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ABSTRACT: The shrinkage of unsaturated polyester (UP)/styrene (St) resins cured at
low temperatures can be reduced by the presence of low-profile additives (LPAs). It is
believed that the reaction-induced phase separation and the polymerization shrinkage
in both the LPA-rich and UP-rich phases result in the formation of microvoids, which
partially compensates the resin shrinkage. The relative reaction rate in the two phases
plays an important role in shrinkage control. In this study, secondary monomers [such
as divinylbenzene (DVB) and trimethylopropane trimethacrylate (TMPTMA)] and a
co-promoter, 2,4-pentandione (2,4-P), were added into the UP/St/LPA resin systems to
investigate their effect on the shrinkage control of resins cured at low temperatures.
Dilatometery results showed that the addition of both TMPTMA and 2,4-P resulted in
an earlier volume expansion during curing and better shrinkage control. The phase
separation, reaction kinetics, and viscosity changes in the LPA-rich and UP-rich phases
during curing were also investigated. The results confirmed that the increased reaction
rate in the LPA-rich phase led to an earlier formation of microvoids and, consequently,
less volume shrinkage of the cured resin. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci
82: 738–749, 2001
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INTRODUCTION

Unsaturated polyester (UP) resins are the most
widely used thermoset polymers in the composite
industry. Severe polymerization shrinkage of this
resin, however, induces many deficiencies in the
molded products. Many thermoplastic materials
can serve as low-shrinkage or “low-profile” addi-
tives (LPAs) to reduce the shrinkage of UP resins.

The effects of the LPA structure, molecular
weight and concentration, thermal expansion co-
efficient, and glass transition temperature on the
shrinkage control performance and surface qual-
ity of various resin systems cured at high temper-
atures have been extensively investigated.1–11

Several mechanisms have been proposed for the
shrinkage control of LPA in high-temperature
cures.1–3,8,9,11–14 Most of them involve the ther-
mal expansion of the resin and LPA during
heating, phase separation, and inversion be-
tween the LPA-rich and resin-rich phases dur-
ing curing and the formation of microvoids ei-
ther at the interface or inside the LPA-rich
phase to compensate the resin shrinkage during
curing and cooling.
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In recent years, demand for low-cost composite
manufacturing processes such as low tempera-
ture, low-pressure compression molding of sheet-
molding compound (SMC), resin-transfer molding
(RTM), and vacuum-infusion liquid composite
molding [e.g., the Seemann composites resin in-
fusion-molding process (SCRIMP)] have grown
considerably in industry. The molding tempera-
ture of these processes ranges from ambient tem-
perature (e.g., SCRIMP), 60°C (e.g., RTM), to
about 100°C (e.g., low-temperature SMC). This
range of temperature is much lower than that of
high-temperature processes such as SMC com-
pression molding (150°C) or bulk molding com-
pound (BMC) injection molding ($150°C).

Commercial LPAs, however, often do not work
effectively in room-temperature processes like
SCRIMP. Our recent studies on the UP/St/LPA
systems cured at low temperatures15–18 indicated
that the reaction-induced microvoid formation,
instead of the thermal expansion/shrinkage dom-
inated microvoid formation at high temperatures,
is the main factor in shrinkage compensation.
Microvoid formation is related to the buildup of
reaction-induced stresses at the interface of the
resin-rich and the LPA-rich phases. This, in turn,
depends on the relative reaction rate and modu-
lus of the two phases as well as the phase struc-
ture of the reacting mixture.

It was found18 that volume expansion, which
can compensate volume shrinkage, during low-
temperature curing occurs at very late stage of
reaction and increasing the reaction rate in the
LPA-rich phase results in an earlier volume ex-
pansion and better shrinkage control. A hypothe-
sis was also proposed in this article to explain the
late-stage volume expansion of UP/St/LPA sys-
tems cured at low temperature. It states that the
slower reaction in the LPA-rich phase is the main
reason why the microvoid formation occurs at the
late stage of polymerization. The low reaction rate
in the LPA-rich phase is a direct result of two
factors: a low promoter concentration and a high
St/UP ratio. The low promoter level in the LPA-
rich phase is caused by the partition of the pro-
moter into two phases, due to the complex forma-
tion between the cobalt ion and the carboxyl
groups of UP and LPA molecules. A kinetic study
of the samples with acid-modified LPA confirmed
that the LPA containing more and stronger acid
groups tends to attract more of the cobalt pro-
moter to the LPA-rich phase, resulting in a higher
reaction rate. Consequently, the samples with ac-
id-modified LPAs show an earlier volume expan-

sion and better shrinkage control.18 The improve-
ment, however, is modest.

