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ABSTRACT: The effects of reactive poly(methyl methac-
rylate) (PMMA) and poly(vinyl acetate)-block-poly(methyl
methacrylate) (PVAc-b-PMMA) as low-profile additives
(LPAs) on the glass-transition temperature and mechanical
properties of low-shrink unsaturated polyester resin (UP)
were investigated by an integrated approach of determining
static phase characteristics, reaction kinetics, cured sample
morphology, and property measurements. The factors that,
according to Takayanagi mechanical models, control the
glass-transition temperature in each phase region of the

cured samples, as identified by both the thermally stimu-
lated currents method and dynamic mechanical analysis,
and the mechanical properties are discussed. © 2006 Wiley
Periodicals, Inc. J Appl Polym Sci 100: 867–878, 2006

Key words: Key words: poly(vinyl acetate)-block-poly(m-
ethyl methacrylate); reactive low-profile additive; unsatur-
ated polyester resins; glass-transition temperatures; me-
chanical properties

INTRODUCTION

Adding specific thermoplastic polymers as low-profile
additives (LPAs) in unsaturated polyester resins (UP)
can lead to the reduction or the even elimination of
polymerization shrinkage during the cure process.1–2

In part I of this series,3 it was shown that the chemical
structure and molecular weight of poly(methyl
methacrylate) (PMMA)–based reactive LPAs were in-
timately connected with the miscibility, curing behav-
ior, and cured sample morphology of styrene (St)/
UP/LPA systems. It was interesting that because of
drift in St/UP/LPA composition as a result of phase
separation during curing of the St/UP/LPA sys-
tem,4–8 the glass-transition temperatures and mechan-
ical properties of the cured samples were affected by
the chemical structure and molecular weight of the
PMMA-based reactive LPA.

The objective of this work was to investigate the
effects of reactive PMMA- and methyl methacrylate–
based block copolymer types of LPAs on the glass-
transition temperature and mechanical properties of
St/UP/LPA systems. Using an integrated approach

combining data on the static ternary phase character-
istics at 25°C, morphology, reaction kinetics, and
property measurements of St/UP/LPA, we provide
an in-depth elucidation of the experimental results.

EXPERIMENTAL

Materials

Suspension polymerization was performed in order to
synthesize PMMA-based reactive LPAs with different
chemical structures and molecular weights. A detailed
description of the synthesis procedure was published
previously.3 The eight reactive LPAs used in this
study, including PMMA and poly(vinyl acetate)-b-
poly(methyl methacrylate) (PVAc-b-PMMA), are sum-
marized in Table I. These LPAs are reactive because
they have peroxide linkages in their backbones that
are capable of thermal decomposition during curing
and may participate in the free-radical crosslinking
copolymerization of the St/UP/LPA system.

The UP resin7 was made from maleic anhydride
(MA), 1,2-propylene glycol (PG), and phthalic anhy-
dride (PA) with a molar ratio of 0.63 : 1.01 : 0.367.
End-group titration showed that the acid and hy-
droxyl numbers were 28.0 and 28.2, respectively,
which gave a number-average molecular weight (Mn)
of 2000 g/mol. Calculation showed that the average
number of CAC bonds in each polyester molecule
was 6.79.

For the sample solution, 10 wt % LPA was added,
and the molar ratio (MR) of styrene to polyester CAC
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bonds was fixed at 2 : 1. The reaction was initiated
using 1 wt % tert-butyl perbenzoate (TBPB).

Instrumentation and procedures

The sample solutions, which were placed in a mixing
bottle immersed in a thermostated water bath at 60°C,
were degassed for 15 min under mechanical agitation.
Then they were slowly poured into stainless-steel rect-
angular molds that had inner trough dimensions of 17
� 1.4 � 0.35 and 17 � 1.4 � 0.1 cm3 for the mechanical
property test and TSC test specimens, respectively,
and were sealed with gaskets. The sample solutions
were cured at 110°C in a thermostated silicon oil bath
for 1 h, followed by a postcure at 150°C for 1 h.

For measurement of transition temperatures in each
phase region of the cured St/UP/LPA systems, the
sample specimen with a thickness of 1.0 mm was
polarized at 150°C under an electric field of 120 V/mm
over a period of 0.01 min by using a Solomat 91000
thermally stimulated current/relaxation map analysis
(TSC/RMA) apparatus (Stamford, CT).10–12 Thermally
stimulated currents were recorded from �100°C to
200°C at a heating rate of 7°C/min. For neat reactive
PMMA-based LPA samples, the sample in powder
form was pressed under 500 psi for 5 min to make a
disk for the subsequent TSC testing. The sample spec-
imen with a thickness ranging from 1.6 to 3.3 mm was
polarized at 110°C under the same electric field and
over the same polarization time period as those for
St/UP/LPA systems.

To measure glass-transition temperature, dynamic
mechanical analysis (DMA) was performed between

�150°C and 250°C increasing at 5°C/min and at a
fixed frequency of 1 Hz. A DuPont 983 dynamic me-
chanical analyzer (New Castle, DE) was used for the
measurements, and rectangular specimens measuring
4 � 1 � 0.1 cm3 were employed.

In the mechanical tests, dumbbell-shaped speci-
mens (ASTM D638-82a, type V) on a Micro 500 uni-
versal testing machine (Testometric Co., Lancashire,
UK) at a constant crosshead speed of 1.0 mm/min
were used to determine the tensile properties of low-
shrink polyester matrices. An Izod impact test (ASTM
D-256-81, method A) using a Frank model 53568 pen-
dulum impact tester also was performed (Zwick, Ulm,
Germany).

