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The failure of amalgam dental restorations due to
cyclic fatigue crack growth
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In this study a restored mandibular molar with different Class II amalgam preparations was
examined to analyze the potential for restoration failure attributed to cyclic fatigue crack
growth. A ®nite element analysis was used to determine the stress distribution along the
cavo-surface margin which results from occlusal loading of each restoration. The cyclic crack
growth rate of sub-surface ¯aws located along the dentinal cavo-surface margin were
determined utilizing the Paris law. Based on similarities in material properties and lack of
fatigue property data for dental biomaterials, the cyclic fatigue crack growth parameters for
engineering ceramics were used to approximate the crack growth behavior. It was found that
¯aws located within the dentine along the buccal and lingual margins can signi®cantly
reduce the fatigue life of restored teeth. Sub-surface cracks as short as 25 mm were found
capable of promoting tooth fracture well within 25 years from the time of restoration.
Furthermore, cracks longer than 100mm reduced the fatigue life to less than 5 years.
Consequently, sub-surface cracks introduced during cavity preparation with conventional
dental burrs may serve as a principal source for premature restoration failure.
# 1999 Kluwer Academic Publishers

1. Introduction
It is generally accepted among dentists that a signi®cant

portion of their clinical activities are occupied by the

replacement of existing restorations. Moore and Stewart

[1] estimated that the average dental practitioner

allocates almost 40% of their time repairing defective

restorations. Indeed, Goldberg et al. [2] and White et al.
[3] independently reported that nearly one-third of all

restorations are defective and eventually require repair or

complete replacement. More than 50% of these failures

are attributed to either a missing or partially missing

restoration with evidence of tooth fracture or cracking

[3]. Hence, the failure of dental restorations is a

signi®cant problem that requires further study.

Based on a number of contributing factors, the primary

cause for restoration failures has not been clearly

distinguished. Cavity design, cavo-surface margin adhe-

sion, and the methods of cavity preparation (instruments,

techniques, etc.) could all contribute to restoration

success. Lambert [4] suggested that the likelihood of

tooth fracture increases with amalgam size. Indeed, Vale

[5] showed that premolar teeth with relatively small

restorations are stronger than those with large ones.

However, Re and Norling [6] found that the static axial

load required to fracture molars with amalgam restora-

tions increased with cavity preparation and size.

Therefore, restoration failures may be only partially

attributed to cavity design.

Various surface conditioners, primers, and methods of

curing have been developed to maximize amalgam

retention and diminish restoration failure [7].

Interestingly, Tam and Pilliar [8] suggested that cavo-

surface margin adhesion should be examined using

fracture mechanics because of a comparatively low

adhesive fracture toughness and the presence of

interfacial microscopic ¯aws. Although a refreshing

approach, ¯aws are much more likely present in the tooth

resulting from cavity preparation. Indeed, Watson [9, 10]

documented the development of sub-surface cracks

ahead of the burr when cutting from the buccal surface

towards the dentinoenamel junction (DEJ). Watson

[11, 12] consequently reasoned that residual sub-surface

cracking produces a weak bonding surface. The extent of

sub-surface damage which resulted from clinical tooth

preparation with abrasive diamond burrs was recently

quanti®ed by Xu et al. [13]. Sub-surface cracks were

found in the prepared enamel that extended to depths of

80+ 34 mm. Therefore, crack propagation within the

enamel or dentine during mastication could be a principal

source of restoration failure.

The purpose of this investigation was to examine the

potential for restoration failures originating from sub-

surface ¯aws introduced during cavity preparation. A

semi-empirical model was used to predict the life of

restored mandibular molars with standard Class II

amalgam preparations resulting from cyclic fatigue
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crack growth. Based on this investigation, the in¯uence

of various oral factors on the integrity of restored teeth

are examined, and the implications to future dental

practices are discussed.

2. Method of approach
Reports from experimental observations by Watson [9±

12] and Xu et al. [13] have distinguished that

microscopic ¯aws are frequently introduced to the

tooth during cavity preparation. Assuming that the ¯aw

extends below the cavo-surface margin as a crack with

negligible root radius, then linear elastic fracture

mechanics (LEFM) is an appropriate method for

analysis. However, the cyclic stress distribution resulting

from mastication undoubtedly promotes fatigue crack

propagation.

