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Abstract

We incorporated organic modified layered silicates (OLS) into the mixture of epoxy and poly(ether imide) (PEI) to obtain a ternary hybrid
nanocomposite and investigated its reaction-induced phase separation behavior. We found that OLS had dramatic impact to the phase
separation process and the final phase morphology. The onset of phase separation and the gelation or vitrification time were greatly brought
forward and the periodic distance of phase-separated structure was reduced when OLS was incorporated. Phase separation of the unfilled
specimens was greatly suppressed at temperatures higher than 190 °C, and no etch hole of PEI-rich phase could be observed in the SEM
images. An interconnected, or bicontinuous morphology could only be observed at cure temperatures lower than 140 °C. On the contrary, the
OLS-filled hybrid nanocomposites carried out obvious phase separation at cure temperatures ranging from 120 to 220 °C. Even at cure
temperatures higher than 190 °C, the hybrid nanocomposites had an interconnected phase-separated microstructure. These phenomena were

related to the preferential wettability, chemical reaction of OLS with epoxy oligomer and the enhanced viscosity of the mixture.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Both theoretical [1-3] and experimental studies indicates
that some fillers particles [4-9] and fibers [10] have
important influence to the morphology and phase separation
behavior of binary polymer mixtures, especially when the
fillers are preferentially wettable to one component of the
binary mixtures. For example, glass particles have great
impact to the morphology and isothermally-induced phase
separation behavior of binary polymer mixtures. The growth
rate of SD diminishes when the concentration of filler
particles is increased or their diffusivity is decreased. It has
been expected that glass particles could be used as a tool to
control the morphologies of phase separating binary
polymers [4]. Microsized silica particles can lower the
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phase separation temperature of low molecular weight PS
and polybutadiene blends [5]. It was also found that fumed
silica changed the phase separation temperatures and
kinetics of poly(methyl methacrylate) (PMMA)/poly(vinyl
acetate) (PVA) blends [6]. For melting blending immiscible
PS/PMMA blends, it was found that oganoclay can
drastically reduce the domain size [7]. More recently,
Krishnamoorti [8,9] investigated in detail the influence of
organoclay to the phase separation behavior of polystyrene/
poly(vinyl methyl PS/PVME) blends and found that the
phase-separated structure of the nanocomposites has a
reduced length scale than that of the unfilled sample. In
summary, fillers can greatly affect the phase separation
behavior and the final morphology of polymer mixtures.
However, to our knowledge, these studies are focused on the
isothermally-induced phase separation of binary polymer
mixtures but no attentions have been paid to the influence of
mobile particles to the reaction induced phase separation
behavior and morphology of thermoplastic/thermosetting
mixtures up to date.

Phase-separated morphology plays crucial role in
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determining the final properties of these blends [11-26].
The typical example of thermoplastic-thermosetting mix-
ture is the epoxy alloy with modified toughness by blending
with high performance thermoplastics, such as poly(ether
imide) (PEI), poly(ether sulphone) (PES), poly(phenylene
ether) (PPE), polysulphone, poly(ether ketone) (PEK) and
so on [11-25]. It has been widely acknowledged that a great
increase in toughness is obtained only when the tough
thermoplastics form a continuous phase in the mixture. And
interpenetrating network with interconnected or bicontin-
uous phase-separated microstructure, fine domain size and
anisotropic phase shape were preferred, because both the
toughness of thermoplastics and stiffness of the thermoset-
ting matrix could be combined in the final cured blends. Due
to its great importance, study on the controlling of phase-
separated morphology has attracted great interests in the last
two decades.

The final phase separated morphology of thermoplas-
tics/epoxy mixture is determined by the composition and
cure temperature. Thermoplastics/epoxy mixture belongs to
a typical dynamically asymmetric mixture [13,26] due to the
great differences in molecular weight and glass transition
temperatures (7,) between the two components and its
reaction-induced phase separation usually follows the
spinodal decomposition (SD) mechanism. The epoxy-rich
phase tends to interrupt at even very early stage of SD due to
its low viscosity and/or poor fluid strength. The minority
phase, namely the thermoplastic-rich phase, is continuous
due to its strengthened viscoelasticity during phase
separation, but its connectivity is transient. It shrinks
gradually and sometimes develops into dispersed spherical
droplets with the shape of the lowest interfacial energy at
the late stage of phase separation. Usually, higher
thermoplastic content is necessary for the formation the
co-continuous phase morphology. The phase structure is
also controlled by the cure temperature because of the
competition between the chemical reaction and physical
phase separation. To obtain the interconnected morphology,
Inoue [24] suggested lowering the cure temperature toward
T, of the blends or linearly raising the cure temperature
gradually, because lower temperature resulted in lowered
chain mobility and so reduced phase separation rate. The
domain coarsening and interruption of the continuous
phase-inversion structure under interfacial tension is also
suppressed due to the higher viscosity of the system at lower
temperatures. As a result, the co-continuous structure with
smaller periodic distance can be fixed when gelation or
vitrification occurs earlier than the interruption of continu-
ous domains. However, lowered or programmed cure
temperature is usually unacceptable in the industry due to
the extremely prolonged cure time and poor efficiency.

