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ABSTRACT: Thermoset blends based on unsaturated
polyester and triblock copolymers containing poly(ethylene
oxide) and poly(propylene oxide) blocks were investigated.
No evidence of self-organization was found. Under our
experimental conditions, the block copolymers behaved like
classical thermoplastic additives used for shrinkage com-
pensation. According to the type and content of the co-
polymer, initial systems with one phase or two phases were
generated. During curing, except in one case in which ther-
mally induced phase separation was found, reaction-in-
duced phase separation was observed, leading to various
types of cured morphologies (cocontinuous or dispersed).
For a cocontinuous, two-phase morphology, experimental
observations revealed phase separation proceeding via spi-
nodal decomposition frozen in the early stage by gelation.
These triblock copolymers appear to be interesting new
additives that could be used as good shrinkage compensator
additives for industrial applications because it is known that

a cocontinuous morphology is needed for this purpose. As
for the final morphologies containing dispersed phases, the
interpretation of the phenomena occurring upon polymer-
ization requires further investigation. No clear discrimina-
tion between spinodal decomposition and nucleation and
growth was achieved; in some cases, various successive
phase separations were observed. The curing kinetics were
examined: an increase in the molar weight and/or copoly-
mer content led to a lower reaction rate. Kinetics curves
were modeled by the semiempirical autocatalytic reaction
model of Kamal and Sourour with a diffusion-control func-
tion. The gelation and vitrification of the system played
major roles in the reaction kinetics. © 2006 Wiley Periodicals,
Inc. ] Appl Polym Sci 102: 149-165, 2006
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INTRODUCTION

During curing, an unsaturated polyester (UP) is trans-
formed into a crosslinked network by free-radical co-
polymerization with a vinyl monomer such as styrene
(St), which is the most commonly used. UP/St copo-
lymerization introduces high shrinkage (10%), which
induces stresses in the bulk of the cured thermoset
material. A thermoplastic additive is added to com-
pensate for the macroscopic shrinkage via porosity
formation. The thermoplastic additive (chemical na-
ture, molar weight, proportion in the blend, etc.)
strongly influences the final morphology.'~®

For miscible (UP/St/thermoplastic additive)
blends, the morphology of the cured systems can be
described as a compact network of microgels,””
which are crosslinked polymer particles on a submi-
crometer scale; this morphology is the result of a
rather complex cure process. UP/St copolymerization
increases the molar weight of UP molecules, leading to
phase separation (the formation of a thermoplastic-
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additive-rich phase and a UP-rich phase). This phase
separation'! proceeds until gelation.*'*'* The mor-
phology of the cured blend is thus the result of the
competition between the reaction rate and the ongoing
kinetics of the phase separation.*'>'® More explicitly,
the nature of the phase separation [spinodal decom-
position (SD) or nucleation and growth (NG)] and the
time between the onset of the phase separation and
the gelation have a great influence on the final mor-
phology.'"'* Some authors have proposed that the
phase separation starts to proceed for a conversion
degree lower than 1%'” and that the gel point occurs at
the conversion degree of approximately 5%.%'%18-20

The most efficient thermoplastic additives in terms
of the shrinkage compensation and surface aspect are
miscible in UP/St blends and lead after curing to a
biphasic, cocontinuous structure.”

For a few years, there has been growing interest in
amphiphilic block copolymers that are able to gener-
ate ordered or disordered nanostructures.”’** Blend-
ing thermosetting resins with these diblock and
triblock copolymers has also attracted increasing in-
terest because nanostructured thermoset blends can be
obtained.”*** Most of the tested blends are composed
of epoxy resins®** blended with copolymers contain-
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TABLE 1
Chemical Characteristics of the Copolymers used in this
Study (PEO = E and PPO = P)

PEO Chemical M, Density

Triblock (wt %) composition (g/mol) (at 25°C)
EPE1 10 E-P,-E 1100 1.018
EPE2 10 E,-P;-E, 2000 1.006
EPE3 40 SR I 2900 1.050
PEP 40 P,,~E,—Py 2700 1.048

ing polyethylene, poly(ethylene oxide) (PEO), and
poly(propylene oxide) (PPO) blocks. Recently, Zheng
et al.”® demonstrated that PEO is miscible with UP
because of hydrogen-bonding interactions. It seems to
be quite different for PPO. The use of copolymers
containing PEO and PPO blocks as thermoplastic ad-
ditives could be interestingly examined because PEO
and PPO blocks behave differently with UP.

In this article, we thus focus on blends of UP resins
and PEO-PPO-PEO and PPO-PEO-PPO copolymers.
We examine the influence of the block position and
length on the reaction kinetic rate, on the evolution of
the morphology during curing, and on the final mor-

phology.

EXPERIMENTAL
Materials

The blends were composed of (1) a UP prepolymer, (2)
a curing agent (St), (3) a triblock copolymer, and (4) a
polymerization initiator (tertiobutyl perhexanoate
ethyl-2).
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The UP prepolymer was Palapreg P18-03 from DSM
Composite Resins (Schaffhausen, Switzerland) and
was made from maleic anhydride, propylene glycol,
and neopentyl glycol. The resin P18-03 (density =
1.100 g/ cm3) contained 67.5 wt % UP and 32.5 wt % St.
The C=C molar ratio (St/UP) in the blends was ad-
justed to a value of 2.0 by the addition of St. Tertiobu-
tyl perhexanoate ethyl-2 (1 wt % UP/St) was provided
by Peroxide-Chemie GmbH (Pullach, Germany).

