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Introduction

In revising this book for a third edition, the current situation confronting academic dental
materials was considered. On one hand, dental materials is one of the most popular
subjects among those who pursue continuing education seminars and read the dental
literature. On the other hand, most dental students think of dental materials as a basic
science course, filled with facts and concepts that have little application to clinical
dentistry. A perusal of current dental textbooks on restorative dentistry and
prosthodontics reveals that such texts cover much of the subject matter formerly taught
only in dental materials courses. This sign of our success in integrating dental materials
into dental education and research is also a sign that the dental materials curriculum must
continue to evolve to maintain its vital position as an intellectual leader in dental
education. More and more of the traditional approach simply will not do for this third
edition. Instead, we must seize the opportunity to move the field of dental materials
education forward to tackle two major challenges in dentistry: the proliferation of
products and techniques and the information explosion in science and technology. The
recent proliferation of dental products may lead to improved patient care, but keeping up
with the new technology is a challenge to dental materials specialists and educators.

Dental materials textbooks have evolved significantly over the past century. An early
textbook on dental materials provided recipes for a handful of materials (three cements,
amalgam alloys, gold foil, vulcanized rubber, and gold casting materials) and emphasized
formulation, techniques, and crude testing. Then came the research and development
period, when dental materials properties were optimized by the dentist according to the
results of laboratory testing and ADA standards were developed. Dental materials have
been further refined to offer simpler techniques for clinicians and to meet the increasing
esthetic demands of middle-class patients in developed countries.

Another dimension to proliferation is the large number of products and techniques
available for each type of material, which only intensifies the need for dentists to stay
current with the literature. To ease this burden, publications such as Clinical Research
Associates Newsletter, Dental Advisor, and Reality compile new information and provide
monthly updates for dental practitioners. Perhaps the greatest drawback of proliferation is
that many new materials are not sufficiently tested prior to full-scale marketing, thereby
increasing the risk of clinical failures.

As a result of this product explosion, dental materials education has an opportunity to



become a more integral part of the overall curriculum, but to do so it must revise its
approach to teaching. A long-standing problem is that dental materials courses are
grouped with basic sciences, which tends to encourage memorization of facts rather than
understanding of clinical application. A new approach
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(Fig 1)

would be more pragmatic, integrating problem-based learning and evidence-based
dentistry with the traditional overview of clinical materials and materials science

concepts, which is still important. Table 1

Table 1 Longevity of Restorations Commonly Used in Dentistry

Gordon J. Christensen, DDS, MSD, PhD

Material /
Estimated Indications  Contraindications Strengths Weaknesses
longevity
Amalgam, Incipient, Large intracoronal ~ Good marginal  Objectionable
silver /14y  moderate- restorations (cusp seal; strength; color; stains
sized, and replacement); longevity; tooth; marginal
some large endodontically manipulability;  breakdown;
lesions in treated teeth cariostatic alleged health
adolescents activity challenges
and adults
Cast gold Large lesions; Adolescents; high ~ Reproduces Time required
(inlays, teeth caries activity; anatomy well; for placement;
onlays, and  requiring persons who object  onlays and high fee; poor
crowns) /20  additional to gold display crowns may esthetics;
y strength; teeth increase strength thermal
used in of tooth; sensitivity
rebuilding or longevity; wears
changing occlusally



Ceramic
crowns /15y

Ceramic
inlays and
onlays (fired
or pressed) /
10y

Compacted
golds (gold
foil,
powdered
gold, mat
gold) /24y
Compomer /
10y

Glass
ionomer/ 8 y

Hybrid
ionomer/ 10
y

Porcelain-
fused-to-
metal crowns
/20y

Resin

occlusion

Restoration of
teeth
requiring
good
appearance
and moderate
strength
Class 2 and 5
locations
where high
esthetics is
desired

Initial Class 3
and Slesions
for patients of
all ages

Moderate to
high caries
activity;
repair of
crowns;
pediatric
Class 1 and 2
High caries
activity;
Crown repairs

High caries
activity;
repair of
crowns;
pediatric
Class 1 and 2
Teeth that
require full
coverage and
are subject to
heavy
occlusal
forces; fixed
prosthesis
Class 1 and 2

Heavy occlusal
stress; bruxism,;
fixed prosthesis

longer than three

teeth

Teeth that are
grossly broken

down and require

crowns

Periodontally

unstable teeth; high

caries activity;

persons who object

to gold display

Occlusal stress;
locations where
color stability is
necessary

Areas of high

esthetic need; areas
of difficult moisture

control

Occlusal stress;
locations where
color stability is
necessary

Heavy occlusal
stress; bruxism

Bruxers and

similar to
enamel
Esthetics; no
metal content

Esthetic
potential
extremely high;
properly etched
tooth and
restoration may
increase strength
of tooth; onlays
stronger than
inlays

Marginal
integrity;
longevity

Moderate
fluoride release;
easy to use

High fluoride
release

High fluoride
release; tri-
cured; sets in
dark

Strength; good
marginal fit;
acceptable to
excellent
esthetic result

Esthetics; may

Have only
moderate
strength; require
resin bonding for
strength

May create tooth
sensitivity if
bonding agents
are not used
properly; may
fracture during
service

Time-
consuming; poor
esthetics

Color degrades

Only fair
esthetics;
difficult and
time- consuming
to place
Somewhat
difficult to use;
color degrades

Appearance not
as good as some
others; possible
wear of opposing
teeth

Wear of



composite areas of high  clenchers strengthen tooth  restoration

(Class 1,2)/ esthetic need; with acid-etch during service;

10y patients concept no cariostatic
sensitive to activity; may
metal cause tooth

sensitivity if
bonding agents
are not used

adequately
Resin Incipient to Teeth where coronal Esthetics; ease =~ Marginal
composite large Class 3, portion is nearly of use; strength  breakdown over
(Class 3, 4, 4, and 5 gone time; sometimes
5)/ 15y lesions becomes rough;
wear; no
cariostatic
activity
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summarizes the characteristics and indications of current restorative materials. An
understanding of the properties and behavior of materials is essential for selection and
clinical service. Problem-based learning and evidence-based dentistry would be the links
between basic science and clinical practice.

