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Abstract

Binary blends of ethylene—styrene copolymers were studied over the full range of copolymer styrene content. A miscibility and cocrys-
tallization map was determined from morphology as imaged with atomic force microscopy (AFM), glass transition behavior primarily from
dynamic mechanical thermal analysis (DMTA), and melting behavior from differential scanning calorimetry (DSC). A difference in styrene
content of about 9 wt% marked a transition from miscible to immiscible amorphous copolymer blends. The miscibility—immiscibility
boundary encompassed a very small region, estimated as 9-10 wt% difference in styrene content, where partial miscibility was clearly
evident. Blends in this region were characterized by an upper critical solution temperature (UCST). The phase behavior in the partial
miscibility region was strongly dependent on temperature and molecular weight. The critical composition difference for blends of amorphous
copolymers of about 9 wt% also applied to blends of semicrystalline copolymers. Cocrystallization of miscible, semicrystalline copolymers
occurred if the styrene content difference was less than about 4 wt%. If the styrene content difference was between 4 and 9 wt%, partial
cocrystallization was possible depending on the composition of the blend (wt/wt) and the thermal history of the blend. © 2001 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Recent developments in catalyst technology allow for the
copolymerization of ethylene with large amounts of styrene
[1]. These copolymers present a broad range of structure and
properties [1]. A composition of about 50 wt% styrene
marks a transition from semicrystalline to amorphous copo-
lymers. Because the span in glass transition temperature
encompasses ambient temperature, differentiation is also
made between amorphous copolymers that are above and
below the glass transition temperature. Consequently, three
distinct performance regimes are identified: semicrystalline
(less than 50 wt% styrene), rubbery amorphous (50-70 wt%
styrene), and glassy amorphous (70—-80 wt% styrene).

Blending ethylene—styrene (ES) copolymers of different
styrene content can be the basis for expanding the property
spectrum. This requires an understanding of the effect of
styrene content and molecular weight on miscibility and
phase behavior. Furthermore, the copolymers made by this
technology are statistically more uniform in microstructure
and narrower in molecular weight distribution than copoly-
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mers made by conventional catalysts. Therefore, they offer
an excellent model system for studying the structure-prop-
erty relationships of ethylene copolymers [2,3,4] and misci-
bility behavior of ethylene copolymer blends [5].
Discussions of polymer miscibility usually start with the
Flory—Huggins equation for the free energy of mixing of a
binary blend
AGm — (bl
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where ¢; and ¢, are the volume fractions of constituents 1
and 2, N, and N, the respective degrees of polymerization,
and y is the Flory—Huggins interaction parameter. The criti-
cal miscibility conditions are obtained by setting the deri-
vatives of Eq. (1) equal to zero [6]. For the interaction
parameter, the critical condition is

T .
A B/ Y

The interaction parameter for a blend of copolymers can
be represented by a linear combination of the individual
interaction parameters. For a mixture of two random
copolymers of the same comonomers with copolymer
compositions x and y, the interaction parameter is given
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by [7.8]

X = Xas(x — )%, A3)

where y,p is the segmental interaction parameter of the
comonomer units A and B. For a blend of two AB copoly-
mers to be miscible at any concentration, y should be less
than y.. Combination of Egs. (2) and (3) leads to an expres-
sion for the critical composition difference for miscibility

il gl

According to Eq. (4), miscibility depends on comonomer
content difference, but not on comonomer content per se.
This has been experimentally demonstrated in some
instances [9,10,11]. However, numerous exceptions, in
which the critical composition difference is a function of
comonomer content, are interpreted in terms of sequence
distribution effects or other microstructural effects on xap
[12,13,14,15].

Varying the temperature of a binary blend also changes
the interaction parameter. Usually x decreases as the
temperature is raised according to the relationship

B
XI)=A+ . &)

where A and B are constants. If the copolymer content
difference is close to |x — y|. in Eq. (4), classical upper
critical solution temperature (UCST) behavior is possible,
and indeed UCST behavior has been reported for some
binary blends close to the critical composition difference
[10,15,16].