Three PEO-PPO-PEO copolymers (named EPE1,
EPE2, and EPE3) and one PPO-PEO-PPO copolymer
(named PEP) were used in this study as thermoplastic
additives. They were provided by Aldrich Chemical
Co., Inc. (Saint-Quentin Fallavier, France). The charac-
teristics of these copolymers are listed in Table I. They
were used as received, without further purification.
The EPE2 and EPE3 copolymers had similar chain
lengths of the PPO block in contrast to the PEO blocks.
Hence, the influence of the PEO blend miscibility was
analyzed. The PEO homopolymer was a semicrystal-
line polymer with a glass-transition temperature (T,)
of —62°C and a melting temperature (T,,) of 65°C.*
PPO was amorphous with a T, of —69°C.

The triblock copolymers exhibited different differ-
ential scanning calorimetry (DSC) thermograms, as
shown in Figure 1.

DSC scans were carried out from —80 to 50°C at
5°C/min. We determined T, (taken as the midpoint of
the slope change of the heat flow plot) and T,, (deter-
mined as the maximum of the endothermic peak).
EPE1 and EPE2 had Tg values of —74 and —72°C,
respectively. No heat of fusion was detected in these
cases; the PEO segments were too short (see Table I).
The EPE3 copolymer DSC curve displayed T, =
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Figure 1 DSC thermograms of the EPE1, EPE2, EPE3, and PEP copolymers. The first scan was from —80 up to 50°C at a

heating rate of 5°C/min.
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—71°C and two very broad melting peaks (T,,; = 24°C
and T,,, = 35°C). On the basis of a heat of fusion of 205
]/ g for 100% crystalline PEO,*® we estimated the crys-
tallinity degree of EPE3 to be about 22%. Finally, the
PEP triblock had T, = —70°C and a broad melting
peak at T,, = 13°C (Fig. 1). The degree of crystallinity
of PEP was comparable to that of EPE3 (24.5%).

The UP/St/copolymer blends were made at room
temperature; this implies that the block copolymers were
in the molten state. All the blends were initially miscible,
as judged by their transparent aspect, except for 15%
EPE2 and 25% EPE2, for which macroscopic phase sep-
aration was visible. Because no T,, and no T, were ob-
served in the DSC scan for the blends, we can conclude
that the addition of the UP resin to a triblock copolymer
suppresses its crystallization (when it initially exists).

The copolymer weight contents were 5, 15, and 25%
of the ternary blend (UP/St/copolymer). The samples
are named by the copolymer content followed by its
symbol. For example, a sample containing 15 wt %
EPE1 was named 15% EPEL.

Instrumentation and procedures
Sample preparation for the morphology studies

For scanning electron microscopy (SEM) studies, cy-
lindrical samples (diameter = 25 mm, thickness = 3
mm) were molded in a homemade Teflon mold in a
preheated 100°C air oven for 15 min. The cured sam-
ples were placed in liquid nitrogen for a few minutes
to be fractured.

For optical microscopy (OM) observation, a small
droplet of the initial blend was introduced between
two thin glass coverslips and placed in the hot stage of
the microscope; this allowed in situ observation of the
phenomenon occurring upon polymerization.

DSC

The calorimetric measurements were performed on a
PerkinElmer Pyris DSC 6 differential scanning calo-
rimeter (Boston, MA). The instrument was calibrated
with indium and dry cyclohexane standards. Dry ni-
trogen was used as the purge gas, and 15-20-mg sam-
ples were analyzed.

To study the copolymerization rate of the blends,
the samples were heated from 30 to 160°C at 5°C/min
and maintained at that temperature. We verified that
at this temperature the curing reaction was complete
by conducting a second heating scan up to 200°C and
recording no exothermic peak.

Three experiments for each blend were performed
to obtain an average value of the exothermic heat of
reaction and to verify the reproducibility.

The conversion degree at time t was defined as «
= AH,/AH,,, where AH, is the heat of cure at time ¢
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and AH,, is the total heat of reaction. For the calcula-
tion of AH,, we applied a sigmoid curve as a baseline
on the exothermic reaction peak because the difference
in the calorific capacity (Cp) between the uncured and
cured states was not negligible. It was assumed that
the change in Cp followed a mixture law {Cp(a)
= [Cp(a = 0)(1 — a)] + [Cp(a = 1)a]}. The sigmoid
curve was calculated with an iteration procedure car-
ried out with a Matlab program developed in the
laboratory.

Dynamic mechanical analysis (DMA)

The gelation time of the blends was determined by
DMA with a Metravib VA3000 apparatus (Limonest,
France). The storage shear modulus (G') and loss
shear modulus (G”) were continuously measured at 10
Hz under nonisothermal conditions (heating rate
= 5°C/min); the crossover of G’ and G” was used to
evaluate the position of the gelation. A multiwave
experiment was not performed here. As indeed al-
ready carefully studied by Van Assche et al.,' the
criterion used to define the gelation in the case of UPs
has little influence on the gelation time because of the
sharpness of the transition.

