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’ INTRODUCTION

Reaction-induced phase separation (RIPS) in epoxy/thermo-
plastic blend has been extensively studied due to the importance
in the toughening application such as for the continuous fiber
composites and also for the fundamental interest.1�7 In an initially
homogeneous epoxy/thermoplastic blend, molecular weight of
epoxy increases with the curing reaction; thus, the entropy ofmixing
decreases. Therefore, the concentration fluctuation gradually in-
creases, and eventually the phase separation is induced.1,2 With
different thermoplastics (TP) and curing agents used, the competi-
tion between reaction and phase separation has been qualitatively
considered.8�11 Various morphological structures, namely, sea�
island, bicontinuous, or double-phase and nodular structure, have
been observed in the order of increasing thermoplastic weight
fraction w. Phase separation processes were followed through
various measurements depending on the specific system.12�15

The thermoplastic polymer, e.g. poly(ether sulfone) and
poly(ether imide), which was normally used to blend with epoxy,
usually has a high glass transition temperature (Tg) and large
molecular weight, while the epoxy component, first monomers
and then oligomers because of the stepwise reaction, has low
molecular weight and low Tg at the beginning. Once phase
separation occurs, the TP-concentrated phase rapidly changes its
behavior from solution-like to elastomer-like as the reaction, and
phase separation proceeds. Dynamic asymmetry, caused by the
great differences in viscoelastic behaviors between epoxy and TP
due to both molecular weight and Tg, cannot be neglected in the
discussion of phase-separation mechanism and has attracted
some attention recently.16�20 The dynamic asymmetry in gen-
eral induces a coupling between diffusion and stress in the phase
separation process. As the slow dynamic component has a long
relaxation time, it cannot catch up with the deformation of the

phase separation; consequently, an asymmetric stress field is
induced, and unique coarsening behavior and volume shrinking
of the slow dynamic component proceed as a consequence.21�24

A three-layered structure thus formed has been reported in the
previous work, where mobility of the components was compared
and a speculation of the layered structure formation and phase
separation kinetics was proposed.6,19,20 In this study, more
detailed and systematic experimental results on the kinetics at
various thermoplastic concentrations and curing temperatures
will be presented. Theory of viscoelastic phase separation is used
to explain such a phase separation process, and the dynamic
asymmetry between the components and the influence on phase
separation mechanism will be discussed. We believe this asym-
metry actually happens in many existing and well-studied sys-
tems. Therefore, a careful examination and re-examination in the
cross section normal to the film specimen surface (or parallel to
the surface normal) is necessary to reveal this hidden and
commonly neglected but an extremely important phenomenon
in order to have a correct understanding of a reaction-phase
separation system like toughened epoxy blend commonly used in
the continuous fiber composites.

’EXPERIMENTAL SECTION

The epoxy resin used was a low molar mass liquid diglycidyl ether of
bisphenol A (DGEBA), supplied by Shell Chemical Co. (product No.
Epon 828). The curing agent used was 4,40-diaminodiphenyl sulfone
(DDS), purchased from Sigma-Aldrich Chem. Co. The thermoplastic
component was polysulfone (PSF) (Udel P1700, Mn = 38 000),
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provided by Solvay Co. Glass transition temperature of PSF, Tg,PSF, was
about 183 �C, measured with a differential scanning calorimeter
(Diamond DSC, Perkin-Elmer Co.). The three components were
dissolved in a mixed solvent of methylene chloride and methanol. In
order to adequately mix them, the solution was mechanically stirred for
about 24 h. After the solvent was fully degassed, homogeneous mixtures
with different initial PSF contents were obtained. The ratio of DGEBA/
DDS was fixed at 1:0.27 w/w, i.e., 0.8 hydrogens of amino groups per
epoxy group.
The thermograms of the curing processes were performed using a TA

