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Abstract

Thermosetting polymer blends of poly(ethylene oxide) (PEO) and bisphenol-A-type epoxy resin (ER) were prepared using 4,4’-methyl-
enebis(3-chloro-2,6-diethylaniline) (MCDEA) as curing agent. The miscibility and crystallization behavior of MCDEA-cured ER/PEO
blends were investigated by differential scanning calorimetry (DSC). The existence of a single composition-dependent glass transition
temperature (7) indicates that PEO is completely miscible with MCDEA-cured ER in the melt and in the amorphous state over the entire
composition range. Fourier-transform infrared (FTIR) investigations indicated hydrogen-bonding interaction between the hydroxyl groups of
MCDEA-cured ER and the ether oxygens of PEO in the blends, which is an important driving force for the miscibility of the blends. The
average strength of the hydrogen bond in the cured ER/PEO blends is higher than in the pure MCDEA-cured ER. Crystallization kinetics of
PEO from the melt is strongly influenced by the blend composition and the crystallization temperature. At high conversion, the time
dependence of the relative degree of crystallinity deviated from the Avrami equation. The addition of a non-crystallizable ER component
into PEO causes a depression of both the overall crystallization rate and the melting temperature. The surface free energy of folding o
displays a minimum with variation of composition. The spherulitic morphology of PEO in the ER/PEO blends exhibits typical characteristics
of miscible crystalline/amorphous blends, and the PEO spherulites in the blends are always completely volume-filling. Real-time small-angle
X-ray scattering (SAXS) experiments reveal that the long period L increases drastically with increasing ER content at the same temperatures.
The amorphous cured ER component segregates interlamellarly during the crystallization process of PEO because of the low chain mobility
of the cured ER. A model describing the semicrystalline morphology of MCDEA-cured ER/PEO blends is proposed based on the SAXS
results. The semicrystalline morphology is a stack of crystalline lamellae; the amorphous fraction of PEO, the branched ER chains and
imperfect ER network are located between PEO lamellae. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Miscible blends containing a crystallizable component
have attracted considerable interest. Little attention has,
however, been paid to miscible or even partially miscible
blends of thermosetting resins with a crystallizable linear
polymer before 1989 [1-4]. From a consideration of ther-
modynamics, an increase in the molecular weight of either
of the components of a miscible blend should reduce the
entropy of mixing. Consequently, phase separation induced
by cross-linking is expected for systems with a positive
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(endothermic) enthalpy of mixing [1]. Miscibility and
hydrogen bonding interactions between the components
have, however, recently been observed in a few cases,
even for some highly cross-linked blends [5-10]. The
hydrogen-bonding interaction was considered to be the driv-
ing force for the miscibility, and it is responsible for the
favorable exothermic heat of mixing that is the thermo-
dynamic basis of the miscibility in these thermosetting
polymer blends.

Crystallization in thermosetting polymer blends contain-
ing a crystallizable thermoplastic component will actually
be greatly affected by both the miscibility and phase beha-
vior of the crosslinked blends and the topological effect of
the network. The crystallization kinetics and semicrystalline
morphology in miscible thermosetting polymer blends
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containing one crystallizable component have hitherto
received relatively little attention. In such systems, curing
results in chain extension, branching, crosslinking and
significant changes in chemical and physical properties of
the non-crystallizable component. This may influence the
chain mobility and the free energy of nucleation, and
hence have dramatic influence on the crystallization of the
crystallizable component. It is however rather difficult to
image the segregation process of a crosslinked, thermoset-
ting polymer in the blend during the crystallization process
of the crystallizable component. The topological influence
of the network of crosslinked component on the crystalliza-
tion and segregation should be considerable. It is therefore
important to investigate the semicrystalline morphology and
lamellar structure of this type of thermosetting polymer
blends.

Thermosetting polymer blends of poly(ethylene oxide)
(PEO) with several cured epoxy resins have been examined
previously [9-12]. It was shown that the miscibility of an
epoxy resin with a linear polymer is very dependent on the
nature of curing agent. Below we present results of an inves-
tigation on a completely miscible thermosetting polymer
blend of PEO and bisphenol-A-type epoxy resin (ER)
cured with 4,4/—methylenebis(3—chloro—2,6—diethylaniline)
(MCDEA). Miscibility, thermal properties and isothermal
crystallization kinetics of the MCDEA-cured ER/PEO
blends are studied using differential scanning calorimetry
(DSC). Fourier-transform infrared (FTIR) spectroscopy is
used to study the hydrogen-bonding interaction between
the components. Real-time small-angle X-ray scattering
(SAXS) experiments have been performed to investigate
the semicrystalline morphology, which provides important
information on the crystalline lamellar structure of PEO and
segregation of the amorphous MCDEA-cured ER compo-
nent in this type of blends. On the basis of the SAXS results,
a model describing the semicrystalline morphology and
lamellar structure of MCDEA-cured ER/PEO blends is
proposed.