SEM

SEM was carried out on a Hitachi 54200 device com-
bined with an Oxford analyzer controlled by Link Isis
software. An electron gun was equipped with a field-
emission electron source and was operated at 2 or 5
keV. SEM was performed in the secondary electron
mode on carbon-coated fractured samples. Selected
samples were etched with methylene chloride for 15
and 30 min to dissolve the thermoplastic phase at the
fractured surface for further investigations.

OM

Morphological changes during curing were observed
with an Olympus BX51 optical microscope coupled
with a Linkam LTS350 heating plate controlled by a
Linkam TMS94 controller (possibility of heating and
cooling). Images were continuously recorded with a
Sony Exwave HAD CCD camera interfaced with Pin-
nacle Studio version 9 software.

A small droplet of the blend was introduced be-
tween two thin glass coverslips and placed in the
Linkam sample stage. This stage was then heated from
30 to 160°C at a heating rate of 5°C/min.

RESULTS AND DISCUSSION
Morphology of the systems

SEM observation of the cured systems

The bulk morphology of the cured systems was inves-
tigated by SEM on fractured samples. Figures 2-5
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Figure 2 SEM images of fractures of (a) a 5% EPE1 sample (30,000; scale bar = 1 um), (b) a 15% EPE1 sample (10,000X;
scale bar = 5 um), (c) a 25% EPE1 sample (2000X; scale bar = 20 um), and (d) a 25% EPE1 sample after CH,Cl, etching (scale

bar = 20 um).

display the SEM images for the various copolymers at
different concentrations. The observed morphologies
can be divided into two groups.

The first group exhibits particles on the whole ob-
served surface [e.g., Fig. 2(c)]; 5% EPE1, 15% EPEL,
25% EPE1, 5% EPE2, 5% EPE3, 15% EPE3, 5% PEP, and
15% PEP belong to this group. The size of the particles
depends on the type and content of the triblock co-
polymer. It ranges from a nanometer scale (<500 nm)
to a micrometric scale (=1 um). Etching samples with
CH,Cl, has allowed us to identify the cured phase and
the copolymer-rich phase because etching has no ef-
fect on the cured phase, whereas the copolymer-rich
phase is dissolved. Figure 2(d) shows an example of
CH,CI, etching on 25% EPEL. In comparison with
Figure 2(c) (the sample before etching), the particles

are slightly smaller and appear more clearly intercon-
nected. Because only the thermoplastic additive has
been removed, it can be suggested that the bulk mor-
phology of this group is a three-dimensional network
of covalently bonded, cured UP particles surrounded
by a thin layer of a copolymer additive. The cured UP
phase and block copolymer phase are cocontinuous.
The second group is composed of 15% EPE2, 25%
EPE2, 25% EPE3, and 25% PEP. It is characterized by
a morphology with a continuous main phase with
round, dispersed domains. Etching the sample with
CH,Cl, has allowed us to identify all the phases. For
15% EPE2 and 25% EPE2, the main phase is composed
of cured UP/St (no particle is visible). The dispersed
domains (5-50 wm) are composed of cured particles of
UP/St surrounded by the copolymer [Fig. 3(b,c)]. For
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Figure 4 SEM images of fractures of (a) a 5% EPE3 sample
Figure 3 SEM images of fractures of (a) a 5% EPE2 sample (15,000%), (b) a 15% EPE3 sample (20,000X), and (c) a 25%
(30,000%; scale bar = 1 um), (b) a 15% EPE2 sample (2000X; EPE3 sample (1000X).
scale bar = 20 um), and (c) a 25% EPE2 sample (2000 X; scale
bar = 20 um).
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Figure 5 SEM images of fractures of (a) a 5% PEP sample
(30,000%; scale bar = 1 um), (b) a 15% PEP sample
(30,000%), and (c) a 25% PEP sample (30,000X).
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25% EPE3 and 25% PEP, the main phase is composed
of particles of cured UP/St surrounded by the copol-
ymer. The dispersed domains (10-70 um) consist of a
cured UP/St phase with no visible particles. Within
these domains, inclusions are visible [Figs. 4(c) and
5(c)].

Table II (line 1) summarizes the type of structure of
the system (cocontinuous or dispersed morphology)
revealed by SEM as a function of the type and content
of the block copolymer.

Under our experimental conditions, the studied
PEO/PPO block copolymers do not lead to cured
systems with organized mesophases. These copoly-
mers behave like classical thermoplastic additives
used for shrinkage compensation, generating a classi-
cal ternary blend (UP/St/block copolymer) ending as
a two-phase polymeric system after curing. Interesting
new applications of this copolymer can thus be con-
sidered as a low profile additive.

In situ observations by OM

Observations by OM are pertinent if the dimensions of
the observed objects are within a specific range (>500
nm). Before curing, all the blends appear homoge-
neous in OM [Figs. 6(a) and 7(a)], except 15% EPE2
and 25% EPE2 [Fig. 8(a)]. These OM observations are
obviously correlated to the visual appearance of the
blends. Transparent systems were observed to be ho-
mogeneous at the scale probed by OM, whereas turbid
samples (15% EPE2 and 25% EPE2) exhibited sepa-
rated domains with sizes ranging from 1 um to several
micrometers. Table II (line 2) displays the initial char-
acteristics of the blends (miscible and nonmiscible).
Upon curing, four kinds of behavior were observed in
OM.

