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Abstract

In several European countries, dental composites are replacing mercury-containing
amalgams as the most common restorative materials. One problem with dental composites is
residual stresses which may lead to poor performance of the restoration. In the present study,
a combined modeling and materials characterization approach is presented and predictions are
compared with experimental data on residual stresses. The model takes stress relaxation into
account through the complete relaxation time spectrum of the resin. Although values for
residual stress development with time are somewhat overestimated, the essential physics of
the process is captured in the predictions.

Introduction

The field of restorative dental materials has traditionally been dominated by mercury-
containing metals. In European countries, among those Sweden, dental composites are
increasingly replacing metals as the dental material of choice. Dental materials are typically
based on acrylates containing glass fillers at a volume fraction of 0.5-0.6. The viscous dental
composite is placed in the tooth cavity and the polymerization reaction is initiated using a
dental lamp, typically blue light. Free radical polymerization starts and the increase in degree
of conversion is associated with a substantial decrease in volume of the polymer. Gelation
occurs at much lower degree of conversion as compared with, for instance, epoxies. During
typical conditions, gelation is accompanied by almost instantaneous vitrification where the
polymers enters the glassy state. As a consequence, considerable residual stresses may
develop in the tooth and in the filling material. Detrimental effects include tooth cracking and
marginal leakage so that bacteria may enter at the interface between the tooth structure and
the synthetic filling.

In the present study, the objective is to develop a combined modeling and materials
characterization approach for prediction of residual stresses. Ultimately such a model may be
implemented in a finite element code so that detailed predictions of the stress state in a tooth
structure become feasible. Presently, we are concerned with the material descriptions. A
model material is used so that filler volume fraction can be varied.

Our primary interest is in residual stress development with time. We intend to develop a
model where we can evaluate effects from cure kinetics, cure conditions, temperature, matrix
viscoelasticity, resin and filler elastic constants, matrix shrinkage and filler volume fraction.

1. Experimental Procedure

1.1. Materials
The resin was prepared from a 1:1 weight ratio mixture of Ebecryl® 610 and

Triethyleneglycol dimethacrylate. The photoinitiator system consisted of 1 wt% of
camphorquinone and 0,08 wt% of N.N.-dimethyl-p-toluidine.

The filler was Spheriglass® from Potters and Ballotini, grade 5000 (solid glass spheres,
mean diameter 3,5-7 microns, silanised for acrylate systems). The filler content was varied



73

between 0-55 vol%.

1.2. Dynamic Mechanical Analysis
The resin was poured in a Teflon mould with the following dimensions: 1 x 24 x 50 mm.

The sample was light cured with a Dulux S/E 9 W/71 lamp which has a high output spectrum
in the blue range. The exposition time ranging from 15 s to 7 min in order to obtain different
degrees of conversion. The samples were cut and polished to the final dimension,
approximately 1x3x37 mm.

The instrument used is a DMTA MK II from Polymer Laboratories. The samples were
tested in tension. A step temperature program was used where isothermals are separated by
8ºC. The complex modulus was measured during the isothermal for five frequencies.

Using time-temperature superposition, we have the change of the storage modulus as a
function of frequency; what we want is the relaxation modulus as a function of time. The
relaxation modulus was obtained using the following approximation [1]:

( ) ( ) tEtE π=ωω≈ 2' (1)

where E is the Young's modulus, E' is the storage modulus, and ω is the frequency. This
expression was chosen for its simplicity and because it gives a good approximation [1].

1.3. Differential Scanning Calorimetry
A Mettler DSC 30 was used on 1 mm thick samples in order to obtain the cure kinetics

model for the material. The total heat of reaction was determined on thermally initiated
material. We then used the same light conditions as for the DMTA specimens. Measurements
of the degree of conversion, α, as a function of time, t, at 30-40-50-60-70-75ºC were used in
order to determine the kinetic parameters of the model.

1.4. Residual Stress Measurement
The composite mixture was poured on an aluminum substrate surrounded by plasticine

walls forming a temporary mold. Two strain gauges were bonded to the substrate and a
thermocouple was taped centrally, between the strain gauges, at the aluminum substrate
bottom. The aluminum substrate had the following dimensions: 1x20x70 mm. The thickness
of the composite mixture was approximately 0,9 mm. The sample was light cured for 7
minutes with a Dulux S/E 9 W/71 lamp.