The ES copolymers, with a broad range in comonomer
content and well-characterized composition and molecular
weight, provide a model system for testing Eq. (4) and
related concepts of copolymer miscibility. With the assump-

Table 1
Ethylene—styrene copolymers

tion that the interaction parameter is purely enthalpic, yap
can be written in terms of the solubility parameter difference
as:

Vre‘
XaB = R—Tt(SPA — 3pp)’, (6)

where 6p4 and 6pp are the solubility parameters of homo-
polymers A and B, and V. = (V, VB)”2 is the reference
volume with V, and Vj defined as the molar volumes of A
and B units, respectively. The combination of Eqgs. (4) and
(6) provides an estimate of the critical composition differ-
ence. This approach was used to predict miscibility of
binary ES copolymer blends [5]. From the solubility para-
meters of polyethylene and polystyrene, the value of xgs
was estimated to be about 0.13. Using this value of ygs,
the critical composition difference in styrene for copolymers
with M,, of 10° was calculated to be about 10 wt%. This
condition was validated experimentally by thermal analysis
for blends of amorphous copolymers.

The present study will test the miscibility condition for
binary blends of ES copolymers including semicrystalline
copolymers with low styrene content. Blend morphology
will be examined using atomic force microscopy (AFM)
to image domains of the chemically similar components.
The power of the AFM technique will be exploited to
probe the compositional region of partial miscibility for
the effects of temperature and molecular weight. The results
will be compared with more conventional experimental
methods that infer miscibility from glass transition beha-
vior. Blends of miscible semicrystalline copolymers have
the added possibility of cocrystallization [17,18,19]. The
segregation scale of cocrystallization is much smaller than
the micron scale of melt (liquid—liquid) phase separation
[20]. Thermal analysis will be used to probe for the maxi-
mum styrene content difference that permits cocrystallization.

Designation Styrene in Styrene in aPS T, or (Tp) (°C) M, M, IM,
copolymer (wt%) copolymer (mol%) (Wt%) (DMTA, 1 Hz) (kg mol 1)

ES4 43 1.2 0.1 (46) 175 2.1
ES8 8.6 2.5 0.0 (12) 171 2.1
ES13 13.1 39 0.0 3) 166 2.1
ES16 15.7 4.8 0.5 N/A N/A N/A
ES21 21.6 6.9 0.0 (=4 179 2.0
ES24 23.7 7.7 0.5 N/A N/A N/A
ES30 30.3 10.5 0.5 -4 177 3.7
ES35 35.1 12.7 0.2 (=9 196 3.1
ES40 40.1 15.3 0.4 (=9) 207 4.4
ES52 51.8 22.4 1.5 -2 215 2.3
ES58(120) 57.6 26.8 0.6 8 120 2.2
ES58 57.1 26.4 0.5 8 224 1.9
ES60 59.5 28.3 0.5 10 227 24
ES61 61.4 30.0 0.4 14 242 35
ES68 67.7 36.1 0.7 23 243 1.8
ES71 70.9 39.6 0.5 29 240 6.3
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The results will be the basis for establishing a miscibility
and cocrystallization map based on styrene content difference.

2. Experimental

The ES copolymers described in Table 1 were synthe-
sized by INSITE™ technology (INSITE™ is a trademark
of The Dow Chemical Company). Data on the copolymer
styrene content, the small amount of atactic polystyrene
(aPS) present as an impurity, and molecular weight were
provided by Dow. The copolymers used in this study had
substantially random incorporation of styrene except that
successive head-to-tail styrene chain insertions were
shown by »C-NMR analysis to be absent, even with high
levels of styrene incorporation. For this reason, the copoly-
mers have been described as ‘pseudorandom’ ES inter-
polymers [1]. The copolymers are designated by the prefix
ES, followed by the weight percent styrene. The weight
average molecular weight (M,,) was generally in the range
from 200,000 to 250,000 g mol ' and the polydispersity
was less than 2.5.