2.1. Analysis of fatigue crack growth under
cyclic loads

If a sub-surface crack is initiated during cavity

preparation, then the restoration fatigue life is exhausted

entirely through cyclic crack propagation. The incre-

mental fatigue crack growth rate may be determined

using the Paris law [14] according to

da

dN
� C�DK�m �1�

where �da=dN� is the cyclic crack growth rate and a and

N are the incremental crack length and number of fatigue

cycles, respectively. The Paris law parameters C and m
are empirical constants which are dependent on material

properties; they are often available from the literature or

may be obtained from an experimental analysis. The

stress intensity range DK in Equation 1 is expressed in

terms of the stress state and crack length according to

DK � FDs�pa�1=2 �2�
where Ds is the stress range �smax ÿ smin� and F is a

geometry factor which accounts for geometry and

boundary conditions. The number of cycles to failure

�Nf� or restoration ``fatigue life'' can be found by

integrating Equation 1 over the limits of integration from

the initial ai to the ®nal crack length af . Rewriting

Equation 1 for the fatigue life then gives

Nf �
Zaf

ai

da

C�DK�m �3�

Since the geometry factor F is also a function of the ¯aw

length and changes with crack growth, the integral

expression in Equation 3 cannot be solved in closed

form. However, it is often assumed that the geometry

factor does not change appreciably with crack growth

from that evaluated at the initial crack length; this

becomes most appropriate for brittle materials which are

extremely ¯aw sensitive. The ®nal crack length af in

Equation 3 is the critical ¯aw length which promotes

failure at the maximum applied stress. According to

LEFM, af may be conveniently found from

af �
1

p
KIc

Fsmax

� �2

�4�

where KIc is the plane strain fracture toughness of the

material. If the stress range and the initial and ®nal ¯aw

lengths are known, the total number of cycles to failure

for a restored tooth with sub-surface ¯aws may be

determined. An application of the Paris law to dental

restorations requires that the opening mode global stress

(s) resulting from occlusal loading can be determined,

and that the appropriate Paris law constants are available.

2.2. Finite element analysis
A ®nite element model (FEM) for a restored mandibular

molar with Class II amalgam preparation was developed

in this study to determine the stress distribution resulting

from occlusal loading. A cross-section of the clinical

crown was utilized for the proposed analysis, as shown in

Fig. 1. Both the dimensions and shape of the molar were

obtained from the permanent dentition traits reported by

Kraus et al. [15]. A plane strain analysis was considered

most appropriate according to the restoration con®gura-

tion and displacement restriction promoted by adjacent

teeth. Also, the maximum degree of deformation during

mastication occurs primarily in the buccal and lingual

directions due to the cusp geometry; elastic deformation

in the distal direction is far smaller in comparison.

Therefore, a plane strain analysis of the tooth is most

consistent with the physiological conditions present in

natural dentition.

Two different amalgam con®gurations were chosen to

broaden the scope of the ®nite element analysis including

a symmetric and non-symmetric geometry. The size and

shape of the two amalgams examined in this study are

shown in Fig. 2. A commercial computer-aided design

and ®nite element software was used to develop the

model geometry and ®nite element mesh for each

restoration con®guration [16]. Both the tooth and

amalgam were meshed with four node plane strain

isoparametric elements using an average element edge

length of 0.25 mm. The symmetric and non-symmetric

models were comprised of approximately 2200 and 1220

total elements, respectively.

Mechanical properties for the ®nite element model

Figure 1 Unrestored crown model with dimensions.
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were obtained from a variety of sources. Properties of the

dentine, pulp, and amalgam were obtained from a survey

of the results reported and used by various investigators

[17±20]. Each of these materials were assumed to exhibit

isotropic behavior as reported. In contrast, the enamel

was considered as an anisotropic material according to

the recent work by Spears et al. [21]. Because the minor

Poisson's ratio for enamel was not available, the

reciprocal relation [22] was employed using the major

and minor elastic moduli, and major Poisson's ratio

available in the literature. All mechanical properties used

for the ®nite element models are listed in Table I.