Problem-Based Learning

Problem-based learning is an approach that focuses on developing the skills a student will
need as a practicing dentist. In the dental materials curriculum, this includes selecting
restorative materials as part of treatment planning, explaining their application to patients,
handling materials for optimal results, and correcting problems in their clinical
performance. A well-designed dental materials course will present not only a materials
science framework but also the most current information on available materials. It should
emphasize the selection of competing materials for a given clinical situation, taking into
account not only material properties but also factors such as patient goals and financial
situations. The clinical scenarios that were introduced in the second edition of this book
proved to be helpful exercises in choosing the most appropriate materials, and therefore
their number has nearly doubled for this edition. They present many facts about materials
yet promote an understanding of the clinical application. While experts may disagree with
some of the outcomes of these scenarios, their purpose is to reinforce the rational
decision-making process necessary for treatment planning.

Evidence-Based Approach

The concept behind evidence-based dentistry originated in medicine about 20 years ago,
the premise being to base clinical decisions on factual evidence from scientific studies. In
the area of dental materials, evidence-based dentistry is used to evaluate and determine
the clinical application of new materials. A hierarchy of the different types of evidence
available for assessing the clinical performance of new biomaterials is shown in Fig 2.
The most rigorous type of evidence is published data from large-scale, long-term clinical
trials. Publication in a peer-reviewed journal gives assurance that the design and results of
a study have been reported according to acceptable statistical approaches. Because the life
cycles of dental materials are growing shorter, both critical thinking and knowledge of
basic materials science are necessary to make competent, rational choices. This new



edition incorporates the hierarchy of evidence as a tool for material selection.

The level of evidence needed to evaluate a new material or technology depends on the
level of innovation or the level of risk as compared with the conventional material or
technology. The higher the level of innovation and the greater the potential for harm or
financial loss to the patient or dentist, the higher the standard for evidence. Materials and
technology that are entirely new for a given application have the highest level of
innovation and risk. For example, dentin etching for the purpose of bonding composite
materials to dentin was highly innovative and had many risks when it was first
introduced. The next, lower level of innovation includes major product changes in a
conventional material, such as with high-copper amalgam alloys in the 1970s or hybrid
ionomer cements in the 1990s. Decreasing levels of innovation and risk include minor
product improvements (eg, more shades for a resin restorative material). The majority of
"new products" fall into this category.

Each category in the hierarchy of evidence is described below.
Large-scale, long-term clinical trials

A well-designed clinical trial will have a clearly stated hypothesis about the clinical
performance of a new material when compared with a control material. It will have a
large number of subjects to be sufficiently definitive. A good design will also reduce
subjectivity by using methods such as calibration of observers, double-blind procedures,
and randomization, and the institutional review board of the organization will protect the
study participants. These studies are indicated for adoption of brand new innovations and
major product changes.

Other clinical studies

Other types of clinical study generally are not as decisive as full clinical trials, but they
nevertheless provide valuable information. A cohort study would follow a group of
patients who receive biomaterials, for instance, and record successes and failures related
to their characteristics. Follow-up studies evaluate product longevity and causes of failure
in patients who are treated in a clinic. A significant finding might be one in which a
researcher discovers a high failure rate of a new biomaterial as patients return for
replacement within a short period of time. Short-term clinical studies performed for new
dental restorative materials by manufacturers are common and useful, but they miss long-
term effects and less frequent problems that are usually only evident in larger groups of
patients. Studies in this category are indicated for product improvements and new
techniques.

Animal experiments

Several of the biocompatibility tests for new materials involve animal testing. Animal
tests are valuable, but they are often difficult to interpret. Cytotoxicity screening tests
with cell cultures will detect gross toxicity of a material, but subtle effects require expert
interpretation. Animal tests are required for new compositions or techniques with
questionable biocompatibility.

Physical properties data

The publication of physical properties data on new biomaterials is essential for predicting



successful performance, as compared with a standard material. However, since conditions
in the body are highly complex, data from laboratory tests cannot always be extrapolated
to clinical performance. For example, a new material may be strong when tested in the
laboratory, but it may deteriorate more rapidly in body fluids and thus may not be an
improvement when compared with a standard material. It is important to evaluate all
applicable physical properties of a new material alongside its clinical trials. Physical
properties data are usually necessary for minor improvements in materials, but they are
insufficient for products with a higher level of innovation.

In vitro experiments

The biomaterials literature has many examples of laboratory experiments designed to
simulate the clinical situation. For instance, the wear resistance of biomaterials is often
assessed with toothbrushing machines that use thousands of cycles to simulate years of
daily brushing. Although useful, these experiments are tricky to interpret. In one such
study using a toothbrushing test, a new porcelain glaze was reported to be more resistant
to wear than the current glazes. It was later disclosed that no dentifrice had been used.
Thermocycling, marginal leakage, adhesion testing, and corrosion testing are a few
examples of in vitro tests. They are useful for all new products and techniques.

Deductions from clinical experiments and scientific theories

Deductive reasoning is frequently used to support the superiority of new materials, but it
can be unreliable without supporting data. One example is the conclusion that the caries
rate will be reduced when fluoride-containing materials are used. Original clinical
research on fluoride-containing silicate cements reported that these materials were
associated with a low caries rate. The deduction that other fluoride-containing restorative
materials provide equal caries protection is often unsupported by clinical data. Another
example is the claim that a new high-strength ceramic will have a low clinical failure rate
for posterior crowns. It may be strong, but dental laboratory fabrication and the oral
environment may contribute to clinical failure. This type of evidence is useful during
product development, but very speculative for new products.

Product literature from the manufacturer

There are too many fallacies and extreme claims in dental advertising for this to be a
reliable source of evidence. Advertisements that provide references to the published
literature are more reliable than those that do not cite published studies.