RESULTS AND DISCUSSION

Compatibility of styrene/UP/LPA systems

Molecular polarity of the UP resin and LPA was cal-
culated using the Debye’s equation and group contri-
bution methods detailed in part I of this series3; the
results are summarized in Table II. In general, the
greater was the difference in the polarity of UP and
LPA per unit volume, the lower was the compatibility
of the St/UP/LPA system at 25°C prior to the reac-
tion. The data shown in Table II indicate that of the
eight reactive LPA systems, the sample solution con-
taining VAc-b-MMA theoretically would be more
compatible than would the PMMA systems. Also, in
the sample solution containing VAc-b-MMA-type
LPA, an LPA with a higher VAc content could lead to
greater compatibility of the St/UP/LPA system (the-

TABLE I
Reactive LPAs Used in This Study

LPA code Monomer Molar comp.a Mn
b Mw

b PDb Tg (°C)c
Number of OOOOO

per LPAe

PMMA26K MMA — 26,000 80,000 3.1 96.2 —
PMMA57K MMA — 57,000 183,000 3.2 101.5 0.48
PMMA136K MMA — 136,000 220,000 1.6 100.4 2.41
VAc-b-MMA

18K(14) VAc, MMA 0.14:0.86 18,000 87,000 4.8 92.7 —
VAc-b-MMA

26K(17) VAc, MMA 0.17:0.83 26,000 97,000 3.7 85.2 —
VAc-b-MMA

38K(15) VAc, MMA 0.15:0.85 38,000 147,000 3.9
75.9

(46.4, 103.6)d 0.62
VAc-b-MMA

31K(24) VAc, MMA 0.24:0.76 31,000 124,000 4.0
65.5

(106.1)d 0.33
VAc-b-MMA

54K(24) VAc, MMA 0.24:0.76 54,000 212,000 3.9 94.6 0.68

a By 1H-NMR.
b By GPC (g/mol).
c By DSC.
d The medium transition temperature (i.e., 75.9°C or 65.5°C) is the Tg for the random block copolymer of VAc and MMA,

whereas the lower (i.e., 46.4°C) and higher (i.e., 103.6°C or 106.1°C) transition temperatures are the Tg’s for the PVAc and
PMMA segments, respectively.

e The average number of peroxide groups in the reactive LPA as measured by the iodine titration.
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oretically, the VAc-b-MMA(24) system would be the
most compatible, whereas the VAc-b-MMA(14) sys-
tem would be the least). However, this could not be
completely verified by the static phase characteristics
data of the uncured St/UP/LPA systems at 25°C (Ta-
ble II), whereas a lesser degree of phase separation, as
revealed by the lower relative weight of upper layer,
wu, could not be observed for all the theoretically more
compatible ternary St/UP/LPA systems.

Nevertheless, Table II shows that for a fixed LPA
(either PMMA or VAc-b-MMA with comparable VAc
content), higher-molecular-weight LPA may result in
a less compatible St/UP/LPA system. Evidence of this
would be a higher degree of phase separation, which
was observed in the higher relative weight of the
upper layer, wu, when higher-molecular-weight LPA
was added to any St/UP/LPA system except the
PMMA136K system.

As the mixing temperature increased from 25°C to
110°C, no phase separation was observed in all eight
St/UP/LPA ternary systems within 600 min (Table II).
Because the reaction of the St/UP/LPA system at
110°C isothermally ended in 80 min, all eight systems
showed a single homogeneous phase after phase equi-
librium prior to a reaction at 110°C.

During curing at 110°C of the St/UP/LPA sample
solution containing PMMA, adding higher-molecular-
weight LPA would lead to more pronounced phase
separation phenomenon, with the PMMA26K system
exhibiting homogeneous globule morphology, as was
shown in part I of this series of articles,3 but the
PMMA57K system had a two-phase microstructure
consisting of a flakelike continuous phase and a glob-
ule dispersed phase. Additional increases in the mo-

lecular weight of LPA (i.e., the PMMA136K system)
resulted in less severe phase separation, which could
have been a result of a decrease in the phase separa-
tion rate because of the increased viscosity of the
St/UP/LPA system during the cure. In addition, the
average number of peroxide groups in the reactive
LPA was higher in PMMA136K than in PMMA57K
(2.41 vs. 0.48, respectively, as shown in Table I).
Hence, the higher reactivity of PMMA136K also could
lead to a smaller domain of the LPA-rich dispersed
phase of the St/UP/LPA system during the cure (as
was shown in part I of this series3) and to enhanced
compatibility, compared to those of the PMMA57K
ternary system.

As was shown in part I of this series,3 in the St/UP/
LPA sample solutions containing VAc-b-MMA with
VAc introduced at a molar composition of about 15%
[i.e., the VAc-b-MMA18K(14), VAc-b-MMA26K(17),
and VAc-b-MMA38K(15) systems], adding higher-
molecular-weight LPA led to more pronounced phase
separation phenomenon, with the VAc-b-MMA18K(14)
system exhibiting a homogeneous globule morphol-
ogy, but the VAc-b-MMA26K(17) and the VAc-b-
MMA38K(15) systems showing a two-phase micro-
structure consisting of a continuous phase and a glob-
ule dispersed phase. The VAc-b-MMA26K(17) system,
which had lower-molecular-weight LPA (Mn � 26,000
g/mol, Table I), was more compatible during the
cure than was the VAc-b-MMA38K(15) system, as was
expected.

Similarly, in the St/UP/LPA sample solutions con-
taining VAc-b-MMA with VAc introduced at a molar
composition of 24% [i.e., the VAc-b-MMA31K(24) and
VAc-b-MMA54K(24) systems], adding higher-molecu-

TABLE II
Calculated Molar Volumes and Dipole Moments for UP and LPA, Phase Characteristics for St/UP/LPA Uncured

Systems at 25°C and 110°C, and Final Conversions of Total CAC Bonds as Measured
by DSC for St/UP/LPA Systems Cured at 110°C

UP or LPA �a Vb ��c ��UP–��LPA tp (25)d wu (%)e tp (110)d �f

Neat UP resin
MA-PG-PA 3.13 1389 0.0840 — 86.9
Reactive LPAs
PMMA26K 10.48 21,290 0.0718 0.0122 495 14.7 �600 84.7
PMMA57K 15.50 46,680 0.0718 0.0122 341 48.2 �600 82.2
PMMA136K 23.95 111,400 0.0718 0.0122 135 13.3 �600 81.4
VAc-b-MMA18K(14) 8.80 14,640 0.0727 0.0113 650 14.7 �600 84.813

VAc-b-MMA26K(17) 10.59 21,120 0.0729 0.0111 720 30.9 �600 82.1
VAc-b-MMA38K(15) 13.51 34,410 0.0728 0.0112 390 32.3 �600 80.0
VAc-b-MMA31K(24) 11.63 25,090 0.0734 0.0106 �g — �600 83.5
VAc-b-MMA54K(24) 15.35 43,710 0.0734 0.0106 1025 41.3 �600 80.4

a Dipole moment (debye/mol1/2).
b Molar volume (cm3/mol).
c Dipole moment per unit volume [� (�2/V)1/2; debye/cm3/2].
d Phase separation time (min) at 25°C [i.e., tp (25)] and 110°C [i.e., tp (110)].
e Weight percent of the upper layer solution after a phase equilibrium at 25°C (%).
f Cure conversion of total CAC bonds (%) for St/UP/LPA systems as measured by DSC at 110°C.
g One phase.
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lar-weight LPA also would lead to a more pronounced
phase separation phenomenon, with the VAc-b-
MMA31K(24) system exhibiting a homogeneous glob-
ule morphology, but the VAc-b-MMA54K(24) system
showing a two-phase microstructure consisting of a
flakelike continuous phase and a globule dispersed
phase.