It has been found19 that adding a highly reactive
olefinically unsaturated chemical species, like divi-
nylbenzene (DVB), to the UP/St/LPA systems is
able to reduce shrinkage and increase physical
properties such as tensile strength and resistance to
crack of the cured resin in high temperature mold-
ing processes. However, the actual mechanism is
unclear. One of the two tasks of this study was to
investigate the effect of DVB and trimethylopro-
pane trimethacrylate (TMPTMA), which has three
acrylic functional groups and is often used as a
crosslinking agent,20,21 as a secondary monomer, on
the shrinkage control of UP/St/LPA systems cured
at low temperatures.

It is well known that peroxide can be decomposed
efficiently at low temperature with the aid of metal
ions. The reactivity of metal ions in the redox de-
composition of peroxide is appreciably influenced by
the type of ligands that form a counterion.22 Acety-
lacetone or 2,4-pentanedione (2,4-P) was found to be
synergistic with the reactive metals in redox poly-
merization.23 This is because 2,4-P is an effective
chelating agent, capable of interacting with metal
ions to form a new complex. The formed chelate
may decrease, enhance, or have no catalytic effect
on the decomposition of peroxide, depending on its
relative ability to take part in the redox reaction as
compared to that without 2,4-P. The effect of 2,4-P
on shrinkage control of the UP/St/LPA system was
also investigated in this study.

The experimental methods used include differ-
ential scanning calorimetry (DSC), rheometry,
dilatometry, and scanning electron microscopy
(SEM). The reaction kinetics and viscosity change
in both the LPA-rich and the UP-rich phases are
compared to understand how the relative reaction
rate and viscosity change in each phase influence
shrinkage compensation. A dilatometer was used
to study the volume change of UP/St/LPA systems
cured at low temperature and SEM was used for
the morphology observation. Composite samples
were also prepared by room-temperature
SCRIMP to measure the surface quality of the
cured composites.

EXPERIMENTAL

Materials

The UP resin used in this study was Q6585 from
Ashland Chemical (Columbus, OH). Q6585 is a
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1:1 mixture of maleic anhydride and propylene
glycol with an average of 10.13 vinylene groups
per molecule and an average molecular weight of
1580 g/mol. It contains 35% by weight of styrene.
The crosslinking monomer used was styrene (St)
from Aldrich (Milwaukee, WI). The LPA used in
this study was Neulon-T plus, a modified poly(vi-
nyl acetate) (PVAc), from Union Carbide (South
Charleston, WV). The two secondary monomers
(SMs) from Aldrich used in this study were DVB
(an 80% isomer mixture of m-DVB and p-DVB)
and TMPTMA (with three vinylene groups per
molecule). One co-promoter used in this study,
also from Aldrich, was 2,4-P.

All the samples being tested were formulated
to provide an St double bond to UP double bond
ratio of 2.0. The initiator used was 1.0% methyl
ethyl ketone peroxide (MEKP) with 0.1% cobalt
octoate. All the samples were cured at 35°C. The
compositions are listed in Table I.