The copolymers were solution blended. Amorphous
copolymers were dissolved in refluxing tetrahydrofuran,
precipitated with water and vacuum dried at ambient
temperature. Semicrystalline copolymers were dissolved
in xylene at about 120°C, precipitated with cold methanol
and vacuum dried at 50°C. Unless indicated otherwise, the
blends were 50/50 (wt/wt) composition. Blends were
compression molded into 1.3 mm thick plaques. The dried
blends were heated at 190°C, pressed at 4 MPa for 15 min,
and slowly cooled at about 25°C min " or quenched into a
mixture of dry ice and ethanol.

Dynamic mechanical thermal analysis (DMTA) was
performed on specimens cut from the plaques, with a
DMTA MKII unit from Polymer Laboratories operating in
the tensile mode. The relaxation spectrum was scanned from
—50°C through the glass transition temperature with a
frequency of 1 Hz and heating rate of 3°C min .

Specimens with a controlled thermal history were
prepared in the Rheometrics differential scanning calori-
meter (DSC). Specimen pans containing approximately
15 mg specimens were heated into the melt, held at the
desired temperature for 25 min or the time indicated, and
either slowly cooled at 10°C min~' or quenched into a
mixture of dry ice and ethanol.

Heating and cooling thermograms were recorded with a
Perkin—Elmer Model 7 DSC with approximately 5 mg
specimens using a heating/cooling rate of 10°C min~"
unless otherwise indicated. Crystallinity calculations were
based on a heat of fusion of 290 J g ' for the polyethylene
crystal.

AFM was performed on microtomed surfaces with a
Digital Laboratories Nanoscope IIla with MultiMode head
and J-scanner. The tapping mode was used at ambient condi-
tions. Commercial Si probes were chosen. The resonance

frequencies of these probes were in the 300 kHz range.
Height and phase images were recorded simultaneously.
Because of the proximity of the glass transition to ambient
temperature, the modulus difference between amorphous ES
copolymers that varied only slightly in styrene content was
large enough to provide good contrast in AFM phase
images.

3. Results and discussion

3.1. Blends of amorphous copolymers: effect of styrene
content

A styrene content difference of 6 wt% was achieved by
blending ES52 and ES58. The dynamic mechanical relaxation
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Fig. 1. Glass transition of ES52/ES58 (50/50, wt/wt) blend and blend
constituents: (a) DMTA tan & curves; (b) DSC thermograms. DMTA speci-

mens cooled at 25°C min ™!, DSC specimens cooled at 10°C min .
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Fig. 2. AFM phase images: (a) ES52/ES58 (50/50, wt/wt) blend; (b) ES60/
ES71 (50/50, wt/wt). Specimens cooled at 10°C min~ L.

behavior of an ES52/ES58 (50/50, wt/wt) blend showed a
single T, at a temperature that was intermediate between the
T,s of the two constituents, Fig. 1(a). The tan § peak of the
blend had the same shape and intensity as the tan 6 peaks of
the constituents. The DSC thermogram of the blend also
exhibited a single T, with the same shape as the T,s of the
constituents, Fig. 1(b). Miscibility of ES52/ES58 blends,
indicated by the T, behavior, was confirmed by the appear-
ance of a single phase in the AFM phase image, Fig. 2(a).
The bright spots were harder atactic polystyrene (aPS) parti-
cles that were present as an impurity.

The styrene content difference was increased to 11 wt%
by blending ES60 with ES71. The DMTA tan & curve of the
50/50 (wt/wt) blend had two peaks, Fig. 3(a). The higher
temperature peak was at almost the same temperature as the
peak of ES71. The lower temperature peak was close in
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Fig. 3. Glass transition of ES60/ES71 (50/50, wt/wt) blend and blend

constituents: (a) DMTA tan & curves; (b) DSC thermograms. DMTA speci-

mens cooled at 25°C minf', DSC specimens cooled at 10°C min~'.

temperature to the ES60 peak although the intensity was
much less than the intensity of the higher temperature
peak. If the blend maintained a high storage modulus at
temperatures where ES60 became rubbery, tan &, which is
the ratio of the loss modulus to the storage modulus, could
have been small. The DSC thermogram of the ES60/ES71
blend confirmed that the constituents were almost immisci-
ble by exhibiting two T,s that corresponded to the Ts of the
constituents, Fig. 3(b).