On the other hand, polymer/OLS nanocomposites have
attracted great interests from both scientists and industrials
in the recent years due to their remarkable improvement in
mechanical properties, gas barrier properties, flammability
resistance [27-38] etc. But as to the toughness, the OLS/

epoxy nanocomposites usually have only slightly improved
toughness, so Miilhaupt et al combined reactive Liquid
rubber with layered silicates to prepare a hybrid epoxy
nanocomposites [39]. The toughness of the hybrid nano-
composites is found to be greatly improved compared with
the nanocomposites without liquid rubber and has only
slightly negative impact to the stiffness. It has been noted
that phase-separating structure in the hybrid nanocomposite
plays an important role in combination of great toughness
and stiffness. However, the phase separation behavior and
morphology evolution were not been paid enough attention
in their study. And the 7, was lower than that of neat resin
by about 30 °C because of the existence of rubber. As high
performance thermoplastics have intrinsic high 7, and
better mechanical properties than liquid rubbers, hence, one
can expect better mechanical properties of thermoplastics
hybrid nanocomposites than those based on liquid rubber.

The objective of this study is to investigate the phase
separation behavior of thermoplastic/epoxy/OLS ternary
hybrid nanocomposites. We believe that the sample used in
our study can be a useful model for studying the influence of
nanoparticles to the reaction-induced phase separation
dynamics. As far as we know, there is no report on this
subject in the literature. Compared with the previous
studies, the filler particles in our study not only has
physically preferential wettablility with epoxy oligomer
but also is chemically reactive to epoxy and has complicated
intercalation and exfoliation behavior that can interreact
with the cure and phase separation processes. In addition,
investigations on the viscoelasticity of the organic layered-
silicates nanocomposites indicated that incorporation of
OLS brought about obviously increased zero-shear vis-
cosity, and it exhibits a solid-like dynamic rheological
response at low-frequency region [40—42]. It is reasonable
to expect that OLS may bring about obvious influence to the
phase separation behavior of thermoplastics-epoxy blends,
because viscoelasticity plays a crucial role in the phase
separation kinetics and morphology evolution. At the same
time, time resolved small angle light scattering (TR-SALS)
is a conventional technique in the study of phase separation
kinetics of binary polymer mixtures. The influence of OLS
to the optical transparency of epoxy resin is quite limited
[43]. Therefore, the possibility of using TR-SALS directly
to investigate the influence of OLS to the phase separation
mechanism and kinetics of hybrid nanocomposites is
explored in our study.

2. Experimental
2.1. Materials

The epoxy used in this study is a liquid diglycidyl ether
of bisphenol A (DGEBA) type epoxy from Heli Resin Co.

Ltd, Suzhou of China, with commercial brand of E51. It has
the epoxide equivalent of 194-198 and average molecular
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weight of 392 gmol~'. Solvent methylene chloride and
curing agent 4,4'-diaminodiphenyl sulfone (DDS) were
purchased from the China Medicine (Group) Shanghai
Chemical Reagent Corporation, Shanghai, China. PEI
employed in this study was GE Ultem® 1000
(M,=26,000gmol", M,=50,000gmol”!, T,=
210 °C). Organic modified montmorillonite (MMT) with
commercial brand of C180H-Mt was purchased from the
Zhejiang Huate Chemical Co. Ltd, Hangzhou, China. The
chemical structure of the cationic surfactant used in
C180H-Mt is presented in Fig. 1. n in the molecular
formula is from 5 to 8. All above mentioned chemicals and
resins were used as received.

2.2. Preparation of samples

Organic modified MMT was dried in vacuum for more than
24 h at 80 °C before experiments. Epoxy oligomer and PEI
were weighted and completely dissolved in methylene
chloride at room temperature. Then organic modified MMT
was dispersed in the solution. The sample was stirred fiercely
and then sonicated for at least 20 min. The sample suspensions
were translucent but not as clear as solution without OLS. It
was interesting that the suspension was rather stable. No

precipitations could be observed after being placed at room
temperature for several days, indicating that organic modified
MMT disperse well in the solution.

