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ABSTRACT: We studied the dynamic curing of a polymer
blend containing an unsaturated polyester prepolymer,
styrene, and a saturated polyester as a low-profile thermo-
plastic additive during heating from 40 to 160°C with a
constant rate (4 or 10 K/min). This work was performed
by means of a homemade dilatometer that simulta-
neously determined conversion degree, volume, pressure,
and temperature. The various phenomena inducing volume
change were identified and then separated (thermal expan-

sion, shrinkage, and shrinkage compensation). A model
based on physical consideration was built that allowed an
accurate fit of the experimental results. The influence of the
pressure on all this phenomena was summarized and
quantified.© 2003 Wiley Periodicals, Inc. J Appl Polym Sci 88:
1258–1267, 2003
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INTRODUCTION

The cure of unsaturated polyester (UP) and styrene
generates polymerization shrinkage that induces
stresses in the bulk of the cured thermoset material
and consequently deformations, especially at the sur-
face.1 The addition of a thermoplastic additive [low-
profile additive (LPA)] helps to solve this problem by
inducing a phase separation2,3 that allows release of
stresses at the interfaces between cured UP and
LPA.4,5 The formation of this two-phase structure is
necessary for shrinkage compensation.5,6 The shrink-
age control mechanism of blends containing thermo-
plastic, unsaturated polyester prepolymer, and sty-
rene has been extensively studied and described.7–11 It
is generally agreed that this shrinkage control pro-
ceeds mainly by formation of pores,12–14 although
thermal expansion and contraction during heating
and cooling, respectively, also affect shrinkage. To our
knowledge, the quantification and description of the
formation and release of stresses were described only
by Chan-Park et al.12 The effects of LPA concentration
and type,15 UP resin structure,16 and processing con-
ditions13,17,18 on shrinkage control have been well in-

vestigated, generally with a dilatometer. Traditionally,
the equipment is used to investigate volume changes
during thermoset polymer processing and measures
only pressure, volume, and temperature. The conver-
sion degree is generally measured by DSC,13 which
tends to be prejudicial against a wholly accurate in-
terpretation. Indeed, the four variables of pressure,
volume, time, and conversion degree (P, V, T, and X,
respectively) need to be considered simultaneously to
describe the system. Moreover, these studies are fre-
quently performed under isothermal curing condi-
tions to avoid thermal expansion13,17,18 and generally
at low temperature (30–85°C range) to slow down the
reaction rate. However, the industrial curing behavior
corresponds to dynamic curing where the cold un-
cured material is injected in the hot mold.

The curing kinetics of unsaturated polyester resin
has been extensively studied by Salla and cowork-
ers.19–22 The phenomena inducing a volume change
during thermoset blend heating have been identified,
that is, thermal expansion, polymerization shrinkage,
and shrinkage compensation.13 Hill et al.18 proposed
two models to predict the volume change during iso-
thermal curing. One is based on conversion degree
and the other is based on radical concentration. Al-
though these two models include both thermal effects
and polymerization shrinkage effect they do not take
into account shrinkage compensation.

As a matter of fact, a model to predict volume
change during dynamic curing has to be defined to
include shrinkage compensation. To achieve this goal,

Correspondence to: D. Delaunay (didier.delaunay@
polytech.univ-nantes.fr).

Contract grant sponsor: La Region Centre.
Contract grant sponsor: Menzolit Society.

Journal of Applied Polymer Science, Vol. 88, 1258–1267 (2003)
© 2003 Wiley Periodicals, Inc.



experiments were performed with a home-built appa-
ratus, where volume change and conversion degree
were measured simultaneously. A model for dynamic
curing was developed based on these experimental
results. This model took into account thermal expan-
sion, polymerization shrinkage, and associated shrink-
age compensation. The experiments were performed
with a low weight saturated polyester, as LPA, rarely
used and studied in the literature.