Popular media, rumors, and myths

None of these is reliable.

Recommended Reading

Niederman R, Badovinac R (1999). Tradition-based dental care and evidence-based dental
care. J Dent Res 78:1288-1291.

Sackett DL, Straus SE, Richardson WS, Rosenberg W, Haynes RB (2000). Evidence-
Based Medicine: How to Practice and Teach EBM (ed 2). New York: Churchill-
Livingstone.
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Chapter 1. A Comparison of Metals, Ceramics, and Polymers
Introduction

When a dentist considers the type of restoration to place in a patient's mouth, the choice
may be between different varieties of the same material, for example, different types of
amalgam, or between two kinds of the same basic material, such as two kinds of
metal—amalgam and cast gold. With the rapid developments in dental materials over the
past several years, it is more common that the dentist's choice is between two basic
materials, such as between a metal amalgam and a polymer-and-ceramic composite, or
between a metal crown and an all-ceramic crown.

A wide spectrum of properties is present within each basic material type; nevertheless,
there is a "family resemblance" among the varieties of each material type. For example,
although metals exhibit a wide range of strengths, melting ranges, and so on, they
resemble one another in their ductility, thermal and electrical conductivity, and metallic
luster. Similarly, ceramics can be characterized as strong yet brittle, and polymers tend to
be flexible (low elastic modulus) and weak. These "family traits" of the three basic
materials are more easily understandable, and thus more easily remembered, if we know
the reasons behind them. In fact, simply understanding one key concept for each of the
three basic materials gives us significant insight into how each class of materials behaves
as a restorative dental material, as well as an idea of the potential of these materials if
some of their limitations can be overcome. The relationships among the three basic
materials is shown in Fig 1-1.

—— |horganic salts

—— Ceramics =—— Crystalline ceramics

e— [Glasses
— Alloys
3 basic materials ————fe—etals
Intermetallic compounds
—— Rigid polymers
—— Polymers Waxes

—— Elastomers
Fig 1-1 A tree diagram classifying the three basic materials.
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Selection Among Various Materials

Table 1-1 A comparison of the properties of metals, ceramics, and polymers

Metals Ceramics Polymers
Properties Alloy Intermetalli  Inorgani Crystallin  Glasse Rigid Rubbers
s c c salts e s
compounds
Jardness  vlediu dard viedium dard Jard soft Jery soft
m to
hard
strength viediu viedium viedium {igh igh _ow LOW
m to
high
foughness digh _ow LOW viost low,  _ow LOW viedium
some
high
Ilastic {igh digh {igh {igh {igh  _ow Jery low
modulus
Jlectrical  digh  digh LOW LOW LOW LOW LOW
conductivi
ty
(hermal {igh digh OW OW OW -OW OW
conductivi
ty
(hermal OW  _OW LOW LOW LOW digh {igh
expansion
Jensity {igh digh viedium vledium viedium _ow OW
[ranslucenc None None viedium digh digh digh _OW
y
ixamples  jold- \malgam Jypsum, 3i0,, Jental oly mpressio
coppe phases zinc Al,O4 porcel (methyl n
T phospha ain methacryla material
te te) S
(PMMA)
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Table 1-1 summarizes the general behaviors of the three basic materials discussed in this
chapter: metals, ceramics, and polymers. Certain inherent properties of materials will



influence their selection for use in dentistry. For example, metals are inherently strong, in
general, and have good stiffness (modulus of elasticity). These properties would tend to
recommend them as restorative materials. On the other hand, metals conduct heat rapidly
and are opaque (nonesthetic), limiting their usefulness in restorative dentistry. Ceramics
and polymers are thermally insulating and tend to be more translucent. Hence, these
materials insulate the pulp from extremes of heat and cold and offer the potential of more
lifelike esthetics. They tend to have lower toughness than metals, however, and polymers
have much lower strength.

Because no one class of materials possesses all the desired properties, it is not surprising
that materials tend to be used in combination. The porcelain-fused-to-metal restoration
combines the strength and ductility of metal with the esthetics of dental porcelain. A
ceramic or polymer base is used to insulate the pulp from a thermal-conductive metallic
restoration. A high thermal-expansion, low-strength, low-elastic-modulus polymer is
reinforced with a low thermally expanding, high-strength, high-elastic-modulus ceramic
filler to form a dental resin composite material. An understanding of the advantages and
limitations of the various types of materials enables us to make selections based on the
best compromise of desired properties versus inherent limitations.

Predicted Versus Actual Strengths

It is possible to predict the strength of a material from the strengths of the individual
bonds between the atoms in the material. The values of strength obtained by such a
prediction are typically 1 million to 3 million pounds per square inch (psi), or about 7 to
21 GPa. Actual strengths of most materials are ten to 100 times lower.

Why do materials fail to exhibit the strengths one would expect from the bonds between
atoms? Why do ceramics break suddenly without yielding, whereas metals often yield
and distort to 120% or more of their original length before fracturing? Why are polymers
so much weaker and more flexible than metals and ceramics? Why do metals conduct
heat and electricity, whereas polymers and ceramics do not? As will be seen in this
chapter, many of the answers to these questions can be understood by knowing only a few
things about the structures of these materials. There is one key concept, for example, that
will not only explain the tendency for ceramics to be brittle, but will also explain all of
the methods used to strengthen ceramics. Similarly, one key concept will explain why
polymers expand about ten times as much as metals or ceramics when heated the same
amount, why polymers are generally weak, why they are ten times more flexible than
metals or ceramics, and why they tend to absorb water and other fluids.

Ceramics
Introduction

Consider a block of material as depicted in Fig 1-2(a)



A A A ]

I N Y0 M— N ]
=== _ L. .-"""-r = ’§ r_’_r\_ _________ K

e

ot

ave =£ ave = — ave =£

I
F|m
I

Fig 1-2 Stress raisers and the effect of their shape on stress concentration. (a) If no stress
raiser is present, the stress is constant across cross section A. (b) If a rounded notch is
present, the stress is constant over most of the cross section. (¢) As the notch becomes
sharper, the stress concentration becomes greater.