Q2000 differential scanning calorimeter (DSC). Nitrogen with a flow
rate of 20 mL/min was used as the purge gas, and samples of 5�10 mg
were used for the measurements. DSC measurements, carried out from
�40 to 350 �C at scanning rate of 10 �C/min, were first performed on
the initially uncured samples. Fractional conversion (αF) at different
temperatures was obtained form the equation αF =HT/H0, whereHT is
the integrated area of the exotherm curve at temperature T andH0 is the
total area of the exotherm, as shown in Figure 1. The conversion (αt) for
the sample isothermally cured was obtained in the following procedure:
the samples cured at a certain temperature for various intervals
(corresponding to different reaction degrees) were rapidly cooled and
then scanned in the DSC measurement (from�40 to 350 �C); residual
heat Hr was thus obtained. αt was calculated according to αt = (H0 �
Hr)/H0, as shown in Figure 5.
Phase separation process was detected by a homemade time-resolved

light scattering (TRLS) instrument. The incident beam with a wave-
length of 532 nm, and a vertically polarized light was applied to the

sample film. Light scattering profile was recorded every 10 s during the
curing process. The sample films for TRLS, phase contrast optical
microscope (PCOM), and electron microscope observation were sand-
wiched between two glass slides, with a poly(tetrafluoroethylene) spacer
to fix the thickness during the whole curing process. After being cured for
different times, the samples were immediately dipped into the liquid
nitrogen so that the morphological structures were frozen for further
studies. The microtomed films, 100 nm thick, were observed with a
transmission electron microscope (TEM) (JEOLJEM-2200FS). The
fractured and etched (by CH2Cl2, the solvent of PSF) surfaces were
coated with platinum and then observed by a scanning electron
microscope (SEM) (JEOL JSM 6700F). Samples cured for different
intervals were separately prepared from the same mixture of one
composition and repeated for at least three times to check the generality
of the structures. Thus, morphology evolution information can be
obtained.

’RESULTS AND DISCUSSION

The initially homogeneous samples were measured by DSC
method to study the influence of PSF on the curing reaction of
epoxy and DDS. As shown in Figure 1a, all the DSC curves
produced broad exothermic peaks and shapes of the curves were
all similar. Since the PSF is quite stable at our experimental
conditions, and no functional groups can attend the reaction, the
reaction mechanism of epoxy and DDS should not be changed.25

However, with PSF content increasing, the peak temperature
(Tpeak) increased and the exothermic enthalpy (ΔH) decreased,
which is shown in Table 1. The corresponding fractional con-
version versus temperature of various blends is shown in
Figure 1b. It showed that all the conversion values increased
very slowly at low temperatures. When the samples were heated
to a higher temperature (about 180 �C), the conversion values
increased quickly and leveled off at temperatures higher than
300 �C. At a certain temperature, e.g. 250 �C, conversion value
decreased as PSF fraction was increased, which implied that PSF
depressed the epoxy curing reaction.

Because of the stepwise polymerization of epoxy and amine,
molecular weight of epoxy gradually increased as the curing
reaction progressed and could not be very high before gelation
occurred. During this period, the reaction was controlled by the
reaction kinetics but not by the monomer diffusion process.26 As
the molecular weight of the epoxy was increasing, phase separa-
tion could also start to happen. Each phase could become more
and more concentrated with respect to its own component as the
phase separation continued. Because of the high Tg, the PSF-rich
domain should become close to its glassy state and should have a
much slower or longer dynamic relaxation in both diffusion
process and stress relaxation. Although the low molecular weight
and low Tg ensured a good fluidity of epoxy at this early stage of
reaction, the PSF molecules decreased the concentration of
epoxy and DDS and thus decreased the transport rate of the

Figure 1. (a) DSC thermograms of epoxy/PSF samples with various
PSF weight fractions at the scanning rate of 10 �C/min. Glass transition
temperature (Tg0) of the initially uncured mixtures was indicated by
arrows in the inset panel. (b) Fractional conversions (αF) as a function
of temperature for samples with different PSF contents.

Table 1. Characteristics of DSC Thermograms of Epoxy/PSF
Samples with Various PSF Weight Fractions (w)

w Tg0 (�C) Tpeak (�C) ΔHa (J/g)

0 �33.5 230.1 329.0

0.10 �0.6 235.2 309.4

0.15 �0.5 236.8 285.5

0.20 1.9 241.4 225.6
aThe reaction heat ΔH was normalized by epoxy/DDS content.
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epoxy molecules and possibly the chemical reaction rate. With
PSF content increasing, viscosity of the whole system was
increased, and the actual reaction rate decreased more. A similar
observation was also obtained by other authors, and physical
reasons such as dilution effect and/or viscosity increase were
mainly considered.27�30 Dilution was a static average effect,
while the viscoelasticity affected dynamic transport. In this
system, these two effects showed the same tendency of depres-
sing the chemical reaction.