The AFM phase image of the ES60/ES71 blend exhibited
two phases, Fig. 2(b). The bright phase was the higher
modulus ES71 and the darker phase was the lower modulus
ES60. The bright aPS particles tended to concentrate in the
phase with the higher styrene content. The large phase size,
on the scale of tens of microns, and the sharp phase
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Fig. 4. Glass transition of ES52/ES61 (50/50, wt/wt) blend and blend

constituents: (a) DMTA tan & curves; (b) DSC thermograms. DMTA speci-

mens cooled at 25°C minfl, DSC specimens cooled at 10°C min~ .

boundaries conclusively demonstrated the immiscibility of
ES60/ES71.

A styrene content difference of 9 wt% was obtained by
blending ES52 with ES61. The dynamic mechanical relaxa-
tion behavior of the 50/50 (wt/wt) blend showed a single
tan 6 peak at a temperature intermediate between the tan &
peaks of the constituents, Fig. 4(a). However, the peak was
broader and the intensity was lower compared to the consti-
tuent tan 6 peaks. The DSC thermogram of this blend exhib-
ited a broad T, region that encompassed two T,s in close
proximity, Fig. 4(b). The lower T, was higher than the 7, of
ES52 and the higher T, was lower than the 7, of ES61. This
blend appeared to be partially miscible with two phases, an
ES52-rich phase and an ES61-rich phase.

The existence of two phases was confirmed in AFM

images, Fig. 5. The brighter phase was the higher modulus
ES61-rich phase, the darker phase was the lower modulus
ES52-rich phase. Typically, the aPS particles concentrated
in the higher styrene ES61-rich phase. The images were
consistent with partially miscibility. The phase size was
much smaller, on the scale of microns, and the phase bound-
aries more diffuse than in the immiscible ES60/ES71 blend
(compare Fig. 5 with Fig. 2(b)). Generally, the interfacial
tension and thus the phase size decrease as blend constitu-
ents become more miscible. The results suggested that the
critical composition difference for amorphous ES copoly-
mers with weight average molecular weight of approxi-
mately 200,000 g mol ' was a styrene content difference
of about 9 wt%. This confirmed the previous prediction
based on solubility considerations [5].

3.2. Blends of partially miscible amorphous copolymers:
effect of molecular weight and temperature

The characteristics of partial miscibility were examined
by blending ES68 with ES58 of about the same molecular
weight and with ES58(120) of lower molecular weight.
With 10 wt% difference in styrene content, these blends
were close to the miscibility condition. The 50/50 (wt/wt)
blend with higher molecular weight ES58 clearly exhibited
phase separation with two T,s in DMTA curves, Fig. 6. The
T, of the ES58-rich phase appeared as a small peak at a
temperature that corresponded closely to the T, of ES58.
The T, of the ES68-rich phase appeared as a much stronger
tan & peak at a temperature several degrees lower than the
T, of ES68.

Thermograms of blends that had been slowly cooled from
the melt confirmed two glass transitions temperatures that
were close to the T,s of the constituents, at —2°C for ES58
and at 11°C for ES68, Fig. 7. Quenching instead of cooling
slowly, in order to retain as much as possible the phase
condition at 190°C, did not alter the thermogram of the
ES58 blend indicating that increasing temperature did not
appreciably change the phase composition.

The tan 6 curve of the 50/50 (wt/wt) blend of ES68 with
the lower molecular weight ES58(120) closely resembled
that of the blend with higher molecular weight ES58, Fig. 6,
although the intense peak of the ES68-rich phase was
shifted several degrees lower, suggesting that the slowly
cooled blend with ES58(120) was slightly more miscible.
The DSC thermogram of the slowly cooled blend confirmed
two distinct T,s, Fig. 7. However if the blend with lower
molecular weight ES58(120) was quenched from 190°C, the
two T,s in the thermogram shifted closer together. This
suggested that the blend with lower molecular weight
ES58(120) was considerably more miscible at 190°C than
it was at the solidification temperature when slowly cooled,
which would have been considerably lower than 190°C.