If this block is stretched by applying a force, F, the stress at any point on cross section A
is the same as the average stress, G,y.. For example, if the cross-sectional dimensions of
the block are 1/2 in x 1/2 in = 1/4 in* (1.27 cm x 1.27 cm = 1.61 c¢m?), and a force of
3,000 1b (13 kN) is applied, the average stress along cross section A is 12,000 psi (83
MPa). However, if a semicircular groove were machined across one side of the block of
material, as depicted in Fig 1-2(b), the stress at each point across a plane passing through
this groove would not be the same as the average stress. The stress would be constant
over most of the cross section, but near the groove, the stress would suddenly rise and
reach a maximum right at the edge of the groove. This phenomenon occurs around any
irregularity in a block of material. The groove or other irregularity is called a stress
raiser. The stress around a stress raiser can be many times higher than the average stress
in the body. The amount of increased stress depends on the shape of the stress raiser. For
example, if the stress raiser in our block of material were a sharp notch rather than a
semicircular groove, the stress would increase greatly at the tip of the sharp notch (Fig 1-
2(c)). As the tip of the notch becomes smaller (ie, the notch becomes sharper), the stress
concentration at the tip of the notch becomes greater.

The minute scratches present on the surfaces of nearly all materials behave as sharp
notches whose tips are as narrow as the spacing between atoms in the material. Thus, the



stress concentration at the tips of these minute scratches causes the stress to reach the
theoretical strength of the material at relatively low average stress. When the theoretical
strength of the material is exceeded at the tip of the notch, the bonds at the notch tip break

— .
Stress concentration  je===c=-ao--] Thearetical
moves with crack front strength

Stress —
Stress =

FAVEFAJE mmemmmmmeobomaccmmeceem—a -
stress

Fig 1-3 Role of stress raisers in achieving localized stresses as great as the theoretical
strength of the material. The stress at the tip of the notch reaches the theoretical strength
of the material even though the average stress is many times lower. As the most highly
stressed bond breaks (a), the stress is transferred to the next bond (b).
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(Fig 1-3(a)). The adjacent bonds now are at the tip of the notch and thus are at the point
of greatest stress concentration (Fig 1-3(b)). As the crack propagates through the material,
the stress concentration is maintained at the crack tip until the crack moves completely
through the material.* This stress concentration phenomenon enables us to understand
how materials can fail at stresses far below their expected strength. This situation exists in
the cutting of glass. When glass is cut, a line is scribed on one surface with a diamond
point or a hardened steel glass-cutting wheel. This scribed line is a very shallow scratch
or crack in comparison to the thickness of the glass, but it acts as a stress raiser to
concentrate the stress at the tip of the crack, as already described.




Understanding the effect of stress concentration is the key to understanding the failure of
brittle materials, such as ceramics, which influences their selection as dental materials and
dictates the design of restorations fabricated from these materials.

The tendency for ceramics to fail in a brittle manner at stresses that are far below the
theoretical strengths of these materials can be understood in light of the concept of stress
concentration at surface scratches and other defects. Most of the techniques for
strengthening ceramics can also be understood by virtue of this concept.

* Actually, the exceeding of the theoretical strength of the material at the crack tip is a
necessary but insufficient condition for crack propagation. The remaining condition
involves a balance between the surface energy required to form the two new surfaces of
the crack, and the elastic strain energy arising from the applied stress. This is called the
Griffith energy balance, discussion of which is beyond the scope of this book.

Clinical applications of ceramics

Ceramics are inherently brittle and must be used in such a way as to minimize the effect
of this property. Ceramic restorations must not be subjected, for example, to large tensile
stresses, to avoid catastrophic failure. A method for reducing the influence of the
brittleness of ceramics is to fuse them to a material of greater toughness (eg, metal), as is
done with porcelain-fused-to-metal (PFM) restorations. Ceramics also may be reinforced
with dispersions of high-toughness materials, as is the case with the alumina (Al,O3)-
reinforced porcelain used in porcelain jacket crowns.

Fig 1-4 Brittle fracture (arrows) of ceramic (dental porcelain) due to mismatch in the
coefficient of thermal expansion between porcelain and metal. (Photo courtesy of R. P.
O'Connor, DMD.)

Figure 1-4 shows brittle fractures that occurred in the porcelain of two PFM crowns due
to the mismatch in thermal expansion between the porcelain and metal.



Metals
Effect of ductility on stress concentration

As discussed in the previous section, stress raisers at the surface of a material can cause
the stress in a localized region around the tip of the stress raiser to reach the theoretical
strength of the material. When this happens in a brittle material, a crack propagates
through the material, resulting in fracture (see the footnote on page 3). In a ductile
material, something happens before the theoretical strength of the material is reached at
the tip of the stress raiser that accounts for the tremendous difference in behavior
between, for example, a glass and a metal. As discussed previously, the magnitude of the
stress concentration at the tip of a notch, surface scratch, or other stress raiser is
determined by the sharpness of the stress raiser. If a sharp notch or scratch is present in
the surface of a brittle material, the stress concentration around this notch would be
something like that shown in Fig 1-5(a).
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Fig 1-5 Rounding or blunting of stress raisers that occurs in ductile materials. Stress
concentration is self-limiting in ductile materials because the region under greatest stress,
the tip of the sharp stress raiser (a), yields to round or blunt the stress raiser and lower the
stress (b).

If a stress raiser is present in a ductile metal, however, the material at the tip of the stress
raiser deforms under stress so the sharp notch becomes a rounded groove, as shown in Fig



1-5(b). Because the tip of the stress raiser is now rounded rather than sharp, the stress
concentration at the tip of this stress raiser is much lower. There are two important facts
to recognize in this process:

1. As with brittle materials, the actual strengths of ductile materials are many times less
than those predicted from strengths of bonds between atoms.

