
Modeling PVTX Diagrams: Application to Various Blends
Based on Unsaturated Polyester—Influence of
Thermoplastic Additive, Fillers, and Reinforcements

N. Boyard,1 M. Vayer,1 C. Sinturel,1 R. Erre,1 D. Delaunay2

1Centre de Recherche sur la Matière Divisée, 1 B rue de la Férollerie, 45071 Orleans Cedex 02, France
2Ecole Polytechnique de l’Université de Nantes-Laboratoire de Thermocinétique, UMR CNRS 6607 Rue Christian Pauc,
44306 Nantes, France

Received 30 May 2003; accepted 22 January 2004

ABSTRACT: The model previously proposed to predict
the volume change of filled blends was extended to unsat-
urated polyester/styrene blends without or with thermo-
plastic additive and to blends with fillers and/or fibers. This
model was based on experimental results from Pressure
Volume Temperature X (PVTX) setup where temperature,
conversion degree, and volume at a controlled pressure
were monitored simultaneously. Predictions obtained from
the model were compared to experimental results and were
in good agreement. This model took into account thermal
expansion, polymerization shrinkage, and shrinkage com-

pensation via porosity formation. These phenomena were
deconvoluted from the experimental curve and separately
quantified. It was shown that shrinkage and its compensa-
tion induced a volume variation exhibiting a linear depen-
dence with conversion degree. The influences of low-profile
additive content, pressure, fillers, and fiber presence on
shrinkage control were highlighted. © 2004 Wiley Periodicals,
Inc. J Appl Polym Sci 92: 2976–2988, 2004
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INTRODUCTION

The macroscopic volume variation occurring during
the processing of unsaturated polyesters (UP) are of
fundamental and economic importance because it de-
termines surface aspect, warpage, and dimension of
the final product.1 As demonstrated by numerous ex-
perimental studies,2–8 the global volume variation un-
der curing is a complex function resulting from the
convolution of elementary phenomena that can be
qualitatively described as follows: thermal variation
(expansion and contraction), resulting from the dy-
namic conditions of cure; polymerization shrinkage,
related to the reduction of steric hindrance of the
macromolecular system with conversion; pores forma-
tion, resulting from the local stress relaxation that
contributes to a macroscopic shrinkage compensation;
vitrification, observed if the glass transition tempera-
ture reaches the temperature of the curing reaction9 (in
the case of dynamic curing, a succession of vitrifica-
tion/devitrification can be observed).

The development of a model integrating these ele-
mentary phenomena (thermal dilatation, shrinkage,
shrinkage compensation, and state change during the

heating) is a challenging task. It would lead to a real-
istic simulation of the volume variation, helping for
process optimization. Few models10–12 are available in
the literature and moreover do not consider all of the
basic items previously exposed. These authors have
included both thermal effects and polymerization
shrinkage effect but the step of shrinkage compensa-
tion has never been mentioned.

In a previous article, a model for dynamical curing
was proposed.13 It is based on experimental results
carried out on a filled ternary blend with equipment
built at the laboratory, where volume, temperature,
and heat flux were measured simultaneously at a
given pressure.

This model takes into account thermal expansion,
polymerization shrinkage, and associated shrinkage
compensation. The main hypothesis is the proportion-
ality between the shrinkage variation rate and the
reaction rate. This model shows that shrinkage com-
pensation for filled ternary blend does not start at the
same time as shrinkage but when conversion degree is
higher than 30%.

The aim of this work was to confirm the previously
mentioned hypothesis by studying a blend without
any shrinkage compensation, to apply, and to extend
the model to binary, ternary blends, and to the corre-
sponding filled blends. For this purpose, shrinkage
and its compensation have to be deconvoluted and
separately quantified. The influences of fillers, low-
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profile additive content, and pressure were also stud-
ied.

EXPERIMENTAL

Samples description

The following binary blend (BB) samples were pre-
pared on the basis of a UP prepolymer and styrene
(ST) as curing agent. The UP prepolymer (Mn � 2700 g
mol�1) was Palapreg P18-03 from DSM Composite
Resins (Germany) made from a 1 : 0.7 : 0.3 mixture of
maleic anhydride, propylene glycol, and neopentyl
glycol ST was provided by Cray-Valley (France). The
ST double-bond to UP double-bond ratio was set at a
value of 2.0. Tertiobutyl-ethyl 2-perhexanoate from
Peroxide-Chemie GmbH (Germany) is added as poly-
merization initiator (1 wt %).