The solvent in the solution or suspension was then
vaporized in a circulation oven at room temperature until
most solvent was removed. Then the samples were placed
into a hot vacuum oven preheated to 100 °C to remove the
residual solvent in the mixtures. Subsequently, stoichio-
metric amount of DDS (31.7 phr to epoxy oligomer) was
added into the epoxy oligomer/PEI/organic modified MMT
mixture and stirred for 5 min in an oil bath at 140 °C until
DDS dissolve in the mixture completely. The composition
of organic modified MMT, epoxy oligomer, curing agent
DDS and PEI for various samples are presented in Table 1.
For comparison, the amount of PEI, basing on the sum of
epoxy, DDS and PEI, was fixed to 17.5 wt% for the two
samples with and without MMT. It should be noted that the
amount of PEI in MMT containing mixture was in fact
16.3 wt% in the whole mixture, which is somewhat smaller
than that of the unfilled sample.

2.3. Time resolved small angle light scattering (TR-SALS)

Small amount of sample was sandwiched between two

PEI
? 0
\
N | N
Ne 0 C "0 c
0 L o n
CH;
DGEBA
o ‘CHs CH; 0
CH; CHCH,0— € () OCHCHCH,0 L ¢ OCHCH CH,
CH'; OH 0.18 CH';
DDS
HN () S~ )—NH,
C180H MMT
(ICH2)17CH3 -
H3C—I‘\J_CH3
(CH,CH O H

Fig. 1. The chemical structures for DGEBA, DDS, PEI and C180OH.
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Table 1
Compositions of the samples used in the study

Unfilled sample (g) Filled sample (g)

PEI 1.4 1.4
Epoxy 5.0 5.0
DDS 1.59 1.59
OLS 0 0.6

glass cover slides and pressed into thin film on a hot stage
preheated to 90 °C. The unfilled sample films are
transparent, while the filled samples are nearly optically
clear with only faint blue tint like that usually observed in
microemulsions, obviously, this results from the refractive
index difference between organic modified MMT and
PEl/epoxy matrix.

The laboratory-made time-resolved small angle light
scattering apparatus as was used in our proceeding studies
[44,45] was employed to investigate the isothermal-curing-
induced phase separation behavior of the hybrid nanocom-
posite in this study. The scattering patterns were recorded by
a CCD camera at appropriate time intervals and relationship
between scattering intensity and scattering vector were
obtained by on-line circular averaging the intensity of the
radius symmetric scattering pattern. The integral scattering
intensity Q, as is defined in Eq. (1), a parameter reflecting
the density inhomogeneity, is also obtained in real time.

0 = [I(9)g*dg = (1 — ¢$)An? (1)

in which, g, I(q), ¢ and An are the scattering vector, the
scattering intensity at scattering vector ¢, the volume
fraction of one component and the difference in refractive
index of the two phases, respectively.

2.4. Scanning electron microscope observation

The samples were placed in a hot oven at 120, 140, 170,
190, 200 and 210 °C, respectively. The cure profile was
given in the Table 2. Time for the cure reaction at various
temperatures was different. At cure temperatures low than

Table 2
The cure profiles for the unfilled samples (from (a-1) to (a-6)) and filled
samples (from (b-1) to (b-2))

Sample Cure profiles

a-1 Step 1: 120°C 48 h; Step 2: 180°C 2 h
b-1

a-2 Step 1: 140°C 12 h; Step 2: 180°C 2 h
b-2

a-3 Step 1: 170°C 4 h; Step 2: 180°C 2 h
b-3

a-4 Step 1: 190°C 3 h

b-4

a-5 Step 1: 200°C 2 h

b-5

a-6 Step 1: 210°C 2 h

b-6

180 °C, it was difficult for the samples to complete the cure
reaction, so the samples were post-cured at 180 °C for
another 2 h to ensure a full conversion of the cure reaction.
After the cure reaction, the samples were fractured and
placed into methylene chloride and stirred fierily for more
than 48 h to make sure that the soluble thermoplastic PEI
was completely removed. The fractured and rinsed samples
were then coated with gold for the SEM observation. The
apparatus used in this study was JSM-5510LV from the
JEOL Ltd, Japan. All experiments were carried out using a
voltage of 20 kV.

2.5. X-ray diffraction (XRD) and thermogrametric analysis
(TGA)

Powder X-ray diffraction (XRD) measurements were
conducted using a Rigaku D/max 2500 PC diffractometer
with a Cu Ka radiation (A=0.154 nm), a tube voltage of
50 kV and a tube current of 40 mA. The scanning speed and
the step size were 2°min~ ' and 0.02°, respectively. The
range of the 26 of the scanning X-ray was from 0.5 to 30.0°.
The specimens for the XRD measurement were disks with
diameter of 2 cm and thickness of 2 mm prepared in a
silicone rubber mold.

