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The phase behaviour and crystallization of poly(ethylene-2,6-naphthalenedicarboxylate) (PEN)/poly(ether imide)
(PEI) blends were investigated. PEN and PEI were miscible in the melt over the entire composition range. A PEI-
rich phase containingca. 80 wt.% of PEI was identified after the crystallization of PEN below 2408C. This
observed composition deviated from the composition calculated by assuming a simple liquid–solid phase
separation. Morphological observation by optical microscopy revealed simultaneous occurrence of spinodal
decomposition and crystallization, where modulated structure was locked in by the crystallization of PEN. A
UCST phase diagram with the binodal line located below the equilibrium melting point was identified.
Investigation on the multiple melting behaviour showed that recrystallization of PEN following the initial melting
was hindered due to the remixing between PEN and PEI. Despite the occurrence of spinodal decomposition, the
crystallization rate of PEN still dropped with increasing initial PEI composition.q 1998 Elsevier Science Ltd. All
rights reserved.

(Keywords: PEN; poly(ether imide); blend)

INTRODUCTION

Liquid–liquid phase separation and crystallization in
polymer blends are of great interests because they may
create a wide variety of morphology and properties. Most
studies concerning phase separation and crystallization have
dealt with either one of the processes, while little attention
has been directed to the pattern formation where both may
take place simultaneously1–11. As these two processes occur
at the same time, liquid–liquid phase separation can
compete with crystallization in producing its own morphol-
ogy and the final blend morphology is dependent on the
outcome of such a competition. The morphology thus
created may be unique in that it is not attainable by either
process alone.

There are two possibilities for a blend to exhibit
competitive liquid–liquid phase separation and crystal-
lization. (1) The blend is immiscible above and below the
melting point (M.P.). An unstable morphology with
interconnected domains or small domain droplets may be
formed initially by mechanical mixing or solution blending.
As the blend is immediately brought to a crystallization
temperature (Tc), the rearrangement of initially formed
domains to reach the stable phase-separated morphology
will proceed simultaneously with crystallization. Hashimoto
and co-workers have studied the competition between
spinodal decomposition and crystallization in isotactic
polypropylene (i-PP)/ethylene-propylene copolymer (EPR)

blends2,4. This binary pair was immiscible and interconnected
domains were formed after solvent cast. The interconnected
domains gradually coarsened in the melt but they can be
locked in by allowing i-PP to crystallize at temperatures
below M.P. (2) The blend is miscible above M.P., but
displays a miscibility gap below M.P. This happens when
the M.P. depression curve intersects a UCST phase diagram
or when the UCST phase diagram is located below the M.P.
depression curve. The blend is homogeneous above the
critical point and M.P. Below M.P., liquid–liquid phase
separation proceeds simultaneously with crystallization.
Liquid–liquid phase separation has no equilibrium sig-
nificance below M.P., since crystallization is the
thermodynamically favourable process. But due to the
nucleation barrier associated with polymer crystallization,
liquid–liquid phase separation via the mechanism of
spinodal decomposition could precede the crystallization6.
The UCST phase diagram of poly(e-caprolactone) (PCL)/
polystyrene (PS) oligomer blends has been found to
intersect the M.P. depression curve such that competitive
liquid–liquid phase separation and crystallization was
observed below M.P.1,5,7. Poly(vinylidene fluoride)
(PVF2)/poly(methyl methacrylate) (PMMA) blends have
also been reported to display a UCST phase diagram below
M.P.3,8. In the previous studies, we have explored two
systems, poly(ethylene terephthalate) (PET)/PEI and poly
(butylene terephthalate) (PBT)/PEI, which exhibited simul-
taneous phase separation and crystallization below
M.P.10,11.

Another system of interest is the blend of PEI with
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another aromatic polyester, poly(ethylene-2,6-naphthalene-
dicarboxylate) (PEN). PEN is a semicrystalline polymer
with the glass transition temperature (Tg) and M.P. around
115 and 2808C, respectively. BothTg and M.P. of PEN are
higher than those of PET since the phenylene moiety in PET
was replaced by the naphthalene group in PEN. Because of
similarity between the chemical structures of PEN and PET,
it is of interest to blend PEN with PEI and see if this binary
pair can offer a new system displaying competitive phase
separation and crystallization. In this study, the phase
behaviour of PEN/PEI blends in both the melt and the
semicrystalline state are reported. The effect of blending
with PEI on the crystallizability, melting behaviour, and
crystallization kinetics of PEN will also be described.