The slow dynamics of PSF became very important during the
phase separation process, and the behavior of dynamically
asymmetric phase separation was observed. At certain PSF
content, bicontinuous structure was formed. Then during the
phase separation process, as the epoxy-rich phase showed fast
growth and coarsening, the growth of continuous PSF-rich
network cannot catch up and a stress field was generated by
the network.21,31 Thus, the PSF-rich network tended to shrink,
and the low-viscosity epoxy-rich component tended to be

Figure 2. Variation of light scattering profiles and the corresponding qm vs time plots for the samples w = 0.10 (a) and 0.20 (b) cured at 130 �C
(a.u.: arbitrary unit for scattering intensity). In the qm vs t, the circled points and the real line correspond to the experimental data and the result simulated
by qm = q0 + A0 exp[�(t � t0)/τ], respectively.
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expelled and resulted to a three-layered structure formation, as
the previous work reported.6,19,20 At even lower or higher PSF
contents, the slow dynamic property of PSF also played a great
role in the phase separation process, which will be discussed in
the following section.

Phase separation process of w = 0.10 and 0.20 was measured
in situ by TRLS, and the observed information was presented in
Figure 2. For the sample atw = 0.10, phase separation occurred at
t = 170 min with the initial qm = 3.8 μm�1, while for w = 0.20, it
occurred at about t = 210 min with the initial qm = 3.5 μm�1,
where qm is the peak scattering wavenumber at the maximum
scattering intensity (Im). Then in both cases, qm and Im gradually
changed in a similar way: qm moved slowly toward the smaller
wavenumber, and simultaneously Im became stronger and stron-
ger, which showed the coarsening process of the phase separated
domains. In the late period, qm changed very slowly, while Im
began to decrease slightly, which was probably caused by the

gradually decreasing of the refractive indices difference as the
molecular weight of epoxy increasing.19,32 Finally, qm and Im did
not change anymore due to gelation or vitrification of the system.

Variation of qm at different times was summarized in one plot,
qm vs t, shown in the right lower part of Figure 2a,b. Here it
should be emphasized that the conventional analysis of the
behavior of qm based on the scaling law (such as qm = t�α)33�36

is not applicable because of the absence of self-similarity in this
asymmetric phase separation process. However, it was observed
that the behavior of qm with time fit well with a typical
exponential decay function16 qm = q0 + A0 exp[�(t � t0)/τ],
where A0 is the magnifier, t0 is the onset time of phase separation,
and τ is the relaxation time of the phase separation. At t =∞, qm =
q0; q0 corresponds to the dimension of the final structure
at gelation or vitrification. Good fitting of this empirical equation
to the experimental data and the inherent characteristics of
the present system showed the viscoelastic effect (dynamic

Figure 3. (a) TEM (two pictures in the first row) and SEM micrographs of the fractured surfaces of the sample w = 0.10 cured at 130 �C for different
times. The samples for each panel were separately prepared. PSF-rich phase was indicated by the solid line with arrow to guide eyes. (b) Size changing of
the PSF-rich domains for w = 0.10 cured at 130 �C for different time.
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asymmetry) dominated the phase separation process. When PSF
content increased, the system would be more viscous, so the
relaxation of polymer chains became slower and the relaxation
time τ longer.

Further understanding of the phase separation process was
shown by the electron micrographs in Figures 3 and 4, where
PSF-rich phase has been indicated by the solid line with arrow.
After the blend of w = 0.10 was held at 130 �C for t = 130 min,
uniformly distributed PSF-rich domains could be observed as
spherical particles with the average diameter of 200 nm, which
must be at least close to the initial phase separation. These
particles grew in size slowly. After t = 160 min, the PSF-rich
particles would not grow but shrink instead. The volume fraction
of the PSF-rich phase kept decreasing with time, and the contrast
and interface between PSF- and epoxy-rich phases became more
and more pronounced. The epoxy gradually transferred from the
PSF-rich phase to the epoxy-rich matrix, and each phase was
more and more concentrated. From t = 200 min on, the PSF-rich
particles were rigid enough to maintain their shape during the
fracture process. The particle size changed very slowly in the
subsequent process. All of the data have been repeated for at least
three times and could well represent the morphological struc-
tures of the whole sample. Thus, size changing information on
the PSF-rich domains can be clearly observed from the statis-
tical analysis of the SEM images, as shown in Figure 3b, where
the error bar represents the root-mean-square error of that
particle data point. Especially, the data at t = 160 min were
averaged from the result of four samples with more than 1000
domains measured.