2. Experimental
2.1. Materials and sample preparation

Poly(ethylene oxide) with a viscosity-average molecular
weight of 17,000 and a polydispersity of 1.35 was obtained
from Janssen Chemical Company, Belgium. The uncured
epoxy resin is diglycidyl ether of bisphenol A (DGEBA)
(Epikote 828EL, Shell Company, Netherlands) and has an
epoxide equivalent weight of 190. Prior to use, it was
degassed under vacuum at 120°C for at least 24 h to remove
any volatile impurities. 4,4’-methylenebis(3-chloro-2,6-
diethylaniline) (MCDEA) (Aldrich Company, Inc., USA)
was used as curing agent.

To prepare the MCDEA-cured ER/PEO blends, PEO was
first dissolved in ER by continuous stirring at 90°C. The

curing agent MCDEA was then added to the mixture by
continuous stirring until a homogeneous ternary mixture
was obtained. The amount of MCDEA used in the mixtures
was 50 wt% relative to the content of DGEBA, i.e. with
MCDEA/DGEBA = 50/100 (w/w) in the mixtures, which
is approximately in stoichiometric epoxide/amine ratios.
The samples of ternary mixture were cured successively at
130°C for 2 h, 150°C for 2 h and 170°C for 2 h.

2.2. Differential scanning calorimetry (DSC)

The calorimetric measurements were made on a Perkin—
Elmer DSC-7 differential scanning calorimeter in a dry
nitrogen atmosphere. Indium and tin standards were used
for calibration for low and high temperature regions, respec-
tively. The sample weight used in the DSC pan was about
8 mg. All samples were first heated to 100°C at a rate of
20°C/min (first heating scan) and kept at that temperature
for 2 min; subsequently they were cooled at a rate of
—20°C/min to detect crystallization (cooling scan). Follow-
ing the cooling scan, a second scan was conducted at the
same heating rate as the first. The midpoint of the slope
change of the heat capacity plot of the second heating
scan was taken as the glass transition temperature (7).
The crystallization temperature (7,) was taken as the mini-
mum of the exothermic peak, whereas the melting tempera-
ture (7T,) was taken as the maximum of the endothermic
peak. The heat of fusion (AH;) and the heat of crystallization
(AH,) were evaluated from the areas of the melting and
crystallization peaks, respectively.

For the study of isothermal crystallization, the samples
were first heated to 100°C and maintained at this tempera-
ture for 5 min to erase their thermal histories. They were
then cooled to the appropriate crystallization temperature,
T,, at a rate of 100°C/min. The heat generated during the
development of the crystalline phase was recorded up to
a vanishing thermal effect and analyzed according to
the usual procedure to evaluate the relative degree of
crystallinity, X,

" (0H

J, (5 )
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© (oH

J, (5 )
n \ 0f JTp

where ¢ is the time at which the sample reaches isothermal
conditions, as indicated by a flat base line after an initial
spike in the thermal curve.

To study the melting behavior, the isothermally crystal-
lized samples were subsequently reheated to 80°C at a rate
of 20°C/min. The position of the maximum of the endother-
mic peak was taken as the melting temperature, T,.

X, = (D

2.3. Fourier-transform infrared (FTIR) spectroscopy

FTIR measurements were made with a Perkin—Elmer
2000 Fourier-transform infrared spectrometer for the
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Fig. 1. DSC thermograms of the second scan of the MCDEA-cured ER/PEO
blends after the cooling scan. The heating rate is 20°C/min.

cured ER/PEO blends. Little lumps scraped from the cured
samples were mixed with KBr in a mortar and then
grounded into fine powder, which was further pressed into
thin sheets for FTIR measurements. All spectra were
recorded at room temperature and signal-averaged over 64

scans at a resolution of 2 cm ™.

2.4. Morphological observations

The overall morphology of the pure PEO, the ER/PEO
blends, as well as the MCDEA-cured ER/PEO blends was
investigated by optical microscopy using an Olympus BH2
apparatus equipped with cross-polarizers. The samples
between two glass covers were crystallized from the melt
before observation.

Table 1

Thermal properties from the second scans of MCDEA-cured ER/PEO blends

4129

2.5. Real-time SAXS measurements

Time-resolved SAXS measurements were carried out on
the double focusing monochromator-mirror camera X33
[13] of the EMBL in HASYLAB on the storage ring
DORIS I of the Deutsches Electronen Synchrotron
(DESY) in Hamburg using a wavelength of 0.15 nm.
Samples about 1 mm thick were sealed between thin
(70 pwm) aluminum foils and placed in a Mettler FP-82 hot
stage mounted in the X-ray beam path. During these experi-
ments, the specimens were first kept at 80°C for 1 min and
then cooled at 10°C/min to 20°C; they were kept at 20°C for
15 seconds, followed by heating to 80°C at 10°C/min. The
SAXS patterns were collected every 15 seconds, corre-
sponding to a temperature increment of 2.5°C. The data
were processed using the OTOKO software package [14].
The original SAXS data were smoothed and corrected for
background scattering by the subtraction of an amorphous
sample in the molten state.