Following development of the solid models and ®nite

element mesh, each model was processed using

ABAQUS [23], another commercial ®nite element

software, which permits an advanced treatment of

contacting interfaces. Though limited information is

available on the properties of the cavo-surface margin, it

is generally accepted that the amalgam is not perfectly

bonded. Therefore, the ability to model variations in the

cavo-surface margin adhesion was an important neces-

sity for this study. The pulpal ¯oor was considered to be

perfectly bonded under all conditions of analysis.

However, the buccal and lingual margins were examined

using conditions which describe both perfect and

imperfect bonding. Perfect bonding required that both

the tensile and compressive stresses remained continuous

across the interface, whereas imperfect bonding condi-

tions maintained only compressive stress continuity.

Coloumb friction was also introduced along the cavo-

surface margin to distinguish the relative contribution of

mechanical interlocking along the interface; friction

coef®cients ranging from 0.0 to 4.0 were considered. The

degree of mechanical interlocking could be a product of

the surface texture resulting from cavity preparation or

speci®c surface conditioning.

The boundary conditions for each model were

speci®ed through displacement restrictions at the base

of the crown. Vertical and horizontal displacements at

the base were assumed to be ®xed according to the

support provided by the alveolar socket. A distributed

load was applied along the occlusal surface to simulate

loads incurred during mastication. The distribution in

occlusal load was achieved by applying the total load

uniformly over 10 surface nodes beginning from the

center and extending in the lingual direction as shown in

Fig. 3. A cursory examination revealed that differences

in the stress distribution resulting between a uniform and

Gaussian load distribution were insigni®cant. Based on

an average elemental length of approximately 250 mm,

the total load was distributed across 2.5 mm of the

occlusal surface. The total resultant force was varied

from 0 to 300 N as per reports of occlusion by Bates et al.
[24], and Carlsson [25]. In addition, the resultant load

was adjusted between simulations from a vertical

Figure 2 Schematic diagrams of the meshed models: (a) symmetric;

(b) unsymmetric.

T A B L E I Mechanical properties used in the ®nite element analysis

Material E1 E2;E3 v12 v13; v23

(MPa) (MPa)

Amalgam 50.06 103 50.06 103 0.29 0.29

Dentine 20.06 103 20.06 103 0.31 0.31

Enamel 80.06 103 20.06 103 0.30 0.08

Pulp 2.07 2.07 0.45 0.45 Figure 3 Tooth with boundary conditions and applied occlusal load

(symmetric amalgam).
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orientation (90�) to an orientation of 45�, in increments

of 15�. Variations in the occlusal load orientation

represent effects related to variations in occlusion and

jaw symmetry. A summary of the range in oral conditions

considered in the numerical analysis is highlighted in

Table II.

3. Results
A ®nite element analysis of a mandibular molar with two

different Class II amalgam restorations was conducted

according to a speci®c set of analysis conditions as

described in Table II. For each ®nite element simulation,

the magnitude and location of maximum tensile stress

within the molar were recorded. Although stresses within

the amalgam were also examined, they were found to be

consistently lower than those within the restored molar.

At the location of either maximum normal or shear stress,

the maximum principal stress and its orientation were

determined. The normal �s11;s22� and shear stress �s12�
distribution within the unsymmetric amalgam restoration

which results from mastication is shown in Fig. 4; a

200 N occlusal load with 60� orientation and coef®cient

of friction equal to 4.0 were used for the simulation. The

stress contours in this ®gure clearly elucidate the

geometric stress concentration resulting near the pulpal

¯oor. Regardless of occlusal load or marginal friction,

the maximum principal stress in each restored molar was

found to exist within the dentine near the pulpal ¯oor and

cavo-surface margin junction. Furthermore, through a

comparison of the stress distribution from various

simulations, the in¯uence of occlusal load and cavo-

surface margin adhesion were clearly apparent.