The AFM images of both blends slowly cooled from
190°C exhibited phase separation on the micron size scale,
Fig. 8(a),(b). However the large domains of the blend with
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Fig. 5. AFM phase images of ES52/ES61 (50/50, wt/wt): (a) lower magnification; (b) higher magnification. Specimens cooled at 25°C min "~ .

the ES58(120) contained many small domains of the other
phase. This ‘composite’ domain morphology was not
present in the blend with ES58. Recalling that the blend
with lower molecular weight ES58(120) was significantly
more miscible at 190°C than at lower temperatures, it was
reasonable to assume that large domains existing at 190°C
underwent secondary phase separation due to the decrease
in miscibility as the blend slowly cooled. This created the
small domains. Small domains dispersed in the large
domains suggested that phase separation occurred by a
nucleation and growth mechanism [6].

—— ES58/ES68
251 — — ES58(120)/ES68
------- ES58
— — ES58(120)
20] — - ES68 /‘\
A
S
1.5 1 A | ¢

tand

Temperature (°C)

Fig. 6. DMTA tan & curves of ES58/ES68 and ES58(120)/ES68 (50/50, wt/

wt) blends and blend constituents. Specimens cooled at 25°C min .

5.00 pm

1

Quenching the ES58(120) blend from 190°C, instead of
cooling slowly, produced the morphology in Fig. 8(c). In
this case, the large domains did not contain small domains.
Instead, the domain morphology closely resembled that of
the slowly cooled blend with higher molecular weight ES58,
although the contrast between phases in AFM images was
not as sharp as for the blend with higher molecular weight

ES58

)

ES58(224K)/ES68, cooled at 10°C/min

Endotherm ——

\

ES58(224K)/ES68, quenched

ES58(120K)/ES68, cooled at 10°C/min

ES58(120K)/ES68, quenched

ES68

j\

0 50 100 150

Temperature(°C)

Fig. 7. Thermograms of ESS8/ES68 and ES58(120)/ES68 (50/50, wt/wt)
blends quenched from 190°C and cooled from 190°C at 10°C min~".
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0 5.00 M

0 5.00 pM

Fig. 8. AFM phase images: (a) ES58/ES68 (50/50, wt/wt) cooled from 190°C at 10°C min~'; (b) ES58(120)/ES68 (50750, wt/wt) cooled from 190°C at

10°C min"%; (¢) quenched from 190°C; (d) quenched from 250°C.

ES58. Because the modulus difference between phases, and
thus the composition difference, determined the contrast,
this was further evidence that the lower molecular weight
ES58(120) was much more miscible with ES68 than the
higher molecular weight ES58 at 190°C.

In addition to having lower molecular weight than ES58,
ES58(120) also contained 0.5 wt% more styrene than ES58,
and thus was closer in composition to ES68. Because the
smaller composition difference promoted higher miscibility
of ES58(120) with ES68, the relative effects of molecular
weight and styrene content difference had to be estimated
before the higher miscibility of ES58(120) could be attrib-
uted primarily to a molecular weight effect. Considering that
the system was close to miscible, the magnitudes of the

(positive) enthalpic term and the (negative) entropic terms
in Eq. (1) were about the same. From Eq. (3) with g5 =
0.13, the smaller composition difference decreased the
enthalpic term by about 10% compared to an almost 50%
decrease in the entropic contribution from the lower mole-
cular weight.