The residual weight of C1SOH-Mt was measured by
using a Perkin—Elmer Pyrisl thermogravimetry (TG). To
determine whether OLS preferentially distributes in the
epoxy-rich or uniformly in the specimen, the average
residual weight in the whole specimen was measured and
compared with that in the epoxy-rich phase. First, two
specimens were cured at 160 °C for 4 h. Then, the residual
weight in the unrinsed specimens was measured. Another
specimen was sufficiently rinsed in methylene chloride to
remove the soluble PEI-rich phase as far as possible. The
residual weight in the etched specimen, i.e. in the epoxy-
rich phase, was then measured. The measurements were
conducted under a dry airflow at a heating rate of 10 °C/min,
and the amounts of undecomposed fractions in the products
were determined by the residual weight after heating to
900 °C.

3. Results and discussions

3.1. Influence to the morphology

Fig. 2 presents the SEM images of the solvent-etched
cross-section of the PEl/epoxy mixture and PEIl/epoxy/OLS
hybrid nanocomposite after being cured at various
temperatures. The shape and size of the PEl-rich phase is
thought to be the same to that of the holes.

For the unfilled samples, a co-continuous morphology
can be observed at the cure temperatures of 120 °C (a-1) and
140 °C (a-2). Obviously, the holes in images (a-1) and (a-2)
has an irregular shape. This structure is commonly observed
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during the early and intermediate stage of spinodal
decomposition of binary polymer blends.

However, for samples cured at 170 °C (a-3), it is found
that large amount of spherical holes can be observed. These
holes are apparently isolated, indicating that the PEI-rich
phase exists in a form of disrupted spheres in the epoxy-rich
matrix. It is interesting that the dispersion of the holes in the
matrix is not spatially uniform, on the contrary, some holes
line up, indicating that the holes come from the shrinkage
and subsequent interruption of the PEl-rich threads at the
late stage of phase separation. As a comparison, a SEM
image for the unfilled specimen cured at 170 °C for 25 min
without post-cure is given in Fig. 3. A co-continuous
morphology can be observed, indicating that the phase
separation at 170 °C also follows the SD mechanism and the

spherical morphology is a result of the interruption of the
PEI-rich thread instead of the nucleation-growth (NG) phase
separation.

For the samples cured at temperatures higher than 190 °C
((a-4)—(a-6)), the fractured cross-section of the samples
were relatively smooth and no etch holes can be observed.
So it is believable that phase separation has been suppressed
greatly. And as is well known, the smooth fractured cross-
section usually results from a brittle impact fracture,
indicating the poor toughness of the samples. As was
reported in the literature [20,21], the PEI/epoxy mixture has
the upper critical solution temperature (UCST) behavior. At
phase separation temperatures approaching the cloud point,
the composition difference between two phases can be very
small. Therefore, the PEI-rich phase cannot be rinsed.

X1, B00  fBum BO66

Fig. 2. SEM images for the unfilled PEl/epoxy mixtures (from (a-1) to (a-6)) and those filled with OLS (from (b-1) to (b-6)), after being cured at 120 °C ((a-1),
(b-1)); 140 °C ((a-2), (b-2)); 170 °C ((a-3), (b-3)), 190 °C ((a-4), (b-4)); 200 °C ((a-5), (b-5)) and 210 °C ((a-6), (b-6)), respectively. All the samples were rinsed

sufficiently by using methylene chloride.



M. Peng et al. / Polymer 46 (2005) 76127623 7617

o/ JUN 84
. ’r L

Fig. 3. The SEM image of the PEl/epoxy mixture cured at 170 °C for
25 min.

For the filled specimens from (b-1) to (b-6), the
interconnected morphology can be observed for all the
samples, regardless of the cure temperature. The etch holes
are of irregular shape and connect with each other. This
indicates that the phase separation mechanism of the filled
samples follows the SD mechanism at all the temperatures.

It should be emphasized that at temperatures higher than
190 °C, the co-continuous structure can still be observed.
The difference can also be easily determined through the
sample appearance. Filled samples turned to be opaque
gradually with the proceeding of the cure reaction at
temperatures higher than 190 °C, while the unfilled samples
were almost transparent, indicating the optical homogeneity
in the samples.

3.2. Influence to the periodic distance

Figs. 4 and 5 give the temporal evolution of scattering
patterns and the scattering profiles against scattering vectors
for the (a) unfilled and (b) filled specimens at the cure
temperature of 170 °C. The definition of scattering vector is
q = (47/A)sin(6/2), in which 6 and A are the scattering angle
and the wavelength of laser, respectively. It can be found
that ¢,,, the scattering vector with maximum scattering
intensity, for the filled specimen is larger than that of the
unfilled sample. What should be noted is that the final g,
value for the filled specimen is fixed at 1.22 um ™', so, the
wavelength of composition fluctuation, A,,=2m/q,,, or in
other words, the periodic distance of the phase separated
structure, is 5.15 um. As to the unfilled specimen cured at
170 °C, it can be found in Figs. 4(a) and 5(a) that the
scattering ring rapidly shrinks. The ¢, value at the
scattering peak is smaller than 0.5 um~' before being
fixed. This means that the average domain size should be
larger than 12.6 um, but unfortunately, it is too large to be
determined correctly by our apparatus. Similarly, the final
gm or A, values for the unfilled specimens cured at 160 and
180 °C also cannot be determined. Fig. 6 gives the periodic
distances for the filled and unfilled specimens cured at