EXPERIMENTAL

PEN used in this study was supplied by the Far Eastern
Textiles Co. Ltd., Taiwan. PEI was obtained from General
Electric (GE, Ultem 1000), and its molecular weights were
Mn ¼ 12 000 andMw ¼ 30 000.

Blending of PEN and PEI was carried out by solution
precipitation. PEN and PEI were dissolved in dichloroacetic
acid at room temperature, yielding a 4 wt.% solution. The
blends were subsequently recovered by precipitating them
in 20-fold excess volume of water. The blends were washed
with a large amount of water and then dried in vacuo at
1008C for 5 days.

Thermal transitions of the blends were measured with a
Perkin-Elmer DSC-7 differential scanning calorimeter. For
the Tg measurement, the sample was heated to 3008C and
annealed for 15 min to erase previous thermal history. The
sample was then quickly quenched into liquid nitrogen and
d.s.c. scan was conducted at 208C/min to record the glass
transition region. As to the melting behaviour study, the
sample was annealed at 3008C followed by cooling atca.
1608C/min to the desired crystallization temperatures. The
d.s.c. scan was conducted at 208C/min after 11 h of
crystallization. For the study of isothermal crystallization
kinetics, the sample was annealed at 3008C for 3 min
followed by cooling atca. 1608C/min to the crystallization
temperature, and the isothermal crystallization exotherm
was recorded.

The morphologies of PEN/PEI blends were observed by a
Nikon FX-A cross-polarized optical microscope. The
sample was first melted on a Linkam HFS91 hot stage at

3008C for 3 min. The sample was then quickly transferred to
another hot stage equilibrated at the desired crystallization
temperature, where the resultant morphology was observed.

RESULTS AND DISCUSSION

Phase behaviour
Miscibility of polymer blends is typically judged through

the observation of glass transition temperature.Figure 1
plots the Tg against composition for PEN/PEI blends
quenched from melt. A singleTg is identified over the
entire composition andTg increases monotonically with
increasing PEI composition. This indicates the miscibility
between PEN and PEI in the melt. TheTg–composition
relationship deviates from the conventional Fox equation12:

1
Tg

¼
w1

Tg1
þ

w2

Tg2
(1)

But the Gordon–Taylor’s equation provides a satisfactory
description for the composition variation ofTg

13:

Tg ¼
w1Tg1 þ kwTg2

w1 þ kw2
(2)

with the adjustable parameterk ¼ 1.78. The fit of Gordon–
Taylor’s equation to the experimentalTg indicates a
fairly weak interaction between PEN and PEI14.

Since the combinatorial entropy of mixing is negligible,
the presence of favourable interaction is inevitable for
miscibility in polymer blends. The favourable interaction
between PEN and PEI may be too weak to be resolvable by
the composition dependence ofTg. The aromatic moieties in
PEN, PET, and PBT are most likely to contribute to the
favourable (but not strong) interactions with PEI, because
immiscibility was found for the blends of PEI with
poly(ethylene succinate), a polyester with the chemical
structure of replacing the naphthalene moiety in PEN by
ethylene (CH2CH2) group.

One objective of this study is to reveal whether PEN/PEI
blends also display simultaneous liquid–liquid phase
separation and crystallization. Some critical information
on the composition distribution may be revealed by
observing the Tg of the blends after crystallization.
Figures 2 and 3show the glass transition regions of PEN/
PEI blends after crystallizing at 245 and 2308C for 11 h,
respectively. TheTg still displays a monotonic increase with
PEI composition after crystallization at 2458C. The situation
becomes different forTc ¼ 2308C, where aTg located atca.
1858C is identified and thisTg is relatively independent of
initial blend composition. According to theTg–composition
curve inFigure 1, a Tg of 1858C corresponds to the glass
transition of the amorphous region containingca. 80 wt.%
PEI. This means a strong segregation of PEI had occurred
after the crystallization of PEN. Although crystallization of
PEN must be accompanied with the segregation of PEI, it
seems quite unlikely that the observed segregation was
induced solely by such a liquid–solid phase separation
considering the very high observed PEI concentration.
Suppose the segregation of PEI was induced by crystal-
lization such that PEI was continuously expelled to the
remaining miscible melt during crystallization, the compo-
sition of the miscible amorphous phase may then be
estimated from the simple mass balance relationship:

wPEI ¼
w0

PEI

w0
PEI þ (w0

PEN¹ wc)
¼

w0
PEI

1¹ Dhf =Dh0
f

(3)
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Figure 1 Composition dependence ofTg of amorphous PEN/PEI blends.
The dashed line is the prediction by Fox equation and the solid line is the fit
by Gordon–Taylor’s equation



wherewPEI
0 andwPEN

0 are the initial weight fractions of PEI
and PEN, respectively,wc is the degree of crystallinity of
PEN,Dhf is the measured enthalpy of melting, andDhf

0 ¼
103.7 J/g15, the bulk enthalpy of melting. InFigure 4, the
amorphous composition computed from equation (3) is
compared with that evaluated from the observedTg for
PEN/PEI crystallized at 230 and 2458C. The calculated
compositions agree quite well with the observed composi-
tions for Tc ¼ 2458C, while the observed compositions are
significantly higher than the calculated values forTc ¼
2308C. Figure 5plots the observed and calculated composi-
tions for 60/40 blend crystallized at various temperatures for
11 h. ForTc higher than 2358C, the calculated compositions
show better agreement with the observed values, but the
observed PEI composition is always about 20% higher
than the calculated value forTc # 2358C. The observations
in Figures 4 and 5suggest that, above certain temperatures,
the segregation of PEI was induced by the process of liquid–
solid phase separation. But the observed strong PEI segre-
gation may not be predicted by such a phase separation
below certain temperatures.

In order to gain further details on the nature of the PEI
segregation, the morphology of PEN/PEI blends after

crystallization was observed by optical microscopy.
Figure 6 displays the morphological development of PEN/
PEI 60/40 blend crystallized at 2308C. The blend shows a
state homogeneous melt without any morphological texture
when just cooled to 2308C. A coarsening texture formed as
the crystallization proceeded. Unlike the typical spherulitic
structure, the morphology is characterized by the inter-
connected domains which appear like the modulated
structure developed in spinodal decomposition.Figure 7
compares the morphology of pure PEN with that of the
blends crystallized at 2208C. Pure PEN displays the
conventional spherulitic texture, while modulated morphol-
ogy was clearly identified for the blends. In conjunction
with the observed strong segregation of PEI, it is concluded
that crystallization of PEN was coupled with a liquid–liquid
phase separation proceeding via spinodal decomposition.
During the crystallization of PEN, spinodal decomposition
and crystallization were competing in creating its own
morphology. Hashimoto and co-workers have found that if
the crystallization was sufficiently rapid, the modulated
morphology may be locked in by crystallization2,4. The
morphological development of PEN/PEI blends appears to
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Figure 2 Glass transition regions of PEN/PEI blends subjected to
crystallization at 2458C for 11 h

Figure 3 Glass transition regions of PEN/PEI blends subjected to
crystallization at 2308C for 11 h

Figure 4 Comparisons between the PEI compositions calculated by
equation (3) and that determined from the observedTg for Tc ¼ 230 and
2458C. The open symbols are the calculated values and the filled symbols
are the observed values. Good agreement is found forTc ¼ 2458C, but the
observed compositions are significantly higher than the calculated values
for Tc ¼ 2308C

Figure 5 Comparisons between the PEI compositions calculated by
equation (3) and that determined from the observedTg for PEN/PEI 60/40
blend crystallized at various temperatures. Good agreement is found for
Tc $ 2408C, while the observed compositions are about 20% higher than
the calculated values forTc # 2358C



be such a case where the crystallization of PEN was fast
enough to preserve the modulated morphology induced by
spinodal decomposition.