2. Unlike the behavior around the notch in a brittle material, the stress concentration
blunts the sharp tip of the stress raiser, thus lowering the stress concentration effect.

Mechanism of ductile behavior

What, then, is responsible for the ductile behavior of a metal? Consideration of what is
happening on an atomic level provides insights into the difference between brittle
materials and ductile ones. A schematic of the arrangement of atoms in a piece of metal is
shown in Fig 1-6.
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Fig 1-6 Tensile stress on a piece of material can be considered stress normal (n)
(perpendicular) to plane A-A’, together with stress parallel (s) to plane A-A’. The stress

parallel to plane A-A' tends to cause the atoms along the plane to slide (shear) past each
other.

If this piece of metal is subjected to a tensile stress as shown, this stress can be resolved
into two components when considered relative to the plane A-A’. One component tends to
move the rows of atoms on either side of the plane A-A" apart from each other, and the



other component tends to cause the planes to slide past one another along the plane A-A'.

The component of the stress that tends to cause the planes to slide past one another is the
one that causes a material to deform plastically. Scientists are able to calculate, from the
bond strengths between the atoms, the stresses that would be required to make one plane
of atoms slide past another plane; these stresses are 100 or more times higher than those
actually observed. If, however, the bonds were to break one at a time and re-form
immediately with the adjacent atom, one plane could move past the other at very low
stress levels.

The mechanism of this process is shown in Fig 1-7.

Fig 1-7 Figure 1-7 (a) through (f) show how the shearing stress can cause a dislocation to



pass through the network of atoms, breaking only one row of bonds at a time. For the
atoms along plane A-A’ to slide past one another all at once would require enormous
stress. The fact that metals yield to stresses much lower than expected is explained by the
breaking of only one row of bonds (perpendicular to the page) at a time.

Figure 1-7 (a) through (f) show how, by breaking and re-forming bonds, an extra plane of
atoms can move along plane A-A’ until this "ripple" in the crystal lattice passes
completely through the material. Multiple repetitions of this process along many planes
similar to A-A’ allow a metal to yield to an applied stress without fracturing. This ripple
in the lattice structure is called a dislocation, and it is responsible for the ductile behavior
of metals.

Metals can be hardened and strengthened by a variety of treatments that make it more
difficult for dislocations to move through the metal lattice. Alloying, cold-working, and
formation of second phases in a metal are all ways of impeding dislocation motion. Some
crystal structures of metals, such as intermetallic compounds, make it difficult for
dislocations to move. The passage of a dislocation through the ordered structure of an
intermetallic compound would result in an unfavorable atomic arrangement, so
dislocations move only with difficulty.

With metals, it is important to remember that their ability to yield without fracturing, as
well as all of the methods for making metals harder and stronger, is understandable in
light of the concept of dislocations in the metal structure.

Other properties of metals, such as their electrical and thermal conductivity, can be
understood as resulting from the metallic bond. In the metallic bond some of the
electrons are free to move rapidly through the lattice of metal ions. This unusual aspect of
the metallic bond enables metals to conduct heat and electricity.

The electronic structure of the metallic bond also accounts for the opacity of metals.
Figure 1-8 illustrates the metallic bond with its lattice of positively charged metal ion
cores and electrons that are free to move between the ion cores.
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Fig 1-8 Representation of the metallic bond showing the metal ion cores surrounded by
free electrons. (After Lewis and Secker, 1965.)

Dislocations in ceramic materials and in intermetallic compounds

Why do ceramic materials not yield in the same manner as metals? The answer to this
question involves consideration of two types of ceramic materials:

1. Amorphous materials (glasses)—Glassy materials do not possess an ordered
crystalline structure as do metals. Therefore, dislocations of a crystalline lattice cannot
exist in glassy materials. Thus, glasses have no mechanism for yielding without fracture.

2. Crystalline ceramic materials—Dislocations exist in crystalline ceramic materials, but
their mobility is severely limited, because their movement would require that atoms of
like charge be brought adjacent to one another, as seen in Fig 1-9. The energy required to
do this is so large that dislocations are essentially immobile in crystalline ceramic
materials.

Intermetallic compounds, unlike ordinary metal alloys, have a specific formula (eg,
Ag;Sn, the main component of dental amalgam alloy powder) and an ordered
arrangement of atoms. The movement of a dislocation through this ordered structure
would produce a disruption of the order similar to that shown in Fig 1-9 for crystalline
ceramic materials. Hence, dislocations move only with difficulty in intermetallic
compounds, and this property renders them more brittle than ordinary metal alloys.
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Fig 1-9 The alternating charges of an ionic structure (crystalline ceramic) do not allow
dislocations to move along plane A-A’. If a dislocation were to pass through such a
structure, it would result in ions of like charge coming into direct contact, which would
require too much energy.

Clinical applications of metals

Metals are generally ductile and tough when compared to ceramics, although a few types
of metals, such as dental amalgams, are markedly more brittle than others. This ductility
allows the margins of castings to be burnished, orthodontic wires to be bent, and partial
denture clasps to be adjusted. Figure 1-10 shows how the ductility of metal allows the
wire clasp for a partial denture framework to be bent permanently to provide the desired
retention. The ductile behavior of the partial denture alloy can be contrasted with the
brittle behavior of the intermetallic material, dental amalgam, as shown in Fig 1-11.



Fig 1-10 Ducti'lity of metal as illustrated by the adaptation (bending) of a partial denture
wrought wire clasp.

Fig 1-11 Brittle fracture of an amalgam post and core that had supported a PFM crown.
Set dental amalgam is a mixture of several intermetallic compounds. Intermetallic
compounds tend to be brittle rather than ductile. (Photo courtesy of R. P. O'Connor,
DMD.)

Polymers



Introduction

The behavior of polymers is fundamentally different from both ceramics and metals. To
understand this difference, it is useful to consider the modulus of elasticity and the
strength of polymers at a molecular level.