A similar but different phenomenon of volume shrinking was
also observed for the sample at w = 0.20. Bicontinuous structure
formed initially, which can be observed from the first picture
shown in Figure 4. Then, the epoxy-rich phase gradually formed
as droplet domains, while PSF-rich phase kept continuous. With

the phase separation continuing, epoxy-rich droplets gradually
grew in size, while the PSF-rich phase decreased its volume
fraction and became a network. During this period, with the
shrinking of the slow dynamic PSF-rich phase, the epoxy-rich
phase diffused out and caused the PSF-rich network walls to
become thinner and thinner. At a certain time, percolation of the
epoxy-rich phase happened under the stress field of the network,
and the epoxy-rich droplets can be interconnected. If the sample
is quenched down in temperature, then the epoxy-rich phase
showed the morphology of partially interconnected rigid parti-
cles, while the PSF-rich phase as strong and tough networks
which gave a ductile fracture during the preparation of the cross-
section surface sample. For even longer time, the nodular
structure, interconnected irregular epoxy-rich globules, will form
and morphology of the whole specimen will be fixed.

With various amounts of PSF added, dynamic asymmetry was
always observed to dominate the phase separation process. This
mechanism was characterized by the volume fraction change of
the PSF-rich phase and was realized by the volume shrinking
process of the PSF-rich domains. After phase separation was
observed, it developed in the normal (symmetric system) way
first, although the time period could be very short. With phase
separation proceeding, PSF concentration increased, and thus its
viscoelasticity also increased in the PSF-rich domains. Visco-
elastic asymmetry began to control the phase separation dy-
namics, and accordingly the growth of normal composition
fluctuation was suppressed. Instead of continuously growing in
size, the slow dynamic PSF-rich domains began to shrink, and the
fast dynamic epoxy-rich phase gradually diffused out. Volume
shrinking of the PSF-rich domain continued until the phase
separation was pinned. Finally, due to the gelation or vitrification
of the system, the sea�island and nodular structures were
obtained in the absence of the hydrodynamic flow regime as
the usual viscoelastic phase separation.

Figure 4. TEM (picture in the first row) and SEM micrographs of the fractured surfaces of sample w = 0.20 cured at 130 �C for different times. The
samples for each panel were prepared separately. PSF-rich phase was indicated by the solid line with arrow to guide eyes.
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The experiments were also carried out at different tempera-
tures. The conversion (αt) with respect to time (shown in
Figure 5) can clearly illustrate the reaction kinetics. It showed
that curing reactions at 180 and 200 �C were much faster than
that at 130 �C. As expected, both phase separation and reaction
must be affected by the curing temperature. The higher the
curing temperature was, the faster the epoxy molecular weight
increased and mixing entropy decreased, and the less time for the
occurrence of phase separation was available. When the sample
was cured at Tcure = 130 �C, phase separation was observed by
PCOM at tps = 170 min, while at Tcure = 180 and 200 �C, tps = 20
and 12 min, respectively. When curing temperature increased,
both reaction and phase separation processes were accelerated.
However, as the SEM results shown in Figure 6 and Table 2, it
was found that phase separation was changed more than the
curing reaction.