Instruments and Procedures

Dilatometer

The volume shrinkage of the sample materials
was measured by an in-house constructed
dilatometer. The sample, weighing from 5 to 6 g,
was sealed in a polyethylene pouch, then de-
gassed under vacuum. A small hole was poked at
the edge of the pouch, and air bubbles inside the
pouch that had been formed under the vacuum
were squeezed out. The pouch was heat-sealed
again, then placed inside the sample chamber of
the dilatometer. The measurements were taken
under a pressure of 0.69 MPa (100 psi) at 35°C.
More details regarding the construction and op-
eration procedures of the dilatometer can be
found elsewhere.15,24

DSC

A differential scanning calorimeter (DSC2910, TA
Instruments) was used to measure the reaction
kinetics. The sample was sealed in a volatile alu-
minum sample pan which can withstand 2 atm
internal pressure. Isothermal runs were followed
by scanning the samples from 30 to 300°C to
determine the residual heat with a heating rate of
5°C/min. The total heat of the reaction during
curing was calculated from the areas under both
isothermal and residual scanning DSC curves
and the reaction rate or conversion was based on
the total heat calculated by this method.

Rheometrics Mechanical Spectrometer (RMS)

The rheological changes during curing were mea-
sured by a Rheometrics Mechanical Spectrometer
(Rheometric Scientific™ RMS-800). A set of par-
allel plates with an air oven as a heating chamber
was employed. The diameter of the plates was 50
mm, and the gap between them was about 1 mm.
Viscosity was measured under an isothermal con-
dition (35°C) and at a shear rate of 1.0 s21. The
gel point is defined as the point where the reduced
viscosity hr 5 h/h0 (h is the instantaneous viscos-
ity, and h0, the initial viscosity) reaches 103.

SEM

For the morphological measurement, a Philip
XL-30 scanning electron microscope was used.
The sample cured in the dilatometer without
etching by any solvent was gold-coated for mor-
phological measurements. The fracture surfaces
were observed under 10 kV power. The magnifi-
cation in this study varied from 2003 to 10,0003.

Table I Formulations Used in This Study (Based on Weight)

Materials
No
SM

6%
DVB

6%
TMPTMA

0%
2,4-P

0.03%
2,4-P

0.05%
2,4-P

6%
TMPTMA,
0% 2,4-P

6%
TMPTMA,

0.03% 2,4-P

6%
TMPTMA,

0.05% 2,4-P

Q6585 63.65 63.65 63.65 63.65 63.65 63.65 63.65 63.65 63.65
Neulon-T1 9.48 9.48 9.48 9.48 9.48 9.48 9.48 9.48 9.48
Styrene 26.91 26.91 26.91 26.91 26.91 26.91 26.91 26.91 26.91
DVB — 6 — — — — — — —
TMPTMA — — 6 — — — 6 6 6
2,4-P — — — — 0.03 0.05 — 0.03 0.05
MEKP 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Cobalt octoate 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
BQ — — — 0.003 0.003 0.003 0.001 0.001 0.001
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SCRIMP

Before molding, three layers of dry glass fiber
mats (QM6408 from Brunswich Technologies,
Inc.) were laid upon a glass plate. The fiber stack
was covered by a polyester film to form a vacuum
bag whose outer edges were sealed by a tacky
tape. A resin inlet and a vacuum outlet on each
end of the mold were also formed. During mold-
ing, a vacuum was applied through the outlet,
forcing the bag to press tightly against the fiber
stack. The liquid resin was introduced into the
inlet through a supply line, then cured in the
vacuum bag for 24 hours.

The surface quality of the molded samples was
measured by a profilometer, Federal Surfanalyzer
4000. The chosen tracing length was 2.54 cm. An
average roughness (Ra), which is the arithmetic
average height of surface irregularities measured
from the mean line within the sample length, was
used as a quantitative standard to compare the
surface quality.

RESULTS AND DISCUSSION

Reaction Kinetics and Volume Shrinkage

Effect of 2, 4-P

To investigate the influence of acetylacetone or
2,4-P on the reaction kinetics and volume change
of the UP/St/LPA systems, the resin samples with
different amounts of 2,4-P were cured at 35°C in
the DSC. The same isothermal runs were carried
out under the pressure of 0.69 MPa (100 psi) in
the dilatometer. The ratio between the styrene
double bond and the UP resin double bond was
adjusted to 2.0 by adding extra styrene. All sam-
ples contained 3.5% LPA. The initiation system
included 0.1% cobalt octoate and 1.0% MEKP.
Benzoquinone (BQ), 300 ppm, was added into the
system to allow enough sample preparation time,
i.e., 30 minutes.

