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ABSTRACT: Organically modified layered silicates with
a hydroxyl-substituted quaternary ammonium surfactant
as the modifier were incorporated into a mixture of poly
(ether imide) and epoxy with 4,40-diaminodiphenyl sulfone
as the hardener. The influence of the organically modified
layered silicates on the reaction-induced phase-separation
kinetics and morphology of the poly(ether imide)/epoxy
mixture was investigated with time-resolved small-angle
light scattering, phase-contrast microscopy, and scanning
electron microscopy. The phase-separation kinetics were
analyzed by means of the temporal evolution of scattering
vector qm and scattering intensity Im at the scattering peak.
The organically modified layered silicates obviously facili-
tated an earlier onset of phase separation but reduce the
phase-separation rate and greatly retarded the domain-
coarsening process in the late stage of spinodal decomposi-
tion. The temporal evolution of both qm and Im followed

the power law qm � (t � tos)
�a and Im �(t � tos)

�b, where t
is the reaction time, tos is the onset time of phase separa-
tion, and a and b are growth exponents. For the samples
filled with organically modified layered silicates, a crossed
over from 0 to about 1/3, following Binder–Stauffer cluster
dynamics, and an interconnected phase structure was
observed for cure temperatures ranging from 120 to 2308C.
For the unfilled samples, the interconnected phase struc-
ture was observed only at cure temperatures below 1408C.
At temperatures above 1508C, a crossed over from 0 to 1/3
< a � 1 under the interfacial tension effect, following Sig-
gia’s theory, and the domain-coarsening rate was very fast;
this resulted in macroscopic epoxy-rich domains. � 2007
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INTRODUCTION

Reaction-induced phase separation in mixtures of
thermosets and thermoplastics is a very important
physical/chemical phenomenon in polymer science.1

Typical examples include mixtures of epoxy and
thermoplastics such as reactive liquid rubbers,2 poly
(methyl methacrylate),3 poly(phenylene oxide),4 poly
(ether sulfone),5 poly(phenylene ether),6 poly(ether
imide) (PEI),7 polysulfone,8 poly(e-caprolactone),9 poly-
imide,10 and some copolymers.11 It has been widely
accepted that the final mechanical properties of these
mixtures are determined by the phase structure.
Generally, an interconnected or bicontinuous phase-
separated microstructure with fine domain sizes ben-
efits the properties because both the toughness of
the thermoplastics and the stiffness of the thermoset-
ting matrix can be combined in the final products.
Therefore, themorphology evolution, phase-separation
kinetics, and interaction between them have always

been the focus in the study of reaction-induced phase
separation.

Recently, thermoplastic and thermosetting nano-
composites filled with organically modified layered
silicates (OLSs), that is, organoclays, have attracted
great interest because of their remarkably improved
thermal stability, impact resistance, gas-barrier pro-
perties, flammability resistance,12 and other physical
and mechanical properties at relatively low filler
contents. The intercalation and exfoliation behavior
of organoclays in polymer matrices and the final
properties of the nanocomposites have been exten-
sively investigated. However, as far as we know,
little attention has been paid to the influence of
organoclays on the phase structure and reaction-
induced phase-separation behavior of thermoset-
ting/thermoplastic mixtures.

Furthermore, previous studies have indicated that
some fillers, including microscopic particles and
fibers, have an important influence on the phase-
separation behavior of binary polymer blends, espe-
cially when the fillers show selective (preferential)
wettability to one component of the mixtures. The
dynamic coupling between the wetting and phase-
separation processes strongly affects the morphology
evolution. For example, Turmel and Partridge13 in-
vestigated the heterogeneous phase-separation phe-
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nomenon of epoxy/PEI blends around glass, carbon,
and aramid fibers. It was found that a discrete
epoxy-rich layer formed around the glass fibers,
whereas no such layer was observed around the
carbon and aramid fibers. This was due to the pre-
ferential wettability of epoxy to the glass fiber and
indicated that the surface properties of the fillers
had a strong impact on the morphology evolution of
reaction-induced phase separation. Lipatov et al.14

found that fumed silica affected the phase-separation
temperatures and kinetics of poly(methyl methacry-
late)/poly(vinyl acetate) blends. At a shallow quench
depth, the phase-separation rate of the filled blends
was much slower than that of the unfilled blends,
and the activation energy was also lower. Tanaka15