3.1. Occlusal load
Variations in the occlusal load orientation and magnitude

had signi®cant effects on the stress distribution within

both restored molars, as expected. An increase in the

horizontal component of loading with change in occlusal

load orientation from 90� to 45� resulted in an increase in

the tensile stress distribution. Also, the stress distribution

increased linearly with increasing applied load according

to the linear elastic material response. Based on the linear

distribution between the occlusal load and resulting

stress distribution, a mathematical relationship for the

maximum principal stress �s1� in terms of the applied

load was determined for each load orientation �s1�P�jy�.
The maximum principal stress that developed within

each restored molar over the range in occlusal loads and

orientations is shown in Fig. 5; the stresses reported in

this ®gure result from an interfacial friction coef®cient

along the cavo-surface margin of 0.0. Note that the stress

resulting from any applied load can be distinguished

from this ®gure using either an interpolation or

extrapolation as needed.

T A B L E I I The range in oral parameters included in the ®nite

element analysis

Parameter Range

Occlusal load P � 0±300 N
Occlusal load orientation y� 45�, 60�, 75�, 90�

Cavo-surface bondinga Perfect bonding and unbonded

Cavo-surface frictionb m� 0.0, 1.0, 2.0, 3.0, 4.0

aThe pulpal ¯oor is perfectly bonded in all simulations.
bCavo-surface friction is not present during perfect bonding.

Figure 4 The stress distribution within the molar restored with an unsymmetric amalgam (load� 200 N, y� 60�, m� 4.0). The stress contours are

provided for the highlighted region: (a) s11; (b) s22; (c) s12.
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In addition to examining the in-plane stress distribu-

tion �s11;s22 and s12�, the out of plane stress �s33�
resulting from occlusal loading was also recorded. Due to

the nature of in-plane tensile stresses near the cavity

¯oor, as shown in Fig. 4, the out-of plane stress that

developed in the distal direction was also tensile in

nature. Note that according to the plane strain assump-

tion, s33 is actually the intermediate principal stress �s2�
following the convention s1 � s2 � s3. Consequently,

the out of plane stress increased with an increase in

horizontal occlusal loading as well.

3.2. Cavo-surface bonding
The effects of cavo-surface margin adhesion on the stress

distribution which results from occlusal loading were

readily apparent. Perfect bonding on the buccal and

lingual margins (resulting in perfect bonding over the

entire amalgam surface) promoted tensile stresses which

were signi®cantly lower than those present for debonded

interfaces. Peters and Poort [26] reported similar results

while examining the stress distribution of a restored

mandibular molar under occlusal loading using an

axisymmetric ®nite element model. The reduction in

stress with cavo-surface adhesion results primarily from

a decrease of the in-plane normal stress �s22� and shear

stress �s12�. A comparison of the stress distribution

within each restored molar which results from perfect

bonding and no bonding is shown in Fig. 6; an occlusal

load of 200 N with 60� orientation has been applied to

each restored tooth in this simulation. Results for the

perfectly bonded and partially debonded interfaces of the

symmetric restoration are shown in Fig. 6a and b,

respectively; the corresponding stress distribution for the

unsymmetric amalgam is shown in Fig. 6c and d. Note

that the pulpal ¯oor was considered to be perfectly

bonded for both models. Loss of adhesion along the

cavo-surface margin results in a concentration of

compressive normal stress �s22� within the amalgam.

Compressive stresses focused in the amalgam augment

Poisson's expansion and consequently result in an

increase in bending stresses and shear stress within the

supporting dentinal ligament.

3.3. Cavo-surface margin friction
Marginal friction is a product of surface roughness and

the degree of interdigitated amalgam which results from

the methods used for cavity preparation. In comparison

to the in¯uence of load orientation and interfacial

bonding, friction along the cavo-surface margin was

found to be far less important. Nevertheless, the

maximum principal stress �s1� within both restored

molars decreased with increasing coef®cient of friction

�m�, as clearly apparent in Fig. 7. The stress distribution

in these ®gures resulted from an occlusal load of 200 N at

an orientation of 75� from the horizontal plane. As the

orientation of occlusal loading approached 90�, the

in¯uence of interfacial friction decreased. From a

comparison of results from the two amalgam con®gura-

tions in Fig. 7, friction had slightly more in¯uence on the

molar restored with an unsymmetric amalgam.