The following ternary blends (TB) samples were
prepared. A thermoplastic additive as low-profile ad-
ditive (LPA) was added to the binary blend as previ-
ously described. The LPA was a noncommercial satu-
rated polyester made and provided by Cray Valley
(France). The LPA (Mn � 2690 g mol�1) was saturated
polyester based on adipic acid and propylene glycol.
The LPA contents based on pure solid saturated poly-
ester was 5, 15, and 25 wt % of the total weight of the
UP/ST/LPA ternary blend.

The following binary blend and fillers (BBF) sam-
ples were prepared: the BB previously described was
completed with calcium carbonate (CaCO3) fillers
OMYA carb 80 OG from OMYA (France). This blend
was composed of 36 wt % BB and 64 wt % CaCO3.

The following ternary blend and filler (TBF) sam-
ples were prepared. They were composed of 24 wt %
TB and 75 wt % CaCO3. The LPA content in the TB
was 13 wt %. Calcium stearate (1 wt %) CECAVON
from CECA (Atofina, France) was also added as de-
molding agent.

The following non-commercial bulk molding com-
pound (BMC) made and provided by Menzolit Com-
pany (France) was also studied to validate the pro-
posed model for composite system. It was composed

of 20.1 wt % TB containing 25 wt % LPA, 20 wt % of
glass fibers, 58.9 wt % of fillers (CaCO3), and 1 wt %
calcium stearate.

Instrumentation and procedures

The device used for measurements is presented in
Figure 1. It was previously described13 in detail. Mod-
ifications, however, were performed to lower possible
gradients of pressure and temperature. An additional
heating resistance was introduced in the core of the
mold. The sample, a 50-mm-diameter disk, is com-
pressed between the mold bottom and a mobile piston
moving inside the cylindrical lateral wall.

This mold was only usable for samples which were
not likely to be liquefied during their thermal history.
Material loss was thus avoided.

Blends added with fillers exhibit high viscosity and
could be cured in this mold. Introduction of calcium
stearate as demolding agent prevented the cured sys-
tem from sticking on the mold.

Other samples such as binary and ternary blends
were initially viscous but liquefy with the increase of
temperature. This induced losses and demolding
problems. To study these samples, a molding cavity
made of elastomer was developed. This elastomer ma-
terial was deformable but incompressible. This cavity
comprised a base and a top welded together by a
special adhesive. The walls of the cavity were 1 mm
thick and the internal volume was 1.6 cm3. The binary
and ternary blends were introduced by means of a
syringe. The cavity was placed in the mold. After
molding, the sample was 6 mm thick. The filled ther-
moset blends (BBF, TBF, and BMC) before curing was
adjusted (18 g) to mold a cylinder 5 mm thick.

The pressure in molding cavity was either 1.6, 4.8,
or 8.0 MPa. The temperature cycle started at 40°C for
15 min. Temperature increased linearly to 160°C at 5
K/min and was maintained at 160°C for 15 min and
then decreased to 40°C. A second identical cycle was
performed to calibrate heat flux and to evaluate ther-
mal expansion coefficient.

For filled thermoset blends, the applied pressure
was sufficient to ensure a hydrostatic pressure within
the sample. In addition, the fillers, which had good
heat conductivity, ensured a good heat conduction
inside the sample. Consequently, the temperature and
conversion degree gradients in the sample under heat-
ing are limited, considering its small thickness and the
moderate heating rate. It was verified by calcula-
tions.12

For binary or ternary blends molded into the elas-
tomer cavity, the samples were less conductive and
the elastomer cavity induced a thermal resistance.
Consequently, there was a delay with the measure-
ment of heat flow and a more significant temperature
gradient probably exists in the sample. Moreover, be-

Figure 1 Scheme of PVTX setup.
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low a critical pressure, the contact between the piston,
the bottom, and the sample was not good enough and
the measurement of sample thickness was disturbed.
The inferior limit value was shown to be 1.6 MPa.

The temperature data are processed following a pro-
cedure described in the previous article.13 During the
first cycle, the heat flux was due to exothermal polymer-
ization reaction, sample heat capacity before, during,
and after curing, and possibly heat losses of device. The
heat flux during the second cycle was only due to cured
blend heat capacity and experimental device heat losses.
The heat flux generated by the crosslinking reaction was
thus obtained by subtracting the heat flux of the second
cycle to the one of the first cycle.

When the temperature increased, the mold, the sam-
ple, and the elastomer cavity exhibited volume varia-
tions and the displacement detector response com-
bined these effects.

The thickness of the filled blend during the thermal
cycle was obtained by subtracting the response of an
aluminum standard (diameter � 50 mm, thickness
� 5.07 mm) with known thermal expansion.

