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The influence of simultaneous mechanical and
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D. AROLA*, M.P. HUANG

Department of Mechanical Engineering, University of Maryland Baltimore County, 1000
Hilltop Circle, Baltimore, MD 21250, USA

E-mail: darola@engr.umbc.edu

A finite element analysis (FEA) of a mandibular molar restored with Class Il amalgam
restoration was conducted to determine the stress distribution which results from a
superposition of simultaneous mechanical and thermal loading. A fully crossed three-level
four-factor experimental design was used to evaluate the relative influence of crown
temperature, time of thermal loading, occlusal force, and cavo-surface margin adhesion on
the stress distribution. It was found that occlusal force and temperature had significant
influence on the stress distribution and particularly on the maximum principal stress. Over
the range in oral conditions considered, thermal loading contributed for over 35% of the
stress within the restored molar subjected to simultaneous mechanical and thermal loads.
Furthermore, thermal loading had significant effects on the magnitude of normal stress that
develops parallel to the pulpal floor. Although marginal bonding of amalgam reduces the
stress resulting from occlusal forces, thermal loading promotes the development of
significant interfacial shear stresses along the bonded margin. Stresses related to the
thermal component of loading concentrate near the pulpal floor and lingual surface margin,
the site most prominent in cusp fracture. Hence, results from this study clearly indicate that
an evaluation of new dental materials and/or restorative designs should consider the effects
from a superposition of simultaneous mechanical and thermal loads on fracture resistance
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1. Introduction

The failure of dental restorations due to fracture of the
tooth or restorative material is a significant clinical
problem. In fact, tooth fracture has been found to be one
of the primary reasons for replacement of amalgam
restorations [1]. Although the major causes for tooth loss
are periodontal disease and caries, tooth fracture is also a
major contributing factor. Furthermore, the probability of
tooth fracture and/or cracking due to the degradation in
restoration quality becomes much more prominent with
age [2]. Consequently, tooth fracture has become an
obstacle to maintaining lifelong oral health. In that
regard, the fracture of restored teeth continues to be a
problem of increasing clinical concern.

In an attempt to understand the mechanisms respon-
sible for tooth fracture, the stress distribution within
restored teeth that results from masticatory loading has
been studied extensively. Early investigations were
conducted using photoelasticity to examine specific
aspects of cavity design on the resulting stress
distribution [3,4]. More recent efforts have relied on
the use of finite element analysis to examine the effects
from various factors on restoration failure; the majority
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of these have focused on the effects from cavity design
and material parameters on the stress state that results
from occlusal loads [5-7]. Of special interest are the
numerical studies related to cavo-surface bonding which
have identified the opportunity for reducing the strain
and stress distribution, respectively, within intracoronal
restorations [8,9]. A significant number of related
investigations have been reported, but a full review is
far beyond the scope of this study.

Although the influence of cavity design on the stress
distribution remains of clinical interest, more recent
emphasis has been placed on the effects of restorative
materials to restoration failure. For instance, compar-
isons in the clinical success of amalgam and composite
dental restorations have received considerable attention.
A comparison of the clinical success between MOD
amalgam and resin fillings after 10 years from treatment
showed that the cumulative survival rate of premolars
with resin restorations was more than double that of
premolars with amalgam restorations [10]. But in
contrast to clinical assessments, experimental investiga-
tions on restored molars with Class I and II preparations
have repeatedly shown that there is little difference in the
fracture resistance provided by amalgam or composite
restorations [11-13]. Therefore, due to the discrepancy
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between clinical reports and results from experimental
investigations, it appears that the nature of experimental
evaluation to distinguish fracture resistance has not
captured a critical component of the oral environment
which contributes to restoration failure. In other words,
occlusal loading which results from mastication may be
only partially responsible for the majority of restoration
failures.