Modulus of elasticity

When chains of polyethylene are aligned parallel to one another and are subjected to a
tensile stress along their long axes (Fig 1-12(a)), the stress required to stretch the atoms in
the chains farther apart is surprisingly high. In fact, the modulus of elasticity of
polyethylene when measured in this way is 30 million psi, about the same as steel!
However, if the applied stress is perpendicular to the long axes of the chains (Fig 1-
12(b)), the modulus of elasticity is only about 0.5 million psi. The high modulus of
elasticity (30 million psi) in the first case results from the strong bonds between the atoms
within polymer chains. The low elastic modulus (0.5 million psi) in the second case
results from the weak bonds between atoms in adjacent chains.

Bulk polymers have their polymer molecules in a more random, tangled arrangement, and
hence there are somewhat fewer secondary bonds between chains than when the chains
are perfectly aligned. The tangling and coiling of the polymer molecules make polymers
even more flexible, because of the lower stress required to straighten out a coiled
molecule compared to the stress necessary to stretch the atoms in a molecule farther apart.



Fig 1-12 (a) Strong (primary) bonds between atoms within a polymer chain result in a
high stiffness (modulus of elasticity) when aligned chains are stretched along their
lengths. (b) Weak (hydrogen) bonds between atoms in adjacent chains result in a low
modulus of elasticity when aligned chains are stretched perpendicular to their lengths.

Strength

The low strength of polymers when compared to ceramics and metals can also be
understood in terms of the strong bonds within polymer chains and the weak bonds
between polymer chains. If the rule-of-thumb value for theoretical strength, 0.1E, is
applied to the oriented polyethylene fiber shown in Fig 1-12(a), a value of 3 million psi is
obtained for the theoretical strength of polyethylene. Typical bulk polymers, however,
seldom have tensile strengths of more than 10,000 psi. The weak secondary bonds
between polymer chains allow these chains to slide past one another at much lower
stresses than those required to break the bonds within the chains.

Thermal expansion
The increase of the temperature of a material as the result of increased atomic vibration

within it is a familiar concept. This atomic vibration is limited by the bonds between
atoms in a material such that when strong bonds are present between atoms, the atoms



vibrate over a small amplitude, and when weak bonds are present, the atoms vibrate over
a large amplitude. Ceramics and metals are characterized by strong bonds between atoms,
and the secondary bonds play an insignificant role in their properties. As a result, most
ceramics and metals expand relatively little when heated—that is, their coefficients of
thermal expansion are relatively low. Polymers, however, are characterized by strong
bonds within polymer chains and weak bonds between polymer chains. Thus, the
vibration of carbon atoms within the polymer chain is restricted in the directions parallel
to the long axis of the chain, but the atoms are free to vibrate in the two directions
perpendicular to the long axis of the polymer chain. As a result, when a polymer is
heated, the chains must move farther apart to allow for the larger-amplitude vibration,
which occurs perpendicular to the long axes of the polymer chains. This phenomenon
accounts for the large coefficient of thermal expansion exhibited by polymers. Figure 1-
13 illustrates the different thermal expansion behaviors of a polymeric material and a
crystalline material.
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Fig 1-13 The different thermal expansion behaviors of a polymeric material and a
crystalline material.

Water absorption

Because of the weak secondary bonds in polymer materials, water molecules are able to
penetrate between the polymer chains in a process called water absorption. Water
absorption has both positive and negative aspects. On the positive side, it is the main
factor in correcting the 0.5% processing shrinkage that occurs during the fabrication of
heat-cured denture bases. When the acrylic polymer absorbs water, the polymer
molecules are forced apart slightly, causing the denture base to expand. This expansion
during water absorption compensates for the processing shrinkage.

On the negative side, water is responsible for the hydrolytic degradation of polymers. In
addition, the ions carried by the water may cause the polymer to break down more

quickly or to become stained or malodorous.

Effect of cross-linking



Because many of the undesirable properties of polymers are due to weak bonds between
polymer chains, it would seem that a way to improve them would be to link chains
together with primary chemical bonds. In fact, this method, called cross-linking, is
widely used to improve strength, resistance to water absorption, abrasion resistance, and
other properties of polymers. Because of the small number of primary bonds in a given
volume of polymer material as compared to ceramics or metals, however, polymer
properties remain generally inferior even with cross-linking.

The key to understanding polymers is that the low strengths and elastic moduli of
polymers, as well as many other distinctive properties, can be seen in light of the concept
of strong bonds within polymer chains and weak bonds between polymer chains.

Clinical applications of polymers

Polymers have had limited use as restorative materials by themselves because of their low
strength and high thermal expansion. Some of the unfavorable properties of polymers
have been mitigated by the incorporation of inorganic fillers to form composite materials.
Modification of the polymer resins themselves to make them hydrophobic has improved
their resistance to water absorption. The properties of polymers may be further improved
by increasing their crystallinity, but the bonds between chains in crystalline polymers are
still only secondary bonds. The intrinsic weaknesses of polymers will probably continue
to limit their use as restorative materials. The incisal fracture of a Class 4 microfilled
composite restoration is shown in Fig 1-14. Microfilled resin composites tend to have
considerably lower levels of the stronger inorganic filler, and so the stresses are borne
more heavily by the weaker resin matrix. In Class 4 restorations, microfills generally have
insufficient strength to withstand the stresses that may be encountered.

Fig 1-14 Fracture of a Class 4 microfilled composite restoration. The low filler content of
most microfills leaves the polymer matrix bearing the majority of the stress. Polymers are
generally too weak for bearing large stresses. (Photo courtesy of C. D. Smith, DDS.)