Scanning electron microscopy (SEM) showed that
an effect of the LPA molecular weight on the compat-
ibility of the St/UP/LPA system during curing at
110°C, that was not always the same as that revealed
by the DSC rate profiles, as discussed in part I of this
series.3

Relationship between morphology and mechanical
properties—the Takayanagi models

The mechanical behavior of cured UP resin systems
containing LPA with morphologies as indicated in
part I of this series3 can be approximated by the
Takayanagi models,14–15 which indicate arrays of
weak LPA (R) and stiff styrene-crosslinked polyester
(P) phases (Fig. 1). Subscripts 1, 2, and 3 for the P
phases are employed because of the distinction be-
tween the compositions of styrene and UP as a result
of phase separation during curing, and the quantities
�, �, �, and � or their indicated multiplications indicate
the volume fractions of each phase.

In the systems shown in Figure 1(a,d,g) in part I of
this series3 [i.e., the PMMA26K, VAc-b-MMA18K(14),
and VAc-b-MMA31K(24) systems, respectively], the
microgel particles (phase P1) were surrounded by a
layer of LPA (phase R). Between the LPA-covered
microgel particles were some lightly styrene-
crosslinked polyester chains and polystyrene chains
(taken together as phase P2), which had compositions
of St and UP different from those in phase P1, dis-
persed in the LPA phase (phase R). Hence, the char-
acteristic globule microstructure may be represented
by the P-P-S model [Fig. 1(a)], a parallel combination
of the three elements, P1, R, and P2–R, in series. In
contrast, in the system shown in Figure 1(b,c,e,f,h) in
part I of this series,3 the microstructure consisted of a
stiff continuous phase of styrene-crosslinked polyester
(phase P1) and a weak globule LPA-dispersed phase,
whose globule morphology also can be represented by
a P-P-S model. Hence, the upper bound of mechanical
behavior for the overall morphology can be repre-
sented by a P-(P-P-S) model [Fig. 1(b)], which is sim-
ply a parallel combination of the continuous phase P1
and the dispersed phase denoted by a (P-P-S) model.

The mechanical properties of cured samples may
change not only with morphology but also with the
crosslinking density of the styrene-crosslinked polyes-
ter in the P1, P2, and P3 phases, with the major con-
tinuous phase, P1, being dominant. This information is
not easily obtained but can be inferred from the static

phase characteristics of the St/UP/LPA systems at
25°C before curing.6

Cure conversion effects from drift in
styrene/polyester composition during curing

In the St/UP/LPA sample solution containing either
PMMA or VAc-b-MMA (but with VAc introduced into
the LPA at about the same molar composition, that is,
15%–17% or 24%), adding higher-molecular-weight
LPA can lead to a reduction in the final cure conver-
sion (Table II). This shows that the less compatible

Figure 1 The Takayanagi models for mechanical behavior
of cured LPA-containing UP resin systems: (a) parallel-par-
allel-series (P-P-S) model and (b) parallel-parallel-parallel-
series [P-(P-P-S)] model. The area of each diagram is pro-
portional to a volume fraction of the phase.
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St/UP/LPA system, which resulted from higher-mo-
lecular-weight LPA being added, may generally lead
to a lower final conversion after curing (except in the
PMMA136K system). This could be a result of the
molar ratio (MR) of the styrene/polyester CAC bonds
deviating more from � 2 : 1 in the major continuous
phase (i.e., phase P1, Fig. 1) during curing of the less
compatible St/UP/LPA system, leading to a more
compact microgel structure in that phase and thus to a
lower overall cure conversion.

Glass-transition temperatures by TSC

According to the TSC method10–12 for the determina-
tion of transition temperature, all the test conditions—
polarization temperature (Tp), applied electric field
(V), polarization time (tp), and sample thickness—play
important roles in the obtaining of satisfactory results.
In addition, to avoid the interference of space charge
during the TSC test, the sample is generally wrapped
with a thin layer of Teflon tape (with an average
thickness of 0.056 mm in this work). For an unknown
sample, it is usually time consuming to find out the
appropriate settings for these four variables. There-
fore, just in setting the test conditions, the TSC method
is more difficult to use than dynamic mechanical anal-
ysis (DMA). However, the TSC method is more sen-
sitive in identifying relaxation motion, including the
short-range motion of segments in the main and side
chains, the long-range motion of segments in the main
chain, and the flow behavior of the bulk molecules.
This would inevitably lead to more difficulty in inter-
preting the results of TSC testing than those of DMA.
In general, the TSC method is equivalent to the DMA
at a test frequency of 10�3 to 10�4 Hz.11

As explained in the Experimental section, the test
conditions for all the sample specimens were chosen
such that the sample specimens would be capable of
being polarized to a certain extent in order to have a
reasonable chance of detecting the peak intensity of
the thermally stimulated depolarization currents at
glass transition. As a rule, the polarization tempera-
ture selected should be at least 10°C–20°C higher than
the glass-transition temperature, a temperature at
which the mobility of polymer chain segments would
be high enough to be easily polarized.

However, in the cured St/UP/LPA system used in
the present work, where the cure temperature history
of the original sample specimens was 110°C for 1 h
and 150°C for 1 h, the Tp for the TSC test should not
exceed 150°C. Otherwise, unreacted CAC bonds,
which would be buried in the microgel structure of the
original sample specimens, might experience a further
crosslinking reaction during the polarization process.
As a result, the crosslinking density of the original
sample could be increased, and the glass-transition
temperature measured by TSC would be greater than

that of the original sample specimens before the TSC
test.