EXPERIMENTAL

Materials

The thermoset blend used in this work was based on
an unsaturated polyester prepolymer (14.0 wt %), sty-
rene (6.8 wt %) as curing agent, and a thermoplastic
additive (3.7 wt %) as shrinkage compensation agent.
Ter-butyl perbenzoate as polymerization initiator (0.3
wt %), calcium stearate as demolding agent (1.3 wt %),
calcium carbonate as mineral filler (73.3 wt %), and
parabenzoquinone (0.6 wt %) as inhibitor were also
added to this blend.

The unsaturated polyester prepolymer (Mn � 2700 g
mol�1) was made from a 1 : 0.7 : 0.3 mixture of maleic
anhydride, propylene glycol, and neopentyl glycol.

The LPA (Mn � 2690 g mol�1) was a saturated
polyester based on adipic acid and propylene glycol.
The molar ratio of styrene/unsaturated polyester pre-
polymer was set at a value of 2.0. The LPA content
based on pure saturated polyester solid was 15% of
the total weight of the ternary blend unsaturated poly-
ester/styrene/LPA.

Instrumentation and procedures

The device used for measurements is shown in Figure
1, a detailed description of which is given in Millischer
et al.23 The sample, a 60.4-mm-diameter disk was com-
pressed between the mold bottom and a mobile piston
moving inside the cylindrical lateral wall of the stain-
less steel mold. The piston moved following the vari-
ations of the sample volume. The piston dimensions
were such that the pressure in the sample was sup-

posed to be hydrostatic. The pressure in the molding
cavity (up to 7.5 MPa) was controlled within 7 � 10�2

MPa precision. The mold was placed between the
heating plates of a press, equipped with a displace-
ment sensor that measured the thickness variations of
the disk. This LVDT-type sensor can measure dis-
placements of 10 mm with a precision of 1 �m. Heat
flux sensors, placed in the bottom of the mold and in
the piston, used thermocouples placed inside the sen-
sor at different distances of the surface. These sensors,
which do not modify the measured fluxes, were con-
ceived at the laboratory and are described in detail in
Masse et al.24 The temperature data were treated by a
classical inverse sequential method25 and the temper-
ature and heat flux densities to the surface of the
sensor were so determined. The precision of heat
fluxes was estimated to 0.5%. We can therefore reach
the heat flux generated by the cure reaction. A classical
technique was applied to the heat fluxes, analogous to
the measurements in differential scanning calorime-
try. The enthalpy and the conversion degree of the
reaction can be determined. The mold was designed
so that the heat transfers would be unidirectional in
the direction of the axis of the disk. The temperature
and conversion degree gradients in the sample under
heating were limited, considering its small thickness
and the small heating rate, verified by calculations.26

The sample weight before curing was adjusted
(� 15 g) to mold a cylinder with a thickness of 5 mm.
A scanning run of temperature was composed of two
identical cycles. The cycle started at 40°C for 15 min
and increased linearly to 160°C. The temperature of
160°C was maintained for 15 min then decreased to
40°C.

The data collected during the second cycle were
used to calibrate heat flux and thickness. During the
first cycle, the measured heat flux was ascribed to
the polymerization exothermal reaction and sample
heat capacity before, during, and after curing. The
observed heat flux during the second cycle was
attributed only to the heat capacity of the cured
blend. To eliminate heat capacity variation of the
blend before and after curing, the measured heat
flux of the second cycle was subtracted from that of
the first cycle, and a sigmoid function was used as
baseline. When temperature increased, the mold ex-
panded and induced a displacement detector re-
sponse. Consequently, we used an aluminum stan-
dard (diameter, 60.4 mm; thickness, 5.07 mm) with
known thermal expansion. The subtraction of this
response to the displacement recorded for sample
gave only the sample thickness. As a pressure was
applied during the entire experiment, the cylindri-
cal sample kept a constant diameter and, conse-
quently, the sample volume change induced a
change only in the sample thickness.