found that microscopic glass particles greatly affected
the pattern evolution of mixtures of a styrene
oligomer and e-caprolactone. Glass particles were
preferentially included in the more wettable phase,
and the growth rate of spinodal decomposition (SD)
diminished as either the particle concentration was
increased or their diffusivity decreased. Karim and
coworkers16 found that the presence of filler particles
led to the development of circular composition waves
(target patterns) about the filler particles during the
intermediate stage of phase separation. Microscale
silica particles could lower the consulate temperature
of low-molecular-weight polystyrene (PS) and poly-
butadiene blends when they interacted attractively
with one component of the blends.16 More recently,
Krishnamoorti et al.17 investigated in detail the influ-
ence of organoclay on the phase-separation behavior
of PS/poly(vinyl methyl ether) (PVME) blends and
found that the phase-separated structure was of
a smaller length scale than that of the unfilled
blends. All these studies indicate that both microsize
and nanosize fillers can strongly affect the phase-
separation behavior of binary polymer mixtures.
However, to the best of our knowledge, most re-
searchers have focused their attention on the influ-
ence of microsize particles on the isothermally
induced phase separation of thermoplastic mixtures,
but little attention has been paid to the influence
of nanoparticles on the reaction-induced phase-
separation kinetics and morphology of thermoplas-
tic/thermoset mixtures.

In this study, we selected a ternary mixture of PEI,
epoxy, and organoclay as a model system to investi-
gate the influence of nanofillers on the reaction-
induced phase-separation kinetics and the final
morphology of the nanocomposites with time-resolved
small-angle light scattering (TR-SALS), phase-
contrast microscopy (PCM), and scanning electron
microscopy (SEM). The filler particles in our study
were preferentially wettable with the epoxy oligomer
because a hydroxyl-substituted quaternary ammo-
nium surfactant reactive with the epoxy was used as

the modifier for the OLS. The phase-separation
kinetics were analyzed in detail by means of the
temporal evolution of scattering vector qm and scat-
tering intensity Im at the scattering peak. It is shown
that both the qm and Im values follow the power law
qm � (t � tos)

�a and Im � (t � tos)
�b, where t is the

reaction time, tos is the onset time of phase
separation, and a and b are growth exponents.

EXPERIMENTAL

Materials

Liquid diglycidyl ether of bisphenol A (DGEBA)
type epoxy with an epoxide equivalent weight (i.e.,
the weight in grams of the epoxy resin that con-
tained 1 g equiv of epoxides) of 194–198 g/equiv
and an average molecular weight of 392 g/mol was
purchased from Heli Resin Co., Ltd. (Suzhou, China).
Methylene dichloride and 4,40-diaminodiphenyl
sulfone (DDS) were from China Medicine Group
(Shanghai, China). The PEI used in this study was GE
Ultem 1000 (GE Plastics, Pittsfield, MA) (number-
average molecular weight ¼ 26,000 g/mol, weight-av-
erage molecular weight ¼ 50,000 g/mol). OLS (com-
mercial brand C18OH-Mt) was acquired from Zhe-
jiang Huate Chemical Co., Ltd. (Hangzhou, China).
The intercalated spacing (d001) of the pristine OLS was
about 1.96 nm. After it was mixed with the epoxy
oligomer, d001 became 3.68 nm, and after curing, it
became larger where parts of the OLS were exfoliated.
C18OH-Mt was treated with a hydroxyl-substituted
quaternary ammonium modifier, which afforded the
flexibility to combine the catalytic functionality with
the enhanced miscibility of OLS toward epoxy. The
chemical structures of the cationic surfactant in
C18OH-Mt and other chemicals are presented in Fig-
ure 1. All the chemicals and resin were used as
received.

Sample preparation

Both filled and unfilled mixtures were prepared. The
OLS powder was dried in vacuo for more than 24 h
at 808C before sample preparation. DGEBA (5.0 g)
and 1.4 g of PEI were weighed and dissolved in
methylene dichloride. For the OLS-filled sample,
0.6 g of OLS was dispersed in the solution, and this
was followed by fierce stirring and sonication for
several minutes to obtain uniform suspensions. The
solutions and suspensions were then placed in a
circulation oven at room temperature for more than
3 days to remove most of the solvent and then
placed in a vacuum oven at 1008C to remove the
residual solvent. Subsequently, a stoichiometric
amount of DDS (31.7 parts by weight per 100 parts
by weight of DGEBA) was added to the mixture and
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stirred for 5–6 min at 1408C until it dissolved in the
mixture completely.