various temperatures. The solid lines in the figure are used
to guide the sights of the readers. It is noted that the A,
values for OLS-filled specimens increase from 4.8 to
7.4 um ™' when the cure temperature increase from 120 to
220 °C. These values in fact are in good agreement with
what we can observe in the SEM images of Fig. 2(b-1)—(b-
6). The periodic distances of unfilled specimens are larger
than that of the filled samples when the cure temperature is
lower than 180 °C. This indicates that the coarsening of
domain size of OLS filled specimens was greatly diminished
as the result of OLS incorporation.

Fig. 7 gives the double logarithmic plots of ¢, and I,
(maximal scattering intensity) against time for the filled and
unfilled specimens cured at 170 °C. Several important
features should be noted in this figure. First, one can find
that onset of phase separation of filled specimen occurs
much earlier than that of unfilled specimen, since g, and I,,,
appears much earlier. Then, ¢,, values of filled specimen
decrease in a slower rate than that of unfilled specimen since
its absolute value of slope is smaller, as is shown by the
triangles in the figure. Thirdly, ¢,, reaches to its equilibrium
much earlier than that of unfilled specimen and the final g,
is much larger than that of the unfilled specimen. Specimens
cured at other temperatures also show the same character-
istics. This indicates that the coarsening of domain size
during phase separation has been greatly diminished after
OLS being incorporated, which is in consistence with the
theoretical calculation [1] and experimental results [4]
basing on the influence of hard particles to the isothermally-
induced phase separation behavior of binary polymer
blends.

3.3. Time evolution of integral intensity

Fig. 8(a) and (b) presents the temporal evolution of
integral scattering intensity Q for the filled and unfilled
samples at various isothermal reaction temperatures. The
onset time for phase separation, gelation or vitrification and
the end of phase separation are denoted by Z, fge and feng,
respectively. For the unfilled specimens, the Q values keep
invariant before f.s indicating that no phase separation
occurs. But for the filled samples, it is interesting that the Q
values slightly increase with time before ., instead of being
invariant. This is related to the influence of OLS. From the
scattering profile in Fig. 5(b), one can find that during this
stage the scattering light for all the scattering vectors
increases gradually and have no scattering peak, indicating
that no spatial periodicity in the composition fluctuation. It
can be confirmed that OLS have different refractive index
with that of the matrix and with the proceeding of curing
reaction, the refractive index of the matrix increase with
time, this increases the difference of refractive index
between OLS and the matrix, and then brings about the
increased Q values (Eq. (1)). In the case of the occurrence
of phase separation, the scattering light originated from
the refractive index differences between the PEI-rich and
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Fig. 4. The temporal evolution of scattering patterns for (a) PEl/epoxy mixture and (b) PEI/epoxy/OLS mixture at the cure temperature of 170 °C.

epoxy-rich phases is so strong that the scattering light
related to OLS can be omitted. Therefore, we believe that
light scattering is applicable to this hybrid system.

fge1 1s determined by the time at which the slope for the
increase in Q decreases abruptly (Fig. 8) and ¢, turns to be
invariant in the scattering profiles (Fig. 5(b)). When gelation
or vitrification occurs, the mass transport across the
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Fig. 5. The temporal evolution of scattering intensity profiles for (a) the
PEl/epoxy mixture and (b) the PEl/epoxy/OLS mixture at the cure
temperature of 170 °C. The arrows in (b) indicate that the maximum
scattering vector keep invariant at the beginning of SD and after the
gelation or vitrification.

boundary between two phases turns to be slower and the
evolution of domain size is suppressed. Unfortunately, for
the unfilled specimens cured at temperature higher than
160 °C, it is impossible to determine the 7, and Z.,q values,
since as mentioned above, the scattering ring decreases is
too small to be determined correctly.

Table 3 presents the #o, foe1 and feqq values for various
reaction temperatures. It is noted that these values are
greatly brought forward when OLS is incorporated. We
define the relative gelation time (t,, ;) as the ratio of (zye1—
fos) Against (fena—los)- It should be noted that #, . for the
filled specimens is smaller than that of the unfilled
specimens. This indicates that gelation or vitrification
occurs at relatively earlier stage, which helps us better
understand the mechanism for the formation of inter-
connected structure in epoxy/PEI/OLS mixture.