While the influence of mastication and mechanical
occlusal loads on the fracture of molars with restorations
have been studied extensively, the influence of thermal
loading has received far less attention. Differences in
thermal properties between the biological and restorative
materials promotes the development of stresses resulting
from thermal expansion mismatch [14-16]. In fact,
stresses in the tooth resulting from temperature changes
have been found to be sufficient in magnitude to promote
crack initiation in enamel [17, 18]. Although considered
separately, the stress distribution within molars with
amalgam restorations that results from a superposition of
mechanical and thermal loads has not been reported.
Simultaneous mechanical and thermal loading is a
clinically relevant condition which may contribute to
cusp fracture and/or tooth cracking. Therefore, an
examination of the stress distribution in molars with
amalgam fillings that results from simultaneous mechan-
ical and thermal loading is warranted.

The purpose of this investigation was to determine the
relative significance of both mechanical and thermal
loads on the stress distribution which results in molars
with amalgam restorations. A finite element analysis was
used to model a mandibular molar restored with standard
Class II amalgam restoration subjected to simultaneous
mechanical and thermal loading. The stress distribution,
including the location and magnitude of maximum
principal stress, is reported in relation to effects from
various oral factors. In addition, the significance of
results from this study to amalgam restoration failures
are discussed.

2. Materials and methods

The stress distribution within a restored molar that results
from either mechanical or thermal loading may be
conveniently found using a finite element analysis
(FEA). Consequently, a finite element model for a
mandibular molar with standard Class II amalgam
preparation was developed.

2.1. Finite element model

A finite element model was developed for an entire molar
with Class II amalgam preparation and a crown molar
with the same amalgam preparation, as shown in Fig. 1.
A commercial computer-aided-design and finite element
software was used to develop the model geometry and
finite element mesh for both restorative designs [19]. The
shape and dimensions of the molar were obtained from
the permanent dentition traits reported in the literature
[20]. As evident in Fig. 1, a symmetric amalgam
configuration was chosen for this study. The overall
restoration geometry is based on standard design
convention [21]. The tooth and amalgam were meshed
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Figure 1 Schematic diagrams of the finite element models, (a) full
model, (b) anatomic crown model.

with four node plane strain isoparametric elements using
an average element edge length of 0.25 mm along the
cavity interface; note the mesh refinement near the
dentin/amalgam and enamel/amalgam boundaries. The
full tooth and crown models were comprised of 1737 and
1235 total elements, respectively. To ensure that an
appropriate element size had been found for the analysis,
a test for convergence of the temperature and stress
distribution with element size was conducted.
According to the restoration configuration, mechanical
properties of the constituents, and boundary conditions
promoted by adjacent teeth, a plane strain analysis was
considered most appropriate. During mastication, the
maximum degree of deformation occurs in the buccal
and lingual directions due to the cusp geometry. Elastic
deformation along the mesial and distal axes is far
smaller in comparison. Therefore, a plane strain analysis
of the tooth is most consistent with the physical boundary
conditions promoted by natural dentition. Material
properties for the biological constituents and amalgam
were obtained from a variety of sources. Properties for
the dentin, pulp, and amalgam were obtained from a
survey of the results reported and used by previous
investigators [15,22-24]. Each of these materials were
assumed to exhibit isotropic behavior as reported. In
contrast, the enamel was considered to be anisotropic
according to a recently reported study [7]. Although the
microstructural appearance of dentin suggests that it is
mechanically anisotropic, the elastic modulus has not
been found to be influenced by the dentinal tubule
orientation. A recent evaluation of the shear strength in



TABLE I Material properties used in the finite element analysis

Property Amalgam Dentin Enamel Pulp
Mechanical
E, (MPa) 50.0 x 10° 20.0 x 10 80.0x 10° 2.07
E,,E; (MPa) n/a n/a 20.0 x 10 n/a
Via 0.29 0.31 0.30 0.45
Vizs V23 n/a n/a 0.08 n/a
Thermal
p(kg/m3) 10 500 1960 2800 1000
C, J/kg+ °C)) 240 1600 712 4200
k(J/(m-s-°C)) 22.70 0.59 0.93 0.67
o ((m/m)/°C) 2.50E-05 1.01E-05 1.15E-05 1.01E-05

directions parallel and perpendicular to the dentinal
tubule orientation has shown that the degree of
anisotropy is minimal [25]. Therefore, the dentin has
been considered to be isotropic in the finite element
model. A complete list of the mechanical and physical
properties used for the finite element model is provided
in Table L.