The first kind of behavior corresponds to samples
that are initially homogeneous and are still homoge-
neous after curing. OM was in this case not adapted to
reveal any phenomenon; this is consistent with the
SEM images of the cured materials exhibiting domains
sizes lower than 500 nm. The blends with this kind of
behavior are 5% EPE1, 15% EPE1, 5% EPE2, 5% EPE3,
and 5% PEP (see Table II, line 3).

The second kind of behavior corresponds to sam-
ples that are initially homogeneous and exhibit a co-
continuous structure with OM after curing (25% EPEI,
15% EPE3, and 15% PEP; see Table II, line 3). As an
example, Figure 6(a—c) displays OM observations as a
function of the temperature for the 25% EPE1 blend.
At the ambient temperature, the blend is homoge-
neous. When the blend is heated, the system remains
homogeneous [Fig. 6(a)] until a first critical tempera-
ture (T,;) of 92.5°C. At this temperature, the system
becomes heterogeneous, and a characteristic cocon-
tinuous structure appears in the whole sample. For
temperatures greater than T., no major change is
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TABLE 1I
(1) Characteristics of the cured blends observed by SEM: Cocontinuous (CC) and Dispersed (D); (2) Characteristics of
the Initial Blends: Miscible (M) and Nonmiscible (NM); (3) Behavior After Curing Observed by OM (if Visible): CC
and D; and (4) Temperature (°C) of the First Onset of Phase Separation Observed by OM (if Visible)

EPE1 EPE2 EPE3 PEP
5% 15% 25% 5% 15% 25% 5% 15% 25% 5% 15% 25%
1) cC cc cC cC D D cc cC D cC cC D
) M M M M NM NM M M M M M M
3) — — cC — D D — cC D — cC D
(4) — — 92.5 — 77.5 79 — 90 61 — 91.5 49

observed: the position of two phases and their relative
distances remain identical; only the contrast between
the two phases increases [Fig. 6(b)]. When the temper-
ature reaches a second critical temperature (T.,) of
112.5°C, black areas with a dendritic structure start to
develop [Fig. 6(c)]. These areas correspond to pores.

The third kind of behavior corresponds to initially
homogeneous samples that exhibit after curing a het-
erogeneous structure with separated domains. Two
blends exhibit this kind of behavior (25% EPE3 and
25% PEP). Figure 7(a—c) displays the example of 25%
PEP. The sample becomes heterogeneous at T, (49°C).
Spherical, separated domains are observed for tempera-
tures greater than T, [Fig. 7(b)], and the characteristics of
the system evolve continuously (the position and size of
the separated domains). A second phase separation oc-
curs in the main phase at T,, (66.5°C). Figure 7(c) shows
OM observations for temperatures greater than T,,.
Pores are observed at higher temperatures.

The fourth kind of behavior is observed for 15%
EPE2 and 25% EPE2 and corresponds to initially het-
erogeneous blends ending as cured, heterogeneous
structures. Figure 8(a,b) displays the behavior of 15%
EPE2. In this system, one phase becomes heteroge-
neous at T, = 77.5°C, whereas the other phase re-
mains homogeneous.

Discussion

For polymer blends, phase separation can be gener-
ated either by a temperature [thermally induced phase
separation (TIPS)] or by a chemical reaction [reaction-
induced phase separation (RIPS)]. Phase separation
takes place when a blend initially in the one-phase
region of the phase diagram reaches the two-phase
region of the diagram. Under our experimental con-
ditions, phase separation can be induced either by
temperature or by polymerization because curing is
performed during a continuous increase of the tem-
perature. To distinguish between these two phenom-
ena, we examined by OM the behavior during heating
of all the studied blends containing no polymerization
initiator. All these blends (except 25% PEP) appear to
be stable upon heating in the studied range of tem-

peratures. This suggests that the aforementioned
phase separations are due to UP/St copolymerization
and related variations of the system characteristics
(the component concentration, interaction parameters,
and entropy). For the 25% PEP blend containing no
polymerization initiator, phase separation was ob-
served at 49°C suggesting in this case TIPS.

For both TIPS and RIPS, two types of phase-sepa-
ration mechanisms can be involved. Depending on the
quench depth, SD or NG'? can be observed. The NG
mechanism is encountered when the system is
quenched into the metastable region of the phase di-
agram. It results in spherical, dispersed domains, the
size of which increases with time. The SD mechanism
takes place if the mixture is quenched deeply into an
unstable zone of the phase diagram. Small and peri-
odic fluctuations of the composition give birth to a
three-dimensional, cocontinuous morphology that
forms during the early stage of the SD phase separa-
tion (step 1); this first step is described by the linear-
ized Cahn-Hilliard—-Cook theory.”*° The structure
tends to increase in size (step 2), and after this self-
similar growth, cocontinuity is lost; this leads to frag-
mented particles (step 3) and then spherical particles
(coarsening process, step 4). As a result, the latest
stage of phase separation can be described in the two
cases (NG and SD) as spherical, dispersed particles.
Discrimination between NG and SD can thus only be
achieved if we consider the first stage of the phase
separation as a cocontinuous structure is formed only
in SD. This first stage generally proceeds extremely
quickly, and the observation is not easy. However,
gelation can interact in some cases with the phase-
separation mechanism by quenching the mechanism
leading to a system frozen in the first step of phase
separation;*'?* 25% EPE1 illustrates this behavior.
During polymerization, a cocontinuous, two-phase
morphology is observed that can be attributed to the
first step of SD. As the structure remains the same
upon curing, without any structure size increase and
without any coarsening, it can be proposed that the
growth of the structure is in that case prematurely
interrupted by gelation. This assumption is consistent
with the gelation temperature (T,) extracted from the
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) ) Figure 7 OM images (500X) of a 25% PEP blend under
Figure 6 OM images (500X) of a 25% EPE1 blend under  curing; (a) the initial blend (scale bar = 50 um), (b) the blend

curing: (a) the initial blend (scale bar = 30 um), (b) theblend 4t 58°C (scale bar = 50 pum), and (c) the blend at 70°C (scale
at 105°C (scale bar = 50 um), and (c) the blend at 115°C bar = 50 wm).