As has been indicated, coupling between crystallization
and liquid–liquid phase separation occurs when the binodal

curves intersect the M.P. depression curve, or when the
miscibility gap locates below the M.P. depression curve.
The phase diagram of PEN/PEI blends was evaluated by
observing the resultant morphology for various blend
compositions at different temperatures. The result is
shown in Figure 8. A UCST phase diagram with the
binodal curve located blow the equilibrium M.P. is
identified. All PEN/PEI blends were in the form of miscible
melt above M.P.; within the temperature and composition
range bounded by the dashed line, crystallization was found
to proceed simultaneously with liquid–liquid phase separa-
tion. Since the composition of the PEI-rich phase evaluated
from the observedTg is around 0.8, irrespective of the initial
composition, this composition may correspond to the
binodal composition of the PEI-rich phase. As to the
binodal composition of PEN-rich phase, theTg of this phase
could not be identified because crystallization should have
taken place within this phase due to high PEN concentra-
tion. The occurrence of crystallization could further shift the
composition into the unstable region and spinodal decom-
position was induced again; eventually only theTg

corresponding to PEI-rich phase was identified. It is noted
that the miscibility gap determined by the present methods
(namely, optical microscopy and thermal analysis) may
locate slightly lower than that measured by light scattering,
since light scattering can detect composition fluctuation
arising from liquid–liquid phase separation more sensitively
than the methods used here8.

Crystallization behaviour
The effects of blending with PEI on the crystallizability,

melting behaviour, and crystallization kinetics of PEN were
also evaluated.Figure 9 plots the degree of crystallinity
against the blend composition. The crystallinities shown in
Figure 9 have been normalized by the weight fraction of
PEN to stand for the amount of crystals formed per unit
weight of PEN. The normalized crystallinity is seen to
decrease with increasing PEI composition, which means
that the crystallizability of PEN was retarded upon blending
with PEI. The decrease in PEN molecular mobility upon
blending is likely to contribute to the crystallinity reduction.

PEN may exhibit multiple melting endotherms after
isothermal crystallization. Similar to PET and PBT, such a
multiple melting behaviour may be associated with the
occurrence of melting, recrystallization, and remelting in
the melting region16;17. Figure 10 displays the melting
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Figure 6 Morphological development viewed under optical microscopy
for PEN/PEI 60/40 blend at 2308C. The time of crystallization is indicated
in the figure. A modulated morphology created by spinodal decomposition
is observed

Figure 7 Optical micrographs showing the morphologies of (a) pure PEN
(b) PEN/PEI 80/20, (c) 60/40, and (d) 60/40 blends at 2308C. Micrographs
(a) and (d) were viewed under cross polarization

Figure 8 Phase diagram of PEN/PEI blend. The filled symbol stands for
the observation of simultaneous liquid–liquid phase separation and
crystallization, while the open symbol denotes the observation of crystal-
lization only



endotherms of PEN/PEI 90/10 blend subjected to crystal-
lization at variousTc values for 11 h. Only one endotherm is
observed forTc $ 2358C, whereas two melting peaks are
identified with a smaller endotherm developed atca. 2608C
for Tc # 2308C. The magnitude of the second endotherm
relative to that of the first endotherm becomes larger for
lowerTc. The ability for a polymer to undergo recrystalliza-
tion after initial melting is related to the degree of
undercooling given by (Tm

0 ¹ Tm) with Tm
0 being the

equilibrium M.P. andTm the observed M.P.17. The larger the
degree of undercooling, the greater the tendency towards
recrystallization. The crystals formed at a higherTc have a
higher Tm and hence a lower driving force towards
recrystallization. Consequently, recrystallization is negligi-
ble forTc $ 2358C. On the other hand, the crystals formed at
Tc # 2308C had a lowerTm and thus a stronger tendency
towards recrystallization. Two melting endotherms were
then observed and the magnitude of the second endotherm
became larger for lowerTc.