To allow adequate polarization of sample speci-
mens at Tp, the tp selected for the TSC test should be
greater than the relaxation time of the polymer chains,
�c(Tp). For common amorphous and semicrystalline
polymers, the �c has been reported11 to range from 5.0
� 10�4 to 36 s when the relaxation time is measured
2°C–74°C greater than the corresponding Tg. Hence,
60–120 s for the tp is generally enough to polarize
common polymers in facilitating the subsequent TSC
test. By contrast, according to relaxation map analysis
(RMA),10–12 in which the whole TSC spectrum can be
resolved into elementary processes, our experimental
results12 showed that the �c (150°C) of the cured neat
UP resin at MR � 2 : 1 was 7.3 � 10�10 s. Thus, in the
present work, the tp for the TSC test was set at 0.01 min
(or 0.6 s), which was much greater than the �c (150°C)
for the cured neat UP resin yet so short that the sample
specimens of the St/UP/LPA systems would not un-
dergo a significant cure reaction even at a polarization
temperature of 150°C.

Tg of cured neat UP resin by TSC

Figure 2 shows the thermally stimulated depolariza-
tion current (TSDC or TSC) profile of the cured neat
UP resin without LPA at MR � 1 : 1, 1.5 : 1, 2 : 1, 2.5
: 1, 3 : 1, 6 : 1, and 10 : 1. The maximum point (about
120°C–140°C) in the TSC curve can be identified as the
glass-transition temperature (Tg1) of the overall sty-
rene-crosslinked polyester matrix. At a high molar
ratio of styrene to polyester CAC bonds, such as MR
� 10:1, it also was possible to identify a shoulder at
about 105°C, which was assigned as the Tg1 of the
styrene-crosslinked polyester matrix in the major
phase domain with a lower crosslinking density.

Figure 2 Thermally stimulated current profiles of TSC for
cured neat UP resins at MR � 1 : 1, 1.5 : 1, 2 : 1, 2.5 : 1, 3 : 1,
6 : 1, and 10 : 1 after an isothermal cure at 110°C for 1 h and
a postcure at 150°C for 1 h.
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The Tg values shown in Table III indicate that as the
MR increased, the Tg1 increased and then decreased,
reaching a maximum at MR � 2 : 1 (Tg1 � 140.7°C), a
trend similar to those reported in the literature as
measured by DMA.16–17 On the one hand, the higher
was the MR, the greater was the degree of crosslinking
along the polyester chain, as shown by the higher
conversion of polyester CAC bonds,18 which led to a
favorable effect on the increase of Tg1. However, the
higher the MR, the larger was the St bridge between
the crosslinks (i.e., the crosslink length of St),19 ad-
versely affecting the increase of Tg1 (because of the
decrease in overall crosslinking density). In the St-
crosslinked polyester matrix, crosslinking density
reached an optimum at an MR of 2 : 1, below or above
which the crosslinking density could be reduced;
hence, maximum Tg1 was obtained at MR � 2 : 1.

In the St/UP binary mixtures, a high concentration
of St could result in a phase separation phenomenon,
even prior to the cure reaction.20 In the present work,
at MR � 10 : 1, it was inferred that a reaction-induced
phase separation might occur during the cure, leading
to one major phase domain with a lower crosslinking
density (Tg1 � 105.2°C) and the other minor phase
domain with a higher crosslinking density (Tg2
� 140.3°C). The MR in the former phase domain
would approach infinity (i.e., pure styrene monomer),
whereas that in the latter phase domain would be
between 2:1 and 2.5:1 (as inferred from the data in
Table III).

Tg of cured St/UP/LPA systems by TSC

Figures 3 and 4 show the TSC profiles of the three
PMMA types of LPAs and the five VAc-b-MMA types
of LPAs, respectively. Their glass-transition tempera-
tures were identified and are listed in Table IV. In the
PMMA-type LPAs, the major Tg was around 79°C–
87°C, whereas the transition temperature of the ester
linkage in the main chain or side chain of the LPA was
around 23°C–29°C. In the VAc-b-MMA-type LPA, the
Tg of the random block copolymer of VAc and MMA
was around 78°C–88°C, whereas the Tg values of the
PMMA and PVAc segments were 98°C–116°C and
34°C–38°C, respectively.

TABLE III
Glass-Transition Temperatures of Fully Cured St/UP/LPA Systems as Determined by the TSC Method

LPA MR Model Tg1�
a Tg1�

b Tg2
c Tg3

d TgR
e

(a) Neat UP resin
1/1 122.9

1.5/1 131.9
2/1 140.7

2.5/1 140.1
3/1 137.6
6/1 132.7

10/1 105.2 140.3
(b) Reactive LPA
PMMA26K 2/1 P-P-S 131.8 — 76.6, 25.8, 19.4
PMMA57K 2/1 P-(P-P-S) 134.4 — — 84.2, 28.6, 25.7
PMMA136K 2/1 P-(P-P-S) 132.8 — — 84.2, 27.8, 24.1
VAc-b-MMA18K(14) 2/1 P-P-S 135.2 — — 38.0, 27.2, 24.6
VAc-b-MMA26K(17) 2/1 P-(P-P-S) 141.4 — — 83.6, 32.1, 27.0, 23.9
VAc-b-MMA38K(15) 2/1 P-(P-P-S) 135.9 — — 82.3, 38.6, 27.5

VAc-b-MMA31K(24) 2/1 P-P-S 145.3 —
81.1, 50.1, 37.2,
29.3, 24.7

VAc-b-MMA54K(24) 2/1 P-(P-P-S) 130.3 — — 34.8, 27.5, 23.8

a Tg1� (°C) is the glass-transition temperature for the overall styrene-crosslinked polyester matrix (for neat UP system) or
for the major continuous phase of styrene-crosslinked polyester (i.e., phase P1 in Fig. 1 for St/UP/LPA cured systems).

b Tg1� (°C) is the � relaxation temperature for the polyester segments between the crosslinks.21

c Tg2 is the glass-transition temperature for the LPA cocontinuous phase [i.e., phase P2 in Fig. 1(a)] or for the major microgel
particle phase within the LPA-dispersed phase [i.e., phase P2 in Fig. 1(b)].

d Tg3 (°C) is the glass-transition temperature for the LPA cocontinuous phase within the LPA-dispersed phase [i.e., phase
P3 in Fig. 1(b)].

e TgR is the glass-transition temperature for the R phase.