Following development of the meshed solid models,
each model was translated into a second commercial
finite element package [26] which permits an advanced
treatment of surface interaction. Both the buccal and
lingual interfaces were modeled using conditions which
describe either perfect or imperfect bonding whereas the
pulpal floor was considered to be bonded under all
conditions of analysis. Perfect bonding required that both
the tensile and compressive stress components normal to
the cavo-surface margin remain continuous. In contrast,
imperfect bonding conditions maintained only compres-
sive stress continuity. In addition to bonding, Coulomb
friction was introduced along the imperfect boundary to
distinguish the contribution of mechanical interlocking
promoted by tab preparation. The coefficient of friction p
was varied from O to 1.0. Friction was only applicable for
simulations in which the margins were not assumed to be
bonded.

Boundary conditions for both the complete molar and
anatomic crown models were specified to maintain
consistency with physiological conditions. The vertical
and horizontal displacements of the full tooth surface
nodes were assumed to be fixed according to support
provided by the alveolar socket. Similarly, vertical
displacement of the base nodes for the crown model
were restricted but horizontal displacement was allowed
to permit Poisson’s expansion. A distributed load was
specified for both models normal to the occlusal surface
over 10 nodes of the lingual cusp. The distribution and
orientation of occlusal loading is shown for the crown
model in Fig. 2. Based on an average elemental length of
250 pm, the total masticatory load was delivered across
2.5mm of the occlusal surface. The resultant force was
varied from O to 200 N as per reports of occlusion from
[27]. Thermal loads were applied to the tooth by
specifying surface node temperatures along the entire
anatomic crown. Temperatures between 5° and 55°C
were considered and the time of exposure was varied
from O to 10sec. The surface node temperatures were
maintained at a constant value throughout the time of
exposure. Actual temperatures within the mouth would
begin to approach the intraoral temperature over time.
The extent and rate of temperature change would depend

on thermal properties and relative density of the
consumed substance. Therefore, prescribing a constant
temperature to the crown surface nodes over the entire
duration of analysis represents the maximum extent of
thermal loading. It should also be noted that the period of
thermal loading in this investigation is much less than
that used during experimental investigations conducted
to examine the effects of thermal fatigue on teeth [28].

2.2. Design of numerical experiments

Due to the number of variables under consideration the
numerical analysis was conducted according to a three-
level, four-factor, nine-run experimental design; tem-
perature, time of thermal loading, occlusal force, and
cavo-surface margin coefficient of friction | were the
four independent variables chosen for the design of
experiments. Table II contains the three levels of each
independent variable used in this study. To produce a
fully crossed experimental design array, three sets of nine
runs were performed, consisting of a low, medium and
high level nine-run set (27 numerical experiments). A
full factorial analysis (consideration of all possible
parametric combinations) would require 81 total simula-
tions. In addition, the high level nine-run set was
repeated using perfect bonding across the buccal and
lingual cavo-surface margins. Therefore, a total of 36
separate simulations were conducted in which the stress
distribution was recorded. For each stress state, the in-

Figure 2 Boundary conditions for the anatomic crown model. The total
occlusal load is represented by the magnitude P.
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TABLE II Parametric levels of the independent variables

Level Temperature (°C) Time (s) Occlusal Load (N) Friction p
Low 5 1 0 0.0
Medium 30 5 100 0.5
High 55 10 200 1.0

plane maximum principal stress was determined
according to [29]
B ) 1/2
6, = Oy ‘;Gzz n {(511 . 622) Jr(612)2} (1)

where G,;, 05, and G, are the in-plane normal and
shear stress components according to the coordinate
definitions in Fig. 2. The in-plane principal stress is
actually the maximum principal stress according to the
convention G| > G, > &3. Following the numerical study,
an analysis of variance (ANOVA) was used to determine
relative effects of the oral parameters on the resulting
stress distribution. An ANOVA can be used to distinguish
the percentage contribution of each oral independent
variable on the dependent variable of interest, namely the
individual stress components. The relative per cent effect
of each oral parameter was calculated by the ratio of the
individual parametric sum of squares to the total sum of
squares of all parameters. A review of experimental
design and ANOVA can be found in [30].