Fig. 8(b) presents the time dependence of Q of the filled
and unfilled samples at temperatures higher than 190 °C. For
the filled samples, the Q values increase sharply even at
temperatures as high as 220 °C as the result of apparent
phase separation. A notable increase in the Q values for the
unfilled PEI/epoxy mixture cured at 190 and 200 °C can also
be observed but the maximum Q values are much smaller.
This indicates that the composition difference between the
two phases is limited. Fig. 9 compares the scattering profiles
of filled and unfilled specimens cured at 190 °C. It can be
found that for the unfilled specimen, phase separation is
greatly suppressed. We observe the same phenomenon for
the specimens cured at 200 °C. As to higher cure

12

um
©
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m
@)

120 140 160 180 200 220
Temperature /°C

Fig. 6. The temperature dependence of the final periodic distance, A,,, for
() the PEl/epoxy and (O) the PEl/epoxy/OLS mixtures.
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plots qualitatively.

temperatures, the Q values keep almost invariant for the
unfilled specimens, indicating the complete suppress of
phase separation.

As was mentioned above, in the SEM images of (a-4)—(a-
6) in Fig. 2, no observable etched holes of the PEl-rich
phase can be observed for the unfilled specimens cured at
temperatures higher than 190 °C. Whereas, the SALS
measurements confirm the occurrence of phase separation
at these temperatures. This phenomenon can be interpreted
as follows. At cure temperatures approaching the cloud

2500F o 120°C unfilled
o 140°C unfilled tend
- 2000F 2 170°C unfilled
g = 120°C filled
— 1500L ® 140°C filled
2 A 170°C filled )
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Fig. 8. Evolution of integral scattering intensity Q at cure temperatures of
(a) 120, 140, 170 °C, and (b) 190, 200, 210 and 220 °C, respectively, for
filled and unfilled PEl/epoxy mixtures.

point, phase separation is suppressed and the composition
difference between the epoxy-rich and PEI-rich phases is
quite limited and the PEI-rich phase cannot be removed by
methylene chloride.

Above results indicate that the OLS has greatly increased
the phase separation temperature of the PEI/epoxy mixture
by about 20 °C. As was mentioned in the experimental
section, the total content of PEI in the filled samples is
smaller than that of the unfilled ones. Decreasing PEI
content usually results in a decrease in cloud point, but it is
very interesting that incorporation of OLS to the PEl/epoxy
mixture results in a great increase in cloud point.

3.4. XRD and TG measurements

Fig. 10 shows the X-ray diffraction patterns over the
range of 260=0.5—10° of C180H-Mt and the PEl/epoxy/
OLS mixtures before and after the cure reaction. C18OH-Mt
has a strong diffraction peak at 26=4.5°, i.e. with an
intercalated spacing of dpp; =1.96 nm. After being mixed
with epoxy oligomer, DDS and PEI by solution mixing and
drying, the main diffraction peak shifted to 26=2.38°,
indicating that the intercalated spacing increased to dyg; =
3.68 nm as the result of swelling of C1SOH-Mt in the
oligomer mixture. The strong diffraction peaks at 20=
4.78°, 260=7.12° and 26=9.52°, corresponding to the
interlayer spacing of 1.84, 1.24 and 0.92 nm, respectively.
By using the Bragg-law, it can be confirmed that these
diffraction peaks correspond to the (002), (003), and (004)

Intensity / a.u.

Intensity / a. u.

N —euunm

05 10 15 20 25 3.0
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Fig. 9. Comparison of the temporal evolution of scattering profiles for (a)
the filled specimen and (b) the unfilled specimen at the cure temperature of
190 °C.
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Table 3
The time for the onset of phase separation, the gelation or vitrification, the end of phase separation and the relative gelation time for the filled and unfilled
specimens
T (°C) Epoxy/PEIL Epoxy/PEI/OLS

Tos (g) tgl (g) Tend (q) tgcl, r tos (g) tg] (g) Tend (g) tchr
120 7150 8670 13,780 0.229 4967 6340 12,130 0.192
130 4728 5605 8902 0.210 3518 4200 7180 0.186
140 3035 3600 5750 0.208 2043 2428 4050 0.192
150 2066 2420 3749 0.210 1413 1780 3420 0.183
160 1344 - - - 1060 1330 2541 0.182
170 979 - - - 770 915 1625 0.170
180 731 - - - 568 730 1550 0.165
190 560 - - - 437 548 1156 0.154
200 494 - - - 310 390 820 0.157
210 - - - - 220 286 645 0.155
220 - - - - 168 200 372 0.157

planes of C18OH-Mt in the matrix. This indicates that the
intercalated and stacked structure of OLS in the matrix of
oligomer mixture is very regular. More important, there is a
small diffraction peak at 20=0.82°, which corresponds to
the interlayer spacing of 10.7 nm. This indicates that part of
OLS in the oligomer mixture has a nearly exfoliated
structure before the cure reaction. In Fig. 10(c), it can be
found that the main diffraction peak is at dpp; =3.80 nm,
which is only slightly larger than that before curing,
indicating that the intercalated spacing has been slightly
enlarged. Furthermore, it should also be noted that the
height of the main diffraction peak turned to be lower and
the width of the peak, i.e. the width at the half-maximum of
the peak, turned to be much wider than that before curing.
There also appeared a shoulder-peak at the left side of the
main diffraction peak with the 26 =1.42° and the spacing of
6.2 nm. This indicates that more epoxy molecules inter-
calate into the intergallery region of OLS, resulting in the
further swelling of OLS during the cure reaction. At the
same time, in comparison with the XRD pattern in
Fig. 10(b), the diffraction peak at 10.7 nm in the uncured
specimen disappeared after cure reaction. A reasonable