Figure 3 Thermally stimulated current profile of TSC for
neat LPA: Curve 1, PMMA26K; curve 2, PMMA57K; curve 3,
PMMA136K.
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Figures 5 and 6 show the TSC profiles of the cured
UP resins containing 10 wt % PMMA- and VAc-b-
MMA-type LPAs, respectively. We propose a P-P-S
model [Fig. 1(a)] for the PMMA26K, VAc-b-
MMA18K(14), and VAc-b-MMA31K(24) systems, and
a P-(P-P-S) model [Fig. 1(b)] for the other five systems.
However, only Tg1 and TgR could be identified by the
TSC method under the test conditions used. For the
eight St/UP/LPA systems, the Tg’s of the major
styrene-crosslinked polyester phase [i.e., phase P1
in Fig. 1(a,b)] and of the random block copolymer
of LPA (except for VAc-b-MMA18K(14) and VAc-b-
MMA54K(24)) are listed in Table III.

Effect of crosslinking density and plasticization on
Tg of P phase

Table III shows that for the St/UP/LPA system con-
taining 10% PMMA-type LPA, the most compatible
PMMA26K system during the cure possessed the low-
est Tg in the P1 phase. The less the compatibility for the

St/UP/LPA system, the higher was the Tg in the P1
phase. The most incompatible PMMA57K system,
which could be confirmed by the appearance of a
conspicuous shoulder around 84°C in the TSC curve
(Fig. 5), exhibited the highest Tg in the P1 phase.

In the St/UP/LPA sample solutions containing
VAc-b-MMA with VAc introduced at a molar compo-
sition of about 15% [i.e., the VAc-b-MMA18K(14),
VAc-b-MMA26K(17), and VAc-b-MMA38K(15) sys-
tems], the most compatible VAc-b-MMA18K(14) sys-
tem during the cure possessed the lowest Tg in the P1
phase. Adding higher-molecular-weight LPA would
lead to a more pronounced phase separation phenom-
enon, and the Tg in the P1 phase first showed an
increase in the VAc-b-MMA26K(17) system, followed
by a decrease in the most incompatible VAc-b-
MMA38K(15) system.

In the St/UP/LPA sample solutions containing
VAc-b-MMA with VAc introduced at a molar compo-
sition of 24% ([i.e., the VAc-b-MMA31K(24) and VAc-

Figure 4 Thermally stimulated current profile of TSC for
neat LPA: curve 1, VAc-b-MMA18K (14); curve 2, VAc-b-
MMA26K(17); curve 3, VAc-b-MMA38K(15); curve 4, VAc-
b-MMA31K(24); curve 5, VAc-b-MMA54K(24).

TABLE IV
Glass-Transition Temperatures (°C) of Neat PMMA-Based LPAs as Determined by the TSC Method

LPA Tg1R
a Tg2R

b Tg3R
c Tg1�R

d Tg1	R
d

PMMA26K 78.9* 28.8 25.2
PMMA57K 86.8* 27.7 23.6
PMMA136K 85.3* 27.5 23.2
VAc-b-MMA18K(14) 98.9 82.5* 37.4 27.6 23.2
VAc-b-MMA26K(17) 113.2 78.2* 36.5 24.9 —
VAc-b-MMA38K(15) 115.2 81.3* 34.8 27.5 22.7
VAc-b-MMA31K(24) 113.5 78.3* 34.1 24.1 21.3
VAc-b-MMA54K(24) 112.6 87.5* 36.5 30.1 27.2

* Major glass-transition temperature of the LPA
a Tg1R is the Tg for the PMMA segments of the LPA.
b Tg2R is the Tg of the random block copolymer of VAc and MMA as an LPA.
c Tg3R is the Tg of the PVAc segments of the LPA.
d Tg1�R and Tg1	R are the transition temperatures of the ester linkage (OCOOO) in the main chain or side chain of the

PMMA-based LPAs.

Figure 5 Thermally stimulated current profile of TSC for
cured St/UP/10% PMMA system at MR � 2 : 1 after an
isothermal cure at 110°C for 1 h and a postcure at 150°C for
1 h: (a) PMMA26K, (b) PMMA57K, and (c) PMMA136K.

REACTIVE LOW-PROFILE ADDITIVES. II 873



b-MMA54K(24) systems], adding higher-molecular-
weight LPA would lead to a more pronounced phase
separation phenomenon, and the Tg in the P1 phase
was found to be lower in the less compatible system,
VAc-b-MMA54K(24).

All these results were ascribed to the R phase in a
less compatible St/UP/LPA system having less of a
plasticization effect on the P1 phase and to the lower
crosslinking density in the P1 phase itself. The latter
would be a result of much greater deviation (less than)
from a molar ratio (MR) of 2 : 1 for styrene consumed
to polyester CAC bonds reacted in the P1 phase. (The
crosslinking density would reach an optimum at an
MR of 2 : 1 and lead to a maximum Tg for styrene-
crosslinked polyester matrices, as shown by the data
in Fig. 2.) Because the lower plasticization effect was
favorable for the increased Tg in the P1 phase, whereas
the concomitant lower crosslinking effect was unfa-
vorable, the Tg in the P1 phase may have then de-
pended on the relative importance of the two oppos-
ing effects. As the crosslinking effect was more signif-
icant, a more compatible St/UP/LPA system led to a
higher Tg in the P1 phase, whereas the trend may have
been reversed when the plasticization effect was more
important. Apparently, in the St/UP/LPA system
containing 10% reactive LPA with a somewhat incom-
patible ternary system, such as the VAc-b-MMA26K(17)
and VAc-b-MMA38K(15) system pair or the VAc-b-
MMA31K(24) and VAc-b-MMA54K(24) system pair, the
crosslinking effect predominated, whereas with either a
highly incompatible ternary system, such as the PMMA
systems, or a highly compatible ternary system, such
as the VAc-b-MMA18K(14) and VAc-b-MMA26K(17)
system pair, the plasticization effect predominated
[classification of ternary St/UP/LPA systems as some-
what incompatible, highly incompatible, and highly

compatible was roughly based on the MR(P1) as
shown in Table V and is explained later].

Tg of cured St/UP systems by DMA

Figure 7 shows DMA results for the cured neat UP
resins without LPA at varied MRs of St/polyester
CAC bonds. On the basis of the tan 
 curve of DMA,
the maximum point at higher temperatures (Tg1�)
could be identified as the glass-transition temperature
for the overall St-crosslinked polyester matrix,
whereas the shoulder at lower temperatures (Tg1�) can
be identified as the � relaxation temperatures21 for the
polyester segments between the crosslinks alone. It
has been reported22 that the Tg1� also may be affected
by the motion of the chain segment of the St bridge
between the crosslinks.