The noticeable temperature dependence of the phase
composition of the ES58(120) blend suggested that it
might have a UCST. The blend was probed for disappear-
ance of phase separation by quenching to the glassy state
from elevated temperature to fix the melt morphology, and
subsequently recording the thermogram to obtain the glass
transition behavior. A similar approach was used to charac-
terize melt miscibility of other blend systems consisting of
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Fig. 9. Thermograms of ES58(120)/ES68 (50/50, wt/wt) after quenching
from various temperatures.

chemically similar components [16,21,22]. Thermograms of
50/50 (wt/wt) blends quenched from various temperatures
are shown in Fig. 9. The blend quenched from the lowest
temperature, 160°C, clearly exhibited two T,s. As the melt

0.40
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035 { — — 75/25
— - 50/50
030 | —— 25/75
—— 0/100
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Fig. 10. DMTA tan & curves of ES4/ES8 blends and blend constituents.
Specimens quenched from 190°C.
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Fig. 11. DSC thermograms of ES4/ES8 blends and blend constituents: (a)

cooling at 10°C min~"; (b) subsequent heating at 10°C min .

temperature increased, the gradual shift of the Tis closer
together indicated that the blend became more miscible.
At 220°C, two T,s were almost indistinguishable, and at
250°C the two T,s merged into a single sharp glass transition
indicating that the blend formed a single phase. Existence of
a UCST in ES58(120)/ES68 blends was confirmed by the
AFM image of the blend quenched from 250°C in Fig. 8(d).
This showed a homogeneous texture except for the bright
particles of atactic polystyrene.

3.3. Blends of semicrystalline copolymers

The condition for ambient temperature miscibility estab-
lished for amorphous copolymer blends, about 9 wt%
styrene content difference, was tested for blends of semi-
crystalline copolymers. For this purpose, results for blends
that differed in styrene content by 4, 9 and 17 wt% are
presented in detail. Blends of miscible semicrystalline copo-
lymers possessed the additional possibility for cocrystalliza-
tion of ethylene-rich chain segments. Thus, if blends were
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Fig. 12. DMTA tan & curves of ES4/ES21 blends and blend constituents.
Specimens quenched from 190°C.

miscible, they were also examined at a smaller size scale for
crystallization habit.

Experiments on blends of semicrystalline copolymers
focused on miscibility in the melt by quenching from
190°C. The tan 6 curves of ES4, ES8 and their blends are
shown in Fig. 10. The quenched semicrystalline copolymers
typically exhibited a broad (3-relaxation, accompanied by a
large modulus drop, that corresponded to the glass transition
of the amorphous regions. The breadth of the peak, and the
increase in Tz with crystallinity, were attributed to
constraints imposed by the presence of a crystalline phase.
The crystalline a-relaxation was not observed in quenched

- B9 4y

0 25.0 pm

specimens, it only became prominent in slowly cooled
specimens with improved crystalline order. The ES4/ES8
blends exhibited a single (3-relaxation at a temperature inter-
mediate between the B-relaxations of ES4 at 47°C and ES8
at 18°C. Although the peak for the quenched blends was
somewhat broader and slightly less intense than that of the
constituents, the presence of a single peak was taken as
evidence of the miscibility expected for blends that differed
in styrene content by only 4 wt%.

Single crystallization and melting peaks in DSC thermo-
grams of ES4/ES8 blends confirmed this important charac-
teristic of an isomorphic system, Fig. 11. Gradual
progression of the shape of the melting and crystallization
peaks with blend composition was taken as an indication of
cocrystallization. Additivity of the melting enthalpy based
on constituent weight fractions further indicated that ES4
and ES8 cocrystallized from a miscible melt [17,18].

The tan 6 curves of ES4, ES21 and their blends with a
17 wt% difference in styrene content are shown in Fig. 12.
The ES4/ES21 50/50 (wt/wt) and 75/25 (wt/wt) blends had
two well-separated [(3-relaxation peaks at temperatures
approximately corresponding to the temperatures of the
constituent B-relaxations at —4°C for ES21 and 47°C for
ES4. The intensity of the peaks varied according to compo-
sition. A peak for an ES4-rich phase was not distinguishable
in the 25/75 (wt/wt) blend, probably because it was covered
by the tail of the lower temperature relaxation peak.
Because the blends were quenched, the dynamic mechanical
relaxation behavior reflected the phase condition in the melt
state. Two relaxation peaks indicated that the blends were
not miscible, as expected from the styrene content differ-
ence of 17 wt%.