3. Results

A finite element analysis of a mandibular molar with
Class II amalgam restoration was used to determine the
stress distribution resulting from a superposition of
mechanical and thermal loading. The study was
conducted according to a fully crossed three-level four-
factor experimental design including the effects of
temperature, time of thermal loading, occlusal force,
and cavo-surface bonding. For each set of parametric
conditions, a heat transfer analysis was necessary to
identify the temperature distribution throughout the
restored molar. The temperature distributions resulting
from thermal loading for both the full tooth and crown
models are shown in Fig. 3a and b, respectively. Each of
the models in Fig. 3 were subjected to a an anatomic
crown surface temperature of 55 °C for a period of 5 sec.
The temperature distribution within the two models was
found to be identical, regardless of the time of thermal
loading. Therefore, in the interest of computational
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Figure 3 Temperature distribution resulting from thermal loading of
the models. (T =55°C,t=5s); (a) full model, (b) anatomic crown
model. The dashed line is used to distinguish the boundary between the
enamel, dentin and pulp.

efficiency, the crown model was chosen for further study.
Following the thermal analysis which was conducted
according to the specific set of parametric conditions, a
stress analysis was conducted with the appropriate
occlusal load and interfacial friction. The temperature
distribution resulting from thermal loading was written to
a file which was then recalled during the stress analysis to
simultaneously account for effects related to thermal
expansion (or contraction). Utilizing the restored molar
temperature distribution shown in Fig. 3b, the corre-
sponding stress distribution for the anatomic crown
model was computed while also accounting for the
simultaneous application of a 100N occlusal load and
cavo-surface margin coefficient of friction equal to 0.5.
Contour plots for each of the in-plane stress components
Gy, Oy, and G, resulting from the aforementioned oral
conditions are shown in Fig. 4 (a—c), respectively. The
stress distribution presented in Fig. 4 was determined
according to the conditions described for Experiment 3
listed in Table III.

TABLE III The stress distribution within the restored molar for oral conditions of the high level orthogonal array

Experiment Temperature (°C) Time (s) Occlusal Load (N) Interface (n) o, (MPa) o, (MPa) o3 (MPa) o), (MPa) o, (MPa)
1 55 10 200 1.0 8.43 —0.16 —6.76 13.92 18.70
2 55 1 0 0.0 7.34 2.04 —4.74 3.52 9.10
3 55 5 100 0.5 8.10 1.31 —5.65 10.71 15.94
4 5 5 200 0.0 1.68 —4.68 —6.48 17.97 16.75
5 5 10 0 0.5 2.90 1.69 —2.80 1.86 4.25
6 5 1 100 1.0 0.11 —5.27 —8.80 8.06 5.92
7 30 1 200 0.5 3.26 —6.28 —8.36 1.47 3.48
8 30 5 0 1.0 3.71 1.22 —5.53 2.49 5.25
9 30 10 100 0.0 4.11 —0.83 —5.76 7.80 9.82
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Figure 4 The stress distribution resulting from a superposition of mechanical

and thermal loading. (T = 55°C,t = 5s,P = 100N, pu = 0.5); (a) 5,

(b) 0,5, (¢) 1,. The dashed line is used to distinguish the boundary between the enamel, dentin and pulp.

For each set of oral conditions outlined by the design
of numerical experiments, the location of maximum
principal stress (o;) was identified and recorded.
Interestingly, regardless of the oral conditions, the
location of maximum stress was found to exist at the
junction of the pulpal floor and lingual surface margin.
The concentration of stress within this region is clearly
evident from the distribution in stress components in Fig.
4. Numerical results for the maximum principal stress
resulting from the nine conditions of the high level
orthogonal array are listed in Table III. Note that the
maximum stress reported for each condition in Table III
was obtained at the junction of the pulpal floor and
lingual surface margin. The maximum principal stress of
all conditions of analysis was found to be 20 MPa and
resulted when both the temperature and occlusal load
were set to the high level as distinguished in Table II; the
time of thermal loading and cavo-surface friction were at
their low and medium levels, respectively.