Figure 1 Cutaway view of the dilatometer configuration.
23
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Pressure in the molding cavity was either 1.3 or 6.6
MPa and the heating rate was either 4 or 10 K/min.
All experimental data (heat flux and detector displace-
ment) were analyzed and modeled with homemade
programs in FORTRAN and MATLAB languages.

RESULTS

Analysis of the sample thickness

The measured thickness (e) versus time (t) for a scan-
ning temperature (T) run of 10 K/min and a pressure
(P) of 6.6 MPa is displayed in Figure 2, where six parts
can be distinguished:

1. While the mold is in isothermal (40°C) condi-
tions, e remains constant and is equal to the initial
value e0.

2. A strong increase of e is observed at the begin-
ning of the temperature ramp attributed to the
sample thermal expansion before curing.

3. Then, the volume increases to reach a maximum.
This step corresponds to a relative equilibrium
between polymerization shrinkage, thermal ex-
pansion, and shrinkage compensation (if it exists
at this time).

4. The thickness decreases sharply because of poly-
merization shrinkage.

5. The expansion of the cured sample and/or
shrinkage compensation give rise to a new vol-
ume increase.

6. Finally, the temperature stabilization at 160°C
leads to a constant thickness.

This curve has a classical behavior previously ob-
served by numerous investigators.10,11,13,18

Determination of the conversion degree

The relative degree of conversion X was determined
by means of the exothermal heat flux generated by the
reticulation reaction and is defined by the following
equation:

X �

�
0

t

� dt

�Htotal
(1)

where � is the measured heat flux and �Htotal is the
polymerization reaction heat given by

�Htotal � �
0

tf

� dt

where tf is the time at the end of the reaction.
Figure 3 shows the exothermal flux and the relative

conversion degree X as a function of time t for the
experimental conditions of Figure 2. This figure has a
classical behavior. Experiments did not show any de-
pendency on pressure but the heating rate evidently
exerts an influence because of the kinetic effect (see,
e.g., Salla et al.22).

Modeling the thickness changes

As mentioned before, during the thermal cycle, differ-
ent phenomena such as thermal expansion and con-
traction, polymerization shrinkage, and shrinkage
compensation (i.e., pore formation) exist, or can exist.
These various contributions must be separated to

Figure 2 Evolution of the sample thickness (diamond) and temperature (full line) as a function of time for a 10 K/min
heating rate and a pressure of 6.6 MPa.
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model the behavior of the thermoset material during
nonisothermal curing.

The state equation describing the variation of the
specific volume (v) of the blend is

dv
v

�
1
v � �v

�T�
P,X

dT �
1
v � �v

�X�
P,T

� dX �
1
v � �v

�P�
T,X

dP (2)

Because the pressure P in the mold cavity is constant,
eq. (2) can be simplified to

dv
v

� �v dT � Rv dX (3)

where �v � (1/v)(�v/�T)P,X is the volumetric thermal
expansion and Rv � (1/v)(�v/�X)P,T is a volumetric
coefficient associated with polymerization.

Given that the sample is a cylinder with constant
diameter, eq. (3) is equivalent to

de
e � � dT � R dX (4)

where � � (1/e)(�e/�T)P,X is the linear thermal expan-
sion coefficient, a function of T, P, and X; and R
� (1/e)(�e/�X)P,T is the linear coefficient characteriz-
ing the shrinkage and shrinkage compensation and is
a function of T, P, and X.

Equation (4) can be rewritten:

de � ��X, T, P�e dT � R�X, T, P�e dX (5)

Because the measured parameter is e, integration of
eq. (5) gives

�
0

t

de � �
T0

T0	�T

e�t���X, T, P� dT

� �
0

X

e�t�R�X, T, P� dX (6)

which can be also rewritten as

e�t� � e0 � �
T0

T0	�T

e�t���X, T, P� dT

� �
0

X

e�t�R�X, T, P� dX (7)

The thickness at time t is the sum of the initial thick-
ness e0, the thickness variation attributed to the tem-
perature variation (�eT) [i.e., thermal expansion or
contraction (second term of the right-hand side)], and
the contribution of cure phenomena (shrinkage and
the associated compensation) to the thickness varia-
tion of the sample (�eSC) (third term of the right-hand
side).

