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Abstract: The isothermal enthalpy changes with time of a
dental composite were examined by microcalorimetry to iso-
late the effects of different filler concentrations and curing
times on chemical aging of these composites. Urethane di-
methacrylate (UDMA) monomer, zirconia-silica (ZS) pow-
der, and 3-methacryloxypropyltrimethoxysilane (MAPM)
were used as organic and inorganic matrices, and a coupling
agent, respectively. The composite was mixed in different
ratios and cured by visible light. The enthalpy changes with
time for 0, 15, 45, 75% ZS-filled UDMA and 75% MAPM-
silanated ZS-filled UDMA cured for 13, 30, 90, 150, and
300 s were measured at 37.0°, 57.0°, and 65.5°C until equi-
librium. Increased curing time and filler concentration
caused the excesss enthalpy changes (dH) and their rate of
change (dH/dt) to increase with annealing time and apparent
equilibrium was reached faster. In addition, dH showed non-
linear dependence with the increase in filler concentration
by showing a maxima for samples containing 25 wt % filler.
Further, filler silanation caused dH/dt to increase and re-
quired shorter times to reach apparent equilibrium. dH also
reached a minimum when samples contained silanated

filler, compared to composites containing unsilanated filler.
It was concluded that the shorter curing time caused the
occurrence of spontaneous densification, which facilitated
continual resin curing; and longer curing time caused higher
crosslinking of the organic phase. Moderate concentration of
inorganic phase restricts the molecular motion of the surface
layer of polymer onto filler particles, and the polymer is
regarded as highly crosslinked, while a higher filler concen-
tration forms aggregates that are covered by the polymer
which causes a decrease in the molecular packing of the
resin, and is reflected as low enthalpy values. Finally, sila-
nation of the filler showed a highly endothermic reaction
that is probably due to breaking and forming of bonds at the
interface between the organic and the inorganic phases in
the composites. © 1998 John Wiley & Sons, Inc. J Biomed
Mater Res, 40, 224–232, 1998.
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INTRODUCTION

In polymer-based composites, the properties of the
organic matrix strongly influence the behavior of the
composite material. The long-term stability of the ma-
trix, therefore, is an important aspect of the compos-
ite’s performance1 and is highly dependent on the ex-
tent of the polymerization during the cure. For in-
stance, inadequate cure and the presence of unreacted
chemicals in the composite resin used in a highly re-
active biological environment may lead to clinical
problems such as slow degradation, color instability,
poor durability, and loss of anatomic form. In addi-

tion, the presence of the unreacted monomer and
oligomer leads to plasticization effects (lowering of the
glass temperature), which causes changes in the physi-
cal as well as the mechanical properties.

Curing over long periods of time (chemical aging) in
light-cured composites is caused by a continual con-
version and polymerization of unreacted groups in the
difunctional vinyl monomers. This reaction is a highly
exothermic process, and the heat liberated tends to
raise the local temperature and accelerate the curing
reaction.

The mechanism of free radical polymerization of vi-
nyl monomers can be divided into three stages: an
initial stage; an intermediate stage in which the poly-
merization increases, defined as autoacceleration, and
is known as the gel effect; and a final stage in which
polymerization decreases as the monomer is depleted.
In the end of the intermediate stage, the mobility of
the system and the frequency of collisions decreases
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rapidly as the gel forms. In addition, since the fre-
quency of termination reaction is a function of the rate
of their meeting other growing chains, the proportion
of the termination reaction is decreased, while that of
addition reaction is increased. The increase in the ad-
dition reaction causes more heat to be liberated, and
thus, the structure rapidly becomes more rigid and
mobility decreases. The heat also increases the activity
of the growing chains as well as the free radicals. This
condition results in further densification of the struc-
ture and the formation of a glass. Upon further curing
with time, diffusion of molecular segments of chains
occurs, owing to spontaneous movement toward equi-
librium (physical aging), further increasing crosslink-
ing of chemically unreacted groups. These crosslinks
cause further spontaneous relaxations to occur. Thus,
physical aging and chemical aging are mutually de-
pendent.2