Following completion of the fully crossed three-factor,
four-level experimental design, an analysis of variance
(ANOVA) was conducted to determine the relative
contribution of each independent variable on the
maximum principal stress. Note that the ANOVA was

TABLE IV Relative effects of the oral conditions on the maximum
principal stress at the pulpal floor and lingual surface margin junction

Occlusal load  Friction
(% effect) (% effect)

Time
(% effect)

Temperature
(% effect)

Component

o 86.04 8.07 357 232
on 18.06 14.51 63.34 4.09
o33 6.48 25.82 38.99 28.71
on 4.46 4.03 90.77 0.75
o, 35.36 3.71 59.38 1.56

conducted using results from the low, medium, and high
level experimental design for each stress component
separately (G;;, G,, O33, Oyp, and ;). Analysis of
variance results from the three nine-run arrays were then
averaged for a cumulative representation of the para-
metric effects from each independent variable; the
averaged parametric effects are listed in Table IV.
Thermal loading was found to be most influential on
the in-plane normal stress G, whereas occlusal loading
had significant influence on the remaining in-plane
components of stress (C,, and G,). Also clearly
apparent was the significant contribution of both
temperature and occlusal load on the maximum principal
stress ;. In comparison, the effects of cavo-surface
margin friction and the time of thermal loading are far
less important.

4. Discussion
A finite element analysis of a restored mandibular molar

with Class II preparation was conducted. The effects of
simultaneous thermal and mechanical loading on the
stress distribution within the molar were examined.
Thermal loads were distinguished in terms of tempera-
ture and time of exposure, whereas mechanical loading
was described solely in terms of the distributed occlusal
force. In addition, the influence of interfacial friction
along the cavo-surface boundary was considered in terms
of the coefficient of friction.

Based on results from the ANOVA, both occlusal and
thermal loads had significant influence on the stress
distribution within the restored molar. Thermal expan-
sion of the amalgam resulting from elevated
temperatures had significant effects on the normal
stress which develops parallel to the pulpal floor (o)
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Figure 5 The influence of interfacial bonding on the stress distribution. (T = 55°C,r = 5s,P = 100N, p = 0.5) (a) 6,5, (b) O, (¢) 0},. The dashed
line is used to distinguish the boundary between the enamel, dentin and pulp.

as evident from Fig. 4a. However, thermal loading had
far less influence on the remaining stress components as
evident from Table I'V. The distributed occlusal load was
the primary variable affecting the in—plane stress
components G,, and G,, and also the out of plane
stress 033. Over the range of temperatures and occlusal
forces examined in this study, masticatory loading
accounted for nearly 60% of the variation in maximum
principal stress. Although the effects of temperature were
secondary, thermal loading also resulted in significant
changes in the maximum principal stress. Combined,
these two oral factors comprised nearly 95% of the total
change in maximum principal stress with parametric
variation. It is important to note that the stress
distribution in this study resulting from a superposition
of mechanical and thermal loading is considerably higher
than that reported in similar numerical investigations [5—
7]. However, note that previous investigations examined
the influence of mechanical loading on the stress
distribution in molars with amalgam restorations,
independent of thermal effects. Based on results from
this numerical study, a superposition of mechanical and
thermal loading is an important consideration in the
evaluation of new cavity designs and restorative
materials. Furthermore, effects from coefficient of
thermal expansion mismatch between the restorative
and biological materials on the stress distribution in
restored teeth are significant.