Modeling the thermal expansion

To be able to consider only thickness changes attrib-
uted to phenomena associated with reticulation, we

Figure 3 Heat flux � (square) and conversion degree X (full line) of the copolymerization reaction as a function of time for
a 10 K/min heating rate and a pressure of 6.6 MPa.
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estimated �eT. For this purpose, estimation of �(X, T,
P) was needed.

Before curing, thermal expansion corresponded to
the uncured sample (part � of the curve in Fig. 2). e(t)
was a quasi-linear function of the temperature, mean-
ing that �(0, T, P) was a constant value, independent
of the temperature. Consequently, the expansion co-
efficient of the sample before curing could be easily
determined by the slope of the e � f(T) curve.

After curing, additional heating did not modify the
polymerization. The sample thickness in the second
cycle was also a linear function of the temperature.
The thermal expansion coefficient �(1, T, P) was also
constant, independent of the temperature.

During copolymerization, the blend proceeded
from a fluid state to a rubbery state. The blend was
then considered as an ideal mixture for 0 
 X 
 1,
with the coexistence of both uncured and cured
phases. As a consequence, the thermal expansion co-
efficient was given by

��X, T, P� � �1 � X���0, T, P� � X��1, T, P� (8)

The thermal expansion coefficients are listed in Table
I. The coefficients were determined within 3 � 10�5

K�1 precision. As a consequence, we considered that
obtained values did not depend on the heating rate.
The thermal expansion coefficient before curing de-

pended on pressure but after curing they were insen-
sitive to pressure.

Figures 4 and 5 represent (e(t) � �eT) (i.e., thickness
evolution versus time only attributed to polymeriza-
tion phenomena for 1.3 and 6.6 MPa, respectively).
The shapes of the curves were in agreement with those
expected. First of all, thickness was constant and equal
to e0 until the start of copolymerization. Then, sample
thickness decreased drastically with resin shrinkage.
Finally, thickness decrease stopped. If shrinkage re-
mained, it was compensated by formation of pores.
For longer times, the reticulation was complete and
the thickness remained constant, given that cured
resin thermal expansion was the only observed phe-
nomenon.

Kinetics of thickness evolution relative to
polymerization phenomena

To identify precisely the various coupled phenomena
governing the thickness evolution, we plotted (d/
dt)[e(t) � �eT], which represents the thickness evolu-
tion rate VSC, as a function of the conversion rate
dX/dt.

Theoretically, this rate has two components: the
thickness evolution rate VS (S for shrinkage), attrib-
uted to polymerization shrinkage, and the thickness

TABLE I
Experimental Thermal Expansion Coefficients of Samples Before and After Curing

for the Different Processing Conditions

Experimental condition 10 K/min, 1.3 MPa 10 K/min, 6.6 MPa 4 K/min, 1.3 MPa 4 K/min, 6.6 MPa

� before curing (10�4 K�1) 3.9 2.9 4.3 3.3
� after curing (10�4 K�1) 0.3 0.3 0.2 0.3

Figure 4 Thickness versus time without thermal expansion contribution e(t) � �eT � f(t) for a heating rate of 10 K/min and
a pressure of 1.3 MPa (full line) and 6.6 MPa (dashed line).
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evolution rate VC (C for shrinkage compensation), at-
tributed to the shrinkage compensation, if it exists.

Figure 6 presents VSC versus dX/dt for 10 K/min
and 1.3 MPa pressure. This curve can be separated
into four parts:

1. VSC remains zero up to X � X1. We suppose that
up to X1, no macroscopic manifestation of shrink-
age is visible.

2. VSC is a linear function of dX/dt. This simple rela-
tion observed in our case up to XCi was postulated
by Hill18 during the entire time of copolymeriza-
tion. Supposing that shrinkage was the only phe-
nomenon existing at this moment, we assumed the
strong hypothesis that this relation is valid what-
ever the X value. Consequently, this part of the

curve allows us to define VS as a linear function of
dX/dt. Complementary experiments will be carried
out to validate this hypothesis more rigorously.