PCM

The samples were sandwiched between two micro-
scope glass cover slides and pressed into thin films
with a thickness of about 30 mm on a hot stage pre-
heated to 908C for PCM observation. Thin aluminum
foil was used to control the sample thickness. The
specimens were then placed on the hot stage pre-
heated to various temperatures (from 120 to 2308C)
and isothermally cured. The morphology was ob-
served on a phase-contrast microscope (Motic B1-
220PH, Motic China, Xiamen, China), and the images
were recorded with a digital camera (Coolpix 4500,
Nikon, Tokyo, Japan) with a resolution of 1.9 mega-
pixels.

Electron microscopy

After being cured at various temperatures for differ-
ent times, the samples were fractured in liquid nitro-

gen, placed in methylene chloride, and stirred for
more than 48 h to make sure that PEI was com-
pletely removed. The samples were then coated with
gold and characterized by SEM (JSM-5510LV, JEOL,
Ltd., Tokyo, Japan) at a voltage of 20 kV. Because it
was difficult to complete the cure reaction under
temperatures below 1808C, the samples were further
postcured at 1808C for another 2 h. We found that if
the curing reaction was not completed, the samples
swelled after being placed in methylene dichloride,
so the morphology observed by SEM would be dif-
ferent. At the same time, postcuring could not affect
the morphology of these samples because of their
sufficient gelation or vitrification before postcuring.

TR-SALS

Similarly to those in the PCM experiments, the thin
sample films were obtained via hot pressing on the
hot stage preheated to 908C. The sample films with-
out OLS were transparent and clear. The samples
filled with OLS were almost optically clear with a

Figure 1 Chemical formulas for DGEBA, DDS, PEI, and C18OH-Mt.
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faint blue tint, which resulted from the refractive-
index difference (RID) between OLS and the PEI/
epoxy matrix. OLS increased the scattering light
slightly at the beginning of the experiments. Further-
more, during phase separation, OLS potentially
aggregated in the epoxy-rich phase, so the influence
of OLS on the scattering light could be more com-
plicated. However, as discussed in the following
sections, the scattering light caused by the phase
separation between epoxy and PEI was very strong,
so the influence of OLS on the scattering light was
neglected in this study. A laboratory-made TR-SALS
apparatus, as reported in many previous studies,18

was employed to investigate the curing-induced
phase-separation behavior of the hybrid nanocompo-
sites in this study. Figure 2 presents a schematic
illustration of the small-angle light scattering (SALS)
apparatus. A He–Ne laser generator with a power of
3 mW (Optical Instruments Plant, Zhejiang Univer-
sity, Hangzhou, China) was used as the light source.
The wave number of the He–Ne laser was 632.8 nm.
The laser beam was reflected by a prism and became
vertical. The hot stage had a power of 100 W and
was controlled by an intelligent controller (AI-700,
Yuguang, Xiamen, China). The scattering light im-
pinged on an opaque screen and formed the scatter-
ing pattern, which was recorded in real time by
a charged-coupling-device camera (MTV-1802CB,
Mintron, Taiwan, China) at appropriate time inter-
vals, and then imported into the computer memory
through a video capturing board (Video Vesa,
Daheng, Beijing, China). Subsequently, the relation-
ship between the scattering intensity and the scatter-
ing vector was obtained by online circular averaging

of the intensity of the radial symmetric scattering
pattern.

Differential scanning calorimetry (DSC) analysis

The dynamic curing behavior of the filled and un-
filled mixtures was investigated with a differential
scanning calorimeter (Pyris 1, PerkinElmer, Fremont,
CA) at a heating rate of 108C/min under the protec-
tion of nitrogen. The temperature increased from 80
to 3408C. The weight of the samples was about 5–8
mg. The degree of chemical conversion (Xc) was cal-
culated with the following equation:

Xc ¼ DHT

DHtotal
(1)

where DHT is the heat released up to temperature T,
obtained by the integration of the calorimetric signal
up to that temperature, and DHtotal is the total reac-
tion heat associated with the complete conversion of
all reactive groups.