The results of the reaction kinetics are shown
in Figure 1(a,b). When the content of 2,4-P in-
creases, the reaction starts earlier with a shorter
induction time and higher reaction rate. There-
fore, 2,4-P is a co-promoter for UP resins cured by
cobalt and MEKP.25 The resin conversion shows
the same trends, but the final conversion is inde-
pendent of the 2,4-P content, that is, 58%.

Figure 2 presents the volume change profiles of
samples with various amounts of 2,4-P (0, 0.03,
and 0.05 wt %). For the system with 0.03% 2,4-P,

the volume expansion occurred earlier compared
to the system without 2,4-P. It also had a larger
volume expansion at the latter stage of the reac-
tion. Consequently, the final shrinkage of the
sample containing 0.03% 2,4-P is lower (2.9–3.0%
versus 4.2%). For the sample with 0.05% 2,4-P, its
volume expansion occurred at about the same
time as the sample with 0.03% 2,4-P and the final
shrinkage was the same for both samples. Since
2,4-P is a promoter, the presence of more 2,4-P
sped up the reaction rate, causing larger volume
shrinkage in the early stage of the reaction and
larger volume expansion at the latter stage of the
reaction. According to Figure 1(b), the conver-
sions of the samples with 0.03% 2,4-P and 0.05%
2,4-P at the time when volume expansion oc-
curred are 43.6% and 50.9% respectively.

Figure 1 Reaction kinetics of UP/St/LPA system with
different concentrations of 2,4-P cured at 35°C (300
ppm BQ, 0.1% cobalt octoate, and 1.0% MEKP): (a)
reaction rate; (b) conversion.
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From the dilatometry results, it is clear that
the addition of 2,4-P leads to an earlier volume
expansion, which improves the shrinkage com-
pensation. DSC results showed that the reaction
rate increased by adding 2,4-P. To study the effect
of reaction rate on shrinkage control of the UP/
LPA/St system, a series of experiments were car-
ried out by changing the content of the initiator/
promoter or 2,4-P. The kinetics and dilatometer
results are summarized in Figure 3.

As shown in Figure 3, the reaction rate can be
increased by either increasing the content of ini-
tiator/promoter but without adding any 2,4-P or
keeping the 2,4-P content at 0.05 wt % but in-
creasing the amount of initiator/promoter. Both
methods increased the reaction rate significantly,
but for the samples with a higher initiator/pro-
moter content, the addition of 2,4-P only slightly
accelerated the total reaction rate. The volume
change behavior of these samples, however, was
quite different: For the two samples with 0.05%
2,4-P, increasing the content of cobalt octoate and
MEKP in the system resulted in a higher reaction
rate and earlier volume expansion, but the final
volume shrinkage did not decrease as the curing
agent content increased. No volume expansion
was observed for the sample with a higher reac-
tion rate but without 2,4-P. It is obvious that
higher total reaction rate alone cannot improve
the shrinkage control, and it is 2,4-P that im-
proves the volume shrinkage of UP/St/LPA sys-
tems.

An important feature in the cure of UP/St/LPA
is the formation of a two-phase structure (LPA-
rich and UP-rich phases). The polymerization
shrinkage is compensated by the microvoid for-
mation at the interface of the LPA-rich and UP-
rich phases or in the LPA-rich phase. To further
understand how the change in the total reaction
rate or the addition of 2,4-P affects shrinkage
control, the reaction rate and rheology changes of
the LPA-rich and UP-rich phases of UP/St/LPA

Figure 3 Volume change profile and reaction conver-
sion of UP/St/LPA system with different 2,4-P or initi-
ator/promoter contents cured at 35°C (300 ppm BQ): (a)
conversion; (b) volume change (E: 0.05% 2,4-P, 0.1%
CoB, 1.0% MEKP; : 0% 2,4-P, 0.5% CoB, 1.5% MEKP;
Œ: 0.05% 2,4-P, 0.5% CoB, 1.5% MEKP).