In contrast to the effects from occlusal force and
temperature, the time of thermal loading and cavo-
surface boundary friction had far less influence on the
stress distribution within either the tooth or restoration.
The duration of thermal loading had the most influence
on G33 due to the plane strain boundary conditions and
consequent suppression of free thermal expansion which
occurs with prolonged conduction. Nevertheless, the
duration of thermal loading had minimal influence on the
maximum principal stress as evident from results of the
ANOVA presented in Table IV. Similarly, cavo-surface
margin friction had limited effects on the stress
distribution which resulted within the restored molar.
Variations in the friction coefficient may result from the
use of specific methods of cavity preparation to promote
marginal tabbing. However, efforts to increase interfacial
friction and consequently promote interdigitation of
amalgam has limited influence on the overall stress
distribution of an imperfect joint. As the majority of
amalgam restorations are not perfectly bonded, efforts to
increase the degree of interdigitation along the cavo-
surface boundary seem to provide little reward in
reducing the magnitude of principal stress.

To further examine the influence of cavo-surface
margin conditions, perfect bonding was introduced in the
finite element model between the crown and amalgam.
The influence of oral conditions described by the high
level orthogonal design array listed in Table III were re-

TABLE V The stress distribution within the restored molar for oral conditions of the high level orthogonal array with complete marginal bonding

Experiment Temperature (°C) Time (s) Occlusal load (N) Interface () o,; (MPa) o©,, (MPa) o33 (MPa) o, (MPa) o, (MPa)
1 55 10 200 tied 3.77 —1.14 —8.51 16.42 17.92

2 55 1 0 tied 1.40 1.28 —6.82 13.80 15.14

3 55 5 100 tied 2.73 0.31 —17.63 15.90 17.47

4 5 5 200 tied 1.38 —3.89 —6.33 0.63 1.45

5 5 10 0 tied —-0.70 —1.01 —-474  —-049 —-0.34

6 5 1 100 tied 0.80 —1.84 —17.53 1.51 1.49

7 30 1 200 tied 2.70 —-2.31 —-17.31 9.20 9.73

8 30 5 0 tied 0.46 0.25 —-6.85 6.77 7.13

9 30 10 100 tied 1.54 —1.07 —6.63 7.96 8.30
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evaluated assuming that the entire margin was perfectly
bonded. Perfect bonding may be promoted with the use
of an adhesive system. The resulting maximum stress
within the restored molar is listed in Table V. In
comparison with the maximum stress reported for the
high level array in Table III, considerable differences are
apparent between perfect and imperfect interfacial
bonding. A reduction in crown temperature below
ambient conditions (T = 37 °C) resulted in a significant
reduction of the maximum stress due to thermal
contraction of the amalgam. However, the maximum
principal stresses for the restoration with bonded margins
in Table V resulting from elevated oral temperatures are
very similar in magnitude to those resulting from
unbonded margins listed in Table III. The distribution
of 6, 0,,, and G, resulting from a 100 N occlusal load
and crown temperature of 55°C (Experiment 3 of the
high level array in Table V) are shown in Fig. 5 (a—c),
respectively. Note the increase in shear stress (o),)
resulting from cavo-surface bonding in Fig. Sc in relation
to the shear shress distribution resulting from no bonding
previously shown in Fig. 4c. In addition, the reduction in
normal stress (o; and G,,) with cavo-surface bonding is
also clearly apparent from a comparison of Figs 4 and 5.
A number of investigators have distinguished the
advantage of cavo-surface bonding in reducing the
maximum stress in restored teeth that results during
mastication [9,31-32]. In fact, amalgam bonding has
been proposed as a means of preventing cusp fracture
through the reduction in maximum principal stress.
However, results from the present study clearly show that
marginal bonding of amalgam restorations may be
detrimental when subjected to thermal loads. Adhesive
bonding of the amalgam does not serve to reduce the
maximum stress during mastication when subjected to
elevated temperatures.