The Tg values shown in Table V reveal that as the
MR increased, the Tg1� increased and then decreased,
reaching a maximum at a 2 : 1 MR (Tg1� � 151.6°C), a
trend similar to those of the TSC results shown in
Table III. The Tg1� reached a maximum at an MR of 2.5
: 1 (Tg1� � 95.1°C) in this work (at MR � 3 : 1, 6 : 1, and
10 : 1, the Tg1� could not be identified, see Fig. 7).

It should be noted that the Tg1� measured by DMA
at 1 Hz was generally higher than that measured by
TSC (equivalent to the DMA at a test frequency of 10�3

to 10�4 Hz, as mentioned earlier). As shown in Table
V, the difference in Tg1� by these two test methods,
�Tg1�, generally ranged from 1°C to 20°C, and �Tg1�

decreased as the MR of the St/polyester CAC bonds
increased, where the cured sample would become less
elastic because of the decreased crosslinkable density
and a concomitant decrease in Young’s modulus.15 For
an MR between 1 : 1 and 2 : 1, the data in Table V
shows that if the frequency frame of a DMA experi-
ment was increased by a factor of 10, on average, the
Tg1� would be raised by about 3°C–7°C.

Tg of cured St/UP/LPA systems by DMA

Figures 8 and 9 show the DMA results for the cured
UP resins containing 10 wt % PMMA-type and VAc-
b-MMA-type LPAs, respectively. The PMMA57 sys-
tem was the most incompatible St/UP/LPA system
containing a PMMA-type LPA, as inferred from the
observation of a remarkable shoulder to the left of the
major peak at 153.6 °C (Fig. 8). This is in agreement
with the TSC result shown in Figure 5 mentioned
earlier.

In contrast to the TSC results, shown in Figures 5
and 6, the T2, which is the glass-transition temperature
of the LPA cocontinuous phase [i.e., phase P2 in Fig.
1(a)] or the Tg in the major microgel particle phase
within the LPA-dispersed phase [i.e., phase P2 in Fig.
1(b)], also could be identified by DMA. However, it
was not possible to clearly identify the TgR, the peak of

Figure 6 Thermally stimulated current profile of TSC for
cured St/UP/10% VAc-b-MMA system at MR � 2:1 after an
isothermal cure at 110°C for 1 h and a postcure at 150°C for
1 h: (a) VAc-b-MMA18K(14), (b) VAc-b-MMA26K(17), (c)
VAc-b-MMA38K(15), (d) VAc-b-MMA31K(24), and (e) VAc-
b-MMA54K(24).
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which overlapped with that of Tg2. The effects of
chemical structure and molecular weight of the reac-
tive LPAs on the Tg1� and Tg2 by DMA essentially
showed the same trend as those of the Tg1� by TSC
([except for the Tg1� of the VAc-b-MMA26K(17) and
VAc-b-MMA38K(15) systems; see Table III].

According to the �Tg1�, which is the difference in
Tg1� measured by DMA (at 1 Hz) with that measured

by TSC, it was possible to estimate the MRs in the P1
phase as a result of phase separation of St/UP/LPA
ternary systems during the cure, MR(P1), assuming
the plasticization effect of LPA on the P1 phase was
negligible; these are listed in Table V. The values of
MR(P1) in the eight St/UP/LPA ternary systems re-
vealed that the PMMA system would be the most
incompatible system during the cure because it had
the lowest MR(P1) (ranging from 1.1 : 1 to 1.2 : 1, which

TABLE V
Glass-Transition Temperatures of Fully Cured St/UP/LPA Systems Based on Tan � as Determined by DMA

LPA MR Model Tg1�
a Tg1�

b Tg2
c Tg3

d TgR
e �Tg1�

f MR (P1)g

(c) Neat UP resin
1/1 143.2 85.9 20.3

1.5/1 148.4 90.2 16.5
2/1 151.6 90.4 10.9

2.5/1 147.7 95.1 7.6
3/1 141.2 — 3.6
6/1 130.2 — �2.5

10/1 106.4 — 1.2
(d) Reactive LPA
PMMA26K 2/1 P-P-S 150.3 — 120.3 — — 18.5 1.24/1
PMMA57K 2/1 P-(P-P-S) 153.6 — 124.5 — — 19.2 1.14/1
PMMA136K 2/1 P-(P-P-S) 151.6 — 108.1 — — 18.8 1.20/1
VAc-b-MMA18K(14) 2/1 P-P-S 149.7 — 115.3 — 14.5 1.68/1
VAc-b-MMA26K(17) 2/1 P-(P-P-S) 152.3 — 123.1 — — 10.9 2/1
VAc-b-MMA38K(15) 2/1 P-(P-P-S) 154.2 — 110.4 — — 18.3 1.26/1
VAc-b-MMA31K(24) 2/1 P-P-S 159.4 — 117.5 — 14.1 1.71/1
VAc-b-MMA54K(24) 2/1 P-(P-P-S) 148.6 — 113.2 — — 18.3 1.26/1

a Tg1� (°C) is the glass-transition temperature of the overall styrene-crosslinked polyester matrix (for neat UP system) or the
Tg of the major continuous phase of styrene-crosslinked polyester (i.e., phase P1 in Fig. 1 for St/UP/LPA cured systems).

b Tg1� (°C) is the � relaxation temperature of the polyester segments between the crosslinks.21

c Tg2 is the glass-transition temperature of the LPA cocontinuous phase [i.e., phase P2 in Fig. 1(a)] or the Tg in the major
microgel particle phase within the LPA-dispersed phase [i.e., phase P2 in Fig. 1(b)].

d Tg3(°C) is the glass-transition temperature of the LPA cocontinuous phase within the LPA-dispersed phase [i.e., phase P3
in Fig. 1(b)].

e TgR is the glass-transition temperature of the R phase.
f �Tg1� is the difference in Tg1� as measured by DMA and TSC.
g MR (P1) is the estimated MR in the P1 phase as a result of phase separation during the cure according to �Tg1�, assuming

the plasticization effect of LPA on the P1 phase was negligible.

Figure 7 Tan 
 versus temperature for cured neat UP resins
at varied molar ratios of styrene to polyester CAC bonds
(MR) by DMA.