Figure 2 Volume change profile of UP/St/LPA system
with different concentrations of 2,4-P content cured at
35°C (300 ppm BQ, 0.1% cobalt octoate, and 1.0%
MEKP).
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systems with different amounts of 2,4-P during
curing were investigated.

A reaction-induced phase separation in the ac-
tual resin polymerization is a dynamic and evolv-
ing process. It is impossible to track this unceas-
ingly changing phase behavior. Here, a tempera-
ture forced phase separation method was used as
a qualitative assessment of how the partition of
chemical species during phase separation affects
the resin reaction and the shrinkage control in
the UP/St/LPA systems. Since this method takes
more than 10 h, the initiator and the promoter
have to be separated during phase separation.

Two resin mixtures were prepared for each for-
mulation: One with a double amount of cobalt
octoate but without MEKP and the other with a
double amount of MEKP but without cobalt oc-
toate. The mixtures were then forced into phase
separation by decreasing the temperature to
22°C to form two layers. The upper layer is an
LPA-rich phase, while the lower layer is a UP-
rich phase. For the resin mixture with cobalt oc-
toate, it appeared that most of the cobalt pro-
moter went into the UP-rich phase, since the
lower phase (UP-rich) was pink (color of cobalt
ion) and the upper phase (LPA-rich) was colorless
or very light pink.

The two phases were separated, and their re-
action rate and viscosity change were measured
at 35°C by mixing an equal amount of resin from
the same phase of the two mixtures. The results
in Figure 4 show that the reaction rate of each
phase increased due to the addition of 2,4-P; how-
ever, the reaction rate increase in the LPA-rich
phase is much larger than that in the UP-rich
phase. The viscosity change and gel time of the
LPA-rich phase and the UP-rich phase were also
measured. The results are summarized in Table
II. The gel time of the UP-rich phase of systems
with and without 2,4-P was 10.8 and 20.3 min,
respectively. Due to the very slow reaction rate in
the LPA-rich phase, using a conventional rheom-
eter to measure the gel time is difficult because of
styrene evaporation. The method used here is to
place the LPA-rich phase with initiator in a small
glass bottle and record the time when the resin
cannot flow in a 35°C water bath. It was found
that the gel time of the LPA-rich phase with and
without 2,4-P was much longer than that of the
UP-rich phase, that is, 170 and 324 min, respec-
tively. It was also found that the gel conversion of
the UP-rich phase was lower than 5%. Although
the gel time of the systems with or without 2,4-P
is different, the gel conversion of the same phase

Figure 4 Effect of 2,4-P on reaction kinetics of LPA-
rich and UP-rich phases of UP/St/LPA system cured at
35°C (300 ppm BQ, 0.5% cobalt octoacte, and 1.5%
MEKP): (a) reaction rate; (b) conversion.

Table II Gel Time and Gel Conversion of UP/
St/LPA System Cured at 35°C (0.5% Cobalt, 1.5%
MEKP, 300 ppm BQ)

Measurement

UP-rich Phase LPA-rich Phase

0%
2,4-P

0.05%
2,4-P

0%
2,4-P

0.05%
2,4-P

Gel time (min) 20.3 10.8 324 170
Gel conversion (%) 3.9 3.8 8.3 8.3
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(i.e., the LPA-rich or UP-rich phase of both sys-
tems, with and without 2,4-P) is the same. The gel
conversion of the UP-rich phase is lower than that
in the LPA-rich phase (3.8% compared to 8.5%).
This suggests that the styrene CAC double bond
and UP CAC double bond ratio in the LPA-rich
phase is higher. Other researchers26 found a sim-
ilar result by measuring the composition in each
phase using FTIR and a different phase separa-
tion method.

