. Three-dimensional 
obturation is usually undertaken with either a 
cold packing technique or by warming the bulk 
fi ll material so using a thermoplastic approach. It 

is no longer acceptable to have a single cone of 
gutta percha sitting in a sea of sealant.

Cold packing (or lateral condensation)

The technique used for lateral condensation is 
illustrated in Fig. 31.3. The root canal comes to a 
natural constriction close to the apex of the root. 
The canal is prepared using hand or rotary instru-

(A)

(B) (C)

Fig. 31.3 Cold lateral condensation is one of the classic 
techniques for obturation of root canals. A gutta percha 
‘master cone’ is selected which matches the instrument 
size used to prepare the apical portion of the canal. The 
cone is inserted coated in sealant to length (A) and then a 
finger spreader is used to squash the gutta percha apically 
and laterally within the canal (B). An accessory cone is 
then inserted into the space created by spreader (C) and 
the spreader re-inserted. This process is repeated until the 
canal is completely filled in three dimensions with the 
combination of gutta percha and sealant. This technique 
can also be used with the more recently introduced 
Resilon material.
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ments until this constriction is exaggerated to 
create an apical stop. A gutta percha cone (the 
master cone) of matching taper and size to the 
instrument used to create the apical stop is coated 
thinly in the sealant of choice and inserted to the 
working length in the canal. There have been tech-
niques described to customize this master cone by 
softening the tip of the gutta percha point in chlo-
roform and then inserting it to length in the canal. 
This allows the softened gutta percha to distort to 
more closely match internally the shape of the 
root apex. This technique is only of value if a 
careful note is made of the orientation of the gutta 
percha point in the canal during the customization 
process as it has to be replaced in the canal with 
similar orientation during fi nal seating.

Once the master cone is fully seated in place a 
smooth tapered instrument (a spreader) is used to 
squash the gutta percha against the sides of the 
root canal. This creates a space in the canal into 
which an accessory gutta percha cone is inserted, 
once again coated in a thin fi lm of sealant. This 
lateral condensation process continues until the 
canal is full of a homogenous mixture of gutta 
percha and sealant (Fig. 31.3).

Both Resilon and β phase gutta percha can be 
used with this approach.

Thermal packing methods

Gutta percha is a thermoplastic material; conse-
quently adaptation of the material to the walls of 
the prepared root canal can also be achieved with 
thermally softened material. There are two basic 
technologies used to achieve this, softening of the 
material prior to its insertion into the canal and 
application of heat to the cold mass of gutta 
percha in the canal. Whichever technique is used 
sealant is still required in the canal to help to 
achieve the best quality seal between the obtura-
tion material and the canal walls. Obviously it is 
also possible to apply heat after insertion to a 
material that was placed in the root canal in a 
softened state.

Heat can be applied to the material using some 
form of external heating source; these can be in 
the form of a gun which is then used to inject 
softened gutta percha into the tooth (Fig. 31.4) or 
an oven to soften the material prior to insertion. 
Oven softened material would be diffi cult to 
handle on its own; this approach relies on a ther-
mally stable carrier down the centre of the gutta 

percha. This gutta percha on a stick is inserted 
into the canal once the gutta percha has been 
warmed to beyond its softening point. The carrier 
has a similar function to the spreader in the cold 
lateral condensation method, pressing the mate-
rial against the walls of the root canal; α phase 
gutta percha should be used for these thermal pre-
heating techniques and again there are commer-
cial versions of Resilon which can be injected into 
the canal using a gun system.

Heat can be applied using a rotary instrument 
and friction. Thermomechanical compaction uses 
a tapered instrument which is shaped to have an 
action like an Archimedean screw. The instrument 
is inserted adjacent to gutta percha points in the 
canal and then is driven at relatively high speed 
in a clockwise direction. The action of the steel 
instrument causes frictional heating of the gutta 
percha which is then driven down into the canal 
and forced sideways by the action of the compac-
tor. Obviously it is critical that this instrument is 
driven in a clockwise direction; anti-clockwise 
movement of the compactor would simply lift the 
gutta percha out of the canal.

Fig. 31.4 A thermoplastic gutta percha unit designed 
with accurate temperature control and to give a standard 
rate of delivery (flow) of material from the tip of the unit 
into the root canal system. Illustration courtesy of J.M. 
Whitworth.
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The third method for application of heat is after 
insertion of the gutta percha into the canal using 
a hot instrument. Historically this was achieved 
with a steel plugger warmed in a fl ame, but con-
temporary practice involves the use of an induc-
tion heating mechanism with a custom instrument. 
Heat is applied with care to the gutta percha 
which is then condensed vertically and/or laterally 
using a plugger or spreader.