Many factors may have catalytic effects on curing of
the resin such as impurities, unreactive raw materials,
catalysts, monomeric species, and additives such as

filler. The effect of these agents is specific for each
resin system. For example, mineral fillers were found
to have both positive and negative catalytic effects on
the curing of resin. Both silica and E-glass can reduce
the exotherm in an epoxy resin-aromatic amine,3

while silane coupling agents may give higher exo-
therms and provide composites with better mechani-
cal properties and chemical resistance.4

Although determination of the curing process of
thermosets, particularly beyond the gel stage, is very
difficult, numerous methods have been used to inves-
tigate this process, such as chemical and spectro-
graphic methods. However, these methods have limits
and constraints in measuring the extent of the curing
process with time, since the continual curing involves
a minute evolution or absorption of heat over a long
duration. To detect these small changes accurately
with time, an instrument with high sensitivity and
long-term stability is required. Therefore, a Tian–
Calvet microcalorimeter was used in this study to
monitor these changes continuously, since it has been
proven to be suitable for these types of measure-
ments.5,6

The purposes of this study were to investigate the
isothermal enthalpy changes with time for a dental
composite that was cured for different curing times

(chemical aging), and to investigate the effects of in-
corporation of filler on this process.

MATERIALS AND METHODS

Composite system

Urethane dimethacrylate (UDMA) (Esschem Co., Essing-
ton, PA) was used as a monomer system; its structural for-
mula is given below. Zirconia-silica (ZS) with a surface area
of 1.6 m2/g and an average diameter of 1.5 mm (3M Dental
Products, St. Paul, MN) was used as a filler. 3-Methacrylox-
ypropyltrimethoxysilane (MAPM) (Huls America, Piscata-
way, NJ; formerly Petrarch Systems, Bristol, PA) was used as
a coupling agent to silanate the filler. MAPM was selected
because it has been shown by Craig and Mohsen7 to be one
of the most effective silanating agents for increasing the dis-
persion and wetting behavior of the filler particles by the
monomer, and has a carbon double bond to react with the
monomer.

Sample preparation

The filler was silanated by depositing the silane from
aqueous solution of 75% ethanol (190 proof) to 25% silane
(weight ratio) as was described by Craig and Mohsen.7 Com-
posites were formulated from UDMA, zirconia-silica, and
MAPM-silanated zirconia-silica, using DL-camphoroquinone
catalyst and 2-dimethylaminoethyl-methacrylate accelerator
in concentrations described by Douglas et al.8 The amount of
silane used to treat the filler was three times the minimum
uniform coverage.7

The mixed composite paste was placed in Teflon disc-
shaped molds (6.0 mm diameter × 3.5 mm thick) which were
covered with glass to extrude excess material and prevent
the formation of a surface-inhibited layer. The composite
sample was made in two layers and each cured by visible
light in a Triad II oven (Dentsply International, York, PA) for
13, 30, 90, 150, and 300 s at room temperature. The weight
percentages of the unsilanated zirconia-silica in the compos-
ite samples were 0, 15, 45, and 75 wt %; it was 75 wt % for
the MAPM-silanated zirconia-silica–filled UDMA samples.

Enthalpy measurement

The enthalpy changes were measured using a Tian–Calvet
microcalorimeter (Setaram, Lyon, France). This instrument

O O CH3 CH3 O O
// // | | // //

H2C=C−C−O−CH2−CH2−O−C−NH−CH2−C−CH2−CH−CH2−CH2−NH−C−O−CH2−CH2−O−C−C=CH2
| | |
CH3 CH3 CH3
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measures isothermally the heat evolution and absorption by
continuously monitoring heat flow from and to the material.
Three Tian–Calvet microcalorimeters were used, and a ver-
tical cross section and the experimental assembly of the
Tian–Calvet microcalorimeter are shown in Figure 1.