Another important observation in this experi-
ment is that the conversion of the UP-rich phase
at the gel point of the LPA-rich phase gel is dif-
ferent for the systems with or without 2,4-P. For
the sample with 0.05% 2,4-P, this conversion was
61.1%, which is lower than its final conversion
(72.1%). But for the sample without 2,4-P, the
conversion reached 70.6%, which is almost the
final conversion of the UP-rich phase. The LPA-
rich phase has to reach a sufficiently high modu-
lus in order to form microvoids, because a liquid
LPA phase can release stress resulting from po-
lymerization shrinkage. After gelation of the
LPA-rich phase, the stress-induced local cracking
caused by shrinkage in both phases is the main
driving force for microvoid formation. In the UP/
St/LPA system with 2,4-P, the UP-rich phase kept
reacting after gelation of the LPA-rich phase.
This polymerization shrinkage provided a greater
chance to generate microcracking in the system to
compensate the volume shrinkage. On the other
hand, in the system without any 2,4-P, the UP-
rich phase reached its final conversion when the
LPA-rich phase gelled. The driving force for mo-
crovoid formation, therefore, is quite weak.

The above results reveal that the addition of
2,4-P can accelerate the reaction in the LPA-rich
phase more than it can in the UP-rich phase. This
difference results in an earlier volume expansion
and lower final volume shrinkage. A higher over-
all reaction rate does not necessarily achieve a
better shrinkage control.

Effect of SM

To study the effect of an SM on the reaction ki-
netics of the UP/St/LPA system, an isothermal
cure was carried out at 35°C. The ratio between
the styrene double bond and the UP resin double
bond was adjusted to 2.0 by adding extra styrene.
The initiation system included 0.1% cobalt oc-
toate and 1.0% MEKP. The samples contained
3.5% LPA and 6% SM based on the total resin
weight. Two SMs were used, that is, DVB and
TMPTMA.

Figure 5 presents the effect of SMs on the re-
action kinetics of the UP/St/LPA system. The
overall reaction rate and final conversion of the
sample with DVB are lower than those of the
sample without any SM. The reaction of the sam-
ple with TMPTMA does not show much difference
compared to the sample without SM, and the final
conversion is slightly higher than that of the sam-
ple without any SM.

A series of dilatometry tests were conducted
with SMs at 35°C to investigate the shrinkage
control behavior of UP/St/LPA with SMs. The for-
mulas were the same as those used in the reaction
kinetics study. Figure 6 shows the volume change

Figure 5 Reaction kinetics of UP/St/LPA system with
6% SM cured at 35°C (0.1% cobalt octoate and 1.0%
MEKP): (a) reaction rate; (b) conversion.
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profile versus the time during curing. The volume
expansion of the system without SMs occurred at
296.3 min, when the volume shrinkage reached
7.28%. For the system with TMPTMA, volume
expansion occurred at 236.3 min and volume
shrinkage at this point was 6.73%. It can be seen
that the sample with TMPTMA exhibits an ear-
lier volume expansion and better shrinkage con-
trol. The volume expansion of the sample with
DVB occurred later than the other two samples
and the addition of DVB did not show any im-
provement in shrinkage control.

To further study this phenomenon, a formu-
lated UP resin, LPA, TMPTMA, and cobalt oc-
toate were mixed simultaneously so that a trans-
parent (single-phase) mixture was obtained. The
formulation is the same as that used in the ki-
netic and dilatometry study except the content of
promoter or initiator was doubled. The method
used for the phase-separation study is the same
as that used before. The two phases were sepa-
rated, and their reaction rate and viscosity
change were measured at 35°C by mixing an
equal amount of resin from the same phase of the
two mixtures.

The results are shown in Figure 7. It is obvious
that the reaction in the UP-rich phase is much
faster than that in the LPA-rich phase, both with
and without TMPTMA. The addition of TMPTMA
can increase the reaction rate in both UP-rich and
LPA-rich phases, but the effect of TMPTMA on
the reaction rate in the LPA-rich phase is more
profound. Although the reaction in the LPA-rich

phase is still much lower than in the UP-rich
phase, the increasing reaction rate in the LPA-
rich phase due to the addition of TMPTMA re-
sults in microvoid formation occurring at an ear-
lier stage. It leads to earlier volume expansion
and, consequently, better shrinkage control.