All thermal techniques have the potential disad-
vantage that the gutta percha will undergo dimen-
sional change as it cools which can impair the 
quality of the seal that can be achieved. For this 

reason the forces that are used to press the soft-
ened material into the canal must be applied for 
the duration of the cooling period to overcome 
thermal shrinkage.

31.8 Suggested further reading

Grossman, JJ. et al. (1988) Endodontics, 11th edn., pp. 
242–270. Lea and Febiger: Philadelphia, PA.

Walton, R.E. & Toribinejad, M. (2002) Principles and 
Practice of Endodontics, pp. 219. Saunders: Philadel-
phia, PA.
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running water to remove saliva, blood and 
debris. Continue the process until it is visibly 
clean. If an appliance is grossly contaminated, 
it should be cleaned in an ultrasonic bath 
containing detergent and then rinsed. The 
impression or appliance should be disinfected 
according to the manufacturer’s recommenda-
tions. Generic materials such as sodium hypo-
chlorite (household bleach) may no longer be 
suitable for disinfecting impressions unless 
specifi cally recommended by the manufac-
turer. Disinfectants should not be sprayed 
onto the surface of the impression; it lessens 
the effectiveness and creates an inhalation risk. 
Immersion of the impression is recommended. 
The impression or appliance should be rinsed 
again in water before sending to the labora-
tory accompanied by a confi rmation that it has 
been disinfected.

Products that are suitable for the disinfection of 
impressions or appliances are CE marked to dem-
onstrate conformity to European Directives. The 
manufacturer’s recommendations for the dilution 
of the disinfectant and immersion time must be 
followed.

Acknowledgement

“Decontamination of impression materials and 
prosthetic and orthodontic appliances” from 
BDA Advice Sheet A12 “Infection Control in 
Dentistry”. Reproduced with permission from 
the British Dental Association (www.bda.org). 
Please note that these guidelines are subject to 
regular review.

This is an example of the advice given by 
National Dental Organisations to dental practitio-
ners about cross-infection. In addition to the 
generic measures mentioned in this book the 
reader would be well advised to seek such national 
guidance as this will change from time to time.

Decontamination of impression

Materials and Prosthetic and Orthodontic Appli-
ances. Extract from Advice Sheet A12: Infection 
Control in Dentistry, revised April 2006, repro-
duced with kind permission from the British 
Dental Association.
The responsibility for ensuring impressions and 
appliances have been cleaned and disinfected prior 
to dispatch to the laboratory lies solely with the 
dentist –

• Immediately on removal from the mouth, the 
impression or appliance should be rinsed under 
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abrasion, 12
see also wear

acid-etch technique, 225
applications, 227
see also enamel bonding

acrylics, 101, 129
composition of denture bases, 

113
denture base polymers, 112
denture liners, 124
denture teeth, 133
effect of denture cleansers, 

120
fi bre reinforced, 121
fi lling materials, 195
hard reline materials, 124
high impact strength, 121
injection moulding, 115
light activated, 117
mechanical properties, 119
mixing and curing, 99, 116
modifi ed, 121
permanent soft liners, 128
porosity, 115
pourable materials, 117
properties, 196
properties of set material, 118
radiopacity, 122
residual monomer, 120
structure of set material, 117
temporary crown and bridge, 

265
tissue conditioners, 126
water sorption, 12

adhesion, 23
of glass ionomers, 250
contact angle, 24
primers, 25
of composites, 213, 225
see dentine bonding
see enamel bonding

agar
impression materials, 154
manipulation, 155
properties, 156

alginates
composition, 158
decontamination, 161
impression materials, 158
manipulation, 158
modifi ed materials, 161
properties, 159
setting, 158

alloys, 53
bonding systems, 238
cooling curves, 57
corrosion resistance, 73
crown and bridge, 75
eutectics, 59
for ceramics, 70
for implants, 77
for fi xed restorations, 72
homogenisation, 59
interstitial solid solution, 56
partial denture, 74
phase diagrams, 57
solid solutions, 56
solution hardening, 56
structure, 56
see also base metal alloys, metals