Glossary

alloy A material that exhibits metallic properties and is composed of one or more
elements—at least one of which is a metal. For example, steel is an alloy of iron and



carbon, brass is an alloy of copper and zinc, and bronze is an alloy of copper and tin.

amorphous Literally, "without form." Atoms in crystalline solids exhibit an ordered
arrangement, whereas atoms in amorphous solids lack this long-range periodicity.

ceramic In the broadest sense, a compound of metallic and nonmetallic elements. By this
definition, materials ranging from aluminum oxide (Al,O3) to table salt (NaCl) are
classified as ceramics. In dentistry, gypsum (CaSO;, - 2H,0), many dental cements (eg,
zinc phosphate), and porcelains are examples of ceramic materials.

cross-linking A method for making a polymer stronger and more rigid by creating
chemical bonds between the molecular chains in the polymer.

crystalline Having atoms or molecules arranged in a regular, repeating three-dimensional
pattern. Metals are nearly always crystalline; ceramics and polymers can be crystalline or
noncrystalline (amorphous).

dislocation A defect in a crystal that is caused by an extra plane of atoms in the structure
(see Fig 1-7). The movement of dislocations is responsible for the ability of metals to
bend without breaking.

intermetallic compound A chemical compound whose components are metals. The
gamma phase of amalgam, Ag;Sn, is an example of an intermetallic compound.

metal A crystalline material that consists of positively charged ions in an ordered, closely
packed arrangement and bonded with a cloud of free electrons. This type of bond, called a
metallic bond, is responsible for many of the properties of metals—electrical and thermal

conductivity, metallic luster, and (usually) high strength.

metallic bond One of the three types of primary (strong) chemical bond. (Ionic and
covalent are the other two.) Metallic bonds involve the sharing of valence electrons
among all atoms in the metal. Metallic bonds are responsible for many of the distinctive
properties of metals, including electrical conductivity.

modulus of elasticity A measure of the stiffness or flexibility of a material. A stiff
material has a high modulus of elasticity, and a flexible material has a low modulus of
elasticity. Also called Young's modulus. (See chapter 2 for more detail.)

polymer A material that is made up of repeating units, or mers. Most polymers are based
on a carbon (-C-C-C-C-) backbone in the polymer chain, although a silicone (-O-Si-O-Si-
O-) backbone is important in many polymers.

stress raiser An irregularity on the surface or in the interior of an object that causes
applied stress to concentrate in a localized area of the object. Other things being equal,
the sharper the stress raiser, the greater the localized stress around it.

water absorption The penetration of water into the structure of a material. Water
absorption by polymers can help offset the effects of processing or polymerization
shrinkage (as in heat-processed denture bases), but it can also have detrimental effects,
such as discoloration and leaching of unreacted components. For water to be absorbed
into the structure of a material, it must first be adsorbed onto the surface. Because both
phenomena occur when water is absorbed, the process is often referred to simply as water



sorption.

Discussion Questions

1. Although metals have had a long history of application as restorative materials, which
properties of metals are causing a decline in their use? Which properties will promote

their use for dental applications for many more years?

2. Which physical properties are related to the large differences in wear resistance of
polymers and ceramics?

3. Although the strength values of materials based on testing and reported in research
publications are often high, dental devices may fail at low levels of stress. Explain and
indicate how materials need to be used in dentistry to achieve the full strength potential of
the materials used.

4. Why are the mechanical properties of materials so important in restorative dentistry?

5. How does the atomic bonding of materials determine many of the observed properties
of materials?

Study Questions
(See Appendix E for answers.)

1. Characterize the three basic materials (metals, ceramics, and polymers) in regard to
modulus of elasticity, strength, ductility, and coefficient of thermal expansion.

2. Describe the relationship between the shape of a stress raiser and the concentration of
stress around it.

3. Discuss the key concept for each of the three basic materials and show how it explains
the properties of each.
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Chapter 2. Physical Properties and Biocompatibility
Introduction

Physical properties determine how materials respond to changes in their environments,
and biocompatibility relates to the effect a material has on the tissue it contacts. The
relationships among the various properties are classified according to the scheme in Fig
2-1.
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Fig 2-1 A tree diagram classifying physical properties.

Mechanical Properties
Introduction

The concepts of stress, strain, modulus of elasticity, plastic deformation, and other
properties were introduced in chapter 1. Because of the unfamiliarity and abstruse nature
of many of these concepts, they will be discussed here in somewhat greater depth, and
some additional concepts will be introduced as necessary to understand the physical



behavior of materials.
Stress

Consider again the block of material described in the previous chapter that was 1/2 in x
1/2 in (1.27 cm x 1.27 em) in cross section and was subjected to a 3,000-1b (about 13 kN)
load. As was pointed out in that example, the stress experienced by that
block—determined by dividing the force by the cross-sectional area of the block—is
12,000 psi, or 83 MPa. Stress (o) is the force (F) divided by the cross-sectional area (4):

Now consider a similar block, but with smaller dimensions—1/4 in x 1/4 in (about 0.6 cm
x 0.6 cm) in cross section (area of 1/16 in?, or about 0.4 cm?). If this new block is
subjected to the same 3,000-1b (13-kN) tensile load, the stress in this case is 3,000 1b (13
kN) divided by 1/16 in* (about 0.4 cm?) = 48,000 psi (about 330 MPa).

Thus, the usefulness of the concept of stress is apparent. It is not sufficient merely to state
the load or force that is being applied to a dental material, because the stress that is
produced in the material depends just as much on the cross-sectional area on which the
load is acting as it does on the load itself. For instance, if the block that measured 1/4 in x
1/4 in in cross section is subjected to a load of 12,000 1b (about 53 kN) instead of 3,000 Ib
(about 13 kN), the stress is 48,000 psi (about 330 MPa). If the cross-sectional area is
made 4 times smaller (1/4 as large), or if the load is made 4 times larger, the stress is
increased by a factor of 4. Thus, the stress is said to be inversely proportional to the cross-
sectional area and directly proportional to the load.

The basic types of stresses produced in dental structures under a force are tensile,
compressive, and shear. All three are present in a beam loaded in the center. If the value
of these stresses exceeds the strength of the material, the structure will fail. It is therefore
important to know the strength values of materials. It is rare that an object will be subject
to the pure tensile, compressive, or shear stresses experienced by test specimens in a
materials testing laboratory. As shown in Fig 2-2, however, wherever bending forces are
present, tensile stresses are present in critical areas, which could result in failure.