2. Modeling

Modeling of residual stresses under isothermal conditions requires a set of interacting
submodels. The first submodel is the cure kinetics model, which predicts the degree of
conversion, α.

In two additional submodels, the degree of conversion is related to the volume change and
to the stiffness of the resin. A realistic model also needs to include viscoelastic effects. A
viscoelastic model is therefore needed which can predict the reduction in Young�s modulus of
the resin with time under stress at a given temperature and degree of conversion. By
comparison between the elastic and viscoelastic case, the viscoelastic contribution may be
estimated.

We then combine the models for polymer behavior with micromechanics models in order
to predict volume shrinkage and stiffness properties of the composite for any filler volume
fraction. Finally the residual stresses can be calculated using a stress model. This model gives
us the residual stress in the dental composite for the bimaterial experiment chosen in the
present study.
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2.1 Cure Kinetics
The degree of conversion as function of time was obtained by solving a simple pseudo-

autocatalytic equation:
( ) ( )
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where K0 is the pre-exponential factor of the rate constant, R is the gas constant, Ea is the
activation energy, T is the absolute temperature, αm is the maximum degree of reaction for the
temperature T, m and n are fitting parameters independent of temperature, and f is an
unknown function. Isothermal DSC experiments were carried out in order to determine the
material constants, m and n, and the unknown function, f, in eqn 2.

2.2. Volume Change
In order to calculate stresses in our case, we only need the linear strain of the matrix, εm.

The linear strain is a function of the degree of conversion. A priori, there is no reason for a
linear relationship, but, since we have no experimental data, the shrinkage was assumed to be
linearly related to the degree of conversion.

3. Stiffness

Considering the present isothermal case, the following model was chosen for the
viscoelastic Young's modulus of the matrix, Em [2]. The choice is primarily based on the fact
that our polymer has a broad relaxation time distribution.
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where E∞ is the relaxed modulus, Eu is the unrelaxed Young's modulus, Wi are weight factors,
τp is the principal relaxation time (the time at which the relaxation spectrum has its
maximum), t is the time, and α is the degree of conversion. In theory, the weight factors
depend on the degree of conversion. As demonstrated in the results section, Wi is independent
of α in our case, so we obtain a single master curve. To find the weight factors, nonlinear
curve fitting of the master curve was performed using the Levenberg-Marquardt method [3].

For elastic property modeling it was assumed that the dynamic modulus determined at 1
Hz is the elastic modulus, Em. Em was represented by an expression similar to eqn 7 except
that the time is constant and equal to 1 second.

For both the viscoelastic and the elastic case, the Poisson's ratio, νm, is considered
independent of the degree of conversion and time.

3.1. Micromechanics Modeling of the Composite
The aim is predictions of stresses for different filler contents in the composite. For this

reason, the properties of the pure resin were determined and then micro-mechanical models
were used to determine composite properties from resin and filler properties.

The volume change for the composite due to matrix chemical shrinkage was determined
applying a micromechanical model developed by Levin (reviewed in [4]) for thermal
expansion to our volume change problem, as discussed in [5].

The elastic modulus of the present dental material is well described by the upper bound of
Hashin's composite spheres model [6] as is apparent from [5]. For this reason, the relaxed and
unrelaxed Young's modulus for the composite were calculated using the upper bound of
Hashin's composite spheres model. The weight factors and the principal relaxation times were
assumed to be independent of the filler volume fraction. This assumption is based on
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experimental observations discussed by Hashin [7].
The Poisson's ratio for the composite was obtained from the bulk modulus and the upper

bound of the shear modulus computed by Hashin's composites sphere model.

3.2. Stress Model
In the two-dimensional (2D) case, for an infinitely rigid substrate under isothermal

conditions, the axial residual stress in the material is obtained from elasticity theory [8].
Assuming a νc independent of t and α, we obtain:
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where Ec is the Young's modulus, νc is the Poisson's ratio, εc is the strain induced by the
chemical shrinkage, α is the conversion, t is the time, tgel is the time to gelation, and the
subscript c refers to the composite. tgel is assumed to occur as α reaches αgel=0.1. This is when
the polymer gels, changing from the liquid to the solid, rubbery state. No stresses will form in
the liquid state.