alumina, see ceramics
amalgam, 181

bonding systems, 237
carving, 193
cavity design, 189
clinical handling, 189
composition, 181
condensation, 193
corrosion, 187
creep, 186
dimensional change, 184
endodontics, 293
manipulative variables, 191
matrices, 190
mechanical properties, 184
mercury toxicity, 188
polishing, 193
properties, 184
proportioning, 191
setting, 183

thermal properties, 188
trituration, 191

antimicrobial paste, 291, 292
artifi cial teeth, 133

properties, 133
austenite, see steel

base metal alloys, 71, 75
biocompatibility, 65, 60
casting, 72
cobalt-chromium, 71
composition, 71
nickel-chromium, 72
properties, 73
see also wires

beryllium, in alloys, 71, 72, 76
biological properties, 30
biocompatibility,

of gold alloys, 70
of composites, 202

bond strength, determination, 239
bonded bridges, 228
bonding,

bond strength, 239
leakage, 239
self-etching primer method, 237
to alloys, 238
to amalgam, 238
to dentine, 229, 233
to ceramics, 238
total etch method, 236
in orthodontics, 240

brazing, 69

C-factor, 208
CAD/CAM, see ceramics
CAD/CAM, 95
Cadmium, in alloys, 68, 76
Cadmium, in acrylics, 112
calcium hydroxide cement, 280, 

290
composition, 280
properties, 281

capillary technology, see
porcelain fused to metal
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casting, 80
faults, 81
machines, 81

cavity lining, requirements, 267
cavity linings, for composites, 212
cementite, see steel
cements, 267

calcium hydroxide, 280
compomers, 257, 286
copper cements, 277
EBA, 280
endodontic cements, 272
glass ionomer, 245, 285
organometallics, 278
orthodontic cements, 27
phosphate cements, 273
polycarboxylate, 284
porosity, 245
requirements for cavity lining, 

267
requirements for luting, 270
resin-modifi ed glass ionomer, 

257, 286
silicophosphate, 277
zinc oxide/eugenol, 278

ceramics, 89
alumina containing, 92
bonding systems, 238
CAD/CAM, 95
cast glass, 95
injection moulded, 94
pressed, 94
sintered alumina, 94
polycrystalline ceramics, 94
see also porcelain

cermets, 252
chelate compound

zinc oxide/eugenol, 152
chemical bonding, 230
cobalt-chromium, see base metal 

alloys
colour, 26

brightness, 26
chroma, 26
hue, 26

compomers, 257
for luting, 286

composite inlays, 224
composites, 196

applications, 223
biocompatibility, 202
C-factor, 208
cavity design, 216
cavity linings for, 212
chemical activation, 199
classifi cation, 197

clinical handling, 216
composition, 197
dentine bonding, 217
depth of cure, 203
enamel bonding, 216
fi bre reinforced, 213
fi ller type, 200
gloss, 211
light activation, 199
light activation units, 204
matrix techniques, 221
mechanical properties, 209
nanocompsites, 201, 209
placement, 219
polishing, 222
properties, 202
quartz inserts, 221
repair, 222
resin types, 196
roughness, 212
setting, 203
setting contraction, 204
silane coupling agent, 200
surface characteristics, 210
temporary crown and bridge, 

265
thermal properties, 209
wear, 210

conditioning, for dentine
bonding, 223

copper cements, 277
corrosion, 28

concentration cell, 29
corrosion resistance, 30, 74, 76
corrosion test methods, 30
static immersion test, 30, 76
of amalgam, 186
passivating effect, 29
stress corrosion, 29

creep, 17
of amalgam, 185

cross-infection control
alginates, 161
elastomers, 177
impression materials, 145

crown and bridge resins, 265
available materials, 265
properties, 266
requirements, 265

density, 26
dentine bonding, 229

bond strength, 216, 234
chemical bonding, 230
with composites, 217
conditioning, 233

hybrid layer, 236
primers, 234
total etch method, 236
self-etching primer method, 237
smear layer, 233

denture base polymers, 110
alternatives to acrylics, 123
radiopacity, 110
requirements, 110

denture cleansers, 120
and soft lining materials, 132

denture liners, 124
hard reline materials, 124
permanent soft liners, 128
self administered, 132
temporary soft liner, 128
tissue conditioners, 126

denture teeth, see artifi cial teeth
dimensional stability, 26

dimensional change, during
setting, 26

ductility, 9

EBA cement, 280
composition, 280
properties, 280

elasticity, 14
elastomers

comparison of properties, 175
impression materials, 163

enamel bonding, 225
bonded bridges, 228
fi ssure sealants, 227
orthodontics, 240
with composites, 215