(scale bar = 30 um).
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(a)

(b}

Figure 8 OM images (500X) of 15% EPE2 under curing: (a)
the initial EPE2 (scale bar = 50 um) and (b) EPE2 at 80°C
(scale bar = 50 um).

DMA experiments under the same conditions of the
temperature scan used for OM observations. For 25%
EPE1, the onset of phase separation was evaluated to
be 92.5°C from the OM observations, and Ty was
evaluated to be 93°C for DMA experiments. To con-
firm the existence of correlation distances within the
material in this case, chord distribution was per-
formed. The use of chord distributions allows us to
characterize a medium*?* (random medium, corre-
lated medium, etc.). For that purpose, raw OM images
were converted into binary images imposing a gray-
level threshold. Figure 9 displays a OM binary image
for cured 25% EPE1. One phase appears in white, and
the other one appears in black. Chord distributions
were been performed on the binary images and are
shown in Figure 10. Correlation peaks can be observed
for the two phases; this is typical of a correlated me-
dium.** This is consistent with our assumption con-
cerning the development, in this system, of periodic
fluctuations of the concentration, which are typical of
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the first step of SD. The correlation peaks can be
observed around 1.0 um for the white phase and
around 0.8 wm for the black phase. Interestingly, these
values are rather similar to the dimensions of the
particles observed in SEM, suggesting that the phase
separation imposes the final morphology. Similar be-
haviors have been observed for 25% EPE1, 15% EPE3,
and 15% PEP. Table II (line 4) gives the values of T, in
each case. Ty, is close to 93°C for all the cases. We
propose to extend this mechanism (frozen SD) to other
systems (5% EPE1, 15% EPE1, 5% EPE2, 5% EPE3, and
5% PEP) for which OM is not able to point out any
phenomenon upon polymerization but for which SEM
has revealed similar cured structures.

For all the other cases, the interpretation of the
phenomena is not straightforward. It indeed involves
in a first-step formation of spherical domains, the size
of which varies as a function of time (1-50 um). A
second phase separation occurs in some cases. As
demonstrated previously, NG and also SD can be
involved as gelation does not interact with the first
step of the phase separation, allowing the phase sep-
aration to proceed until a later stage. The onset of
phase separation is indeed observed in these cases for
low temperatures (see Table II, line 4) far away from
T4e (ranging from 90 to 93°C in all cases). The unam-
biguous interpretation of all these complex phenom-
ena needs in these cases further investigations such as
time-resolved scattering experiments in which dis-
crimination between SD and NG can be achieved.

Each behavior originates from the characteristics of
the initial phase diagram (governed by the chemical
structure of the block copolymer, which influences its
affinity with the thermosetting polymers) and the po-
sition of the system in this phase diagram (governed
by the content of the block copolymer). PEO blocks
show good interactions with the UP prepolymer (an
interaction parameter of —1.29 and hydrogen bonding

e
G 'c-{;ggﬁs;
?Jq 'I‘L 'u'n ..q.-ll ‘n}

T&P fq“f. ,.1 {1‘;&

@f? T;f%é- éf?; é&;

Figure 9 Corresponding digitalized OM image of cured
25% EPE1 (before pore formation at 110°C).
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Figure 10 Chord distribution in the two phases revealed by digitalization of Figure 9.

have been reported in the literature®), whereas PPO and
UP tend to separate. As a result, one key parameter for
miscibility is the relative lengths of the PEO and PPO
blocks in the copolymer. A good illustration can be
found by a comparison of the behavior of 15% EPE2 and
15% EPE3. These two additives have similar PPO block
lengths but different PEO block lengths. The 15% EPE2
blend with a shorter PEO block is heterogeneous,
whereas the 15% EPE3 blend with a longer PEO block is
homogeneous. To confirm the role of PEO and PPO in
the blend miscibility, we investigated separately the be-
haviors of the PEO and PPO segments. For this purpose,
PEO and PPO oligomers with a number of structural
units close to the one of the EPE3 copolymer [600 (E;3)
and 1000 g/mol (P5,), respectively] were used and
added in UP/St at concentrations (6% for PEO and 9%
for PPO) equivalent to those in 15% EPE3. The blend
containing PEO was homogeneous in the studied tem-
perature range, whereas the system with PPO was het-
erogeneous under the same conditions. Furthermore, the
position of the block is fundamental. With the same
molar weight and the same proportion of PEO, the mis-
cibility of EPE3 and PEP is very different because for 25
wt % copolymer blends, phase separation has a TIPS
origin for PEP and a RIPS origin for EPE3. Eventually, all
the systems containing EPE1 are initially miscible de-
spite a high ratio of the PPO length to the PEO length.
This particular behavior can be attributed to the low
molecular weight of this additive.