In the case of binary and ternary blends, we used as
standard an aluminum cylinder with a diameter of
58.4 mm and a thickness of 6 mm introduced inside
the elastomer cavity. As this elastomer can be consid-
ered as an incompressible fluid on a mechanical point
of view, the subtraction of this response to the dis-
placement recorded for elastomer cavity filled with
ternary or binary blend only gave the blend thickness.

RESULTS AND DISCUSSION

Flux results, kinetics of reaction

During the copolymerization, an exothermic heat of
reaction, which can be monitored, accompanied the
conversion of the double bond to single bond. From
the heat flux curves (dQ/dt in J m�2 s�1) as a function
of time t, the enthalpy of crosslinking (�H), the con-
version degree (X), and the rate of cure (dX/dt) can be
obtained as

�H �
QT

e�p X �
Qt

QT

dX
dt �

1
QT

�dQ
dt �

where QT (J) is the total heat of reaction, e is the sample
thickness (m), � is the specific mass (kg m�3) of the
polymer blend, p is the relative amount of thermoset
resin in the blend, and Qt is the heat of reaction at a
given time t.

As shown in Figure 2(a), the heat of reaction ob-
served for the curing cycle became negligible as early
as 130°C. Moreover, any residual exothermic heat flux
was not observed in the second heating cycle. Previ-
ous experiments with a higher curing temperature
(180°C) have confirmed that the samples were fully

cured after the first cycle. Consequently, all the reac-
tive styrene monomer and the CAC double bonds of
unsaturated polyester were consumed at the end of
the first cycle of curing.

Table I show �H for the various samples. Except for
TBF, on the same UP/ST mass basis, no significant
variation of the values was observed, indicating a
rather similar degree of cure for all the samples. The
higher value observed for TBF will be explained at the
end of this section.

Examples of raw data concerning the flux as a func-
tion of temperature and of kinetics of reaction dX/dt as a
function of temperature and conversion are presented in
Figure 2(a–c), respectively. It was observed in Figure
2(b) that the rates of reaction exhibited rather similar
shapes first with an induction period corresponding to a
temperature range where the peroxides were stable
and/or the radical formed was trapped in the media.
The rate of reaction then increased because of the con-
tinuous increase of temperature, reached a maximum,
and eventually decreased. To explain such a behavior,
the concept of autoaccelerated reaction (Trommsdorff
effect), which is based on the control of the kinetics of
reaction by diffusion, have been already proposed by
numerous authors.14–16 It is generally admitted that ter-
mination reaction is first limited, leading to an increased
concentration of radicals at the onset of the reaction, that
explained the initial increase of the reaction rate. As the
conversion degree increased, the mobility dropped and
the propagation itself became diffusion limited (vitrifi-
cation could here occur). Physical modifications of the
system upon curing (structural inhomogeneities, phase
separation) also played a significant role in the kinetics
control. These phenomena, associated with continuous
monomer depletion, then induced a global limitation of
reaction rate.

Within this general scheme, however, one noticed
different behaviors for the samples with and without
fillers. The blends without fillers exhibited a longer
induction period [Fig. 2(b)], suggesting that fillers
acted as a catalyst for peroxide decomposition.17–18 As
a consequence, the copolymerization reaction began
later for unfilled blends, but their reaction rates were
higher for low conversion degree [Fig. 2(c)] because
the temperature was higher when the polymerization
started. The comparison of BB and TB curves did not
show influence of LPA on reaction rate.

For the blends with fillers (BMC, TBF, BBF), the
curves dX/dt as a function of time [Fig. 2(d)] pre-
sented a shoulder associated with an increased noise/
signal ratio. This behavior was characteristic of suc-
cessive vitrification/devitrification of the sample, in-
dicating that the glass transition temperature of the
system reached a value equal to the sample tempera-
ture.9 The inverse method19 we applied to determine
the flux from temperature measurement was indeed
not able to take into account this phenomenon, which
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corresponded to a dramatic drop of the heat flux to
zero value. The high value of �H measured for these
blends especially for TBF was explained by the inte-
gration over the whole area under heat flux curve.
This led to an overestimation of this �H.

Dilatometric results

Raw dilatometric curves

During the experiments, all the studied blends presented
the same type of thickness evolution as a function of time
(Fig. 3). As the temperature rose, the thickness first in-
creased, reached a maximum, and decreased to a mini-

mum before it increased again and eventually reached a
plateau because of temperature stabilization.