endodontic cements, 271, 290, 292
endodontic fi llings
erosion, 13, 27

see also wear
etching, 230

self-etching primer method, 230

fatigue, 12
life, 12
limit, 12

fi bre posts, 214
fi bre reinforced polymers, 122, 213, 

215
fi lling materials

acrylics, 195
amalgam, 181
cohesive gold, 180
composites, 196
historical perspective, 178
mechanical properties, 179
requirements, 178
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silicate cements, 180
thermal properties, 179

fi ssure sealants, 227
glass ionomers, 255

fracture toughness, 10

giomers, 257, 259
fl uoride release, 263
modifi ed composites and 

giomers, 260, 261, 262
glass ionomer cements

for luting and lining, 285
glass ionomers

adhesion, 249
ART, 256
cavity lining, 255
cermets, 252
clinical handling, 252
composition, 245
dentine treatment, 253
erosion, 251
fi ssure sealants, 255
fl uoride release, 251
matrix techniques, 253
mechanical properties, 251
polishing, 254
properties, 248
radiopacity, 252
resin-modifi ed, 257, 262
restoratives, 200
sandwich technique, 255
setting, 247

glass transition temperature, 107, 
110

gold, cohesive gold fi llings, 62, 180
gold alloys, 62

composition, 63
hardening, 65
heat treatments, 67
low gold-content alloys, 68
order hardening, 67
precipitation hardening, 66
properties, 64, 73
see also porcelain fused to metal, 

and see wires
grains, see metals
Gutta Percha, 293
gypsum products, 32

accelerators and retarders, 33
advantages and disadvantages, 

38
anti-expansion agents, 37
applications, 38
composition, 33
impression plaster, 147
manipulation, 33

plaster and stone, 33
properties of set material, 37
requirements of dental casts, 32
setting, 33
setting expansion, 36
see also investments

hardness, 13
values for some materials, 14

hybrid layer
in dentine bonding, 238
in enamel bonding, 238

hydrocolloids
combined agar/alginate, 161
impression materials, 154

hypereutectoid, see steel
hypoeutectoid, see steel

imbibition, of agar, 151
impact strength, 10
implants, 77
impression compound, 148

green stick, 151
impression materials, 136

accuracy, 138
classifi cation, 136
clinical considerations, 142
cross-infection control, 145
elastomers, 163
hydrocolloids, 154
impression compound, 148
impression plaster, 147
impression technique, 144
impression trays, 142
impression wax, 151
manipulative variables, 141
non-elastic, 147
polyethers, 172
polysulphides, 163
requirements, 136
silicones (addition), 168
silicones (condensation), 167
tissue management, 143
viscosity, 150
zinc oxide/eugenol paste, 151

impression plaster, 147
impression trays, 142
impression wax, 151
investments, 46

applications, 51
compensating expansion, 50
gypsum-bonded, 47
hygroscopic expansion, 48
inversion expansion, 47
phosphate-bonded, 49
porosity, 50

properties, 49
requirements, 46
setting expansion, 48
silica-bonded, 49
special liquids, 51
thermal expansion, 47
see also gypsum products

irrigants, in endodontics, 289
irreversible hydrocolloids, alginate, 

158

Krenchel factor, 213

leaching, 28
LED curing lights, 199, 204
leakage, determination, 239
Light activated materials, 199
Light delivery, 204
Luting agents, resin type, 239, 242, 

287
Luting agents, chemically active 

resins, 243
luting cements, requirements, 270

malleability, 9
martensite, see steel
Maryland bridge, 229
matrices, for amalgam, 190
mercury, toxic effects, 188
metals, 53

cold working, 55
crystal structure, 53
dislocations, 55
ductility, 53
equiaxed structure, 53
grain growth, 56
grains, 53
proof stress, 55
quenching, 55
recrystallisation temperature, 55
seeding, 55
slip planes, 53
stress relief, 56
work hardening, 59
see also alloys

mineral trioxide aggregate, MTA, 
294

modulus of elasticity, 9
mucostatic, impression material, 

137
mucostatic impression, impression 

plaster, 147

nanocomposites, 201, 209
nickel-chromium, see base metal 

alloys
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nickel-chromium alloys, see 
porcelain fused to metal

nickel, in alloys, 68, 72, 84
notch sensitivity, 11

orthodontic cements, 271, 287
orthodontics, bonding, 240

palladium, in alloys, 65, 69
Paramonochloropheno1, 290
passivating effect, for steel, 85
pearlite, see steel
phosphate cements, 273

composition, 274
manipulation, 273
properties, 275
setting, 273

plaster, see gypsum products
platinum foil, see porcelain fused to 

metal
Poissons ratio, 8
polyalkenoates, see glass ionomers
polycarboxylate cements, 24
polyethers, impression materials, 