Equation 4 is conveniently integrated in the elastic case, but not in the viscoelastic case
where the differential form is therefore used, which was solved using finite difference.

4. Results and Discussion

In the modeling section, we stated that the weight factors Wi in the viscoelastic model
were found to be independent of α. Indeed, as the reduced Young's modulus,(E-E∞)/(Eu-E∞),
is plotted against the reduced time t/τp in Figure 1, all data based on different α fall on a
single master curve. The fact that data for different α fall on a single master curve is an
important aspect of the material behavior, since it allows us to use time-cure superposition
theory. The great advantage of time-cure superposition is that it allows the complete
viscoelastic behavior of the system to be described from experimental "snapshots" at discrete
times during the course of the reaction.

In Figure 2, the elastic and the viscoelastic predictions for residual stress at the end of the
7 minutes of light curing are presented together with the experimental data for composites of
different Vf. A practical difficulty of the residual stress experiments was that the exothermal
heat of the curing reaction caused a temperature increase, whereas the analysis is isothermal.
The maximum temperature measured at the bottom of the substrate of the bimaterial
experiment were 55, 45, 43, 42, 40, and 37ºC for Vf equals 0, 0.07, 0.165, 0.265, 0.4, 0.55
respectively. In order to partially take this into account in our isothermal modeling, the
maximum temperature measured for each Vf was used for the isothermal predictions.

Predictions are based on theoretical models and characterization of the polymer matrix
only. Predictions of composite material behavior are then a result of calculations using matrix
and filler data in theoretical models. In general, the residual stress in Figure 2 is lower for the
neat resin than at high Vf, both for the models and the data.

In Figure 3, residual stress as a function of time is presented for the neat resin. The
experimental data are described by the solid line. The elastic and viscoelastic predictions
based on linear shrinkage are much higher. The first minute of residual stress development is
well described, but then the models overestimate σ. During the first minute, the resin is liquid
and rubbery but as it enters the glass transition region, predictions increase much faster than
data. A possible cause for the difference between data and predictions is our arbitrary
assumption of a linear volume change as a function of resin conversion.

In Figure 4, we illustrate the difference between a linear and non-linear model. We have
arbitrarily chosen the shape of the non-linear description although data in the literature [9, 10]
provide support for this general shape. At higher conversions, as the polymer moves into the
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Fig. 1: Reduced Young's modulus master
curve as a function of reduced time.

Fig. 2: Residual stress σ as a function o
volume fraction Vf. The bars represent th
standard error.

Fig. 3: Residual stress σ as a function of curing
time. Predictions and data are for the pure
resin. T = 55ºC.

Fig. 4: One-dimensional shrinkage εc as a
function of degree of conversion α for
the neat res
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transition region, the polymer is no more rubbery and the volume change with increasing α is
slower. If we go back to Figure 3, the remarkably strong influence of such a non-linear
relationship on the predicted stress is apparent. The predicted final stress is now very close to
experimental data. In Figure 2, viscoelastic predictions with non-linear shrinkage are also
very close to experimental data for all Vf. We may note that the development in stress with
time is slower for the experimental data. Also this shape is strongly sensitive to the details of
the volume change with conversion. Direct experimental data for the relationship in Figure 4
is apparently critical to the predictive ability of the model.

Conclusions

A combined modeling and material characterization approach was developed for
prediction of chemical residual stresses σ in dental composites. The material studied was a
model composite of known methacrylate resin composition where filler volume fraction Vf
was varied. From the model, development of σ with curing time may be predicted. In the
early stages of curing, σ was low since the resin was in the rubbery state. In a narrow time
interval, σ then increased rapidly. This was directly related to the increase in composite
modulus Ec as the resin entered the glass transition region. Comparison between elastic and
viscoelastic predictions demonstrated the importance of stress relaxation effects.

Viscoelastic model predictions were found to overpredict σ compared with
experimental data for an assumption of linear shrinkage with increased degree of conversion.
Predictions could be fit to data using a physically more reasonable non-linear assumption. For
improved predictive capability, the present approach requires direct measurements of
shrinkage as a function of degree of conversion. In addition, extension of the model to non-
isothermal conditions is required. It is still encouraging to note that the essential physics of
the residual stress development process is captured by the model predictions.
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