3. Results and discussion
3.1. Miscibility and thermal properties

The MCDEA-cured ER/PEO blends with 30 wt% or
higher PEO were opaque at room temperature; this resulted
from the crystallization of PEO in the blends. All the blends
were however transparent just above the melting point of
PEO, indicating that PEO and the cured ER are miscible in
the molten state. The DSC thermograms of the second scan
of the MCDEA-cured ER/PEO blends are shown in Fig. 1
and the results are summarized in Table 1 and Fig. 2. The
degree of crystallinity, X., was calculated by the following
equations:

X.(blend) = (AH; + AH,)/AH® (2)

X.(PEO) = X.(blend)/W(PEO) 3)

where AH® =205J/g is the heat of fusion of 100%
crystalline PEO [15], AH; is the heat of fusion of the

ER/PEO T, (°C) T (°C) AH; (J/g blend) T. (°C) AH, (J/g blend) X (blend) (%) X(PEO) (%)
0/100 —62 65 166.2 81.1 81.1
10/90 —25 63 139.8 68.2 75.8
20/80 —14 61 122.0 59.5 74.4
30/70 —28 60 105.5 51.5 73.5
40/60 —37 59 82.6 —14 —66.5 79 13.2
50/50 —28 57 589 22 —52.6 3.1 6.2
60/40 -9

70/30 18

80/20 49

90/10 80

100/0 138
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Fig. 2. Thermal properties of the second scan of the MCDEA-cured ER/
PEO blends. (®) Experimental plot of 7, vs. overall blend composition, (O)
plot of T, vs. calculated amorphous composition, and (- — — —) theoretical
curve of T, vs. composition as predicted by the Gordon—Taylor equation
using a k value of 0.25. The T.(cooling) (1) as a function of composition is
also given.

blend and AH, is the heat of crystallization during the same
heating scan.

As illustrated in Fig. 1, the blends display a single,
composition dependent T,, strongly indicating that the two
components are miscible in the amorphous state. The 7,
value of the blends as a function of their composition is
given in Fig. 2 (full circles). The T,-composition depen-
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Fig. 3. Crystallization curves of the MCDEA-cured ER/PEO blends during
the cooling at —20°C/min.

dence can be described using the Gordon—Taylor equation
(16]

Ty(blend) = (W(PEO)T,(PEO) + kW(ER)T,(ER))/(W(PEO)

+ kW(ER)) 4)

where T,(blend) is the glass transition temperature of the
blend, T,(ER) and T,(PEO) are the T,'s of plain ER and
PEO, respectively, W(ER) and W(PEO) represent the
weight fractions of ER and PEO, respectively, and k is a
constant. The broken curve in Fig. 2 is drawn using a
k-value of 0.25.

Fig. 2 illustrates that for the ER/PEO blends with 70 wt%
or more PEO, the values of T, display a positive deviation
from those predicted by the Gordon—Taylor equation, which
is considered to be the result of the high crystallinity of
PEO. Because of the crystallization of PEO in these blend
compositions, the weight fraction of PEO in the amorphous
phase, W’(PEQ), is not equal to the overall weight fraction
of PEO in the blend, W(PEO). These quantities are related
as follows [17]:

W/(PEO) = (W(PEO) — X.(blend))/(1 — X.(blend))  (5)

A replot of T, values (open circles) vs. the weight fraction
of PEO in the amorphous phase, calculated using Eq. (5),
fits the Gordon—Taylor equation quite well. However, the
reduction in T, of the cured blends can result from a combi-
nation of two plasticization effects: internal and external.
The dilution effect of the PEO component can result in a
reduction in crosslinking density of the network and hence a
reduction in its 7,. The crosslinking density of the ER
network decreases with increasing content of PEO. For
the blends with low PEO content, a three-dimensional cross-
linking network structure forms. In contrast, for the blends
with low ER content, only an imperfect network is formed
and there are highly branched ER chain molecules.

Fig. 2 also contains the T, and T, values from the second
scans as a function of the blend composition. Neither a
crystallization exotherm nor a melting endotherm is
observed in the blends with 60 wt% or more ER, indicating
that PEO in these blends exhibits no tendency to crystallize
during the cooling scan and the subsequent second heating
scan. For the blends containing 70 wt% PEO or more, no
crystallization exotherm is observed during heating since
the crystallization of PEO was sufficiently rapid to occur
completely during the cooling scan. In contrast, the blends
with 50-60 wt% PEO show a crystallization exotherm
during heating above their T,; their 7, increases with
increasing ER content, indicating a progressively more diffi-
cult crystallization of PEO in these blends.

The crystallization rate of PEO in the cured ER/PEO
blends also decreases during cooling from the melt. Fig. 3
shows DSC thermograms of the cooling scan for the cured
ER/PEO blends at a cooling rate of 20°C/min from 100°C.