At lower PSF concentration, w = 0.10, PSF-rich spherical
domains were dispersed in epoxy matrix at all the curing

temperatures. It is observed that size of the dispersed particles
decreased when the curing temperature was elevated. At higher
PSF contents, w = 0.20, epoxy-rich nodular structure always
formed at various curing temperatures. Epoxy-rich connected
particles were larger, and PSF-rich network (in between the
nodules) was thinner at higher curing temperatures. In the
middle PSF concentration range, w = 0.15, three-layered struc-
ture formed at all curing temperatures. Most of PSF-rich
domains were located continuously in the middle layer. When
the curing temperature was lower than the Tg of PSF, at Tcure =
130 �C, three-layered structure was extended in the whole
sample film. In the middle layer, sparsely dispersed epoxy-rich
particles were removed by etching but a few continuous epoxy-
rich domains still existed. However, when the curing tempera-
ture was close to or higher than Tg of PSF, i.e. Tcure g 180 �C,
the three-layered structure was somewhat disconnected, where
sea�island structure formed instead, and the layered and
sea�island structures coexisted in the whole sample film. For
the layered structure, connected epoxy-rich particles (similar to
the nodular structure formed at higher PSF contents) formed in
the middle layer. The higher the curing temperature was, the
more disconnections occurred in the layered structure and the
smaller the size of the connected epoxy-rich particles in the
middle layer was.

Figure 5. Conversion (αt) vs time curves for w = 0.15 cured at various
curing temperatures for different times. The open symbols are related to
the experimental data points, and solid lines are only to guide the eyes.

Figure 6. SEM micrographs of fractured surfaces of epoxy/PSF mixtures with different amounts of PSF cured at various temperatures for 1440 min.
Right side pictures in each panel are at the higher magnifications. For w = 0.15, the upper (u) and middle (m) parts are shown. Voids correspond to the
PSF-rich domains.

Table 2. Periodical Distance of Final Structures (a), Mea-
sured by TRLS for w = 0.10 and 0.20 and the Relative
Thickness of Middle Layer (b), Statistically Summarized from
the SEM Results for w = 0.15

samples

Tcure

(�C)
w = 0.10a (μm)

(periodic distance)

w = 0.15b (%) (middle

layer thickness)

w = 0.20a (μm)

(periodic distance)

130 2.5 40 5.9

160 2.7 34 11.8

180 2.9 29 13.1

200 3.0 28 13.7
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In the same composition range, similar morphological struc-
tures always formed at any of the curing temperatures, no matter
which were lower or higher than the Tg,PSF. The composition
ranges, lower, middle, and higher, are summarized in Figure 7,
and the corresponding morphologies are attached as I, II, and III,
respectively. That is to say: I, sea�island structure; II, three-
layered structure; and III, nodular structure. It suggested that
PSF-rich phase always behaved as a slow dynamic component at
the various temperatures. When the curing temperature was
increased, the mobility of PSF was enhanced, which made the
disentanglement of the PSF chains easier and thus the epoxy can
separate from PSF-rich phase more easily. Therefore, periodical
distance of final structures for both w = 0.10 and 0.20 increased
while the relative thickness of middle layer forw = 0.15 decreased
at increasing temperatures. And more complicate layered struc-
ture formed at higher temperatures for w = 0.15, since some parts
of the PSF-rich network could be broken and most of the large
continuous epoxy-rich phase could flow out under the stress field
of the deformed PSF-rich network.

The influence of PSF on phase separation can be understood
by the schematic phase diagram shown in Figure 8. First, in order
to confirm the upper critical solution temperature (UCST) type
of phase diagram for this reactive system, we designed a simple
experiment as follows. The initially homogeneous sample was
held at 130 �C for a given time. When phase separation was just
about to occur, the sample was rapidly quenched to 100 �C. Phase
structures could be clearly observed immediately. It indicated that
the UCST-type phase behavior existed in this system.

Second, the initial coexistence curve was quite asymmetrical
due to the molecular weight difference of the two components,
with the critical concentration located at a low PSF concentration
(the phase diagram skewed to the epoxy side). With the curing
reaction continuing, the molecular weight of epoxy kept increas-
ing, the phase diagram gradually moved upward, and critical
temperature and composition also increased. According to the
lever rule in the phase diagram, volume fraction of the PSF-rich
phase should continuously decrease after the initial growth.
During the phase separation process, the volume shrinking
phenomenon of the PSF-rich domains was observed (Figure 8a).

Third, in this reactive system, phase separationwas slowed down
and prevented by the epoxy gelation. Although reaction continued
some more after gel point, the phase morphology was almost
pinned and phase separation can only proceed in the very local
region; i.e., phase separationwas almost stopped by gelation.37 This
could also be understood from the viewpoint that reaction only
proceeded in the quite localized region after gelation. Thus, we can
assume that the phase diagram at gel point is the final one.