The microcalorimeter is connected to a temperature regu-
lator (PRT 3000 RA; Setaram) for stabilizing the temperature
of the thermostat for any chosen value between ambient and
200°C with a sensitivity and stability of 10−3°C. The appa-
ratus is also connected to a nanovoltmeter (Model 181;
Keithley), which measures of the calorimetric signal with a
resolution of 10 nV. The microcalorimeter is interfaced with
an automated data acquisition system based on a Macintosh
II computer and Lab VIEW (International Instruments) soft-
ware programs. The entire assembly is placed in an air-
conditioned room to stabilize the ambient temperature to
±1°C.

Because of the time delay required to reach thermal equi-
librium between the sample and the calorimetric block,
meaningful data cannot be obtained until some time after
insertion of the sample, depending on the instrument tem-
perature. Preliminary experiments were conducted to deter-
mine the temperatures and times needed for the resin to
polymerize under heat, so the thermal equilibrium con-
straint could be accounted for. The UDMA resin was placed
in glass tubes and kept in an oil bath at a constant high
temperature. A glass rod was used to stir the resin con-
stantly with a slow circular motion. The temperature at the
time required for the resin to turn from a viscous liquid to an
elastomer beyond the microcalorimetry equilibrium time
was chosen as an instrument temperature.

Based on the preliminary results, the three microcalorim-
eters were set at temperatures below the Tg for the entire
investigation; one was set at 65.5°C, another at 57.0°C, and
the third at 37.0°C to simulate body temperature. The ther-
mal equilibrium for each instrument was determined by in-
troducing equal amounts of ZS into both sample and refer-
ence cells and monitoring the time needed for the thermo-
voltage to level off. Thus, the thermal equilibrium for the
instruments were 3.3, 2.5, and 0.5 h at 65.5°, 57.0°, and
37.0°C, respectively.

After reaching the temperature setting, the instruments
were allowed to stabilize for at least a week before we con-
ducted experiments. For each measurement, the sample
cells, which were cylindrical in shape and made of stainless
steel, were cleaned with soap and water and dried thor-
oughly. We introduced 1.5–2.5 g of specimen and a similar
amount of reference material (ZS) into the sample and ref-
erence cell, respectively. Both cells were loaded into the calo-
rimeter chambers simultaneously, the data acquisition pro-
gram was invoked immediately, and measurements were
started instantaneously. The sampling rate varied during the
course of measurement with shorter intervals at short times
and longer intervals at long times. The measurement was
ended when the thermovoltage leveled off.

The measurements were recorded in the form of thermo-
voltage (dE/dt) changes with time (t), that were detected by
the thermocouples. Recording of (dE/dt) were taken every
200 s up to 106 s, after which they were taken every 60 min
until the thermovoltage leveled off. The correlation between
the measured thermovoltage and the actual rate of heat gen-
erated or absorbed by the samples was carried out by mul-
tiplying the (dE/dt) values by the calibration factors. The
calibration factors were determined by the following proce-
dure: Two calibration cells, each with resistance of 1 kV, that
were supplied with the instrument were simultaneously in-
serted into the sample and reference chambers. After instru-
ment equilibration, a known level of current was applied to
the sample cell to generate a heat flow between the cell and
the calorimetric block. When a steady state of thermovoltage
power was reached, the thermovoltage readings also leveled
off to reach a constant value. The height of the change of the
thermovoltage that corresponded to the known current was
recorded. A series of known current magnitudes were ap-
plied which corresponded to different power generations
and resulted in different thermovoltage values. Thus, a lin-
ear regression curve was established to determine the cor-
relation between the thermovoltage and the actual rate of
heat generation. The slope of the regression line is the cali-
bration factor k, which is given by

k =
RI
E

2

(1)

where R is the resistance of the calibration cell, I is the mag-
nitude of the applied current, and E is the height of the
thermovoltage between the two equilibrium states before
and after the current application. For the microcalorimeters
used in this study, the values of k were 3.6364 × 10−6, 3.944
× 10−6, and 4.055 × 10−6 mcal/s nV.