3. From X � XCi up to X � XCf, a sharp decrease of
the absolute value of VSC is observed, clearly
indicating that another phenomenon is super-
posed to shrinkage. We call this period between
XCi and XCf, where the shrinkage compensation
is setting up, the transition period.

4. Finally, VSC versus dX/dt is a linear function
whose slope is very small, resulting from the
superposition of shrinkage and the associated
compensation.

From these results, we can isolate the shrinkage
compensation. The evolution of VC versus dX/dt can

Figure 5 Thickness versus time without thermal expansion contribution e(t) � �eT � f(t) for a heating rate of 4 K/min and
a pressure of 1.3 MPa (full line) and 6.6 MPa (dotted line).

Figure 6 Thickness evolution rate VSC as a function of conversion rate dX/dt for a heating rate of 10 K/min and pressure
of 1.3 MPa. Arrows indicate the direction of the displacement on the curve. The starting point is (0,0).
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be indeed determined by subtracting VS from VSC. The
obtained curve is presented in Figure 7, where three
periods can be distinguished:

1. Up to X 
 XCi, VC remains equal to 0, in theory.
The low observed value is a consequence of ex-
perimental noises and errors on graphical VS de-
termination.

2. In the transition zone, between XCi and XCf, the
shrinkage compensation mechanism is setting
up. VC increases rapidly to a maximum value;
this increase is not linear.

3. Then VC decreases linearly to zero.

Considering the previous results, we propose the
following model to describe the rate of thickness evo-
lution attributed to polymerization. VSC can be ex-
pressed as the sum of shrinkage rate and shrinkage
compensation rate:
First step. When X 
 X1, VSC � 0.
Second step. When X1 
 X 
 XCi, VSC � VS, where VS

� KSe0(dX/dt).
KS is a coefficient related to the volume contraction

attributed to the opening of double bonds. This
shrinkage coefficient KS is not dependent on the heat-
ing rate in a first approximation but can be sensitive to
the pressure.
Third step. When XCi 
 X 
 XCf (transition period),
VSC � VS 	 VC, where VS � KSe0(dX/dt) and VC �
KCe0(dX/dt).

Because KC corresponds to the volume expansion
associated with stress release, it must be sensitive to
the pressure and be insensitive to the heating rate in a
first approximation. The compensation coefficient KC

evolves with time and we propose to represent it by

the following expression: KC � KCmax[1 � F(X)], where
F(X) � exp[�(AX4 	 B)2].

This F function has specific properties. It is equal to
1 for X 
 XCi. It becomes progressively equal to 0
between XCi and XCf. Its derivatives at XCi and XCf are
equal to zero. Consequently, A and B are functions of
XCi and XCf and are given by A � 2.5/(XCf

4 � XCi
4 ) and

B � 2.5 � AXCf
4 . The constant value 2.5 is adjusted to

fit the experimental results. The evolution of KC versus
X is shown in Figure 8.
Fourth step. When XCf 
 X, VSC � VS 	 VC, where VS

� KSe0(dX/dt) and VC � KCmaxe0(dX/dt).

Figure 7 VC as a function of the conversion rate dX/dt for a heating rate of 10 K/min and pressure of 1.3 MPa. Arrows
indicate the direction of the displacement on the curve. The starting point is (0,0).

Figure 8 Compensation coefficient KC versus conversion
degree during the transition period for a heating rate of 10
K/min and a pressure of 1.3 MPa.
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Reconstruction of the sample thickness evolution

The evolution of the sample thickness during the ther-
mal cycle is represented by a sum of contributions
associated with thermal expansion �eT and with po-
lymerization phenomena �eSC. This latter is a sum of
contributions from both polymerization shrinkage
and shrinkage compensation.

e�t� � e0 � �eSC � �eT � e0 � �eS � �eC � �eT (9)

The contribution from thermal expansion �eT is ob-
tained by

�eT � �
T0

T0	�T

�e0 � �eSC���X, T, P� dT

where �T is the temperature variation between T0
and T.