172
polymerisation, 101

activation, 102
addition reaction, 101
condensation reaction, 104
contraction, 107
free radicals, 101
heat of reaction, 107
initiation, 102
light-activated, 199, 204, 206
physical changes caused by, 105
propogation, 102
ring-opening, 104, 207
termination, 104, 197
see also polymers

polymers, 101
chain branching, 104
copolymers, 107
cross-linking, 104
crystalline, 109
fabrication, 109
glass transition temperature, 

104
molecular weight, 104, 104
plasticiser effect, 104
structure and properties, 104
see also acrylics, denture base 

polymers, polymerisation
polysulphides, impression materials, 

163
polyvinylsiloxane, impression 

materials, 169

porcelain
compaction and fi ring, 90
composition, 89
denture teeth, 133
properties, 91
veneers, 97
see also ceramics, procelain fused 

to metal
porcelain fused to metal, 97

bonded platinum foil, 100
capillary technology, 100
gold alloys for, 98
nickel-chromium alloys for, 99
silver-palladium alloys for, 99
tooth preparation for, 99

posts, 214
primers, for dentine bonding, 230, 

234
proof stress, 9
proof stress of gold alloys, 63
proportional limit, 8
pseudoplastic, impression material, 

136
pulp capping, 282

radiopacity, 110, 122
recrystallisation temperature, 55
refractory dies, see investments
resilience, 9
resin-modifi ed glass ionomers, 

257
adhesion, 262
classifi cation, 257
clinical handling notes, 264
composition, 94, 257
dimensional changes, 261
fl uoride release, 263
for luting and lining, 287
mechanical properties, 262
setting, 261
water absorption, 261

radial pressure, 261
reversible hydrocolloids, agar, 154
rheology, 18

Bingham, 19
dilatant, 19
Newtonian, 19
of fi lling materials, 178
pseudoplastic, 19
rotary mixing, 247

setting time, 4, 19
setting characteristics, 175
of impression materials, 142

shelf life, 4
silicate cements, 180

silicone elastomers, soft lining 
materials, 129

silicones
addition type, 168
condensation type, 167

silicophosphate cements, 277
silver, alloy with palladium, 69
silver in endodontics, 291
silver-palladium alloys, see 

porcelain fused to metal
smart behaviour, 251
smear layer, in dentine bonding, 

233
soft lining materials, see denture 

liners
soldering, 69
solid solutions, see alloys
solubility, 27
stainless steel, 85

denture base, 86
see also wires

steel, 84
composition, 84
structure, 84
structure, 84

stone, see gypsum products
strain, 7
strength, 7

compressive, 8
diametral 7
tensile, 8
transverse (fl exural), 6

stress, 6
stress relaxation, 17
surface roughness, 211, 212
syneresis, of agar, 157

tarnish, 31
temporary soft liners, 128
thermal packing, 294
thermal properties, 21

coeffi cient of thermal, 23
expansion, of amlagam, 188
reaction exotherm, 22
thermal conductivity, 21
thermal diffusivity, 21

tissue conditioners, 126
titanium, see implants, wires
titanium, 77
toughness, 10

veneers, see porcelain
viscoelasticity, 14, 131

Maxwell model, 14
Voigt model, 14

viscosity, see rheology
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waxes, 40
applications, 42
beeswax, 41
canauba and candellila, 

41
composition, 40
inlay, 44
modelling, 42
paraffi n, 40
pattern, 40
pattern, 42
properties, 41
requirements, 40

wear, 13
abrasive, 12
erosion, 13
fatigue, 12
see also abrasion

wires, 86
cobalt-chromium, 88
gold alloys, 88
nickel-titanium, 88
requirements, 86
stainless steel, 87
titanium, 88
welding, 87

working time, 5, 19
of impression materials, 140

yttrium, in ceramics, 94

zinc oxide/eugenol cement
composition, 278
properties, 278
root-canal pastes, 279
setting, 278

zinc oxide/eugenol, impression 
materials, 151

zirconia, in ceramics, 93, 94
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