RESULTS AND DISCUSSION

Morphology

Figure 3 presents the PCM micrographs of the un-
filled and filled PEI/epoxy mixtures cured at various
temperatures. The domain size and morphology of
the unfilled samples (A1–A10) are strongly affected
by the cure temperature. At temperatures below
1408C (A1–A4), an interconnected phase structure, or
in other words, a co-continuous morphology, can be
observed. With the cure temperature increasing, the
domain size increases, and the morphology is altered
significantly. At cure temperatures between 150 and
1908C (A5–A9), an inverted phase structure can be
observed, in which the PEI-rich minor phase is con-
tinuous, whereas the epoxy-rich major phase is inter-
rupted. This phenomenon results from the dynamic
asymmetry and the apparent domain coarsening
under the interfacial tension effect at the late stage
of phase separation. Furthermore, when the cure
temperature increases from 150 to 1908C, both the
shape and phase domain size change significantly.
The epoxy-rich domains turn from irregular to more
and more spherical, and the domain size apparently
increases. At 180 and 1908C, some epoxy-rich do-
mains are about 100 mm with a spherical or oval
shape. As is well known, with the temperature
increasing, the mixture viscosity decreases and do-
main coarsening becomes more rapid; therefore, the
domains transform into the shape of lowest interfa-
cial energy (sphere) with a much larger size under
the driving of interfacial tension. At cure tempera-
tures above 1908C, the PEI-rich domains shrink rap-

Figure 2 Schematic illustration of the SALS apparatus.
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idly and interrupt into broken threads under the
interfacial tension effect at the late stage of SD, and
the epoxy-rich domains become interconnected again.

On the contrary, the influence of the cure tempera-
ture on the morphology and domain size of the
filled specimens [Fig. 3(B1–B10)] is quite limited. AN
interconnected phase structure can be observed in
all the samples, regardless of the cure temperature.
The inverted phase structure for the dynamically
asymmetric epoxy/thermoplastic mixtures cannot be
observed in these filled samples. Furthermore, the
domain size increases gradually with the increase in
the cure temperature, but no macroscopically spheri-
cal phase domains like that in the unfilled samples
cured at temperatures above 1508C can be observed.

Figure 4(A,B) presents the SEM morphology of the
fractured surface of the unfilled samples at the cure
temperatures of 120 and 1508C, respectively. The
interconnected phase structure at 1208C is obvious,
and the size of the epoxy-rich domains is increased
greatly at 1508C. Figure 4(C,D) presents the SEM
micrographs of the filled samples cured at 120 and
2108C, respectively. The interconnected phase struc-
ture can be observed for both cases. The average
domain size at 2108C is only slightly larger than that
at 1208C. The SEM observation indicates that all the
filled samples at cure temperatures ranging from
120 to 2108C exhibit an interconnected phase struc-
ture similar to that in Figure 4(C,D), and the domain
size increases only gradually with the cure tempera-
ture. This is consistent with what has been observed
by PCM.

On the basis of these experimental results, one can
conclude that the incorporation of OLS strongly
depresses the domain coarsening, prevents the for-
mation of macroscopic phase domains, and facilitates
the formation of an interconnected phase structure.

As previously mentioned, in studying the phase-
separation behavior of glass-particle-filled mixtures
of a styrene oligomer and e-caprolactone, Tanaka15

found that the morphology was determined by the
particle density. At a low particle density, a droplet
structure was observed, whereas an interconnected
structure was observed when the particle density
was high enough, because the glass spheres as-
sembled into an ordered structure with hexagonal
packing, and the spontaneous pinning effect of the or-
dered glass particles significantly retarded the
domain-coarsening process. On the other hand, many
authors19 have investigated the influence of OLS on
the viscoelasticity of the OLS-filled nanocomposites
of different polymer matrices. The zero shear viscos-
ity of the nanocomposites increases apparently with
an increase in the clay content. On the basis of these
experiments, it is reasonable to speculate that the
thin silicate platelets in the polymer matrix form
interconnected networks as the result of the inter-
calation and exfoliation of OLS during the cure re-
action. Because of the preferential wettability of ep-
oxy to OLS, epoxy-rich phase domains form around
the OLS particles, and this results in an intercon-
nected structure. Under the spontaneous pinning
effect, the domain-coarsening rate is obviously re-
duced, and the interconnected structure remains.

Figure 3 PCM images (original magnification ¼ 400�) for (A1–A10) PEI/DGEBA/DDS (n means that the samples were
not filled) and (B1–B10) PEI/DGEBA/DDS/OLS mixtures (f means that the samples were filled with OLS) cured at vari-
ous cure temperatures.
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This is further discussed in the following section on
the basis of the SALS data.