The contribution from polymerization phenomena
�eSC may be expressed as

�eSC � �
t0

t0	�t

VSC dt (10)

where �t is the temperature variation between t0
and t.

The thickness evolution �eSC during cure is sepa-
rated in several steps according to the previous model:
First step. When X 
 X1, VSC � 0 and �eSC � 0.
Reticulation started and shrinkage effect cannot be
detected.
Second step. When X1 
 X 
 XCi, shrinkage is the only
observed phenomenon. �eS � KSe0(X � X1), �eC � 0,
and �eSC � �eS.

Third step. When XCi 
 X 
 XCf, shrinkage compensa-
tion starts but is not immediately established (transition
regime). �eS � KS(X � X1) and �eC � �XCi

XCf e0KC dX.
Fourth step. When X � XCf, shrinkage compensation is
completely established. �eS � KSe0(X � X1), �eC �
(�XCi

XCf e0KC dX) 	 KCmaxe0(X � XCf).
If the parameters of this model, X1, XCi, XCf, KS, and

KCmax, are known, it is possible to compute e(t). To
obtain values of these parameters we analyzed the
experimental results with an inverse method of esti-
mation, which is based on the minimization of the
criterion J(KS, KCmax, XCf) by a program using a sim-
plex method.

J � �
1

N �
1

ni

�e0 � �eSC � �e � �eT��2 (11)

where e0 	�eSC is the thickness calculated for each
experimental value (time step), e � �eT is the experi-
mental thickness corrected of thermal expansion ef-
fect, N is the number of experiments, and ni is the
number of experimental values for experiment i.

Note that we use two experiments (for two different
heating rates) corresponding to the same pressure to
compute the criterion J. Indeed, we assume here that
KS and KC are independent of the heating rate. For the
inverse calculation, X1 and XCi are fixed and obtained
from experimental considerations (see example in Fig.
6) for each experiment. For a given pressure, we iden-
tify a set of values KS, KCmax, and XCf1 and XCf 2 (the
subscripts 1 and 2 are relative to the two experiments
used to compute J).

The theory of inverse method25 shows that the fitted
parameters correspond to an acceptable solution if �i

TABLE II
Fitted Parameters for the Different Experimental Conditions, Values of �, and Amplitudes of Various Identified

Phenomena

Experimental conditions
4 K/min
1.3 MPa

10 K/min
1.3 MPa

4 K/min
6.6 MPa

10 K/min
6.6 MPa

Fixed parameters
X1 (%) 1.0 4.5 5.0 3.9
XCi 30 28 42 39

Fitted parameters
KS (10�2) �6.9 �6.1
KCmax (10�2) 6.8 5.8
XCf 42 42 63 57

� (m) 4 � 10�6 4 � 10�6 4 � 10�6 3 � 10�6

Total thermal expansion (%) �eT/e0 3.0 3.0 2.4 2.3
Total variation due to shrinkage (%) �eS/e0 �6.8 �6.6 �5.8 �5.9
Total variation due to shrinkage compensation (%) �eC/e0 7.5 7.3 5.3 5.4
Total variation (%) (�eC 	 �eS 	 �eT)/e0 0.6 0.9 �0.6 �0.7
Transition period length XCf (%) 12 14 21 18
�eC (transition zone)/�eC tot (%) 10 13 23 17
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� (Ji/ni)
1/2 is equal to or lower than the error of the

experimental value (5 �m).
The KS, KCmax, XCf1, and XCf 2 optimized values are

reported in Table II. The thickness evolution curves
thus modeled were compared to the experimental
curves both without and with taking into account the
thermal expansion (see Figs. 9–12). As clearly seen in
these figures, the agreement is excellent. For all the
experimental conditions, we verify that � is lower than
5 �m. This proves that for our experimental results,
the model is adequate and the set of parameters gives
an acceptable solution.