The dE/dt versus t curves were converted into enthalpy
changes (dH/dt) versus t curves by using the calibration fac-
tors. In dH/dt versus t curves, the baseline was determined

Figure 1. Tian–Calvet microcalorimeter cross-section and
apparatus assembly.
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by averaging the last 50 calorimetric points when the mea-
sured voltage became constant with time. The enthalpy
changes (dH) versus time were determined by integrating
dH/dt from the equilibrium time to the beginning of the re-
sults. The extent of the reaction or conversion as a function
of time was determined by integrating the isothermal
curves, using the relationship

Conversion ~%! =
100
DHT

*0

t dH
dt

dt (2)

where DHT is total enthalpy change which is calculated from
the integral of dH/dt from t = 0 (beginning of the measure-
ment, i.e., when instrument thermal equilibrium is reached)
to t = ` (end of measurement, i.e., when sample equilibrium
is reached). The dH/dt and dH as a function of time were
reported per weight of the polymer in the samples. The rates
of enthalpy changes and enthalpy changes are based on the
weight of polymer in each specimen.

RESULTS

Curing time effects

The finite rate of enthalpy changes (dH/dt) for 13–
300-s light-cured UDMA polymer annealed at 37.0°,
57.0°, and 65.5°C are plotted against annealing time (t)
in Figures 2–4, respectively. Similar results were
found for light-cured ZS-filled UDMA and MAPM-
silanated ZS-filled UDMA composites tested cured for
the same time and measured at the same annealing
temperatures. At 57.0° and 65.5°C, the changes in dH/
dt for the 13-s light-cured UDMA polymer and

UDMA-based composite are lower than those for the
300-s light-cured systems at short and long annealing
times. Regardless of the annealing temperatures and
the composite systems tested, samples cured for
longer periods with visible light reached apparent
equilibrium faster than those cured for shorter times.
For example, the UDMA polymer samples that were
cured for 13 s and annealed at 57.0° and 65.5°C
reached equilibrium at 4.5 × 105 and 4.0 × 105 s, re-

Figure 2. Rate of change of enthalpy (mcal/g s) as a func-
tion of time (s) for UDMA polymer cured for different
lengths of time and annealed at 37.0°C.

Figure 3. Rate of change of enthalpy (mcal/g s) as a func-
tion of time (s) for UDMA polymer cured for different
lengths of time and annealed at 57.0°C.

Figure 4. Rate of change of enthalpy (mcal/g s) as a func-
tion of time (s) for UDMA polymer cured for different
lengths of time and annealed at 65.5°C.
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spectively, while those cured for 300 s reached equi-
librium at 4.0 × 105 and 2.4 × 105 s. However, at 37.0°C,
the change in dH/dt was greater for the composite sys-
tems cured for 13 s than those cured for 300 s. In
addition, the equilibrium time was reached at 1.0 × 106

s for UDMA polymer when cured for 13 and 300 s,
while it was reached at 3.5 × 105 and 5.5 × 105 s for
samples containing 75 wt% filler and cured for 13 and
300 s, respectively. Further, the equilibrium time was
5.0 × 105 and 1.0 × 106 s for samples containing sila-
nated filler when cured for 13 and 300 s, respectively.

The dH for UDMA polymer cured for 13–300 s and
annealed at 65.5°C were calculated and are plotted
against t in Figure 5. The data shown are for single
runs; however, duplicate runs resulted in values that
had errors of 1–10%. At short curing times (13 and 30
s), the samples absorbed heat at longer annealing
times; this result is in contrast to samples at low an-
nealing temperatures (37.0° and 57.0°C). In addition,
the composites that contained silanated filler showed
similar behavior. Further, at 65.5°C, samples cured for
longer times with visible light had greater enthalpy
changes than samples cured for shorter times. Also,
the initial measurable dH (i.e., dH at t = 3.3, 2.5, and 0.5
h for 65.5°, 57.0°, and 37.0°C, respectively) increased
with increasing curing time of composites.