The phase behavior of ES4/ES21 blends was confirmed
by probing the morphology of blends quenched from the
melt into a dry ice—ethanol mixture. Fig. 13(a) shows the

0 25.0 M

Fig. 13. AFM phase images of ES4/ES21 (50/50, wt/wt) blend: (a) after 20 min at 190°C; (b) after 2 h at 190°C. Specimens quenched from 190°C.
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AFM image of the quenched blend after it was taken to
190°C for 20 min. The two-phase morphology is evident.
The darker phase is the ES21-rich phase with a lower modu-
lus, and the lighter phase is the ES4-rich phase with a higher
modulus. Phase separation in the melt at 190°C was
confirmed by the appearance of phase coarsening after the
melt was held at 190°C for 2 h, Fig. 13(b).

Crystallization thermograms of ES4/ES21 blends exhib-
ited two peaks, Fig. 14(a). For the 75/25 and 50/50 (wt/wt)
blends, the exothermic peak temperatures corresponded to
the crystallization peaks of the constituents. For the 25/75
blend, a 10°C decrease in crystallization temperature of ES4
was observed. Depression in the crystallization temperature
of the minor, higher melting constituent was previously
reported in blends of other ethylene copolymers [23]. In
this case, the phenomenon was attributed to amplification
of interfacial effects in the small domains of the biphasic
melt. The subsequent melting thermograms of ES4/ES21
blends, shown in Fig. 14(b), exhibited two distinct melting
peaks corresponding to the melting temperatures of the
constituents. Moreover, the experimental melting thermo-
grams coincided with thermograms calculated by linear
addition of the constituent thermograms. The crystallization
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o 25/75
l 0/100
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S
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£
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Fig. 14. DSC thermograms of ES4/ES21 blends and blend constituents:

(a) cooling at 10°C min~ % (b) subsequent heating at 10°C min~'. The
dotted line was calculated from the weighted constituent contributions.
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Fig. 15. DMTA tan 6 curves of ES4/ES13 blends and blend constituents.
Specimens quenched from 190°C.

and melting behavior indicated that the constituents crystal-
lized independently as separate crystal populations, which
was totally consistent with immiscibility in the melt.

A styrene content difference of 9 wt% was obtained by
blending ES4 with ES13. The tan 6 curves of the blends
exhibited a single P-relaxation peak at a temperature
intermediate between the B-transition temperatures of the
constituents, Fig. 15. However, the blend peaks were generally

1] 50.0 um

Fig. 16. AFM phase image of ES4/ES13 (50/50, wt/wt) cooled at 1°C min ™"
from 190°C.
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broader and less intense than the constituent peaks. The
effect of blending on the (3-relaxation was similar to that
observed with miscible ES4/ES8 blends (compare Fig. 15
with Fig. 10.) In contrast to blends of amorphous copoly-
mers, it was difficult to draw definitive conclusions regard-
ing miscibility of semicrystalline copolymers from the
shape of the B-relaxation peak. However, the AFM phase
image of the slowly cooled blend clearly exhibited a single
phase to indicate that ES4 and ES13 were miscible, Fig. 16.

The ES4/ES13 blends, being miscible in the melt,
possessed the additional possibility for cocrystallization.
Thermograms of quenched ES4/ES13 75/25 and 50/50
(wt/wt) blends exhibited a single melting peak whereas
the 25/75 blend had a double melting peak, Fig. 17(a).
The thermogram of the 75/25 blend was not affected by
cooling rate. However, with decreasing cooling rate, a
second, lower temperature melting peak appeared in the
thermogram of the 50/50 blend, and the two melting
peaks of the 25/75 blend shifted further apart, closer to
the melting peaks of the constituents, Fig. 17(a) and (b).

(a) quenched

100/0

75/25
50/50 L

25775 "\
0/100 N

Endotherm

(b) cooled at 10°C/min

Endotherm ———

(c) cooled at 1°C/min

Endotherm ——

Il G

0 50 100 150

Temperature (°C)

Fig. 17. DSC heating thermograms of ES4/ES13 blends and blend consti-
tuents: (a) quenched from 190°C; (b) cooled from 190°C at 10°C min" % (c)
cooled from 190°C at 1°C min .