Fig 2-2 (a) Tensile stress (St) at the isthmus of a two-surface amalgam restoration. (b)
Tensile stress at the occlusal surface of a beveled amalgam restoration. (c¢) Tensile stress
at the junctions of a partial denture clasp. (d) Tensile and compressive stresses (Sc) in a
soldering bridge. F = force; A = area. (From Mahler and Terkla, 1958. Reprinted with
permission.)

Strain

When a block of material is subjected to a tensile stress as described in the preceding
section, it temporarily becomes longer by a certain amount. This temporary increase in
length is called strain. A few examples will illustrate how strain is described. Consider
the block with the cross section of 1/4 in x 1/4 in = 1/16 in? (0.6 cm x 0.6 cm = 0.4 cm?)
and assume it has a length of 10 in (25.40 cm) when no load is applied. If the length is
measured while the 3,000-1b (13-kN) load is being applied and the new length is 10.016
in (25.441 cm), the strain is computed by dividing the increase in length (0.016 in, 0.041
cm) by the original length (10.000 in, 25.40 cm) to obtain 0.0016. Strain is a
dimensionless quantity because we are dividing unit length by unit length, but sometimes
it is written as "in/in" or "cm/cm." Strain can also be expressed in a percentage, in which
case the dimensionless value is multiplied by 100%. In the given example, the strain
would be 0.16%.

If a piece of the same material with the same cross section but 11 in (27.940 cm) long



were subjected to the same load (3,000 Ib, about 13 kN), and the length of the block of
material were measured while the load was being applied, it would be 11.0176 in
(27.9847 cm). To compute the strain produced, the change in length (0.0176 in, 0.0447
cm) is divided by the original length (11.0000 in, 27.9400 cm); the strain is determined to
be 0.0016 (or 0.16%), the same value obtained above for the block of material measuring
10 in (25.4 cm). Thus, it can be seen that strain is independent of the length of the
specimen.

Now consider a bar of high-strength steel, 1/4 in x 1/4 in = 1/16 in® (0.6 cm x 0.6 cm =
0.4 cm?) in cross section and 10 in (25.4 cm) long, that is capable of supporting a tensile
load of 6,000 1b (about 27 kN). If the length of this bar were measured while under this
6,000-Ib (27-kN) load, it would be 10.032 in (25.4813 c¢m). If the strain is computed as
before, the change in length (0.032 in, 0.0813 cm) divided by the original length (10.000
in, 25.4 cm) is found to be 0.0032 or 0.32%. Hence, it can be seen that if the cross-
sectional area of the block of material is kept the same and the applied load is doubled,
the strain experienced by the material is doubled.

Elasticity

The preceding examples showed that both stress and strain are directly proportional to the
load applied when the cross-sectional area is kept the same. Hence, if the load is doubled,
both the stress and the strain likewise will be doubled. It can be seen that the ratio
between stress (o) and strain () is the same, thus:
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The property of having a constant ratio of stress to strain is called elasticity, and the
constant that is the ratio of stress to strain is called the modulus of elasticity. To gain a
clearer understanding of the concept of elasticity and to see what it means for two
materials to have different moduli of elasticity, it is helpful to consider the analogy of two
springs of different stiffnesses, as shown in Fig 2-3. Spring 2 is stiffer than spring 1;
therefore, when they support equal weights, the stiffer spring is extended a smaller
amount. Increasing the load from 1 Ib (4.4 N) to 2 Ib (8.9 N) causes each spring to extend
twice as much as it did under the 1-1b (4.4-N) load. Subjecting both springs to a 3-1b (13-
N) load causes each one to extend 3 times as much as it did under a 1-lb (4.4-N) load, and
so on. It can be seen that, irrespective of the load applied for either spring 1 or spring 2,
the ratio of the extension to the load is a constant for that spring. However, the constants
for the two springs are different. In this analogy, the extension of the spring corresponds
to strain, the load or weight on the spring corresponds to stress, and the spring constant
corresponds to the modulus of elasticity.

It is obvious that more weight cannot be added to a spring indefinitely and still have the
extension increase proportionately. At some point the spring will become "stretched out"
and will not return to its original size when the weight is removed. In the same way, when
a material is stressed above a certain point, stress is no longer proportional to strain. The
highest stress at which stress is proportional to strain is called the elastic limit, or the
proportional limit. Because this stress is difficult to determine precisely, as it would
entail looking for an infinitely small deviation from proportionality, it is customary to
designate a certain permanent deformation or offset (usually 0.002, or 0.2%) and to report
the yield strength of the material at this strain. Thus the terms "elastic limit" and
"proportional limit" are synonymous, whereas "yield strength" has a slightly different



meaning. The yield strength of a material is always slightly higher than the elastic limit.

If a material continues to have more and more weight applied to it, it will of course
eventually break. If the material is being stretched (tensile loading), the stress at breakage
is called the ultimate tensile strength (UTS). When many metals are stressed above their
proportional limits, they undergo a process called work hardening, and actually become
stronger and harder. But with the increased strength provided by work hardening comes
increased brittleness. It is thus very important to avoid overdoing it when bending a wire
or a partial denture clasp—too much bending of the metal back and forth will make it
harder and more brittle.

The modulus of elasticity is an inherent property of the material and cannot be altered
appreciably by heat treatment, work hardening, or any other kind of conditioning. This
property is called structure insensitivity, because it is not sensitive to any alteration to the
structure (meaning the microstructure) of the material. The modulus of elasticity is one of
the few properties that is not sensitive to any alteration of the structure of the material.
The yield strength of a material, for example, is sensitive to work hardening and will
increase with increasing amounts of work hardening.
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Fig 2-3 The concept of modulus of elasticity using the analogy of springs. Spring 1 is a
flexible spring, representing a material with a low modulus of elasticity. Spring 2 is a stiff
spring, representing a material with a high modulus of elastici