These thickness variations were due to the superposi-
tion and the combination of thermal expansion, poly-
merization shrinkage, and volume expansion due to
pore formation. The thickness e(t) was thus the sum of
the initial thickness e0, the thickness variation due to
the thermal expansion (�eT), and the contribution of
cure phenomena (shrinkage and the associated com-
pensation) to the thickness variation of the sample
(�eSC). e(t) can be expressed as 13:

e�t� � e0 � �eSC � �eT

Figure 2 (a) Heat flux (dQ/dt) as a function of temperature. (b) Reaction rate (dX/dt) as a function of temperature. (c)
Reaction rate (dX/dt) as a function of conversion degree (X). (d) Heat flux dQ/dt as a function of time for TBF at 1.6 MPa. The
arrow indicates the critical point where a succession of vitrification/devitrification is encountered.

MODELING PVTX DIAGRAMS 2979



Estimation of the thickness variation due to thermal
expansion (�et)

To obtain thickness variation due to cure (�eSC), ther-
mal expansion (�eT) had to be evaluated and sub-

tracted from the experimental thickness. As demon-
strated in a previous article,13 the theoretical expres-
sion of the thermal expansion between T0 and T is
defined by

�eT � �
T0

T

e�t���X, T, P� dT with � �
1
e ��e

�T�
P,X

where � is the thermal expansion coefficient. This can
be rewritten in a simpler way:

�eT � �
T0

T � �e
�T�

P,X

dT

In practice, the thickness behavior was divided in
three periods.

Figure 2 (Continued from the previous page)

TABLE I
Total Enthalpies of Crosslinking

(�H)
(J g�1)

(�H) (J g�1) on a total
UPST mass basis

BB 424 424
TB (5% LPA) 404 425
TB (15% LPA) 369 434
TB (25% LPA) 314 418
TBF 122 602a

BBF 150 416
BMC 66 —

a Overestimated value due to a successive vitrification/
devitrification phenomenon.
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Between the initial temperature T0 and the temper-
ature Ti at which the reaction began, the thickness e(T)
was a quasi-linear function of the temperature T: e(T)
� k0(T � T0) � e0. This gave

�eT � k0�Ti � T0�

with

k0 � � �e
�T�

P,0

and �0 �
k0

e0

characteristic of the uncured state (assuming here that
the thickness variations are small compared to the
thickness of the sample).

After curing, between the temperature at the end of
the reaction (Tf) and the temperature at the end of the
experiment (Te), the thickness also evolved as a linear
function of the temperature e(T) � k1(T � Tf) � e1:

�eT � k1�Te � Tf�

with

k1 � � �e
�T�

P,1

and �1 �
k1

e1

characteristic of the cured state (assuming here that
the thickness variations are small compared to the
thickness of the sample).

During crosslinking between Ti and Tf, uncured and
cured phases coexisted in the sample. Thus, we con-
sidered that the volume expansion coefficient fol-

lowed an ideal mixture law with an uncured part and
a cured part. For a given temperature T,

�eT�T� � ��
Ti

T

�1 � X�kuc dT� � ��
Ti

T

Xkc dT�
where kuc is characteristic of the uncured state and kc is
characteristic of the cured state.

Binary and ternary blend did not show any evi-
dence of state change (heat flux curves) during
crosslinking, between Ti and Tf. Consequently, for
these samples, kuc was determined from the thickness
evolution before Ti (kuc � k0) and kc was determined
from the thickness evolution after Tf (kc � k1). For the
different binary and ternary blends, �0 varied from 6.7
to 7.0 � 10�4 K�1 and �1 varied from 3.7 to 4.7 � 10�4

K�1 in good agreement with literature.20

For filled samples (TBF, BBF, and BMC), the heat
curves showed clearly a critical point where a succes-
sion of vitrification/devitrification was encountered.
kuc was determined from thickness evolution before Ti

(kuc � k0). �0 was estimated for the various samples
and ranges between 2.7 to 4.5 � 10�4 K�1. These
values corresponded to expansion coefficient of ter-
nary or binary blend corrected by taking into account
the volume proportion contained in the filled sample.
Thus, thermal expansions of filled blends were es-
sentially due to organic blends. Before the critical
point for X � XV, the cured sample was in rubbery
state and the cured thermal coefficient kc was deter-
mined with the second cycle of temperature above
glass temperature, either by calculation, knowing
the rubbery cured state coefficient of the corre-

Figure 3 Experimental curve e(t), e-�eT, e0 � �eT as a function of time (t) for BB at 1.6 MPa.
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sponding binary, or by ternary blend. �c varied from
2.3 to 3.6 � 10�4 K�1. These two methods were in
relatively good agreement. After the critical point,
we considered that kuc was unchanged and that kc

corresponded to the observed value after curing (�c

varied from 0.3 to 0.7 � 10�4 K�1) because no slope
change was observed.

e(t)-�eT versus time

The shapes of the curves e(t)-�eT (i.e., thickness evo-
lution versus time only due to polymerization phe-
nomena) were in agreement with those expected (Fig.
3). First of all, thickness was constant and equal to e0
until the copolymerization beginning. Then, sample
thickness evolved because of resin shrinkage and
shrinkage compensation (pores formation). Eventu-
ally, when the crosslinking was completed, the thick-
ness remained constant because cured resin thermal
expansion was the only phenomenon.