To further illustrate the curing time effect on enthal-
py changes, dH obtained at 0, 104, and 105 s for 0–75 wt
% ZS-filled UDMA and MAPM silanated ZS-filled
UDMA composite are plotted against curing time in
Figure 6 at 65.5°C. Similar results were found when
the samples were annealed at 57.0° and 37.0°C. dH
values increased within increasing curing times and

gradually leveled off to constant values at very high
curing times when the composites contained unsila-
nated filler. However, for composites containing sila-
nated filler, the dH values reached a minimum and
then increased with longer curing time. tmax was de-
termined as the time when the thermovoltage became
constant.

Relative conversion for UDMA annealed at 57.0°C is
plotted as a function of normalized time in Figure 7.
Similar results were found for the filled systems. Re-
gardless of the system tested, the conversion with nor-
malized time was greater for samples cured for short
exposures to visible light. For example, in the initial
10% of the annealing period, the relative conversion of
the 13-s cured UDMA polymer was 75%, while the
relative conversion of the 300-s cured polymer was
55%. In addition, within 50% of the annealing period,
the conversions were 97 and 90% for UDMA polymer
cured for 13 and 300 s, respectively.

Filler effects

The dH/dt for 0–75 wt % ZS-filled UDMA and
MAPM-silanated ZS-filled UDMA samples cured with
visible light for 13 s and annealed at 57.0°C are plotted
against t in Figure 8. All the data for filled samples are
normalized to the amount of polymer. Similar results
were obtained for these systems at the different an-

Figure 5. Rate of change of enthalpy (mcal/g) as a function
of time (s) for UDMA polymer cured for different lengths of
time and annealed at 65.5°C.

Figure 6. Change of enthalpy (mcal/g) as a function of
curing time (s) for 0, 15, 45, and 75 wt % ZS-filled UDMA
and MAPM-silanated ZS-filled UDMA annealed at 65.5°C
for (a) 0 s, (b) 104 s , and (c) 105 s.
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nealing temperatures. The change of dH/dt increased
with higher filler concentration in the composites,
while the time required to reach apparent equilibrium
decreased. For example, at 57.0°C, the rate of dH/dt
increased from 2.2 × 10−6 to 3.5 × 10−6 for filler incor-
poration from 0 to 75 wt % when the composite was
cured for 13 s, while the apparent equilibrium time
decreased from 4.5 × 105 to 1.1 × 105 s. In addition, the

rate of change of dH/dt increased in samples consisting
of composites containing silanated filler, and the time
required to reach equilibrium also decreased com-
pared to composites containing unsilanated filler.

To illustrate the effect of filler concentration on the
enthalpy changes, dH obtained at 0, 104, and 105 s for
samples cured for different times and annealed at
65.5°C are plotted against filler concentration in Figure
9. These data showed nonlinear dependence of the
change of enthalpy with filler concentration. The dH
curves showed maxima for samples containing 25 wt
% filler at high annealing temperatures, while the dH
values increased linearly with the greater filler con-
centration at low annealing temperatures.

The conversion of 0–75 wt % ZS-filled UDMA and
MAPM-silanated ZS-filled UDMA cured for 13 s and
annealed at 57.0°C are plotted as a function of normal-
ized time in Figure 10. Greater filler concentration in-
creased the relative conversion from 75 to 85% for 0
and 75 wt % ZS-filled UDMA, while silanating the
filler caused a decrease in the conversion to 66% when
the samples were annealed at the initial 10% of the
time.

Temperature effects

The dH/dt for 75 wt % ZS-filled UDMA annealed at
37.0°, 57.0°, and 65.5°C and cured for 13 s are plotted
against t in Figure 11. Similar results were obtained for

Figure 7. Percent conversion as a function of normalized
annealing time for UDMA polymer cured for 13–300 s and
annealed at 57.0°C.

Figure 8. Rate of change of enthalpy (mcal/g s) as a func-
tion of time (s) for UDMA-based composites containing 0–75
wt % unsilanated filler and 75 wt % MAPM-silanated filler
which were cured for 13 s and annealed at 57.0°C.