Figure 8 Storage modulus, E�, loss modulus, E	, and tan 

versus temperature for cured St/UP/LPA systems contain-
ing 10% reactive PMMA as an LPA at MR 2 : 1 by DMAL: (a)
PMMA26K, (b) PMMA57K, and (c) PMMA136K.
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deviated most from an MR of 2 : 1 caused by a notice-
able phase separation). In contrast, the VAc-b-
MMA18K(14) and the VAc-b-MMA26K(17) systems
would be the most compatible system because they
had the highest MR(P1) (ranging from 1.7 : 1 to 2.0 : 1,
which deviated least from an MR of 2 : 1 caused by a
less pronounced phase separation.) In fact, the rough
guide to the compatibility of St/UP/LPA system dur-
ing the cure by the calculated MR(P1) based on �Tg1�

was in agreement with the SEM micrographs shown
in part I of this series.3

Reaction-induced phase separation for St/UP/LPA
systems during curing

In the St/UP/LPA system with a molar ratio of sty-
rene to polyester CAC bonds of 2 : 1 and a 10 wt %
reactive PMMA-based LPA, all of the eight uncured
ternary systems exhibited a homogeneous single
phase at 110°C prior to the reaction, as mentioned
earlier. As the cure reaction at 110°C proceeded, the
increase in molecular weight of the reacting species
via crosslinking reactions could enhance the phase
separation (because of the decrease in entropy of mix-
ing), the onset of which generally would occur at very
low reaction conversion (� � 1%).6 In reality, from the
start of the copolymerization reaction in the St/UP/
LPA (initially miscible) ternary system, it was trans-
formed into a quaternary system composed of the
growing St/UP/reactive LPA copolymer, unreacted
St/UP monomers, and the unreacted LPA. A qualita-
tive analysis of the phase separation phenomena in the
pregel state, using the basic concept of the Flory–
Huggins (F-H) theory,23–26 would show that the reac-

tion-induced phase separation mechanism for this sys-
tem was the result of three main contributions: the
entropic effect from the presence of the St/UP/reac-
tive LPA copolymer, the interaction energy quantified
from the six binary F–H interaction parameters, and
the change in the concentration of each component
that participated in the copolymerization reaction (St,
UP, reactive LPA, and the St/UP/reactive LPA copol-
ymer), which influenced the magnitude of the second
and third effects. After the macrogelation, the analysis
was much more complex because the elastic contribu-
tion introduced by the copolymer network had to be
taken into account.

Near the gelation point (� � 10%),27 the transla-
tional diffusion of the large molecules, such as UP and
LPA, essentially ceased because viscosity tended to-
ward infinity. However, diffusion of St, which is a
small molecule, and segmental diffusion of UP and
LPA molecules could still proceed in the lightly
crosslinked, St-swollen network. Nevertheless, be-
cause long-range diffusion of St that crossed phase
boundaries was curtailed considerably, the composi-
tions of the continuous and the LPA-dispersed phases
remained virtually unchanged near gelation. From
then on, the morphology of the partially cured sample
was virtually unchanged, but the crosslinking density
in each phase region may have increased with the cure
conversion until a limiting conversion (Table II) was
reached. A further postcure at 150°C may have some-
what enhanced the crosslinking density in each phase
region, especially that of the P1 phase, where the three-
dimensional microgel structures were the most com-
pact among all the phases.

Effects of interfacial adhesion on impact strength

Table VI shows the effects of chemical structure and
molecular weight of reactive PMMA-based LPA on
the impact strength of cured samples. In the St/UP/
LPA system containing 10% PMMA-type LPA, impact
strength was highest for the most compatible system,
PMMA26K, followed by the less compatible PMMA136K
and the least compatible PMMA57K systems. In the
St/UP/LPA sample solutions containing VAc-b-MMA
with VAc introduced at a molar composition of
about 15% [i.e., the VAc-b-MMA26K(17) and VAc-b-
MMA38K(15) systems], impact strength was higher in
the more compatible VAc-b-MMA26K(17) system.
Similarly, in the St/UP/LPA sample solutions con-
taining VAc-b-MMA with VAc introduced at a molar
composition of 24% [i.e., the VAc-b-MMA31K(24)
and VAc-b-MMA54K(24) systems], impact strength
also was higher in the more compatible VAc-b-
MMA31K(24) system.

All these results were attributable to the better in-
terfacial adhesion between the major St-crosslinked
polyester phase and the LPA-rich phase caused by the

Figure 9 Storage modulus, E�, loss modulus, E	, and tan 

versus temperature for cured St/UP/LPA systems contain-
ing 10% reactive VAc-b-MMA as an LPA at MR 2 : 1 by
DMA: (a) VAc-b-MMA18K(14), (b) VAc-b-MMA26K(17), (c)
VAc-b-MMA38K(15), (d) VAc-b-MMA31K(24), and (e) VAc-
b-MMA54K(24).
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more compatible system being favorable to the in-
creased impact strength.

Effects of crosslinking density and interfacial
adhesion on tensile properties

Based on the isostrain model shown in Figure 1(a,b),
tensile strength of the sample would be dominated by
(1 � �)�P1 [where (1 � �) and �P1 are the volume
fraction and tensile strength, respectively, of the stiff
P1 phase], provided that the major continuous phase
was less brittle than the minor cocontinuous or dis-
persed phase and that there was sufficient P1 phase to
carry the tensile load, even after phases R, P2, and P3
had failed.

Table VI shows the effects of the chemical structure
and molecular weight of reactive PMMA-based LPA
on the tensile strength of cured samples. For the St/
UP/LPA system containing 10% PMMA-type LPA,
tensile strength was highest in PMMA26K, the most
compatible system, followed by the less compatible
PMMA136K and PMMA57K systems, which showed
the same trend as that for impact strength. In the
St/UP/LPA sample solutions containing VAc-b-MMA
with VAc introduced at a molar composition of either
about 15% [i.e., the VAc-b-MMA26K(17) and VAc-b-
MMA38K(15) systems] or 24% [i.e., the VAc-b-
MMA31K(24) and VAc-b-MMA54K(24) systems], ten-
sile strength was also higher in the more compatible
system [i.e., the VAc-b-MMA26K(17) and VAc-b-
MMA31K(24) systems, respectively].