The crystallization peak shifts to lower temperatures with
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Fig. 4. X.(PEO) vs. PEO weight fraction of the MCDEA-cured ER/PEO
blends. (O) First scan; (@) second scan.

increasing ER content, and there is no crystallization
exotherm during the cooling run for the blends containing
less than 70 wt% PEO. The crystallization temperature
during the cooling scan, T.(cooling), is also plotted in
Fig. 2 as a function of composition. The values of 7.(cool-
ing) decrease rapidly with increasing ER content. The over-
all crystallization rate of PEO in the cured blends decreases
rapidly with increasing ER content, which can be ascribed to
the much higher 7, of the MCDEA-cured ER (138°C)
compared to that of PEO (—62°C). Fig. 3 illustrates that
the 30/70 ER/PEO blend displays a crystallization exotherm

Absorbance
2

3800 3600 3400 3200 3000
Wavenumber (cm™)

Fig. 5. FTIR spectra of the MCDEA-cured ER/PEO blends in the 3000—
3800 cm ' region. ER/PEO: (A) 100/0; (B) 90/10; (C) 80/20; (D) 70/30;
(E) 60/40; (F) 50/50; (G) 40/60; and (H) 30/70.

at 0°C with a large shoulder on the high temperature side. It
is known that PEO can crystallize by either heterogeneous
or homogeneous nucleation [18]. The shape of the crystal-
lization exotherm of the 30/70 ER/PEO blend can be attrib-
uted to sequential heterogeneous and homogeneous
nucleation. Initially, crystallization is induced by heteroge-
neous nucleation starting from 28°C during the cooling
scans. The crystallization rate of PEO in the 30/70 ER/
PEO blend is very slow and the number of heterogeneous
nuclei is small. Consequently, the crystallization process is
not completed when the temperature reaches about 5°C
where homogeneous nucleation starts after formation of
primary nuclei by the PEO chains.

Fig. 2 also illustrates that the 7}, of PEO in the blends
substantially decreases with increasing ER content. The 7},-
depression is a common phenomenon for miscible blends
containing one crystallizable component [19-21]. Morpho-
logical factors can also influence on the 7}, of PEO.

The values of X.(PEO) for the ER/PEO blends are plotted
as a function of blend composition in Fig. 4. The X .(PEO)
values for the first scan of the as-prepared samples are all
higher than those for the second scan. For the second scan,
X.(PEO) decreases only slightly with PEO content down to
70 wt% and then rapidly at lower PEO contents. For the first
scan of the as-prepared samples, X.(PEO) remains almost
unchanged for PEO contents between 100 and 50 wt% PEO.
The crystallization of the as-prepared samples is much more
complete than that of the second scan because of the long
residence time at room temperature.

3.2. Hydrogen-bonding interactions

PEO has been shown to be miscible with many other
polymers due to its high potentiality to form hydrogen
bonds with these polymers. In particular it is miscible
with poly(hydroxyether of bisphenol A) (phenoxy) [22],
and it has been shown that there is hydrogen bonding inter-
action between PEO and phenoxy [23]. Bisphenol A-type
epoxy resin has a structure similar to phenoxy which can be
considered as a linear model bisphenol A-type epoxy resin
(i.e. a linear high-molecular-weight polymer of bisphenol
A-type epoxy resin).

Although the ER sample used had a low hydroxyl
content, the curing reaction between epoxy and amine
groups will result in the formation of hydroxyl groups in
the MCDEA-cured ER molecules. These can form many
hydrogen bonds with the ether oxygens of PEO. FTIR
studies reveals that hydrogen bonding in the cured blends
occurs between the hydroxyl groups of MCDEA-cured ER
and the ether oxygens of PEO.

Fig. 5 shows the FTIR spectra of the MCDEA-cured ER/
PEO blends in the stretching region of the ER hydroxyl
groups ranging between 3000 and 3800 cm~'. The spec-
trum of the pure MCDEA-cured ER in this region has two
components. A broad band centered at 3417 cm ™' is attrib-
uted to the self-associated hydroxyl (i.e. hydrogen bonded
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Fig. 7. Half-time of crystallization #,, as a function of crystallization

temperature 7.

hydroxyl groups) and a relatively sharp band at 3557 cm ™'
is assigned to non-associated, free hydroxyl groups. Upon
blending with PEO, the non-associated hydroxyl band at
3557 cm ! does not shift in the blend. In contrast, the
associated hydroxyl band at 3417 cm ™' shifts to lower
frequencies with increasing PEO concentration, indicating
that there is hydrogen bonding between the hydroxyl
groups of ER and the ether oxygens of PEO. The ratio of
intensity between the hydrogen bonded hydroxyl band and
the free hydroxyl band increases with increasing PEO
concentration, indicating the gradual increase of the rela-
tive percentage of hydrogen bonded hydroxyls in the
blends. The frequency difference between the free hydro-
xyl absorption and that of the hydrogen bonding species
(Av) is a measure of the average strength of the intermo-
lecular interactions [24]. The above results thus indicate
that the average strength of the hydrogen bond between the
hydroxyl groups of ER and the ether oxygens of PEO in the
cured blends (Av =175 cm” ! for the cured 30/70 ER/PEO
blend) is higher than that between the hydroxyl groups in
the pure cured ER (Av= 140 cm ). Coleman and
Moskala found that the average strength of the hydrogen
bond between the PEO ether oxygen and the phenoxy
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Table 2
Values of the overall kinetic rate constant K, the Avrami index »n and the
melting temperature T},’ at various crystallization temperature, T,