The melting behaviour of PEN was found to be influenced
by blending with PEI.Figures 11 and 12show the melting
endotherms of PEN/PEI blends subjected to prior
crystallizations at 235 and 2258C for 11 h, respectively.
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Figure 9 Variation of the normalized crystallinity with composition of
PEN/PEI blends

Figure 10 Melting endotherms of PEN/PEI 90/10 blend subjected to
crystallization at various temperatures for 11 h. The crystallization
temperatures are indicated in the figure

Figure 11 Melting endotherms of PEN/PEI blends subjected to crystal-
lization at 2358C for 11 h

Figure 12 Melting endotherms of PEN/PEI blends subjected to crystal-
lization at 2258C for 11 h

Figure 13 Logarithmic crystallization rate constants at different crystal-
lization temperatures. The crystallization rate decreases with increasing PEI
composition at a givenTc



For Tc ¼ 2358C for which PEN did not exhibit significant
recrystallization in the melting region, blending does not
exert any strong perturbation on the shape of melting
endotherms. On the other hand, differences in the shapes of
melting endotherms are observed forTc ¼ 2258C. Two
melting endotherms are observed for pure PEN. With
increasing PEI composition, the second endotherm located
at ca. 2658C gradually diminishes and only one endotherm
is observed when the PEI composition exceeds 30 wt.%.
This phenomenon clearly indicates that the recrystallization
of PEN was hindered upon blending with PEI. The
hindrance was stronger in blends with higher PEI composi-
tion. The hindrance of recrystallization may be ascribed to
the remixing between PEN and PEI after initial melting.
Since the majority of the melting range is located in the one-
phase region in the phase diagram ofFigure 8, when PEN
crystals melted, the melted PEN would remix with the
remaining miscible melt. The subsequent recrystallization
required the diffusion of PEN segments out of the melt; such
a diffusion was impeded by PEI and recrystallization was
hindered.

As spinodal decomposition preceded the crystallization,
the kinetics of crystallization over the spinodal domains
may be different from the case where no such a coupling
existed. For example, crystallization rate may be promoted
if nucleation can occur preferentially on the domain
interface18. The effect of blending on the bulk crystal-
lization kinetics of pen was investigated by avrami analysis:

ln{ ¹ ln[1¹ xc(t)]} ¼ ln kþ n ln t (4)

wherexc(t) is the relative crystallinity accumulated as of
time t, k is the crystallization rate constant, andn is the
Avrami exponent.Figure 13plots the logarithmic rate con-
stants againstTc for various PEN/PEI blend compositions.
The crystallization rate decreases with increasing PEI com-
position at a givenTc, so promotion in crystallization rate is
not observed. This means that the nucleation at the domain
interface, if it took place, did not play a major role in con-
trolling the crystallization rate of PEN.

During spinodal decomposition, change of compositions
took place continuously with one phase continuing to enrich
PEN content and the other to enrich PEI content. Crystal-
lization should proceed preferentially within PEN-enriched
phase. For one extreme case where crystallization completes
before the occurrence of spinodal decomposition, the
crystallization kinetics is determined by the initial blend
composition and increasing PEI composition will result in
decreasing crystallization rate. This situation is unlikely
because crystallization needs to overcome a nucleation
barrier, whereas spinodal decomposition can be induced
with infinitesimal fluctuations such that it should precede
crystallization6. For the other extreme, where crystallization
starts to take place after the binodal compositions have been
reached, then crystallization should proceed at the same rate
irrespective of the initial composition. The decrease of
crystallization rate with increasing initial PEI composition

in Figure 13suggests that the crystallization of PEN should
belong to the intermediate case where it did not lag behind
the composition shift arising from spinodal decomposition
considerably. The PEI composition within the PEN-
enriched phase was still higher in the blend with higher
initial PEI composition, such that the crystallization rate is
slower.

CONCLUSIONS

A new binary system, PEN/PEI, exhibiting simultaneous
liquid–liquid phase separation and crystallization has been
discovered in this study. PEN and PEI were miscible in the
melt but a UCST phase diagram was located below M.P.
Crystallization of PEN was coupled with spinodal decom-
position, where modulated spinodal morphology was locked
in by the crystallization of PEN. Blending with PEI
depressed the crystallizability of PEN. The melting
behaviour of PEN was also affected by blending. The
recrystallization following the initial melting was impeded
due to remixing. Although composition shift arising from
spinodal decomposition was taking place simultaneously
with crystallization, the crystallization rate of PEN still
decreased with increasing PEI composition.
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