Tables II and III presented the total thickness vari-
ation between 40 and 160°C, thermal expansion con-
tribution, and by difference, the thickness variation
due to copolymerization for BB and TB and for filled
blends, respectively. For the BB and the TB without
any fillers, the total thickness variation value ranged
from �2.6 to �0.3% (positive value corresponds to
expansion and negative value corresponds to shrink-

age). This value decreased with increasing pressure
for a given LPA concentration and increased with LPA
concentration for a given pressure. The TB 25% LPA
blend 1.6 MPa presented after heating a volume ex-
pansion. Low-pressure and high LPA concentration
had positive effects on volume shrinkage control. The
contribution of thermal expansion depended on LPA
concentration. The dependence on pressure vanished
as the LPA concentration increased.

The variation �eSC versus time involved shrinkage
(noted S) and compensation (noted C). Because BB
contained no LPA, there was no shrinkage compensa-
tion. The shrinkage thickness variation was in this case
equal to 9.0%. This value was in good agreement with
those observed in the literature.3,7,8,21 �eSC was
roughly constant when expressed on a total mass BB
basis, except for 25% LPA 1.6 MPa. Except for this
blend, the main phenomenon during polymerization
was shrinkage. Shrinkage compensation, if existing,
had a minor effect.

For filled blends, the total thickness variation
ranged from �1.8 to �0.5%. This variation also de-
creased with increasing pressure. TBF and BMC at 1.6
MPa exhibited a volume expansion after curing. �eSC
was always higher than for unfilled blend when ex-
pressed on a total BB basis. This comparison clearly
indicated that shrinkage compensation in filled blend
had to be taken into account.

e(t)-�eT versus conversion degree

As shown in Figure 4, e0 � �eT during crosslinking
was a sigmoid, as we consider a mixture law for �eT

evaluation. Its amplitude during reaction was about
four times lower than �eSC and consequently could be
considered a minor phenomenon. This observation
minimized the effect of all hypotheses on thermal
expansion (mixture law and kuc and kc values).

Examination of e(t)-�eT versus X allowed us to clas-
sify the samples into three groups:

TABLE II
�e/e0, �eT/e0, �eSC/e0 for the Binary Blend (BB) and the Ternary Blends (TB) at Different Pressures

Blend Pressure (MPa) �e/e0 (%) �eT/e0 (%) �eSC/e0 (%) �eSC/e0 (%) for 100% BB

BB 1.6 �1.9 6.9 �8.8 �8.8
4.8 �2.5 6.6 �9.1 �9.1
8.0 �2.6 6.3 �8.9 �8.9

TB (5% LPA) 1.6 �1.8 7.2 �9.0 �9.2
4.8 �2.2 6.9 �9.1 �9.3
8.0 �2.5 6.2 �8.7 �8.9

TB (15% LPA) 1.6 �1.0 6.9 �7.9 �9.3
4.8 �1.0 6.7 �7.6 �9.0
8.0 �1.3 6.5 �7.8 �9.2

TB (25% LPA) 1.6 �0.3 6.5 �6.2 �7.8
4.8 �0.4 6.5 �6.9 �8.8
8.0 �0.5 6.5 �7.0 �8.9

TABLE III
�e/e0, �eT/e0, �eSC/e0 for the Filled Binary Blend (BBF),
the Filled Ternary Blends (TBF), and BMC at Different

Pressures

Blend
Pressure

(MPa)
�e/e0
(%)

(�eT)/e0 (%)
(100% TB)

�eSC/e0 (%)
(100% BB)

BBF 3.2 �1.8 3.3 (5.7) �5.1 (�8.8)
TBF 1.6 �0.4 2.8 (6.2) �2.4 (�6.1)

8.0 �0.8 2.6 (5.7) �3.4 (�8.6)
BMC 1.6 �0.5 2.8 �2.3

8.0 �0.6 2.3 �2.9
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First group: e-�eT was a linear function of X, over
the main reaction time (i.e., for X � XS to X � 1)
[Fig. 5(a)]. This group contained the binary blend
and the ternary blends with 5 wt % of LPA at 1.6,
4.8, and 8.0 MPa, with 15 wt % of LPA at 4.8 and
8.0 MPa and with 25 wt % LPA at 8.0 MPa. XS

conversion degree was always below 0.15.
Second group: e-�eT evolved as a linear function

from XS up to XCI. Then, there a transient period
which either lasted until X � 1 ended quickly
and was then followed by an other linear func-
tion up to X � 1 [in this case, the slopes of two
linear parts were not strongly different (Fig.
5(a))]. The ternary blends with 15 wt % LPA at
1.6 MPa and with 25 wt % LPA at 1.6 and 4.8
MPa belong to this group.