I 380 nm

3.68 nm

1.84 nm (b)

10.7 nm
1.24 nm 0.92

nm

1.96 nm

Relative Intensity (a.u

Fig. 10. The XRD diffraction patterns for (a) organic modified MMT
C180H-Mt; (b) PEI/epoxy/OLS mixture before curing reaction and (c) the
PEl/epoxy/OLS mixture after being cured at 170 °C for 4 h.

explanation to this phenomenon is that this peak shift to
lower diffraction angle that cannot be detected because of
the complete exfoliation of this part of OLS in the matrix
during the cure reaction. As was reported in the literature
[46-48], OLS in DGEBA could be completely exfoliated
when using DDS as the curing agent. Our study indicate that
high molecular polymer like PEI has negative impact to the
exfoliation behavior of OLS in the epoxy matrix. But it can
be concluded that after curing, the OLS in the epoxy/PEI
hybrid nanocomposite have a mainly intercalated structure
accompanied by a partly exfoliated structure.

Results of TG measurements were given in Fig. 11. The
residual weight in the C18OH-Mt is 68.9% by weight. The
residual weight in the unetched specimen is 4.52 wt%,
which is close to 4.80 wt%, the theoretically calculated
residual weight according to the concentration of OLS in the
whole mixture. What should be noted is that the residual
weight in the epoxy-rich region, namely, in the sufficiently
etched specimen, is 5.40 wt%, which is much higher than
the average residual weight in the whole mixture. Basing on
this fact, one can conclude that OLS is preferentially
wettable to epoxy oligomer and/or its curing agent. During
the reaction-induced phase separation, OLS gradually
concentrate in the epoxy-rich region.

3.5. Mechanism for the interconnected morphology

The final morphology of reaction-induced phase-separ-
ation mixture is fixed when gelation or vitrification occurs.
The phase separation structure is usually interconnected
when it is fixed at the early stage or the intermediate stage.
Here, we consider the mechanism for the formation of
interconnected structure observed in the filled specimens
cured at relatively high temperatures.

Park [48], Simon [49] and some other authors investi-
gated the influence of OLS to the cure reaction of DGEBA
type epoxy, and found that the cure reaction rate was
increased because of the catalytic effect of protonated
alkylammonium cation in the OLS to the cure reaction of
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Fig. 11. The TGA cures for C180H-Mt, not-rinsed specimen of
PEI/epoxy/OLS mixture and sufficiently rinsed specimen of PEl/epox-
y/OLS mixture in methylene dichloride.

epoxy. This can interpret the earlier onset of phase
separation and gelation time for filled specimens. However,
the relaxation of I, and ¢, slows down, indicating that
phase separation rate is obviously decreased for the filled
mixture. Hence, the phase structure at the early or the
intermediate stage of phase separation can be more easily
fixed.

We believe that the delayed relaxation rate of SD is
related to the increased viscosity of the system. Many
authors [40,42,43] have investigated the influence of OLS
on the viscoelasticity behavior of the OLS based
nanocomposites for various polymer matrixes. It has been
found that the zero shear viscosity of the OLS containing
polymer increase with the increase of clay content and is
related with the structure of OLS dispersing in the matrix.
OLS can be intercalated, partially or completely exfoliated
in the polymer matrix. Not only for samples with completely
exfoliated OLS but also for those with only intercalated or
partially exfoliated OLS, the viscosity can be increased
greatly. Increase in zero shear viscosity by several times,
and in some cases by one or even more order of magnitudes
can be observed. And non-Newtonian fluid behavior, such
as the strong shear thinning or a solid-like yielding behavior
can also be observed in these materials. The strong
interaction between epoxy molecules and the surface of
silicate platelets resulting from the chemical reaction and
physical adhesion, and the geometric confinement effect of
inorganic fillers to the mobility of molecules are crucial to
the increased viscosity. In our experiment, the specimen has
intercalated and partially exfoliated structure, and the OLS
particles concentrate in the epoxy-rich region, therefore, it is
reasonable to believe that the viscosity of the epoxy-rich
region is increased obviously compared with that of neat
resin.