The constituents appeared to partially cocrystallize with
the extent of cocrystallization dependent upon the cooling
rate. It is not unusual for the degree of cocrystallization to
depend on factors that affect the diffusion process required
for molecular segregation such as blend composition (wt/
wt) and thermal history [24,25].

3.4. Miscibility and cocrystallization map

Miscibility and cocrystallization of binary copolymer
blends was studied over the full range of styrene content
using primarily AFM images of blend morphology and,
where possible, DMTA and DSC results. Conventional
methods for imaging domain morphology were not useful
for these blends because of the similarity in chemical
composition of the constituents. However the modulus
differences were large enough that AFM phase images
clearly revealed the domain morphology. This method
was particularly valuable for characterizing blends of semi-
crystalline copolymers where dynamic mechanical analysis
was found to be inconclusive. It should be noted that the
AFM images revealed the phase behavior at somewhat
different temperatures for crystalline and amorphous blends.
Being quenched from the melt, the observed morphology of
the crystalline blends related most closely to the 190°C melt;
whereas the amorphous blends were slowly cooled and the
observed morphology more closely represented the equili-
brium situation at the solidification temperature which was
considerably lower than 190°C. However the effect of
temperature on y over the range studied was small
compared to the effect of styrene content difference, and
therefore the effect of temperature was negligible except
in the very small range of partial miscibility.

Based on the experimental observations, a miscibility
map for binary blends was constructed. As presented in
Fig. 18, open symbols indicate miscible blends and filled
symbols indicate blends that phase separate. It appears that
the critical styrene content difference of about 9 wt%
applies to all blends of ethylene-styrene copolymers with
molecular weight of approximately 200,000 g mol ', For
this system, miscibility depends only on the difference in
comonomer content in accordance with Eq. (4) with compo-
sition expressed as weight fraction. Because weight fraction
of ES copolymers is essentially equivalent to volume frac-
tion [4], the critical composition difference is also constant
if expressed as volume fraction in accordance with other
thermodynamic properties such as solubility parameter
[26]. In contrast, the critical composition difference
expressed as mole fraction would show considerable varia-
tion over the copolymer composition range used to construct
Fig. 18. It should be noted that Eq. (3) appears not to hold
for other a-olefin copolymer blends with either mole frac-
tions or weight fractions [14]. This is attributed to an addi-
tional contribution to the interaction parameter from local
packing effects, which derive from differences in chain flex-
ibility [27]. Eq. (3) may work well for binary ES copolymer
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Fig. 18. Miscibility map of binary ethylene—styrene copolymer blends.

blends because the difference in chain flexibility is negli-
gible for copolymers that differ in styrene content by only
9 wt% [4].

The transition from miscibility to immiscibility occurs
over a very small change in styrene content difference.
Increasing the styrene content difference from 9 to
11 wt% is sufficient to change the system from miscible to
immiscible for copolymers of this molecular weight. The
solid lines in Fig. 18 indicate the very small region between
9 and 10 wt% styrene content difference where partial
miscibility is clearly evident. The phase composition of
blends in this region shows a strong dependence on
temperature and molecular weight. Some of the blends exhi-
bit an UCST.

Blends of semicrystalline ES copolymers, with 50 wt%
styrene or less, are differentiated from blends of amorphous
copolymers by the dotted lines in Fig. 18. Miscible blends of
semicrystalline copolymers have the added possibility of
cocrystallization. The segregation scale of cocrystallization
is much smaller than the micron scale of melt (liquid—
liquid) phase separation. Moreover, cocrystallization
depends strongly on kinetic factors of nucleation and
growth. Nevertheless, it appears that cocrystallization of
semicrystalline ES copolymers occurs readily if the styrene
content difference is less than about 4 wt%. If the styrene

content difference is higher, partial cocrystallization is
possible depending on the composition of the blend (wt/
wt) and the thermal history of the blend.
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