To further distinguish the influence of interfacial
bonding on the influence of the remaining oral
parameters, an ANOVA was conducted with the stress
components in Table V. The normal stress components
G11, 02, and o33 were found to be nearly independent of
the change in crown temperature. However, the shear
stress was primarily influenced by thermal loading which
accounted for over 90% of the observed variation.
Consequently, based on the relationship between the
shear and principal stress apparent in Equation 1, the
maximum principal stress is also primarily a function of
temperature. Thermal loading of the crown accounted for
over 90% of the variation in o, when cavo-surface
bonding was present. High shear stresses along the
amalgam/dentin and amalgam/enamel interfaces result
from thermal expansion mismatch. According to results
from the ANOVA, shear stresses resulting from thermal
expansion mismatch are nearly independent of the time
of thermal loading. Therefore, the interfacial shear stress
resulting from thermal loading must contribute to
adhesive failure in amalgam restorations. Although
adhesive bonding can reduce stresses induced by
occlusal forces, cavo-surface bonding of amalgam
restorations does not reduce the maximum principal
stress which results from thermal loading.

Results obtained from the finite element analysis have
conveyed the significance of thermal loading to the stress

distribution which develops within restored molars. The
influence of cavo-surface bonding on the stress distribu-
tion and detrimental effects of marginal bonding to the
stress that results from thermal loading of molars with
amalgam restorations were also distinguished.
Simultaneous mechanical and thermal loading is a
clinically relevant oral condition which promotes
stresses which are significantly different from that
resulting solely from occlusal loading. However, the
magnitude of maximum tensile stress resulting from
simultaneous mechanical and thermal loading did not
significantly exceed that which has been reported in
related studies restricted to mechanical loading.
Therefore, it appears from the numerical results that
tooth fracture occurs as a result of damage accumulation.
Indeed, Bell et al. [32] also suggested that cusp fracture
was the result of progressive crack propagation in regions
of high tensile stress. Based on his numerical assessment
of the stress distribution which results from occlusal
loading, it was suggested that marginal bonding could be
used to suppress crack propagation through a reduction in
stress. However, results from the present study clearly
indicate that marginal bonding promotes the develop-
ment of tensile stress within teeth with amalgam
restorations and would not serve to suppress crack
growth. Therefore, the mechanisms of cyclic crack
propagation in restored molars and effects of the
restorative material on the rate of crack growth will be
the topic of future investigations.

5. Conclusions

A finite element analysis of a restored mandibular molar
with standard Class II amalgam preparation was
conducted. In particular, the stress distribution resulting
from a superposition of simultaneous mechanical and
thermal loading was determined. The influence of crown
temperature, duration of thermal loading, occlusal force,
and cavo-surface margin conditions were identified
through an experimental design and analysis of variance.
Based on the results from this numerical study, the
following conclusions were drawn;

1. Over the range in oral conditions considered in this
study, the maximum principal stress occurred in the
dentin at the junction of the pulpal floor and lingual
surface margin. The maximum principal stress resulting
from all conditions considered was found to be 20 MPa.

2. Although the effects of temperature on the
maximum principal stress were secondary to those of
occlusal force, thermal loading resulted in significant
changes in the stress distribution. Thermal loads were
found to be most influential on the normal stress which
develops parallel to the pulpal floor and consequently
accounted for over 35% of the variation in the maximum
principal stress. The maximum principal stress occurred
at the junction of the pulpal floor and cavo-surface
margin, regardless of the oral conditions.

3. The duration of thermal loading and the coefficient
of friction (n) along the cavo-surface margin had
minimal influence on the magnitude of maximum
principal stress resulting from either mechanical or
thermal loading.
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4. An examination of the stress distribution that
results from perfect bonding between the crown and
amalgam indicated that thermal loading promotes the
development of significant shear stress across the lingual
and buccal margins. Consequently, the maximum
principal stress resulting from thermal loading was
found to be nearly equivalent to that which occurs with
imperfect bonding. Perfect bonding along the cavo-
surface margin does not provide a reduction of principal
stress under conditions of thermal loading. In fact,
thermal loading undoubtedly contributes to the degrada-
tion of adhesive bonds introduced along the cavo-surface
margin.

5. Due to the clinical relevance, a superposition of
mechanical and thermal loading should be considered in
the evaluation of new cavity designs and/or restorative
materials.
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