Figure 9. Change of enthalpy (mcal/g) as a function of
filler concentration (wt %) for 13–300-s cured ZS-filled
UDMA annealed at 65.5°C for (a) 0 s, (b) 104 s, and (c) 105 s.
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unfilled and silanated ZS-filled samples cured for dif-
ferent curing times. The initial values of dH/dt and the
rate of change of dH/dt were higher at the lower an-
nealing temperatures and lower curing times. Also,
the time needed for the 75 wt % ZS-filled UDMA
samples to reach apparent equilibrium were 5.5 × 105,
2.1 × 105, and 1.5 × 105 s at 37.0°, 57.0°, and 65.5°C,

respectively, when cured for 300 s. However, the time
required to reach equilibrium for composites contain-
ing silanated filler was independent of the annealing
temperatures, and it took 1.0 × 106 s.

To illustrate further the effect of annealing tempera-
ture on the enthalpy changes, the enthalpies for the
different samples cured for 13 s were obtained at 0,
104, and 105 s of annealing are plotted against anneal-
ing temperatures in Figure 12. These data showed a
decrease in enthalpy change with higher annealing
temperature. In addition, the dH values showed a lin-
ear dependence with annealing temperature; thus, the
specific heats of the different systems were calculated
from the slopes of these curves at 0 s annealing time,
and the values are presented in Table I. The specific
heats decreased with longer curing times in UDMA
polymer and in the composite containing silanated

Figure 12. Change of enthalpy (mcal/g) as a function of
annealing temperatures (°C) for 13 s cured 0, 45, and 75 wt
% ZS-filled UDMA and 75 wt % MAPM-silanated ZS-filled
UDMA annealed for (a) 0 s, (b) 104 s, and (c) 105 s.

TABLE I
Specific Heat (mcal/g °C) for Different Composite

Systems Cured for 13, 90, and 300 s

Specific Heat (mcal/g °C)

Curing Time (s)

Filler (wt %) 13 90 300

0 172 120 108
75 unsilanated 200 200 200
75 MAPM silanated 192 100

Figure 10. Percent conversion as a function of normalized
annealing time for 0–75 wt % ZS-filled UDMA and MAPM-
silanated ZS-filled UDMA cured for 13 s and annealed at
57.0°C.

Figure 11. Rate of change of enthalpy (mcal/g s) as a func-
tion of time (s) for 75 wt % ZS-filled UDMA cured for 13 s
and annealed at 37.0°, 57.0°, and 65.5°C.
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filler, and increased with greater filler concentration,
reaching a constant value regardless of the effect of
curing time.

The conversions of 75 wt % ZS-filled UDMA an-
nealed at different temperatures and cured for 13 s are
plotted as a function of normalized time in Figure 13.
Similar results were obtained for all filled and unfilled
systems. The conversion of the composite was greater
with higher annealing temperatures. Also, there was
an interaction between the effects of curing times and
the annealing temperatures. That is, at very short cur-
ing times and high temperatures, a maximum ap-
peared in the conversion curves, indicating the forma-
tion of some complexes between the UDMA resin and
other extraneous materials present in the system.
These agents are possibly hydrogen-bond donor mol-
ecules such as moisture or tertiary amine accelerator.

DISCUSSION

The crosslinking reaction of thermosets is a highly
exothermic process, and the heat liberated tends to
accelerate the curing reaction. The crosslinking of the
diacrylate resins is accomplished by addition poly-
merization reactions, where the carbon double bonds
on the acrylate are converted to a single bond. The
exothermic heat of polymerization results from the
propagation reaction of free radical chains that
crosslink to an active double bond of unsaturated
monomers.9 Therefore, it can be reasonably assumed

that the exothermic heat generated per unit mass and
its magnitude can be used to follow the progress of the
cure.

From the isothermal measurements, the rates of
change of enthalpy and enthalpy changes of the
UDMA polymer were found to be exothermic, and
they were affected by the curing time, filler content,
and nature of the filler surface. The maximum time
required for these reactions to reach equilibrium at
annealing temperatures of 37°–65.5°C was 106 s.