T, (K) T, (K) K, (min™") n
Pure PEO 315 339.6 1.24%107! 4.6
316 334.0 4.09%107? 49
317 340.1 8.14x 1073 47
319 340.5 3.97%x107* 438
320 340.8 3.19%x10°° 4.6
10/90 ER/PEO 315 338.0 248%x1072 3.5
316 338.1 1.18x 1072 35
317 338.4 7.09%1073 3.6
318 338.6 222%x107° 3.7
319 338.9 2.58%x107* 4.0
20/80 ER/PEO 313 338.1 6.67x1072 3.5
314 338.4 3.38%x1072 4.1
315 338.4 1.48x 1072 4.1
316 338.7 2.84%x107° 43
317 339.0 457%x107* 47
318 339.1 270%107° 5.4
30/70 ER/PEO 309 336.7 3.96%x107° 3.7
311 336.9 124%107° 3.8
313 337.3 2.76%x107* 42
314 337.5 3.04%x107° 438

hydroxyl group (Av =270 cm™! for 50/50 phenoxy/PEO
blend) in phenoxy/PEO system is also higher than that
between the hydroxyl groups in plain phenoxy (Av =
160 em™") [23].

The analysis of the FTIR spectra suggests that hydrogen-
bonding interaction is an important driving force for the
miscibility of the ER/PEO blends. This further confirms
that the MCDEA-cured ER/PEO blends are completely
miscible.

3.3. Isothermal crystallization kinetics

Overall crystallization rate. Typical crystallization
isotherms, obtained by plotting X, against time ¢, are
reported in Fig. 6 for PEO and MCDEA-cured ER/PEO
blends. The crystallization isotherms are sigmoidal. The
isotherm curves shift to the right along the time axis with
increasing 7. and the slope of all isotherms decreases with
increasing T, indicating progressively slower crystalliza-
tion rates. In the present experimental conditions, nucleation
is thus the dominant factor, determining the overall crystal-
lization rate. The half-time of crystallization, #,,,, defined as
the time required for the development of half of the final
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Fig. 9. Plots of the observed melting temperature T}, vs. T, for MCDEA-cured ER/PEO blends.

crystallinity was evaluated from these curves. The ¢,
values are plotted against 7 for pure PEO and for the blends
in Fig. 7 which illustrates that (i) Incorporation of non-crys-
tallizable cured ER component into PEO depresses the
overall crystallization rate of PEO and (ii) at constant 7,
the overall crystallization rate decreases significantly with
increasing concentration of the non-crystallizable ER
component.

The kinetics of the isothermal crystallization from the
melt of the ER/PEO blends was analyzed on the basis of
the Avrami equation [25]:

log[—In(1 — X,)] = logK,, + nlog t 6)

where K, is the overall kinetic rate constant, and n the
Avrami index which depends on the nucleation and growth
mechanism of the crystals [26].

Plots of log [—In(1 — X,)] vs. log # for PEO and the blends
are shown in Fig. 8. The experimental data are fitted by the
Avrami equation only for the early part of transformation.
The time dependence of the relative degree of crystallinity
at high conversion deviates from the Avrami equation. A
similar deviation from the Avrami equation has been
reported by Ong and Price for poly(e-caprolactone)/
poly(vinyl chloride) blends [27]. Wunderlich also showed
that the Avrami equation is usually only valid at low
conversion [28].

In order to evaluate K, and n, only the experimental data
at low conversion were used. The values of K, and n deter-
mined by the intercepts and slopes, respectively, of the
straight lines in Fig. 8 are listed in Table 2.

In almost all cases, the values of n are nonintegral, in
contrast with the theoretical prediction. Nonintegral values
are generally accounted for by mixed growth and/or surface
nucleation and two-stage crystallization. Grenier and
Prud’homme [29] have shown that experimental factors
such as an erroneous determination of the “zero” time or
of the melting enthalpy of the polymer at a given time can
cause n to be nonintegral. The n-values obtained are
between 3.5 and 5.4, they do not change much with ER
concentration in the ER/PEO blends. This fact indicates
that the incorporation of cured ER does not significantly
influence the mechanism of nucleation and growth of the
PEO under the experimental conditions used.

Melting behavior and equilibrium melting points. The
maximum of the re-melting DSC curve was considered to
correspond to the melting temperature, T, for different
crystallization temperatures, 7.. Table 2 also presents the
observed melting temperature, T,,, for the pure PEO as
well as for the MCDEA-cured ER/PEO blends.