Kinetic studies

Kinetics of the reaction during heating and evolution
of the conversion degree

DSC measurements were carried out for all the blends.
Figures 11 and 12 display plots of the reaction rate

versus the temperature for blends containing the
EPElcopolymer and EPE2 copolymer. The curves for
all the blends exhibit rather similar shapes with first
an induction period in which no reaction is observed.
When the temperature is high enough to ensure a
sufficient concentration of free radicals, the reaction
rate starts to increase continuously, reaches a maxi-
mum, and then decreases. Such behavior results from
the constant increase of the temperature (thermal ac-
tivation of the propagation reaction) superimposed on
the autocatalytic nature of the reaction. The copoly-
merization of UP with St is indeed a typical free-
radical crosslinking reaction involving three main
steps (initiation, propagation, and termination) and is
accompanied by a Trommsdorf effect® (autocatalytic
reaction). This phenomenon is characterized by a dra-
matic increase in the reaction rate followed by a de-
crease of this rate and can be explained by the control
of the termination rate by diffusion. At the beginning
of the reaction, a pseudo-steady-state period is ob-
served (essentially for isothermal conditions): the ini-
tiation rate is equivalent to the termination rate. At
intermediate conversions, the specific rate of termina-
tion becomes controlled by diffusion and then de-
creases, whereas the free-radical concentration in-
creases. Consequently, the overall reaction rate exhib-
its a steep rise and goes through a maximum. For
higher conversion degrees, the depletion of monomers
combined with a large restriction (imposed by diffu-
sion) on the specific rate of propagation leads to a
rapid decrease of the reaction rate.

The effect of the block copolymer concentration can
be seen in Figures 11 and 12. Increasing the concen-
tration of the copolymer slows down the reaction rate
for the system containing either EPE1 or EPE2. This
can be explained by the dilution effect of the copoly-
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Figure 11 Reaction rate (da/dt) versus the temperature for UP/St and UP/St blends containing EPE1 at a heating rate of

5°C/min.

mer, which implies a lower probability of the
crosslinking reaction. Similarly, the nature of the block
copolymer has a strong effect, as shown also in Figure
13. For a given concentration of the block copolymer,
increasing the molar weight slows down the reaction.
This can be explained by the fact that when the reac-
tion proceeds, the thermoplastic phase will phase-
separate out and then modify the reaction rate.

For the highest copolymer block concentrations (15
and 25%), a peculiar behavior can be observed. The
curves (Figs. 11-13) present a shoulder (the reaction
rate decreases more slowly) at 108-110°C. This feature

is characteristic of successive vitrification/devitrifica-
tion of the sample, indicating that T, of the system has
reached a value equal to the sample temperature.®
Table III displays the reaction enthalpy for all the
samples. Except for 25% EPE2, for the same UP/ST
mass, the addition of a block copolymer has no signif-
icant impact on the reaction heat: a degree of cure of 1
has been attained for all the samples after curing (Fig.
13). A lower value can be observed for 25% EPE2 (Fig.
13). This blend is initially immiscible and presents a
phase separation that gives birth to dispersed do-
mains. In this case, the change in the morphology,

0,45
0,4

A

0,3 -

n")

E 0,25 / %

dafdt (
Rad
[\%)

0,15 -

—~— UP/St

—~ 5%EPE2

- 15%EPE2

—— 25%EPE2

70 80 90 100

110 120 130 140 150

Temperature (°C)

Figure 12
5°C/min.

Reaction rate (da/dt) versus the temperature for UP/St and UP/St blends containing EPE2 at a heating rate of
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Figure 13 Nonisothermal DSC curing profiles at 5°C/min for UP/St systems blended with copolymers (25 wt %).

which is induced by a larger amount of the additive
and thus a variation of the blend miscibility, is corre-
lated to a final degree of curing lower than 1.

Kinetic analysis of the curing reaction

Plotting the reaction rate versus the conversion degree
allows us to highlight some changes in the blend
crosslinking induced by physicochemical phenomena.
Figures 14-17 show the reaction rates versus the con-
version degree for blends containing EPE1, EPE2,
EPE3, and PEP under nonisothermal condition of
heating. All the curves display a rather classical shape
for the whole range of conversion degrees, which is
characteristic for an autocatalytic reaction.

However, all the curves present two inflexion
points. First, a rather broad inflexion point can be

TABLE III
Enthalpy of Reaction (AHg)

Blend AHp =10 AHy (J/g) for a
composition (%) J/g) UP/Stmass of 1 g
UP/St 337 337
EPE1 5 331 347

15 300 352
25 265 351
EPE2 5 340 357
15 301 358
25 225 300
EPE3 5 332 349
15 298 343
25 259 345
PEP 5 336 353
15 300 345
25 272 340

observed on the curves for conversion degrees rang-
ing from 7 to 11% before the maximum reaction rate is
reached (located in the 35-40% conversion degree
range). Finally, the curves fall strongly before a second
inflexion point (ca. 60% conversion), after which the
reaction rate decreases more slowly.

As the curing reaction is deeply influenced by phys-
icochemical phenomena occurring meanwhile, we
propose to attribute the first inflexion point to gelation
and the second inflexion point to the onset of the
vitrification/devitrification phenomenon.