Curing time effect

The microcalorimetry measurements indicate that
UDMA polymer and UDMA-based composites cured
for longer periods of time with visible light always
had higher rates of enthalpy and reaction heats than
those cured for shorter periods. This result suggests
that annealing of resins cured for shorter times did not
increase the crosslink density with time compared to
resins cured for longer times, thus leaving more re-
acted double bonds at the end of the curing and post-
curing cycle and lower crosslink density. This slowing
down of the curing process is due to reaching either
the gel or vitrification point, which results in slowing
the diffusion of unreacted double bonds. Thus, this
effect resulted in longer times required to reach equi-
librium (Figs. 3 and 4) and lower heats of reaction
(Fig. 6).

At short curing times (13 and 30 s) and high anneal-
ing temperatures (65.5°C) for the UDMA and UDMA-
based composites, the rates of enthalpy and the en-
thalpy changes exhibited an endothermic region at a
long annealing time. This observation suggests that in
addition to autoacceleration, a reaction occurred be-
tween the UDMA resin and other materials present in
the system. These agents are possibly hydrogen-donor
molecules which may be present in the system such as
moisture.10 Also, at these short curing times the reac-
tion of the reducing agent and the camphoroquinone
to form an exited complex state (exiplex) might not be
complete, and the endothermic reaction may be a re-
sult of the reduction of the photoinitiator to form free
radicals. In addition, it appeared that curing for 150–
300 s had no significant effect on the enthalpy changes,
especially at low filler concentration, which suggests
that curing for more than 90 s with visible light did not
change the crosslink density.

Although the final conversion of the partially cured
UDMA polymer and the UDMA-based composites
did not reach the high conversion of those of the
higher cured polymer, the conversion rates were
higher at the normalized time for the lower cured
polymer and composite (Fig. 7). This contradiction
may be explained by the relative number of carbon

Figure 13. Percent conversion as a function of normalized
annealing time for 75 wt % ZS-filled UDMA cured for 13 s
and annealed at 37.0°, 57.0°, and 65.5°C.
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double bonds converted to single bonds, which is
higher in the lower cured composites, because of the
lower density of packing, higher diffusion rates of
chain segments, and higher availability of carbon
double bonds.

Filler effect

The heat of reaction of the polymer-based compos-
ites could be modified by the introduction of a plasti-
cizer, copolymerization, or the introduction of inor-
ganic filler. In this study, the heat of reaction of the
UDMA was modified by the introduction of different
amounts of filler. This modification was reflected by
the increase in the values of the enthalpy changes and
their rates when the filler concentration was increased
to 25% (Fig. 9), while the values started to decrease at
higher filler concentrations. The increases in these val-
ues at low filler concentrations were an indication of
an introduction of a phase which restricted the mo-
lecular motion of the surface layer of polymer onto
filler particles, and regarded the composite as being a
densely crosslinked polymer. As a result of the
crosslinked structure, the thermoset was farther away
from the glassy state and equilibrium, which caused
higher enthalpy values. However, at higher filler con-
centrations, the enthalpy changes and their rates
started to decrease. This observation may be explained
by the formation of some filler aggregates covered
with UDMA owing to their high concentration,11 or it
may be explained by the effect of less penetration of
light which caused lower activation and formation of
free radicals. This latter effect may result in lower
number of propagating free radicals chains and the
presence of higher number of unreacted double
bonds, which leads to lower crosslink density.

The relative conversion of the filled-UDMA was
higher than the unfilled polymer. This observation in-
dicates that the lower penetration of light due to the
presence of the filler in the composite caused greater
presence of unreacted double bonds; thus, the relative
number of carbon double bonds converting to single
bonds is higher in highly filled composites.

In composites containing silanated filler, the
crosslink density of the composite increased, as shown
by the increase of the rate of change of enthalpy (Fig.
8) and the decrease of the apparent time required to
reach equilibrium. However, the change of enthalpy
for samples containing silanated filler was lower than
those of the unsilanated ones. Also, the overall change
of enthalpy was endothermic. This observation indi-
cates that there is breaking and forming of bonds in
the system, which may be due to the dynamic equi-
librium created at the interface between the filler and
the polymer, which serves as an internal stress re-
liever.
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