In the more compatible St/UP/LPA system, the MR
of the St/polyester CAC bonds reacting (i.e.,
crosslinking density) in the continuous phase of the
crosslinked polyester [i.e., P1 phase, Fig. 1(a,b)] exhib-
ited the smaller negative deviation from 2 : 1; this led
to a higher crosslinking density in that phase and then
to greater enhancement of the tensile strength for the
whole sample. In addition, interfacial adhesion of the
more compatible St/UP/LPA system could aid the
increase in tensile strength.

Effects on Young’s modulus of network
compactness in the major continuous phase

According to the isostrain model, shown in Figure
1(a,b), the Young’s modulus of the sample was dom-
inated by (1 � �)EP1 because the moduli of phases R,
P2, and P3 multiplied by their corresponding volume
fractions were generally much smaller than the mod-
ulus of phase P1 multiplied by its volume fraction [i.e.,
(1 � �)EP1]. The Young’s modulus of the major con-
tinuous phase is represented by EP1.

Table VI shows the effects of chemical structure and
molecular weight of reactive PMMA-based LPA on
the Young’s modulus of cured samples. In the St/UP/
LPA system containing 10% PMMA-type LPA, the
Young’s modulus was smallest in the most compatible
system, PMMA26K, followed by the less compatible
PMMA136K and the least compatible PMMA57K sys-
tems. This trend was the reverse of that for tensile
strength. Also, in the St/UP/LPA sample solutions
containing VAc-b-MMA with of VAc introduced at a
molar composition of either about 15% [i.e., the VAc-
b-MMA26K(17) and VAc-b-MMA38K(15) systems]
or 24% [i.e., the VAc-b-MMA31K(24) and VAc-b-
MMA54K(24) systems], the Young’s modulus was
smaller in the more compatible system (i.e., the
VAc-b-MMA26K(17) and VAc-b-MMA31K(24) sys-
tems, respectively). All of these results showed that
a less compatible St/UP/LPA system could result in
a higher Young’s modulus after the cure.

Because the Young’s modulus represents the extent
of a sample’s resistance to deformation in the initial
stage of tensile testing, during which the sample is
unbroken, it is connected to the degree of tightness of
the network rather than to the degree of crosslinking
of the sample. In St/UP/LPA systems, a higher degree
of phase separation during the cure may lead to a
lower St content in the continuous phase of the
crosslinked polyester [phase P1, Fig. 1(a,b)]. A shorter
average crosslink length of St and a more compact
network in that phase may result after the cure, which

TABLE VI
Impact Strength, Tensile Strength, Ultimate Tensile Strain, and Young’s modulus of St/UP/LPA Systems after

Isothermal Cure at 110°C for 1 h and Postcure at 150°C for Another Hour

LPA added
Impact

strength (J/m)
Tensile

strength (Mpa)
Ultimate tensile

strain (%)
Young’s

modulus (Mpa)

Neat Resin — — — —
PMMA26K 11.4 (0.2) 17.0 (1.4) 8.5 (0.2) 120 (15)
PMMA57K 10.53 (0.03) 13.3 (1.4) 6.5 (0.3) 238 (23)
PMMA136K 11.21 (0.06) 13.8 (1.7) 7.5 (0.3) 143 (30)
VAc-b-MMA18K(14) — — — —
VAc-b-MMA26K(17) 12.1 (0.1) 26.3 (1.4) 9.9 (0.3) 143 (8)
VAc-b-MMA38K(15) 11.7 (0.1) 23.7 (1.1) 9.3 (0.2) 163 (5)
VAc-b-MMA31K(24) 12.4 (0.3) 29.1 (1.4) 10.3 (0.3) 154 (9)
VAc-b-MMA54K(24) 10.7 (0.4) 18.0 (1.5) 8.1 (0.4) 166 (10)

aValues in parentheses represent the estimated standard errors of the experimental averages.
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can lead to a higher Young’s modulus for the whole
sample.

CONCLUSIONS

The effects of reactive poly(methyl methacrylate)–
based LPA with different chemical structures and mo-
lecular weights on the glass-transition temperatures
and mechanical properties of St-crosslinked low-
shrink polyester matrices were investigated by an in-
tegrated approach of static phase characteristics, cured
sample morphology, reaction conversion, and prop-
erty measurements. According to the proposed Takay-
anagi mechanical models, all the transition tempera-
tures in each phase region of cured samples in the
model cannot be identified by either TSC or DMA. In
general, the Tg of the major continuous St-crosslinked
polyester phase (i.e., the P1 phase) may depend on the
relative importance of the two opposing effects,
namely, the plasticization effect of the LPA phase (i.e.,
the R phase) on the P1 phase and the crosslinking
effect of the P1 phase itself in terms of the MR of
St/polyester CAC bonds. A more incompatible ST/
UP/LPA system could lead to a smaller plasticization
effect and a concomitantly smaller crosslinking effect,
the former of which would be favorable to an increase
in the Tg of the P1 phase, and the latter of which would
be unfavorable.

The mechanical properties were demonstrated to
depend on the cured sample morphology, the interfa-
cial adhesion between the LPA-rich and the major
St-crosslinked polyester phases, and the MR of St/
polyester CAC bonds in the major continuous phase
of St-crosslinked polyester as a result of phase sepa-
ration during curing. These three factors were inti-
mately connected with the compatibility characteris-
tics of St/UP/LPA systems, and they could be con-
trolled by the chemical structure and molecular
weight of UPs and LPAs. In general, a more compat-
ible St/UP/LPA system might lead to higher impact
strength and tensile strength, but to a lower Young’s
modulus.

For St/UP/LPA systems, the change in Tg1� [Tg in
the major continuous phase of St-crosslinked polyester
(i.e., P1 phase) as measured by DMA (at 1 Hz) and TSC
(equivalent to the DMA at a test frequency of 10�3 to
10�4 Hz], �Tg1�, can be employed to estimate the MR
of St/polyester CAC bonds in the P1 phase as a result
of phase separation during curing. In general, �Tg1�

decreased as the MR of St/polyester CAC bonds in
the P1 phase increased, where the cured sample would

become less elastic in nature because of the decrease in
crosslinkable density and the concomitant decrease in
Young’s modulus. Hence, in addition to SEM micro-
graphs, �Tg1� can also be used as a rough guide to the
compatibility of St/UP/LPA system at an MR of 2 : 1
during the cure, where a higher �Tg1� caused by the
more negative deviation from an MR of 2 : 1 in the P1
phase generally indicates lower compatibility in the
St/UP/LPA system.
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