As themolecular weight of epoxy can not be very high until the
gel point, the asymmetric phase diagram could be effectively used
in the discussion of the final morphologies. Although theoretical
gelation takes place at a defined conversion, most experimental
values were higher than theoretical and showed a trend of increase
of conversion with the increase of curing temperature.28,38,39 A
perfectly growing network (a randomdistribution of reaction sites
in the uniformly distributed epoxy monomers and cross-linkers)
in the theoretical gelation calculation may be different from the
real case, where hanging chains and intramolecular reactions
usually take place.39 At high temperatures, reaction and side
reaction rates are much faster than that at low temperatures;
however, the competition between reaction and diffusion may
promote more local than global reaction, which is needed to
extend the cross-linked structure to the whole sample and reach
the gel point. Therefore, the asymmetric phase diagram at gel
point for the sample cured at T2 need higher conversion and
consequently will shift toward higher temperature than that at T1,
here T2 > T1. After phase separation developed and being pinned
at the gelation point, the initial concentration Φ0 would phase
separated into the corresponding coexistence compositions of A,
C at T1, and D, F at T2. Since DE/EF < AB/BC, total volume
fraction of the PSF-rich phase at T2 was less than that at T1; i.e.,
phase separation proceeded more with the increase of curing
temperature (Figure 8b). Therefore, periodical distance of the
final structures increased with temperature at lower and higher
PSF contents, and thinner middle layer was observed at higher
temperatures in the middle PSF contents.

When the reaction and phase separation took place at tempera-
tures lower than Tg,PSF, the PSF-rich phase behaved approximately
like a glass when it was concentrated enough. At temperatures
higher than Tg,PSF, the PSF-rich phase behaved as viscous elasto-
mers. It indicated that the PSF-rich phase always showed slower
dynamical behaviors comparedwith the fast dynamics of epoxy-rich
phase. Therefore, the influence of dynamic asymmetry on phase
separation and final morphologies was always significant, and the
overall structures formed at anywwere qualitatively similar and did
not drastically change at different curing temperatures. However,
for very low concentration (like w = 0.10) before a tight entangle-
ment network can be formed, the asymmetric phase separation

Figure 7. Curing temperatures (Tcure) and PSF weigh fractions (w), at
which various morphological structures were observed: I, sea�island
structure (O); II, three-layered structure (9), three-layered coexisted
with sea�island structure ([); III, nodular structure (4). The dashed
line, corresponding to the Tg,PSF, was only to guide the eyes. The
shadowed area showed where three layers could be observed. Model
morphology was mapped correspondingly in the top of the figure.

Figure 8. Schematic phase diagram of DGEBA/DDS/PSF during
curing reaction (a) and phase diagrams at gel point of the system (b).
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behavior was less obvious. Also, at any even higher temperatures,
themore extended curing reactionwill make all behaviors similar to
that of decreasing concentration of PSF.

’CONCLUSION

We investigated the reaction-induced phase separation of
epoxy/DDS/PSF blend in this work. It was found that reaction
of epoxy and DDS was depressed by the PSF, while qualitatively
the reactionmechanism did not change. Because of the high glass
transition temperature and high molecular weight, PSF behaved
as a slow dynamic component during the phase separation
process. More interestingly, the asymmetric properties between
the components always dominated the phase separation process
even at fairly low (but still above the entanglement con-
centration) concentrations and temperatures lower or higher
than the Tg of PSF. Volume shrinking of the PSF-rich domains
was observed for all of the samples cured at various temperatures,
which illustrated the action of dynamically asymmetric phase
separation mechanism. When the temperature was increased,
both reaction and phase separation rate were accelerated, while
phase separation was changed more. The enhancement of PSF
dynamics at higher temperatures made it easier for epoxy to
separate from the PSF-rich phase. Thus, larger periodic length
was observed for the structures formed at lower and higher PSF
concentrations, and thinner relative thickness was obtained for
the layered structure formed at middle PSF contents. Qualita-
tively, with the increase of temperature (for PSF concentration
higher than its entanglement concentration), the system behaved
similar to that at lower concentrations.
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