The plots of T, vs. T. in Fig. 9 illustrate that linear
dependence of T, on T, in the range of T, examined. The
experimental data can be fitted by the Hoffman—Weeks



Q. Guo et al. / Polymer 42 (2001) 4127—-4140 4135

Table 3

Values of the equilibrium melting temperature Ty, the stability parameter
¢, the nucleation factor K,, the surface free energy of folding o, and the
pre-exponential factor A,

T, ¢ K, (K)  o.(md) A
X)
Pure PEO 3468 0225 136%10° 625%x107% 6.62x10"

10/90 ER/PEO 3449 0234 8.14x10* 3.76x 1072 4.33x10"
20/80 ER/PEO  344.0  0.189 7.42x10* 3.44x1072 1.77x 10"
30/70 ER/PEO 3420 0.161 1.14x10° 532x107% 1.72x 10"

equation [30,31]
Thw=¢T. + (1 - $T (7

where Ty is the equilibrium melting point, ¢ = 1/ is the
stability parameter which depends on the crystal thickness,
whereas +y is the ratio of the lamellar thickness A to the
lamellar thickness of the critical nucleus A* at 7,. In
Eq. (7), ¢ may assume values between 0 and 1. ¢ =0
implies T, = T,°, whereas ¢ =1 implies T, = T,.
Consequently, the crystals are most stable for ¢ = 0 and
are inherently unstable for ¢ = 1.

As shown in Fig. 9, the values of Ty can be evaluated by
extrapolating the least-squares fit lines of the experimental
data according to Eq. (7) to intersect the line of T}, = T.

tions are listed in Table 3. There is obviously a depression of
Tg for the blends and its magnitude increases with increas-
ing amorphous ER content. In Table 3, the values of the
stability parameter ¢ range from 0.161 to 0.234, suggesting
that the crystals are fairly stable.

Temperature dependence of K, The kinetic theory of
polymer crystallization developed by Hoffman et al.
[32-34] has been generally employed to analyze experi-
mental crystallization data concerning the spherulite
growth rate. According to this theory, the dependence of
the growth rate G on the crystallization temperature, 7T,
and the undercooling, AT = Tyl — T, is described by the
following equation:

ok *

G =v,Gy exp ( RATI: ) exp ( kii ) (8)
where G is a preexponential factor, generally assumed to be
constant or proportional to T,, AF" the activation energy for
the transport of the crystallizing units across the liquid—
solid interface, A®" the free energy required to form a
nucleus of critical size. R is the gas constant and kg the
Boltzman constant whereas v, the PEO volume fraction.

According to Boon and Azcue [35], A®" in Eq. (4) can be
expressed as

The ¢ parameters can be determined from the slope of these AP* K 20T Inv, ©)
fit lines. Both, the values of Ty, and of ¢ for all composi- kgT.  fT.AT boAHAT
20
18 |
= 16F
X
gl
14
m PEO
12 e 10/90 ERPEO
A 20/80 ER/PEO
v 30/70 ER/PEO
1 0 1 1 1 1
0.9 1.0 1.1 1.2 1.3

1/(fTcaT) (107 K?)

Fig. 10. Plots of the quantity f(K,,) vs. 1/(fT.AT) for MCDEA-cured ER/PEO blends.
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0.10 the heat of fusion; o and o, the interfacial free energies of
the unit area parallel and perpendicular, respectively, to the

415 molecular chain axis, b, the distance between two adjacent

0.08 - fold planes, AH; the enthalpy of fusion per unit volume of

the crystalline component, and Z a coefficient that depends

o\
o/ on the growth regime: Z = 4 in Regimes I and III, and Z =
0.06 |- _'10 2 in Regime II [36].
< . 5 The AF” in Eq. (8) can be estimated with a satisfactory
= b3 precision using the WLF equation [37]
© 0.04 -
-~ =
— . T,
ds AF* = (12)
C2 + TC - Tg
0.02 -
where ¢; and C, are constants (generally assumed to be
0.00 L L 1 0 4120 cal/mol and 51.6 K, respectively) and T, is the glass

1 o,
0 80 %0 00 transition temperature.
l/n

Wt % PEO For the overall crystallization rate, we used G = CK,,

Fig. 11. Plots of o, (W) and log Ay (O) vs. the weight fraction of PEO for  Where C'is a constant. Assuming [38] that o = 0.1b0AH;
MCDEA-cured ER/PEO blends. and taking into account relations (8), (9) and (12), the

Zbyoo Tl
=" m 10
& kg AH; (10)
2T,
= —— 11
! T+ T, (0

where K, is the nucleation factor, f the correction factor for

Fig. 13. Lorentz corrected SAXS patterns of a 10/90 ER/PEO blend during
(a) cooling at 10°C/min from 80 to 20°C and (b) heating at 10°C/min after
Fig. 12. Optical micrographs of ER/PEO blends crystallized at 23°C. ER/ cooling. The experimental data have been smoothed using splines
PEO: (a) 0/100; (b) 10/90; (c) 20/80; (d) 30/70; (e) 40/60; and (f) 50/50. (s = 2 sin 6/A, 26 is the scattering angle and A the wavelength = 0.15 nm).
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Fig. 14. Variation of the long period L vs. temperature for MCDEA-cured
ER/PEO blends during cooling at —10°C/min from 80 to 20°C.

following expression is obtained

f(K, = 1 InK, —Inv, + &
n R(C, + T. — T,)
02Ty In v,
AT
Ky
=InAy — TTAT (13)

The plots of f(K,,) vs. 1/(fT.AT) for PEO and for the ER/
PEO blends are shown in Fig. 10. The experimental data are
linear. The values of K, and A, obtained from the slopes and
the intercepts of the lines are listed in Table 3. Using
Eq. (10), the K, values can further be used to evaluate o,
for all compositions and these values are also summarized in
Table 3. The following parameters are used in the calcula-
tion: o= 0.1bgAH;, Z=4, by=4.65%x10 %cm, R=
1.987 cal/(mol K) and kg = 1.380 X 10" 2J/K.