Third group: In this case, e-�eT as a function of X
was a succession of linear parts [Fig. 5(b)]: be-
tween X � 0 up to XCI, between XCF to XV, and
from XV to X � 1. The slopes were different in
the three parts and in the last part the slope was
roughly null. Between XCI and XCF, there was a
transient part. This group concerned all the filled
blends.

Basic steps of thickness evolution

To model the evolution of thickness e-�eT (��eSC)
during crosslinking, we proposed to decompose the
sample evolution into a succession or combination of
basic steps. These basic steps are described below.
Table IV gives the mathematical expressions of thick-
ness variation and the corresponding rate for each
step.

Transient Shrinkage (TS): During this step, the
shrinkage started to be established and conse-
quently thickness variation was not a linear func-
tion of X.

Steady-State Shrinkage (SSS): Shrinkage was a lin-
ear function of X with a slope e0KS. Thickness
variation rate was proportional to conversion
rate. KS corresponded to the reduction of volume
per double-bond opening.

Transient Compensation (TC): Shrinkage induced
stresses, which were relaxed by pores formation.
In this step, the pores started to be formed. The
resulting shrinkage compensation was estab-
lished; the thickness variation due to this phe-
nomenon was thus not a linear function of X.

Steady-State Compensation (SSC): The shrinkage
compensation was established and thickness
variation due this phenomenon was a linear
function of X with a slope e0KC. Its rate was
proportional to conversion rate.

Fitting the thickness variation by means of the
basics steps

The behavior of all tested blends was described with a
combination of the proposed basic steps (Table V). The
values of conversion degrees XS, XCI, and XV were
obtained from experimental analyses for each experi-
ment [see Fig. 5(b) as example] and are reported in
Tables VI and VII. The parameters XCF, KS, KSV, KC,
and KCV were determined by means of an inverse
method of parameters estimation. It is based on the
minimization of the criterion J by a program using a
simplex method

Figure 4 e(t), e0 � �eT, and e-�eT as a function of X for BB at 1.6 MPa.
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J � �
1

n

�e0 � �eSC � �e � �eT��
2

where e0 � �eSC is the thickness calculated for each
experimental value (time step), e-�eT is the experimen-
tal thickness corrected of thermal expansion effect,
and n is the number of experimental values for the
experiment.

The theory of inverse method19 shows that the fitted
parameters correspond to an acceptable solution if �

� (j/n)1/2 is equal to or lower than the error of the
experimental value (5 �m). The so calculated thickness
evolution curves were compared to the experimental
ones without and with taking into account the thermal
expansion [see Figs. 6(a–d)]. As clearly seen in these
figures, the agreement was excellent. For all the exper-
imental conditions, we verified that � was lower
than 5 �m, proving that for our experimental re-
sults, the model was adequate and the set of fitted
parameters gave an acceptable solution for all the
samples. The optimized parameters KS, KC, KSV, and

Figure 5 (a) (e-�eT)/e0 as a function of X for BB at 8.0 MPa (group 1) and for TB 25% LPA at 1.6 MPa (group 2). The arrows
indicate the important points. (b) (e-�eT)/e0 as a function of X for TBF and BMC at 1.6 MPa (group 3). The arrows indicate
the important points.
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KCV values were reported in Tables VI and VII. We
applied this methodology to the previously defined
three groups.

First group: Before Xs, the shrinkage was in a non-
steady state (TS). For X � Xs, the shrinkage
thickness variation became proportional to X
(SSS). As illustrated by Figure 5(a), Xs was al-
ways lower than 0.15 and, consequently, during
the main part of crosslinking, the shrinkage
thickness was a linear function of X (slope
e0KS), indicating that there was no shrinkage
compensation. This was an important result
because this behavior confirmed the hypothe-
sis generally proposed in the literature, assum-
ing that when no shrinkage compensation oc-
curred, the shrinkage was a linear function of
conversion degree.10,13 All the blends exhibited
the same KS and the same �eS/e0 when ex-
pressed on a total BB basis, suggesting that
these parameters were characteristic of the
resin. If the LPA contents were too low and the
pressure was too high, shrinkage compensa-
tion was not observed.