Phase-separation mechanism

Reaction-induced phase separation in epoxy/thermo-
plastic mixtures usually follows the SD mechanism.
Figure 5 gives the typical temporal evolution of
the scattering profiles for the filled specimens cured
at 1708C. The definition of the scattering vector is
q ¼ 4pn/l sin(y/2), where y, l, and n are the scat-
tering angle, the wavelength of the laser light, and
the refractive index of the medium (n ¼ 1 for light
scattering measurements conducted in air), respec-
tively. Clear scattering halos can be observed at
all cure temperatures ranging from 120 to 2108C.
Furthermore, in the early stage of phase separation,
the qm values are invariant, and the scattering inten-
sity keeps on increasing, following the characteristic
of SD. Also, as mentioned previously, the intercon-
nected phase structure observed by PCM and SEM
indicates that the reaction-induced phase separation

of the filled mixtures follows the SD mechanism. It
is possible that the OLS particles act as nucleation
agents during phase separation because the C18OH-
Mt-modified OLS has preferential wettability to

Figure 4 SEM images (original magnification ¼ 3000�) of PEI/DGEBA/DDS mixtures at cure temperatures of (A) 120
and (B) 1508C and of PEI/DGEBA/DDS/OLS mixtures at cure temperatures of (C) 120 and (D) 2108C.

Figure 5 Temporal evolution of the scattering intensity
profiles for PEI/DGEBA/DDS/OLS mixtures at the cure
temperature of 1708C.
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epoxy, but no evidence of nucleation and growth
phase separation has been observed in our study.

Phase-separation kinetics

Temporal evolution of qm and Im

During reaction-induced phase separation, the chem-
ical reaction and the physical phase-separation pro-
cesses are combined. The chemical reaction starts
from the very beginning of the experiment, but the
system is miscible in the early period of the reaction,
and no phase separation occurs until the molecular
weight of epoxy increases to a certain value at which
the system becomes immiscible. Therefore, the onset
of phase separation is behind that of the cure reac-
tion. We now consider the phase-separation kinetics
according to the temporal evolution of qm and Im.

Figure 6 presents the temporal evolution of qm

and Im values for the filled and unfilled specimens at
various curing temperatures. Obviously, the filled
samples exhibit earlier onsets of phase separation.
Also, at cure temperatures above 1508C, the qm

values of the filled samples decrease less rapidly,
and their Im values increase less rapidly than those
of unfilled samples. Therefore, OLS brings about an
earlier phase separation but reduces the rate of phase
separation.

Figure 7(A) presents the DSC dynamic scans of
the filled and unfilled samples at the heating rate of
108C/min. The exothermic peaks representing the
progression of the cure reaction can be observed for

both specimens. Both the onset temperature and
peak temperature in the exothermic curve of the
filled sample, denoted by the arrows, are lower than
those of the unfilled sample, and this indicates that
OLS can accelerate the cure reaction. Figure 7(B)
presents the relationship between the cure tempera-
ture and the degree of conversion. It is clear that the
cure reaction of the filled specimen is faster than
that of the unfilled specimen. This is consistent with
what has been reported previously for other OLS/
epoxy systems and confirms that the protonated
alkyl ammonium cation has a catalytic effect on the
cure reaction of epoxy.12(a,b) The earlier onset of
phase separation of the filled specimens, as shown
in Figure 6, should be the result of the faster cure
reaction.

The final qm values of the filled specimens are
higher than those of the unfilled specimens. Because
Lm, the wavelength of composition fluctuation, or
in other words, the periodic distance of the phase-
separated structure, is inversely proportional to qm,
following Lm ¼ 2p/qm, the final average domain
size of the unfilled specimens is larger than that
of the filled specimens. This indicates that domain
coarsening of the filled specimens is greatly dimin-
ished as the result of OLS incorporation.

Power-law behavior of qm and Im

We now consider the power-law behavior of qm and
Im in the reaction-induced phase separation of the
PEI/DGEBA/DDS and PEI/DGEBA/DDS/OLS mix-
tures. As is well known, during isothermally induced
SD, the temporal evolution of domain growth follows
the simple power law qm � t�a and Im � tb. The
values of growth exponents a and b are determined

Figure 6 Temporal evolution of (A) qm and (B) Im for
unfilled samples (hollow symbols) and filled samples
(solid symbols) at cure temperatures of (n,&) 140, (l,*)
150, (~,~) 160, (!,!) 170, (^,^) 180, and (3) 1908C.