In Fig. 11, the values of o, and A are plotted vs. compo-
sition. The value of o, = 6.25% 1072 J/m* for PEO is
comparable with that obtained by Dubini et al. [39]
(6.0x102Jm?% and by Cimmino et al. [40]
(7.5% 1072 J/m?). As illustrated in Fig. 11, the curve of o
vs. composition for the cured blends exhibits a minimum.
This result can be accounted for by combination of the
surface enthalpy and entropy of folding (o, = H, — TS,)
[41]. The initial decrease of o value with increasing ER
content up to 20 wt% should be ascribed to the fact that the
variation of the entropic term dominates that of the enthalpic
one. The unfavorable enthalpic term is no longer negligible
when the ER content in the ER/PEO blends reaches 30 wt%.

The pre-exponential factor A, also depends on the composi-
tion and has a maximum in the vicinity of 10/90 ER/PEO.

3.4. Segregation phenomena and real-time SAXS
investigation of the semicrystalline morphology

Crystallization in a miscible blend involves diffusion of
the crystallizable component towards the crystallization
front and rejection of the non-crystallizable component.
The liquid—solid phase separation occurring during the
crystallization process of PEO in miscible MCDEA-cured
ER/PEO blends requires the segregation and diffusion of
amorphous cured ER away from the crystalline nucleus.
The cured ER molecules have a rather limited mobility
compared to the linear polymer diluents.

PEO spherulites were observed in the cured ER/PEO
blends with ER content up to 50 wt%. Fig. 12 shows
the optical micrographs of these blends isothermally
crystallized at 23°C. The blends with PEO content down
to 50 wt% are still completely volume-filled with spheru-
lites, and the size of the spherulites does not decrease with
increasing ER content. The spherulitic morphology does not
become more irregular or coarser. This implies that there is
no interspherulitic segregation of MCDEA-cured ER.
Consequently, the amorphous cured ER molecules must
be segregated interlamellarly or interfibrillarly during the
crystallization process of PEO.

Real-time SAXS measurements have been performed for
samples of plain PEO and 10/90, 20/80, 30/70 MCDEA-
cured ER/PEO blends. Fig. 13 shows Lorentz-corrected
and smoothed real-time SAXS patterns of a 10/90 cured
ER/PEO blend during cooling from 80 to 20°C at
10°C/min (Fig. 13(a)) and during the subsequent heating

22
—3—PEO
| —O0—10/90 ER/PEO
—4—20/80 ER/PEO
—v— 30/70 ER/PEO
20 |-
£
S
18 F
16 |-
1 L 1 " 1 N 1

20 30 40 50
Temperature (°C)

Fig. 15. Variation of the long period L vs. temperature for MCDEA-cured
ER/PEO blends during heating at 10°C/min from 20 to 80°C.
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22
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40°C
o 30°C
20°C
1 1 ] 1 A

0 T 0 20 a0
Wt % ER

Fig. 16. Long period L as a function of composition for MCDEA-cured ER/
PEO blends during heating at 10°C/min from 20 to 80°C.

from 20 to 80°C at 10°C/min (Fig. 13(b)). Fig. 13(a) illus-
trates that a maximum of scattering intensity appears at low
temperatures during cooling, indicating the formation of
crystalline lamellae of PEO in the blend. During the sub-
sequent heating as shown in Fig. 13(b), the maximum of
scattering intensity first increases, implying that the crystal-
lization was not complete during the cooling process. The
maximum subsequently decreases and finally disappears at
high temperatures. Similar real-time SAXS patterns were
also obtained for pure PEO and for 20/80 and 30/70 cured
ER/PEO blends.

The long period L can be evaluated from the maximum of
Lorentz-corrected SAXS patterns. Fig. 14 displays the
evaluation of the long period L as a function of temperature
for the pure PEO and the three blends during the cooling
scans. For pure PEO and the 10/90 ER/PEO blend, a maxi-
mum in the Lorentz-corrected real-time SAXS patterns
appears at 40°C during cooling. For the 20/80 and 30/70
ER/PEO blends, the maximum appears at lower tempera-
tures. The incorporation of ER component hinders the crys-

{a) Miscible melt

tallization of PEO. As illustrated in Fig. 14 the long period L
decreases with decreasing temperature during cooling for
pure PEO as well as for the three blends. Moreover, at a
given temperature the long period L increases with increas-
ing ER content.

Fig. 15 illustrates the variation of long period L with
temperature for pure PEO and for the blends during the
subsequent heating after the cooling from the melt. The
long period L increases with increasing temperature in all
cases. The increase in long period L upon heating can be
ascribed to the progressive melting of the less stable crystal-
line lamellae and subsequent recrystallization; such a melt-
ing-recrystallization mechanism results in an increase of the
long period.