Second group: Before XCI (ranging from 0.6 to 0.9),
there was only shrinkage: e-�eT followed the
evolution described for the first group: TS, SSS.
After XCI, shrinkage compensation appeared
when the stress developed by shrinkage was too
high and was combined to shrinkage. This
shrinkage compensation always started via a TC.
In some cases, this step existed up to X � 1. In
the other cases, SSC appeared at a given conver-
sion degree XCF. This shrinkage compensation
depends on LPA content and pressure: Low
pressure and high LPA content helped shrinkage
compensation. The comparison between 25%
LPA 1.6 MPa and 25% LPA 4.8 MPa showed that
pressure increase delayed the beginning of
shrinkage compensation (XCI � 0.6 for 25% LPA
1.6 MPa and XCI � 0.8 for 25% LPA 4.8 MPa).
Decreasing the LPA content had the same effect.
For 15% LPA blend at 1.6 MPa, shrinkage com-
pensation appeared very lately (XCI � 0.9) and
was very intense (KC � 9.0 compared to 2.0 for
25% LPA 1.6 MPa).

Third group [Fig. 6(c–d)]: In this case, the steps
were more numerous.

TABLE V
Decomposition of Crosslinking into Basic Steps for the Three Defined Groups

XS XCI XCF XV

Group 1 (TS; KTS) (SSS; KS)
e � e0 � �eS e � e0 � �eS

Group 2 (TS; KTS) (SSS; KS) (SSS; KS) � (TC; KC) (SSS; KS) � (SSC; KC)a

e � e0 � �eS e � e0 � �eS e � e0 � �eS � �ec e � e0 � �eS � �ec
Group 3 e � e0 � �eS e � e0 � �eS � �ec e � e0 � �eS � �ec e � e0 � �eS � �ec

(SSS; KS) (SSS; KS) � (TC; KC) (SSS; KS) � (SSC; KC) (SSS; KSV) � (SSC;
KCV)

a In some cases, this step did not exist.

TABLE IV
Mathematical Expressions of Thickness Variation, Thickness Variation Rate, Parameters, for the Proposed Basic Steps

Encountered During Crosslinking

Step Thickness variation Thickness variation rate Parameters

TS transient shrinkage
(X 	 XS)

�eS ��
0

X

e0KTS dX VS � KTSe0dX/dt XS

KTS
SSS steady-state shrinkage

(XS 	 X 	 XCI)
�eS � KSe0(X � XS) VS � KSe0dX/dt XS, XCI

KS

TC transient compensation
(XCI 	 X 	 XCF)

�ec � �
XCI

X

e0K dX VC � Ke0dX/dt XCI, XCF

K � KC(1 � F(X)) KC, F(X)
F(X) � exp[�(AX4 � B)2]

SSC steady-state compensation
(X � XCF) �eC � KCe0(X � XCF) VC � KCe0dX/dt XCF

KC
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First, shrinkage was only observed. e-�eT was a
linear function of X up to XCI (SSS). KS was found to be
approximately 1.5 times higher than for binary or
ternary blends.

Between XCI and XCF, a transient state of shrinkage
compensation superimposed on SSS. Starting from
XCF, the shrinkage compensation exhibited a steady
state where e-�eT became again a linear function of X
(SSS�SSC). The shrinkage compensation started for
conversion degree much lower than for ternary blends
(XCI varied from 0.25 to 0.55 for the filled blend).
Moreover, KC and (�eC/e0) were higher than for ter-
nary blends. BBF also presented shrinkage compensa-
tion, although there was no LPA. Shrinkage compen-
sation in the ternary-filled blends combined LPA
and fillers effects. The presence of fillers or fibers
created an additional interface with the organic
blend. A part of stress due to shrinkage was relaxed
in this zone to low mechanical resistance.22,23 The
pressure effect was the same as for ternary blends:
increasing pressure delayed the beginning of pores
formation24 and increased duration (XCF-XCI) of the
setting of shrinkage compensation. Pressure also
decreased shrinkage compensation amplitude [KC

and (�eC/e0)]. The applied pressure was opposed to
porosity formation.

After the critical point XV, the system evolved via a
succession of vitrification/devitrification. Shrinkage

(characterized by e0KSV) and shrinkage compensation
(characterized by e0KCV) were superposed, giving a
new linear part with a lower slope. From XV, the
macromolecular mobility of the chains was reduced
and the reaction was spread out in time. The obtained
values of KSV and KCV were lower than the values of
KS and KC.