DISCUSSION

The existence of an angular point on the e � f(t)
curve has already been observed and has often been
presented to prove the existence of shrinkage com-
pensation. In contrast, our results offer evidence
that the shrinkage compensation phenomenon ex-
ists even if no angular point was observed and even
if the final thickness revealed a shrinkage. The ex-
istence of shrinkage compensation was also verified
by the presence of pores in the sample after curing.
The shrinkage compensation amplitude and the
measured pore volume of the cured sample were in

Figure 9 Comparison between experimental (full line) and
modeled (dashed line) curves representing thickness versus
time without taking into account thermal expansion for a
pressure of 1.3 MPa.

Figure 10 Comparison between experimental (full line)
and modeled (dashed line) curves representing thickness
versus time without taking into account thermal expansion
for a pressure of 6.6 MPa.

Figure 11 Comparison between experimental (full line)
and modeled (dashed line) curves representing thickness
versus time with taking into account thermal expansion for
a pressure of 1.3 MPa.

Figure 12 Comparison between experimental (full line)
and modeled (dashed line) curves representing thickness
versus time with taking into account thermal expansion for
a pressure of 6.6 MPa.
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good agreement. Our model included the polymer-
ization shrinkage compensation, contrary to other
previous models.18 It may be used to predict the
polymerization shrinkage amplitude and shrinkage
compensation amplitude, and to determine param-
eters influencing these phenomena.

Let us now consider the thickness variation of all the
phenomena observed during sample heating and cure
processing (Figs. 11 and 12 and Table II). KS depends
on pressure. The lower value observed for 6.6 MPa
experiments can be tentatively attributed to compress-
ibility of the material. The cumulative thermal expan-
sion from 40°C for an uncured sample to 160°C for a
cured sample is influenced by pressure and represents
about half the shrinkage thickness variation. Polymer-
ization shrinkage and shrinkage compensation are
both influenced by pressure. Pressure delays compen-
sation initially and induces a larger conversion degree
transition range. Pressure induces a KCmax decrease,
which was expected, considering that the applied
pressure is opposed to shrinkage compensation.9,28

Because shrinkage induces stresses relaxed by pore
formation, shrinkage and compensation are linked to-
gether.

The resulting thickness variation between an un-
cured sample at 40°C and a cured sample at 160°C is
strongly influenced by the pressure. Indeed, a final
shrinkage was observed for experiments performed at
6.6 MPa and a final expansion for experiments per-
formed at 1.3 MPa. As noted in some previous stud-
ies,8,13 polymerization shrinkage is compensated by
pore formation but also by thermal expansion. Pres-
sure has a negative effect on shrinkage compensation
and thermal expansion and consequently on the final
shrinkage.

CONCLUSIONS

In this study, experimental results allowed us to link
directly specific volume evolution and curing. A
model was built to understand more deeply the im-
plied phenomena during dynamic heating of a ther-
moset blend. Thermal expansion, polymerization
shrinkage, and compensation were identified and sep-
arated. The cure of a sample proceeds by three steps:
(1) shrinkage without compensation; (2) shrinkage
and compensation setting up; and (3) shrinkage and
established compensation. Polymerization and com-
pensation shrinkage were modeled and the compari-
son between experiments and calculated curves exhib-
ited excellent correlation. The model is based on two

main hypotheses: the shrinkage coefficient KS is sup-
posed to be constant whatever the value of X. This
coefficient and the compensation coefficient KC are
independent of the thermal history T(t) and depend
on the pressure. Although this simple model allowed
us to fit our experimental results, it could be improved
by further experiments to take into account other non-
detected phenomena.

This work was supported by La Region Centre and the
Menzolit Society. The authors acknowledge N. Lefèvre and
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