Figure 7 (A) Dynamic DSC scans and (B) relationship
between the cure temperature and the degree of conver-
sion for the DGEBA/PEI/DDS/OLS and DGEBA/PEI/
DDS mixtures at a heating rate of 108C/min under the
protection of nitrogen.
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by the mechanism controlling the domain growth.
When the domain growth is controlled by the diffu-
sive mechanism, a crosses over from 1/6 to 1/3,20

and at the later stage of SD, the interfacial tension
effect results in a crossover of a ¼ 1/3 to a ¼ 1
(viscosity-controlled).21 In the intermediate regime of
SD, the relationship between a and b follows b > 3a
for the phase separation in the three dimensions. At
the late stage of SD, the concentration fluctuations
reach equilibrium, and the relationship between a
and b follows b ¼ 3a.

The applicability of this power law has been con-
firmed by both experimental observations and theo-
retical simulations22 for thermally induced phase
separation by many researchers, but, as mentioned
previously, during reaction-induced phase separa-
tion, there exists an induction time, namely, a period
before the onset of phase separation. During the
induction time, the specimens are still homogeneous,
and no phase separation occurs. Therefore, we be-
lieve that the induction time should be subtracted
from the total reaction time when we use the power
law to analyze the phase-separation dynamics. If we
denote the onset of phase separation as tos, the power
law should be modified into the following form: qm

� (t � tos)
�a and Im � (t � tos)

b. The value of tos for

various cure temperatures can be easily determined
as the time at which Im appears and starts to increase
abruptly (Fig. 6). On the other hand, during the reac-
tion-induced phase separation, the molecular weight
of the system increases with time. It should be em-
phasized that the phase separation in the epoxy/
thermoplastic mixture is very fast compared with
the chemical reaction. For example, one can find in
Figure 6 that it takes about 20 min for the DGEBA/
DDS/PEI mixture to reach gelation or vitrification at
1708C, but it takes less than 3 min to complete the
phase separation; therefore, the increase in the
molecular weight during the phase-separation pro-
cess should be very limited.

Figure 8 presents the double logarithmic plots of
qm and Im values against (t � tos) for the filled and
unfilled mixtures at cure temperatures ranging from
1208C to 1908C.

First, let us discuss the general features of the
curves of log qm versus log(t � tos) and log Im versus
log(t � tos). In Figure 8(A1,A2), we can find that, at
relatively low cure temperatures, the curves of log
qm versus log(t � tos) can be obviously divided into
three stages for both the filled and unfilled speci-
mens. In the initial region, the qm values are invari-
ant, indicating that the phase-separation structure

Figure 8 Curves of log qm versus log(t � tos) and log Im versus log(t � tos) for (A1,A2) unfilled and (B1,B2) filled samples
at cure temperatures of (&) 120, (*) 130, (~) 140, (!) 150, (^) 160, (3) 170, (") 180, and ( ) 1908C.
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has a fixed spatial wave number of the concentration
fluctuation, following the characteristics of the early
stage of SD. Then, the log qm values decrease gradu-
ally. Satisfactory linear sections can be observed in
the curves of log qm versus log(t � tos) for all the
samples. The slope of this section is defined as the
a value. Then, in the third stage, the log qm values
become nearly invariant with time again as the
result of the occurrence of gelation or vitrification of
the system. At higher cure temperatures, gelation or
vitrification cannot be observed because the average
domain size is too large and the corresponding qm

value is too small to be determined accurately. As
for the curves of log Im versus log(t � tos), it can be
found in Figure 8(B1,B2) that, for all the samples, the
main parts of these curves exhibit satisfactory linear-
ity. After the occurrence of gelation or vitrification,
log Im keeps on increasing with smaller slopes. After
gelation or vitrification, the refractive index of epoxy
keeps on increasing with the curing reaction; there-
fore, RID between the two phases keeps on incre-
asing. Because the scattering intensity is positively
proportional to the RID of the system, the Im values
continue to increase.