In the early stage of SD, an exchange of mass occurs
across the boundary of the two phases, and molecules
diffuse from lower concentration region to higher concen-
tration region, therefore, the phase separation is strongly
controlled by the mass transport efficiency of the system.
The relationship between the time evolution of concen-
tration and the mobility coefficient can be described by

using the well-known Cahn-Hilliard equation for SD
kinetics, as follows:

dp P N2, oo

where M, ¢, k and f are the mobility coefficient, the volume
fraction of one component, the gradient energy coefficient,
and the free energy of mixing, respectively. The definition
of mobility coefficient M of an uncharged solid single
sphere with the radius of a in the well-known Einstein—
Stokes equation is defined as M = 67na, where 7 is the fluid
medium viscosity. Although this definition is limited to a
single sphere in an unbounded fluid and the practice system
is much more complicated, the fact that M is direct
proportional to the medium viscosity indicates that the
relaxation time of SD increases with the medium viscosity
at the early stage of SD.

At the late stage of phase separation, the coarsening of
domain size is mainly determined by the viscosity and
interface tension and follows Siggia’s equation: dR/dt o 6/n
in which R is the diameter of the domain size, n is the
viscosity, 0 is the interface tension [50]. The increase in
viscosity brings about the delayed coarsening of the domain
size. At the same time, the shape relaxation time from a thin
thread to a sphere and can be characterized by a time of nR/
[26]. Hence, the increases in viscosity enlarge the shape
relaxation time for the OLS containing composites, namely
the co-continuous phase structure at early stage of phase
separation can be more easily fixed. Therefore, an increased
viscosity facilitates the formation of co-continuous structure
by influencing both the early and late stage of phase
separation.

3.6. Influence to the cloud point

Lipatov [6] found that fumed silica increased the cloud
points of PMMA/PVA by about 10 °C, resulting from the
change of interactions among the components. In our study,
the phase separation temperature of PEl/epoxy mixture is
increased by more than 20 °C. As far as we know, no other
filler particles like OLS having such strong effect to the
miscibility and cloud point have been reported before. This
phenomenon may be qualitatively explained by the possible
influence of C180OH modified MMT to the interaction and
miscibility between PEI and epoxy. But we believe that the
intercalation or exfoliation behavior of OLS during the cure
reaction should also be taken into consideration. As was
observed in the TG measurement, OLS particles were
preferentially included in the epoxy-rich region. This
phenomenon was not only resulted from the physically
preferential wetability of OLS to epoxy but also resulted
from the chemical reaction of protonated alkylammonium
cation with epoxy oligomer and the diffusion of molecules
into the intergallery region of the C180H modified MMT.
PEI is a polymer with slower diffusivity than that of epoxy
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oligomer and does not react with C180H, therefore, it is
reasonable to speculate that the epoxy oligomer selectively
diffuse into the intergallery region of OLS, i.e. more epoxy
oligomer molecules than PEI molecules diffuse into the
intergallery of OLS, bringing about the increase in PEI
concentration in the extragallery region and so the increased
cloud point of the whole mixture. This speculation can be at
least partially supported by the SEM images of PEl/epoxy/
OLS mixtures in Fig. 2 and those with larger magnification
presented in Fig. 12, in which one can observe a large
amount of interconnected small epoxy-spheres with
diameter of about 1-2 um in the etched holes, namely, the
PEI-rich region. Similar nodular structure can be hardly
observed in samples without OLS in our experiments and
can usually be observed in PEl/epoxy mixture with higher
PEI concentration [51].

4. Conclusion remarks

We investigated the influence of OLS to the reaction-
induced phase separation behavior of thermoplastic/epoxy
mixture by using SALS and SEM over a wide cure
temperature range. Although the transparency of OLS
containing samples was not as good as that of binary
polymer blends, the results indicated that light scattering of
OLS is quite limited and the SALS was appropriate to the
study of phase separation behavior of OLS filled nano-
composites. SD mechanism was observed in the hybrid
nanocomposites. More important, it was found that OLS
greatly affected the phase separation behavior both
thermodynamically and kinetically. Apparent SD for
samples filled with OLS could be observed at temperatures
much higher than the phase separation temperature of
unfilled specimens. The coarsening of SD was also
obviously diminished, resulting in phase-separated structure
with fine periodic distances. At the same time, the final
morphology of the hybrid nanocomposite was intercon-
nected at the cure temperature even higher than 190 °C, in
contrast with the fact that the unfilled PEl/epoxy mixtures
having interconnected phase morphology only at the cure
temperatures lower than 140 °C. In the viewpoint of
applications, our study can broaden the potential appli-
cations of OLS. In comparison with the previous studies,
incorporation of OLS is a novel, facile and effective method
to create thermoplastics/epoxy blends with an intercon-
nected morphology and modified toughness at relatively
high cure temperatures.
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Fig. 12. SEM images of the connected-globular structure in the PEI-rich
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