To confirm the origin of the first inflexion point, we
determined when gelation occurred. From the cross-
over of G’ and G, T, was extracted from the DMA
experiments (an example is given in Fig. 18) and con-
verted to the conversion degree on account of the DSC
curves. Gelation was attained for conversion degrees
ranging from 9 to 10% for all the blends. Our results
are consistent with the literature, in which the conver-
sion degrees of gelation have been reported within the
first percent of the reaction for UP resins.'®*” As ob-
served in Figures 14-17, the position of the gel point
obtained by DMA corresponds to the first inflexion
point. The slow rise of the reaction rate after this first
inflexion point is induced by two antagonist phenom-
ena. On the one hand, the temperature catalyzes the
crosslinking (i.e., the reaction rate rises more quickly),
but on the other hand, the extent of cure favors kinet-
ics more and more controlled by diffusion of the spe-
cies (i.e., a slower reaction rate). Combining all these
physical changes, one can explain the large maximum
observed. After the maximum, the decrease of the rate
of curing is justified by the depletion of monomers
combined with a larger restriction (imposed by a
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larger diffusion control) on the specific rate of propa-
gation.

The second inflexion point is observed for a rela-
tively high conversion degree (60% on average). Dur-
ing the polymerization, T, of the thermoset polymers
continuously evolves because of the continuous chem-
ical transformation up to a total crosslinked polymer.
The vitrification of such reacting thermosetting system
occurs when T, reaches the reaction temperature. For
highly reactive systems (e.g., UP resins) and/or when
the applied heating rate is sufficiently small, vitrifica-
tion occurs under nonisothermal conditions (it also

happens under isothermal conditions). The reaction
then proceeds under mobility-restricted conditions
and stops quickly. However, devitrification is ob-
served when the reaction temperature again surpasses
T, of the vitrified resin. A succession of vitrification
and devitrification is represented on the curve of the
reaction rate by a shoulder.’**®

Modeling the kinetics of the reaction

As mentioned previously, curing is complex because
of the interaction between kinetics induced by the
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Reaction rate versus the conversion for UP/St and UP/St blends containing EPE2: experimental data and fitted
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reactivity of species and physicochemical phenomena
that happen during curing. Phase separation, gelation
(i.e.,, morphological modifications), and vitrification
are the most important.*'***** During curing, the ki-
netics evolve from kinetics controlled by the chemical
reactivity of species to kinetics controlled by the dif-
fusion of reacting species in the medium.

The modeling of the reaction kinetics can be divided
essentially into two classes of models. The first ones are
based on polymerization mechanisms,*>*! whereas the
second ones are phenomenological. Taking into account
the complex nature of the kinetics described previously,

modeling procedures described in the literature use gen-
eral phenomenological models®***** (nth-order, auto-
catalytic mechanisms with diffusion control or not).
One of the most popular empirical models is from
Kamal and Sourour;* it was successfully applied for
the first time by those authors to UP/St blends. It has
been used for other thermosetting polymers and espe-
cially for epoxy resins.***> A chemically controlled
kinetic reaction rate can be modeled as follows:

da
T = o+ k) (1=

0,45 - B |
[ |
04 ] 11 = UP/St
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g %37 0 —Fit
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Figure 17
data.

Reaction rate versus the conversion for UP/St and UP/St blends containing PEP: experimental data and fitted
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where « is the fractional conversion at time ¢, k; and k,
are rate constants, m and n are kinetic exponents of the
reaction, and m + n gives the overall reaction order.
Kinetic constants k, and k; depend on the temperature
according to an Arrhenius law. This equation can be
used for modeling both isothermal and nonisothermal
experiments.>®

In our case, k; was found to be negligible, and the
reaction rate could be written as follows:

da
(%) =k M

k(T) = Aexp — Rf%

(2)
where A, is the pre-exponential factor, E, is the acti-
vation energy, R is the gas constant, and T is the
absolute temperature. After gelation, the reaction is
controlled by the diffusion. To take into account this
phenomenon, eq. (1) is modified by a diffusion-control
function [f;(«)], which considers the reduced molecu-
lar mobility due to the network formation process.
Equation (3) is thus obtained:

da da
dt ( at ) @) = k(D ) fd@) = ki(T.00 fle)
(3)

The empirical overall rate constant (k,) is often described
by the Rabinowitch model ****** 1t is written as follows:

KTk @

where k; is the rate constant for diffusion-controlled
kinetics.
The introduction of eq. (4) into eq. (3) yields

da B k(DkyT,«)
dt = KAT) + kT, 11 (%)
B kiT,a) ‘
J@) =) + kT (©)

A semiempirical expression of the diffusion rate con-
stant was proposed by Chern and Poehlein*® and is
defined as follows:

ko(T,a) = k(T) exp[ — Cla — )] )
where C is an adjustable parameter and «. is the
critical value of the conversion degree for which dif-
fusion becomes the controlling factor. By introducing
eq. (7) into eq. (6), we obtain an expression of f;(«):

1
Jil@) = 1 5 exp[Cla — )]

(8)

The mathematical form of f;(«) expresses a gradual
diffusion-controlled reaction rate. Therefore, there is
an « range in which both the diffusion and chemical
reactivity of species control the kinetics. When « is
much smaller than «,, the diffusion effect is negligible,
and f,(«) is approximately unity. As « increases, f,;(«)
decreases and slowly approaches zero, at which the
reaction is strongly affected by the vitrification/devit-
rification phenomenon.