The viscosity change of each phase was also
measured during curing and is summarized in
Table III. The gel time of the UP-rich phases in
systems with and without TMPTMA is 21.8 and
25.7 min, respectively. However, the gel time of
the LPA-rich phase is much longer than in the
UP-rich phase, that is, 188 and 231 min, respec-
tively. It was also found that the gel conversion of
each phase is lower than 5%. Compared with Fig-
ure 6, it can be seen that the volume expansion

Figure 7 Effect of TMPTMA on reaction kinetics of
LPA-rich and UP-rich phases of UP/St/LPA system
cured at 35°C (0.1% cobalt octoacte and 1.0% MEKP):
(a) reaction rate; (b) conversion.

Figure 6 Volume change profile of UP/St/LPA system
with 6% SM cured at 35°C (0.1% cobalt octoate and
1.0% MEKP).
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resulting from microvoid formation occurs after
gelation of the LPA-rich phase.

Effect of Combining TMPTMA and 2,4-P

The above results reveal that addition of either
TMPTMA or the co-promoter 2,4-P can decrease
the final shrinkage of the UP/St/LPA system.
TMPTMA and 2,4-P can increase the reaction
rate in both LPA-rich and UP-rich phases, but the
effect on the LPA-rich phase is more profound,
which results in an earlier volume expansion and,
in turn, better shrinkage control.

To investigate the effect of the combination of
2,4-P and TMPTMA on the volume shrinkage con-
trol of UP/St/LPA systems, a series of experi-
ments were carried out on samples with various
amounts of 2,4-P (0, 0.03, and 0.05%) in UP/St/
LPA with 6% TMPTMA. Again, the ratio between
the styrene double bond and the UP resin double
bond was adjusted to 2.0 by adding extra styrene.
All samples contained 3.5% LPA. The initiation
system included 0.1% cobalt octoate and 1.0%
MEKP. BQ, 100 ppm, was added into the system
to allow a 30-min sample preparation time.

Figure 8 presents the volume change profiles of
several samples cured at 35°C and 0.69 MPa (100
psi). As the concentration of 2,4-P increased in the
presence of 6% TMPTMA, an earlier volume ex-
pansion was observed and the final volume
shrinkage decreased. The trend is the same as
that in the system without TMPTMA as shown in
Figure 2. In Figure 2, the system with 0.05%
2,4-P but without TMPTMA has a 3.0% final
shrinkage, while adding 0.6% TMPTMA into the
system resulted in a final shrinkage of 2.8% (Fig.
8). Thus, the final volumetric shrinkage does not
show any improvement with the combination of
TMPTMA and 2,4-P. The reaction kinetics of UP/
LPA/St systems with 6% TMPTMA and various
contents of 2,4-P shown in Figure 9 indicates that
reaction occurs earlier for samples with more
2,4-P.

To understand the relationship between the
resin conversion and the volume change, the volu-
metric change of samples is plotted versus the
resin conversion as shown in Figure 10. It was
found that the samples, which give better shrink-
age control (0.03 and 0.05% 2,4-P), show a volume
expansion at a lower conversion.

Morphology

To understand the effect of 2,4-P and TMPTMA
on the shrinkage control of UP/St/LPA, the mor-
phology of cured samples was observed by SEM.
Micrographs of samples cured in dilatometry at
35°C are shown in Figure 11. The morphology of
samples with TMPTMA is different from that of
the samples without TMPTMA. Adding 2,4-P
does not make any significant difference on the
sample morphology. However, the presence of
0.05% 2,4-P reduced the volume shrinkage of the
sample from 4;6% to 3%.

Table III Gel Time and Gel Conversion of UP/St/LPA System Cured at 35°C (0.1% Cobalt, 1.0%
MEKP)

Measurement

UP-rich Phase LPA-rich Phase

0% TMPTMA 6% TMPTMA 0% TMPTMA 6% TMPTMA

Gel time (min) 25.7 21.8 231 188
Gel conversion (%) 4.61 3.72 2.3 3.34

Figure 8 Volume change profile of samples with dif-
ferent 2,4-P content in UP/St/LPA system with 6%
TMPTMA cured at 35°C (100 ppm BQ, 0.1% cobalt
octoacte, and 1.0% MEKP).
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Surface Quality