Although cavo-surface friction had minimal in¯uence

on the magnitude of principal stress, it played a much

larger role on the principal stress orientation. Changes in

the principal axis orientation with m were attributed to

changes in the in-plane shear �s12� and transverse

normal stress �s11�. Consequently, the extent of crack

propagation required to reach the critical ¯aw length �af�
according to Equation 4 changes because of the change in

orientation of the maximum opening mode stress. The

most signi®cant in¯uence of cavo-surface friction

occurred from masticatory loads with substantial

horizontal components of occlusal loading �y� 45��.

4. Discussion
A ®nite element analysis of the stress distribution within

two restored mandibular molars with different standard

Class II amalgam restorations was conducted. The

magnitude and location of maximum principal stress

was distinguished as a function of the oral conditions and

masticatory load. Regardless of occlusal load or cavo-

surface margin adhesion, it was found that the largest

maximum principal stress resulted within the dentine,

near the juncture of the buccal plane and pulpal ¯oor.

Therefore, if subsurface cracks were introduced to the

molar during cavity preparation, the fatigue crack growth

rate resulting from mastication would be greatest at this

location. The aforementioned statement is based on the

assumption that the fracture toughness of dentine is

Figure 5 The in¯uence of occlusal load orientation on the magnitude

of maximum principal stress (m� 0.0): (a) symmetric amalgam;

(b) unsymmetric amalgam.
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Figure 6 A comparison of the stress distribution resulting from cavo-surface bonding (load� 200 N, y� 60�): (a) symmetric (tied); (b) symmetric

(untied); (c) unsymmetric (tied); (d) unsymmetric (untied).
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independent of location (or relative distance from the

dentinoenamel junction).

According to Equations 2 and 3, a prediction of the

fatigue life for a restored tooth requires that the global

cyclic stress range �Ds� is known. Results from the ®nite

element analysis provided the maximum stress

�smax � s1� resulting from mastication and its location

within both restored molar con®gurations. The minimum

stress �smin� occurs every masticatory cycle and is equal

to zero. Therefore, the stress range from mastication is

mathematically equal to the magnitude of maximum

principal stress �Ds � s1�. Fatigue crack growth may

also occur due to the out of plane stress �s33 � s2�.
Nevertheless, the in-plane stress intensity range com-

puted according to Equation 2 is greatest because of the

magnitude of in-plane stress. In addition to the stress

range, a fatigue life prediction requires knowledge of the

initial and ®nal crack lengths, and the geometry factor

�F�. As previously discussed, Xu et al. [13] quanti®ed

subsurface cracks in enamel which was prepared with

diamond burs. Using an optical analysis, ¯aws were

found below the machined surface that extended to

depths of 80+ 34 mm. Subsurface ¯aw lengths resulting

from clinical preparation of dentine with dental

instruments have not been reported. According to

measurements of subsurface ¯aws resulting from cavity

preparation in enamel, initial ¯aw lengths that range

between 20 and 150 mm were considered to be most

appropriate for the present study.

The geometry factor �F� which accounts for the

speci®c crack and specimen geometry may be obtained

from handbooks. Xu et al. [13] found that cracks

resulting from cavity preparation typically existed

perpendicular to the surface as a median crack.

Assuming that the cracks can be adequately de®ned as

a penny-shaped surface crack in a semi-in®nite medium

as shown in Fig. 8, the geometry factor is given by [29]

F � 2

p
f1:04�1� 0:1�1ÿ sina�2�g �5�

where a is the angle from the cavo-surface margin to the

point of interest. Utilizing the average F over the range in

a, and the maximum stress range for both molar

con®gurations in Fig. 5 �Ds� 35 MPa�, the stress

intensity range �DK� was calculated according to

Equation 2. The maximum DK for the two restored

molars with subsurface cracks located along the cavo-

surface margin is 0.52 MPa m1/2.