Fig. 16 represents the long period L as a function of blend
composition at different temperatures. The long period L
increases drastically with increasing ER content at all
temperatures, suggesting that interlamellar segregation
occurs in the cured ER/PEO blends. Interlamellar segrega-
tion of the amorphous diluent between the crystalline lamel-
lae will result in an increase of the long period L as shown in
a number of cases for miscible polymer blends [42-46], e.g.
poly(vinyl chloride) with poly(e-caprolactone) (PCL) [42]
and poly(styrene-co-maleic anhydride) with PCL [43]. In
contrast, interfribrillar segregation has no influence on the
thickness of the amophous between the crystalline lamellae
and hence on the long period L. This type of segregation has
been reported for isotactic polystyrene/atactic polystyrene
blends [47]. It is clear that, in the present ER/PEO blends,
the amorphous cured ER molecules segregated interlamel-
larly during the crystallization process of PEO.

The occurrence of interlamellar segregation in the cured
ER/PEO blend can be fully understood if one considers the
low chain mobility of the cured ER in the ER/PEO blends.
The cured ER molecules diffuse slowly away from the
crystal growth nucleus compared to a conventionally linear
diluent polymer in a miscible non-crystalline/crystalline
blend. The low chain flexibility and high 7, of the cured
ER could be responsible for the hindered diffusion. It is
still difficult to imagine the segregation process of the ER
network in the blend during the crystallization of PEO. The
ER network should have a strong topological influence on

(b) Crystalline lamellae

Fig. 17. Model describing (a) the miscible melt and (b) the crystalline lamellae of the MCDEA-cured ER/PEO blends.
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the crystallization and segregation. It should be pointed out
that, for the blends with PEO content as high as 70 wt% or
more, the curing reaction could hardly be completed. In
order to avoid thermal degradation of PEO, the curing
temperatures used in this study were, however, not suffi-
ciently high and the ER was actually not sufficiently cured
in the blends with 70 wt% PEO or higher. Generally,
curing reaction involves chain extension, branching and
crosslinking. As the curing reaction proceeds, the molecu-
lar weight of the system rapidly increases. The crosslink
density of the ER network in the ER/PEO blends should be
crucially dependent on the blend composition. For the
blends with low PEO content, a three-dimensional cross-
linking network structure forms; the blends display a
homogeneous semi-interpenetrating network (semi-IPN)
structure. In this semi-IPN, the initially miscible
components still exhibit characteristic features of miscibil-
ity because of favorable hydrogen-bonding interactions. In
contrast, for the blends with low ER content, there are only
highly branched chain molecules and an imperfect network
is formed. This type of cured ER molecules has a very
limited mobility and can only very slowly diffuse away
from the crystallization front.

Fig. 17 schematically illustrates a model of the structure
of a cured ER/PEO blend in the miscible melt and the
lamellar structure in the crystallized blend. In the melt,
PEO is miscible with the highly branched ER molecules
and the imperfect ER network, and the blend has a homo-
geneous structure. In the crystallized blend, the semicrystal-
line morphology is a stack of crystalline lamellae; the
amorphous fraction of PEO, the branched ER chains and
imperfect ER network are located between PEO lamellae.
The highly branched ER chains and the imperfect ER
network are segregated interlamellarly during the crystal-
lization process of PEO in the MCDEA-cured ER/PEO
blends.

4. Conclusions

MCDEA-cured ER/PEO blends are completely miscible
over the entire composition range. Both the overall
crystallization rate and crystallinity of PEO in the cured
ER/PEO blends decrease with increasing ER content. The
incorporation of the MCDEA-cured ER lowers the molecu-
lar mobility and has strongly hindders crystallization of
PEO in the ER/PEO blends. There is hydrogen-bonding
between the hydroxyl groups of MCDEA-cured ER and
the ether oxygens of PEO in the cured system, which is
responsible for the miscibility in the cured blends. The aver-
age strength of the hydrogen bond in the cured ER/PEO
blends is higher than that in the pure cured ER. The crystal-
lization behavior of PEO from the melt is strongly influ-
enced by the composition and the crystallization
temperature. At high conversion, the time dependence of
the relative degree of crystallinity deviates from the Avrami

equation. Addition of a non-crystallizable ER component
into PEO causes a depression of both the overall crystal-
lization rate and the melting temperature. The surface free
energy of folding o, displays a minimum when the compo-
sition is varied. The crystalline morphology of PEO in the
cured ER/PEO blends displays typical characteristics of
miscible/crystalline blends, and the PEO spherulites are
always completely volume-filling. The semicrystalline
morphology is a stack of crystalline lamellae and the long
period L increases drastically with increasing ER content at
a given temperatures. The highly branched ER chains and
the imperfect ER network are segregated interlamellarly
during the crystallization of PEO. Interlamellar segregation
in the cured ER/PEO blend can be considered to be due to
the low chain mobility of the cured ER in the ER/PEO
blends.
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