Because the linear sections can be observed in the
curves of log qm versus log(t � tos) and log Im versus
log(t � tos), we believe that the power law is applica-
ble to the reaction-induced phase-separation behav-
ior of our system. The a, b, and b/a values for the
filled and unfilled samples at various cure tempera-
tures are presented in Figure 9.

We now discuss in detail the influence of the cure
temperature on the kinetics of reaction-induced phase
separation and its relationship with the morphology
evolution. The a and b values for the unfilled

samples are more sensitive to the cure temperature
than those for OLS-filled samples. As can be found
in Figures 8(A1) and 9, at temperatures below 1408C,
the a values are about 1/3, the b values are close to
1, and the b/a ratio is close to 3, indicating the
applicability of the Binder–Stauffer theory, according
to which a changes from 1/6 for the intermediate
stage of SD to 1/3 for the late stage of SD. This
phenomenon is also consistent with the experimental
observations of the PS/polymethylphenylsiloxane
mixture23 and the PS/PVME mixture.24

However, at temperatures above 1508C, a crosses
over rapidly to 0.7–1.0 soon after the initial stage of
phase separation, which is close to Siggia’s predic-
tion for the late stage of SD. The b values increase to
about 2.0, indicating that hydrodynamics plays an
important role in domain coarsening. According to
Siggia’s calculation, a ¼ 1, b ¼ 3, and b/a ¼ 3 for
hydrodynamics-controlled SD at the late stage. How-
ever, the b/a values for our samples are smaller
than 3. This phenomenon is related to the dimen-
sionality. The specimens sandwiched between two
glass slides are thin films with a thickness of about
30 mm. Therefore, phase separation occurs in two di-
mensions, resulting in b/a � 2. In summary, at rela-
tively high cure temperatures, the interfacial tension
effect plays an important role in determining the
final phase structure of the unfilled samples and
results in higher a and b values. The SALS result is
consistent with that of the PCM observation. As men-
tioned previously, large macroscopic phase domains
can be observed in the unfilled samples at cure
temperatures above 1508C. This obviously results
from the apparent domain coarsening under the
interfacial tension effect at the late stage of SD.

On the contrary, for the OLS-filled specimens, the
influence of the cure temperature on the a and b
values are quite limited. When the cure temperature
increases from 120 to 1908C, the a and b values for
the main linear sections of curves of log qm versus
log(t � tos) and log Im versus log(t � tos) are around
1/3 and 1, respectively. As mentioned previously,
for the unfilled samples, no macroscopic phase
domains could be observed through PCM. This
indicates that there is a strong pinning effect of the
nanofillers in the filled samples, and the domain-
coarsening procedure is greatly diminished. It can
also be found that the b/a values for the filled
samples are relatively high. According to Takeno
and Hashimoto,22(c) the relationship between a and b
follows b > 3a at the intermediate stage of SD and
b ¼ 3a at the late stage of SD. Therefore, the fact
that the b values of the filled samples are larger than
3a indicates that the phase-separation rate of the
filled samples is relatively slow, and it is difficult for
these samples to reach the late stage of SD before
the occurrence of gelation or vitrification.

Figure 9 a, b, and b/a values for filled samples (solid
symbols) and unfilled samples (hollow symbols) at various
cure temperatures.
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CONCLUSIONS

The influence of OLS on the reaction-induced phase-
separation behavior of a PEI/epoxy mixture was
studied with SALS, PCM, and SEM over a wide
range of cure temperatures. OLS greatly affected the
phase-separation behavior. The onset of phase sepa-
ration was earlier, but the phase-separation rate was
reduced, and domain coarsening at the late stage of
SD was greatly diminished; this resulted in an inter-
connected phase structure with a fine domain size at
cure temperatures even above 1908C. This is in con-
trast with the fact that unfilled PEI/epoxy mixtures
have an interconnected phase morphology only at
cure temperatures below 1508C. Moreover, the reac-
tion-induced phase separation of PEI/epoxy/OLS
mixtures follows the simple power law of qm � (t �
tos)

�a and Im � (t � tos)
b. At cure temperatures above

1408C, growth exponent a crosses over from 0 to
a high value (1/3 < a � 1) under the interfacial ten-
sion effect, and macroscopic phase domains appear.
On the contrary, the a values of the filled samples
cross over from 0 to about 1/3 for all cure tempera-
tures ranging from 120 to 2308C, indicating that the
existence of nanofillers strongly diminishes interfa-
cial-tension-accelerated domain coarsening.
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