The ®nal or critical ¯aw length �af� in which gross

fracture of the tooth encasement occurs must also be

found to predict the restoration fatigue life. For a

subsurface crack located within the dentine, as shown

in Fig. 8, the critical ¯aw length may be found using the

maximum applied stress and fracture toughness of

dentine as noted from Equation 4. The fracture toughness

�KIc� of human enamel and dentine have been reported

under both standard laboratory conditions [27] and

aqueous environments [28]. An average value for the

fracture toughness of dentine from these reports was

found equal to 3.0 Mpa m1/2. Using this quantity, the

critical ¯aw length �af� estimated as outlined in Equation

4 exceeds the distance from the cavo-surface margin to

the lingual surface (approximately 3 mm). Note that the

®nal ¯aw length is in¯uenced by the oral conditions

(margin adhesion and interfacial friction) and occlusal

load due to their in¯uence on the maximum principal

stress. The maximum stress which causes tooth fracture

is not necessarily the maximum cyclic stress distin-

guished from the ®nite element analysis. Tooth fracture is

typically associated with the application of occlusal

loads which are much greater in magnitude than those

which occur during routine mastication. An increase in

the occlusal load or reduction in fracture toughness

(associated with crack propagation into the enamel)

reduces the critical crack length necessary for fracture to

Figure 8 Location and geometry of the subsurface crack resulting from

cavity preparation.

Figure 7 The in¯uence of friction along the cavo-surface margin on the

magnitude of maximum principal stress (y� 75�): (a) symmetric

amalgam; (b) unsymmetric amalgam.
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occur. According to Equation 4, the crack reaches a

crtical length immediately upon reaching the dentino-

enamel junction due to the extremely low fracture

toughness of enamel. Hence, af is the distance from the

crack tip to the dentino-enamel junction with an

orientation which is de®ned by the plane of maximum

opening mode stress �s1�. Based on these considerations,

a critical ¯aw length of 2.5 mm is chosen as an

appropriate ®nal ¯aw length which facilitates gross

tooth fracture according to LEFM.

The Paris law parameters for dental biomaterials

including C and m in Equation 1 have not been reported

in the open literature. These properties are required for a

meaningful estimate of the cyclic fatigue life for restored

teeth. From inspection, the mechanical properties of

teeth and engineering ceramics are quite similar. In fact,

the fracture toughness and hardness of aluminum oxide

�Al2O3� are well within that reported for dentine and

enamel. Therefore, the Paris law constants for Al2O3 are

used in this investigation to conduct a cursory fatigue life

estimate of the molars with amalgam restorations. Suresh

[14] has reported the Paris law coef®cient and exponent

(C and m) for Al2O3 from a survey of experimental

studies. The parameters obtained from studies with

similar load ratios �R � �smin=smax�%0� are listed in

Table III.

Utilizing the maximum tensile stresses determined

from the ®nite element simulations reported in Fig. 5, and

appropriate material properties as previously described,

the range in cyclic fatigue life for the restored molars was

estimated in terms of an assumed initial subsurface crack

length. The resulting fatigue life estimates are shown in

Fig. 9. As the appropriate fatigue properties for the dental

biomaterials were unavailable, the fatigue life is plotted

over the range in Paris law parameters for Al2O3 listed in

Table III. Variations in life with the Paris law exponent,

and coef®cient are plotted in Fig. 9a and b, respectively.

Note that the parameter space which results in a

restoration life of less than 25 years is highlighted. As

evident in both ®gures, the initial subsurface crack length

resulting from cavity preparation has a signi®cant effect

on the restoration life. In fact, ¯aws initiated within the

dentine equivalent in length to those observed by Xu et
al. [13] in enamel may result in a fatigue life well below

25 years. Cracks larger than 100 mm could result in a

fatigue life of less than 5 years. The range in fatigue life

distribution in Fig. 9a suggests that ¯aws as small as

25 mm could promote restoration failure well within 25

years. Therefore, the introduction of subsurface ¯aws

during cavity preparation could be the principal source

for tooth fracture and a major obstacle for lifelong

oral health. No study has previously identi®ed the

signi®cance of subsurface cracks initiated during cavity

preparation on the failure of dental restorations.