To describe the reaction rate, parameters C, «,, A,
E,, m, and n were determined without any constraints
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TABLE IV
Constants of the Modified Autocatalytic Model
Blend (%) A, (min~1) E, (J/mol) m n m+n C a. (%)
UP/St 3.5 x 10" 8.1 x 10* 0.56 1.08 1.64 10.6 65
EPE1 5 2.8 x 10" 8.1 x 10* 0.49 0.85 1.34 9.0 62
15 1.5 x 10" 7.9 x 10* 0.51 0.85 1.36 6.0 51
25 0.8 x 10" 7.5 X 10* 0.70 1.00 1.70 4.8 30
EPE2 5 2.4 x 10" 8.0 x 10* 0.58 1.12 1.70 7.1 60
15 3 x 10" 8.1 x 10* 0.55 0.95 1.50 5.3 35
25 2.4 x 10" 7.9 x 10* 0.75 0.6 1.35 6.8 12
EPE3 5 2.8 x 10" 8.1 x 10* 0.50 0.95 1.45 7.5 60
15 2.1 x 10" 7.9 x 10* 0.60 0.95 1.55 52 30
25 2.8 x 10" 8.2 x 10* 0.40 0.60 1.00 5.7 32
PEP 5 2.4 x 10" 8.0 x 10* 0.55 0.95 1.50 8.3 59
15 2.3 x 10" 8.0 x 10* 0.52 0.92 1.44 53 33
25 2.5 x 10" 8.0 x 10* 0.50 0.90 1.40 4.0 8

on them by the minimization of criterion J, which is

.

defined as follows:

-2

),

exp,x

da
dt

the corresponding fits (for « = 10%). The fits are in
good agreement with the experimental data in most
cases. The range of conversion degrees in which a
change in the kinetics is observed (it is a result of
gelation) is indicated on the graph.

The fitting parameters are given in Table IV. The E,
values remain in the same range whatever the blend

9)

where (da/dt)ey, « is the xth point of the experimental
curve and (da/dt), .4 » is the xth point of the modeled
curve.

The reaction rates for blends containing EPE1, EPE2,
EPE3, and PEP were fitted with the presented models.
Before gelation, the curves were fitted with eq. (1).
After gelation, the control of the reaction by diffusion
was taken into account, and the curves were fitted
with eq. (3).

Figures 14-17 show the reaction rates versus the
conversion degree for EPE1, EPE2, EPE3, and PEP and

composition is. A, exhibits a smaller value for all the
blends containing copolymers in comparison with
UP/St. This indicates that the reaction rate is slower
for the copolymer blends than for UP/St. The overall
reaction order (m + n) is in the range of 1.0-1.7. The
lowest values are obtained for 25% EPE2 and 25%
EPE3. At «,, the curing reaction becomes mainly con-
trolled by the diffusion (f; = 0.5). «, decreases when
the copolymer content increases. Plots of f,(«) versus o
for UP/St and EPE1 blends are shown in Figure 19.
fi(e) decreases because of the gradual control by the
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Figure 19 f,(«) versus the conversion degree for UP/St and various concentrations of EPE1.
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diffusion of the reaction rate. A comparison of the
curves shows that an increase in the copolymer con-
tent in the blend leads to an earlier decrease in the
diffusion factor. For low « values (as early as 10%), the
diffusion factor of 25% EPEI1 is less than 1. Similar
results were obtained with other blends.

CONCLUSIONS

Under our experimental conditions, the studied PEO/
PPO block copolymers do not lead to cured systems
with organized mesophases. These copolymers be-
have like classical thermoplastic additives used for
shrinkage compensation, generating classical ternary
blends (UP/St/block copolymer). We have demon-
strated that various morphologies (cocontinuous or
dispersed) can be obtained by the selection of the
appropriate type (relative amounts of PEO and PPO
blocks) and/or amount of the copolymer. Experimen-
tal evidence of phase separation proceeding via SD
frozen in the early stage by gelation has been obtained
for the cocontinuous systems. For the dispersed mor-
phologies, the interpretation of the phenomenon oc-
curring upon polymerization is more ambiguous and
needs further investigation. Time-resolved small-an-
gle laser light scattering or small-angle X-ray scatter-
ing (depending on the size of the domains) will be
carried out for this purpose.

The influence of the block copolymer on the kinetics
of polymerization has also been investigated. DSC
measurements demonstrate that the rate of polymer-
ization of UP decreases when the block copolymer is
added. The dilution of the reactant seems not to be the
only involved factor. A pronounced control of the
reaction by diffusion has been revealed after the gela-
tion point, which occurs at conversion degrees lower
than 10%, by the modeling of the rate of reaction by a
semiempirical autocatalytic model of Kamal and Sour-
our. This behavior can be tentatively related to the
phase separation occurring in the blends that deeply
modifies the characteristics of the system. However,
despite a broad variety of morphologies generated
upon curing, the effect of the various block copoly-
mers on the kinetics is found to be rather similar. The
relation between the phase-separation process and the
kinetics is, as a result, not straightforward. In all cases,
vitrification appears to play an important role in the
kinetics and has to be taken into account when the rate
of reaction is modeled.

The authors thank Annie Richard from the Microscopy Cen-
ter and Menzolit for providing the unsaturated polyester
resins.
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