CONCLUSION

A very efficient apparatus already used to study high
viscous reactive blends was extended to liquid sys-
tems (unfilled mixtures). During dynamical heating,
the basic steps inducing volume change were identi-
fied as thermal expansion, shrinkage, and shrinkage
compensation. For filled blends, an additional step
(vitrification/devitrification) was also pointed out. All
these basic steps were modeled and quantified. After
subtraction of the contribution of thermal expansion,
thickness variation due to shrinkage was shown to be
a linear function of the conversion degree. Moreover,
thickness variation due to shrinkage compensation
was also a linear function of conversion degree. The
proposed model was general and could fit binary or
ternary blends as well as more complex blends with
fillers and fibers. The results of this model could be
used reversibly to evaluate the pressure variation dur-
ing the curing of a sample in a mold.

TABLE VI
Parameter Values for Binary Blend (BB) and Ternary Blends (TB)

Blend
Pressure

(MPa)
KS (�10�2)
(100% BB) XS XCI � XCF

KC (�10�2)
(100% BB) � (m) � 106

(�eS)/e0 (%)
(100% BB)

(�eC)/e0 (%)
(100% BB)

BB 1.6 �8.2 0.12 4.4 �8.8
4.8 �8.3 0.12 2.7 �9.1
8.0 �10.0 0.14 2.7 �8.9

TB
(5% LPA)

1.6 �9.25 (�9.6) 0.14 2.2 �9.0 (�9.2)
4.8 �8.6 (�9.0) 0.14 3.7 �9.1 (�9.3)
8.0 �8.3 (�8.6) 0.14 6.7 �8.7 (�8.9)

TB
(15% LPA)

1.6 �9.3 (�10.6) 0.14 0.9–1 9.0 (10.3) 1.6 �8.5 (�9.7) �0.6 (4.7)
4.8 �8.7 (�10.0) 0.12 1.1 �7.6 (�9.0)
8.0 �7.4 (�8.5) 0.14 4.4 �7.8 (�9.2)

TB
(25% LPA)

1.6 �6.2 (�8.0) 0.14 0.6–0.7 2.0 (2.5) 1.3 �6.9 (�8.8) �0.7 (3.2)
4.8 �7.0 (�8.9) 0.14 0.8–1 2.6 (3.3) 1.6 �7.2 (�9.2) �0.3 (1.4)
8.0 �6.8 (�8.6) 0.20 3.8 �7.0 (�8.9)

TABLE VII
Parameter Values for Charged Binary Blend (BBF), Ternary Blend (TBF), and BMC

Blend
Pressure

(MPa)
KS (�10�2)
(100% BB) XCI � XCF

KC (�10�2)
(100% BB) XV

KSV (�10�2)
(100% BB)

KCV
(�10�2)

� (m)
(�106)

(�eS)/e0 (%)
(100% BB)

(�eC)/e0 (%)
(100% BB)

BBF 3.2 �6.9 (�11.9) 0.55–0.64 2.5 (4.3) 0.84 �4.4 (�7.6) 1.1 3.1 �6.0 (�10.3) �0.9 (1.5)
TBF 1.6 �7.1 (�17.9) 0.27–0.37 6.1 (15.4) 0.70 �4.6 (�11.6) 3.8 4.0 �6.0 (�15.1) �3.6 (9.1)

8.0 �5.5 (�13.9) 0.35–0.68 5.0 (12.6) 0.70 �1.3 (�3.3) 0.3 2.9 �4.3 (�10.8) �0.9 (2.3)
BMC 1.6 �4.2 (�15.5) 0.35–0.50 2.8 (28.6) 0.74 �2.8 (�10.5) 2.0 1.5 �3.7 (�13.7) �1.4 (5.2)

8.0 �4.3 (�15.9) 0.55–0.78 4.0 (40.8) 0.70 �3.2 (�11.8) 1.9 2.1 �3.6 (�13.3) �0.7 (2.9)
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Important results on the neat resin behavior were
obtained. The hypothesis of linear dependence of
shrinkage to conversion degree was verified. Funda-
mental constants were identified: shrinkage amplitude
(�9%) and kinetic parameter (KS). By testing ternary
blend with various LPA contents at various molding
pressures, we observed that a LPA content higher than
15% with a low pressure allowed shrinkage compen-
sation. Increasing pressure had multiple effects: lim-
ited thermal expansion and shrinkage compensation,
and a delayed shrinkage beginning. The model for
filled blends took into account state transition. Com-
parison between binary and ternary blend and filled
blends highlighted the benefic effect of fillers and
fibers on shrinkage compensation, even without any
LPA. The mechanism of shrinkage compensation by
fillers or fibers and the combination of LPA and fillers
remained to be determined more precisely.

During thermoset processing, a cooling down and
pressure release period succeeded to the heating pe-

riod, which is not taken into account in this work. This
has to be considered to have a global appreciation of
the behavior of such system from a practical point of
view and will be the subject of further work.
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