Sakaguchi et al. [30] also used the Paris law in

estimating fatigue crack growth rates in full crown

restorations. Similar to limitations faced in the present

study, Paris law parameters for the restorative dental

materials were not available. Perhaps more important

than the Paris law parameters is the fatigue threshold

�DKth�; DKth is the threshold stress intensity below which

the fatigue crack growth rate of long cracks is

insigni®cant. The maximum stress intensity range for

the molars in this study was found to be approximately

0.5 MPa m1/2. However, DKth for dental biomaterials has

not been reported. Interestingly, it has recently been

found that the fatigue crack growth rates of short fatigue

cracks with small DK are signi®cantly greater than that

for long cracks. The subsurface crack lengths expected to

exist within either enamel or dentine along the cavo-

surface margin would be classi®ed as short fatigue

cracks. Therefore, the detrimental effects of subsurface

¯aws introduced during cavity preparation could be

much more signi®cant than predicted in this study.

Hence, the fatigue crack growth parameters, including

the fatigue threshold, must be determined through further

investigation to distinguish the contribution of sub-

surface ¯aws to the success of dental restorations.

5. Conclusions
A ®nite element analysis of a mandibular molar restored

with two different Class II amalgam preparations was

conducted. The stress distribution which results from

occlusal loading within each restored molar was found in

terms of the occlusal load and speci®c interfacial

conditions along the cavo-surface margin. Using the

stress distribution resulting from mastication, a fatigue

life analysis of the restored tooth was conducted using

the Paris law for cyclic fatigue crack growth. Subsurface

cracks were assumed to exist along the restoration

boundary resulting from cavity preparation. Based on the

results obtained from this analysis, the following

conclusions are made:

1. A ®nite element analysis of the restored mandibular

molar with different Class II preparations showed that

the maximum tensile stress in the tooth occurred within

the dentine at the juncture of the lingual margin and

pulpal ¯oor. The largest tensile stress occurred in the

tooth restored with a symmetric amalgam. Tensile

stresses were found to develop within the dentine

regardless of the orientation of occlusal loading or

degree of adhesion between the amalgam and cavity.

T A B L E I I I The range in Paris law parameters reported for aluminum oxide from experimental studies with low stress ratio (R) [14]

Material Stress ratio C, m/cycle m DK
(MPa m1/2)ÿm (MPa m1/2)

Al2O3 (90% pure) R� 0.15 2.86 10ÿ 10 10 1.0±3.0

R� 0.15 6.36 10ÿ 11 8 2.0±3.5

Al2O3 (33 vol% SiC whiskers) R� 0.15 4.56 10ÿ 10 7 3.5±6.0

R� 0.15 4.06 10ÿ 10 4 3.5±6.0
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2. The contribution of friction along the cavo-surface

margin had minimal in¯uence on the location of the

maximum principal stress. The maximum tensile stress

was found to increase with decreasing friction coef®cient

(m) which results from the lack of marginal bonding and/

or tabbing. In contrast to the characteristics of an

imperfect margin, adhesion along the lingual and

buccal planes signi®cantly reduced the maximum tensile

stresses that develop during mastication.

3. The propensity for cyclic fatigue crack growth in

restored molars was examined using the Paris law.

Because of the absence of reports on the fatigue

properties for dental materials, the Paris law parameters

reported for aluminum oxide were used for a preliminary

analysis. It was found that cyclic fatigue crack growth in

restored teeth may contribute signi®cantly to premature

restoration failure. The fatigue life of restored molars

predicted using the Paris law was as low as 5 years.

Therefore, the instruments and techniques currently used

in cavity preparation should be examined more closely.

The development of subsurface cracks during cavity

preparation should now be considered as a principal

source for premature restoration failure.

4. A comprehensive prediction for the fatigue life of

dental restorations requires a determination of the fatigue

properties for biological dental materials. The appro-

priate parameters necessary for predicting the fatigue life

of dental materials are currently not available. Therefore,

future research must be focused on determining the

fatigue properties of teeth and investigations which

further de®ne the role of subsurface ¯aws on the fatigue

life of restored teeth.
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Figure 9 The in¯uence of subsurface ¯aw length along the cavo-

surface margin on the fatigue life of molars with a standard amalgam

preparation. Life is predicted according to the Paris law

�da=dN � CDKm� under zero to tension loading �R � 0�. The

highlighted area represents the parameter space which promotes a

restoration life less than 25 years: (a) variation in life with m; (b)

variation in life with C.
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