A series of room-temperature SCRIMP experi-
ments were carried out to test the effect of adding
the SM and the co-promoter on shrinkage control.
The samples were cured at room temperature and
a 72 cm vacuum. The surface quality of the
molded samples was measured by a profilometer,
a Federal Surfanalyzer 4000. Every SCRIMP
panel was measured at five different locations
and the evaluation length chosen for calculation
was 4 mm. An average roughness (Ra), which is
the arithmetic average height of surface irregu-
larities measured from the mean line within the
sample length, was used as a quantitative stan-
dard to compare the surface quality. The results

are summarized in Figure 12. As seen from this
figure, the surface quality of molded panels with
6% TMPTMA or 0.05% 2,4-P is better than that of
those without any SM and co-promoter. It is also
indicated in Figure 12 that the molded panel with
0.05% 2,4-P has a slightly better surface quality
than that of the panel with 6% TMPTMA. This
trend is the same as that of the dilatometry re-
sult. The standard deviation of surface roughness
shows that samples with better surface smooth-
ness also have a more uniform distribution. The
results of the surface quality of the SCRIMP pan-
els further confirm that both TMPTMA and 2,4-P
can decrease the volume shrinkage of UP/St/LPA
systems and yield an improved surface quality of
molded products.

CONCLUSIONS

In a previous study from our group,18 we proposed
that a low reaction rate in the LPA-rich phase due
to the low promoter concentration and high sty-
rene/UP ratio is the main reason for the observed
late volume expansion in the UP/St/LPA systems
cured at low temperatures. In this study, we
found that the addition of SM or co-promoter can
improve the shrinkage control of the UP/St/LPA
systems. For the samples with the co-promoter
2,4-P, the reaction rate of both LPA-rich and UP-
rich phases increases as compared to the sample
without 2,4-P, and the increase in the LPA-rich

Figure 10 Volume change versus conversion of sam-
ples with different 2,4-P content in UP/St/LPA system
with 6% TMPTMA cured at 35°C (100 ppm BQ, 0.1%
cobalt octoate, and 1.0% MEKP).

Figure 9 Reaction kinetics of samples with different
2,4-P content in UP/St/LPA system with 6% TMPTMA
cured at 35°C (100 ppm BQ, 0.1% cobalt octoate, and
1.0% MEKP): (a) reaction rate; (b) conversion.
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phase is more pronounced. It was also found that
the gelation of the LPA-rich phase occurs earlier
by adding 2,4-P into the resin system. This turns
out to be critical for the earlier onset of microvoid
formation and volume expansion, which, in turn,
gives better shrinkage control. For the sample con-
taining the SM, TMPTMA, the reaction rate of the
LPA-rich phase is faster than that of the sample
without TMPTMA. The sample showed an earlier
volume expansion and a better shrinkage control
than those of the sample without TMPTMA. It
further confirms the hypothesis mentioned above.

The kinetics and volume change study of UP/
St/LPA systems with both 2,4-P and TMPTMA
also showed that a better shrinkage control can be
obtained when the volume expansion occurs at a
lower conversion. The final volume shrinkage,
however, shows no further improvement.

The morphology of the samples with TMPTMA
is quite different from that without TMPTMA. It
is obvious that TMPTMA affects both crosslink-
ing and phase-separation processes in the UP/St/
LPA systems. The samples with 2,4-P show no
morphology changes. Both approaches, either
adding TMPTMA or 2,4-P, can reduce the shrink-
age of the resin system. The relationship between
the sample morphology and shrinkage control is
still not well understood and needs to be further
investigated.

The authors would like to thank National Science
Foundation (NSF), Center for Advanced Polymer and
Composite Engineering (CAPCE), Union Carbide, and
Cook Composites and Polymers (CCP) for financial sup-
port and Union Carbide and Ashland Chemical for the
donation of materials.

Figure 11 SEM micrographs of cured UP/LPA/St with different amounts of 2,4-P and
6% TMPTMA cured at 35°C (32000).
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Figure 12 Surface quality of SCRIMP samples (by
using 28 in. of vacuum at room temperature).
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