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Abstract

The effect of biaxial stretching and annealing on the structure development in ternary blends of PEN/PEI/PEEK on mostly PEN-rich com-
positions has been investigated. Both PEN and PEEK are melt miscible with PEI. The addition of PEI greatly suppresses the crystallizability of
the PEN while enhancing the glass transition temperature. The addition of PEEK to high PEI containing PEN/PEI recovers this crystallizability
with the end result being the high Tg materials that can strain harden. The crystallization habit is mostly PEN at PEN-rich corner of the ternary
diagram. The increase of PEI concentration beyond 20% eliminates the crystallizability of PEN and addition of as little as 10% PEEK causes
these blends to crystallize upon stretching in the rubbery state.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(ethylene 2,6-naphthalene dicarboxylate) (PEN) is
a semi-crystalline aromatic polycondensate having the follow-
ing repeat unit.
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PEN exhibits high mechanical, thermal, chemical and di-
electric properties [1]. One of its most important characteristics
is its resistance to permeation of small gas molecules, particu-
larly, oxygen. This makes it a very attractive candidate for food
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packaging and beverage bottle applications [2]. Its high ther-
mal stability and mechanical characteristics make it suitable
for backing substrate in magnetic recording tapes [3e5] and
tire cords [6].

PEN can be quenched into amorphous form or crystallized
form by changing the thermal and/or stress history into two
crystal structures. The first is called a modification (triclinic,
a¼ 0.651 nm, b¼ 0.575 nm, c¼ 1.32 nm, a¼ 81.33�, b¼
90� and g¼ 100�) [7], obtained by crystallizing PEN from
amorphous form or from the melt below 240 �C. The second
crystal structure is called b modification (also triclinic, a¼
0.926 nm, b¼ 1.559 nm, c¼ 1.273 nm, a¼ 121.6�, b¼
95.57� and g¼ 122.52 nm) obtained by crystallizing it above
about 240 �C [8].

Uniaxial and biaxial film deformation studies [9e11] indi-
cate that initially amorphous PEN exhibits necking behavior
during deformation even when it is stretched above the glass
transition temperature and the necking develops and propa-
gates in the sample up to the onset of stress hardening. Stretch-
ing the films beyond the stress hardening point allows the film
to become increasingly uniform. The crystal structure of the
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deformed and annealed film was packed into low temperature
modification (a), and naphthalene planes preferentially orient
parallel to the film’s surface during biaxial deformation. Biax-
ially deformed films exhibit a bimodal chain orientation re-
sembling a woven cross (cross-hatched) fabric construction
but uniplanar axial texture was found in the case of free-width
uniaxially deformed films.

The addition of up to 20% PEI to PEN was found to reduce
the sharp necking phenomenon during uniaxial deformation
between glass transition temperature and the cold crystalliza-
tion temperature [12]. It occurs as a result of molecular level
miscibility between PEN and PEI that causes disruption of
the preferential alignment of the naphthalene ring planes par-
allel to the film’s surface in the presence of bulk PEI chains. In
contrast to the bimodal cross-hatched morphology observed in
equally biaxially stretched PEN, in-plane isotropy is observed
in PEN/PEI blends.

In the previous research [12] on blends of the PEN/PEI
pair, it was found that the PEI concentration beyond 20%
causes significant reduction in strain induced and thermal in-
duced crystallizability while increasing the glass transition
temperature. One of the objectives of this research was to in-
crease the glass transition temperature while maintaining the
strain hardening behavior. This latter requirement is very im-
portant if the polymer system were to succeed in traditional
processing operations such as tenter frame processing or
double bubble tubular film blowing.

Poly(ether ether ketone) (PEEK) exhibits strain induced
crystallization upon stretching from amorphous precursors in
the rubbery (Tg< Tp< Tcc) temperature range [13]. Its onset
of strain hardening is quite low and it is also known to be mis-
cible with PEI [14]. It is, however, not miscible with PEN
[15,16]. When PEI is added to the immiscible PEN/PEEK sys-
tem, below about 40% PEI the ternary PEN/PEI/PEEK blends
separate into two phases namely PEN-rich and PEEK-rich, and
above this concentration, PEI acts as a solvent for both PEN
and PEEK and forms a miscible phase in their amorphous state.
These ternary blends exhibit necking-free uniaxial deformation
even below the onset of stress hardening.

In this study, we present our detailed structural studies on
the effect of composition and processing conditions on the de-
velopment of structure in biaxially stretched PEN/PEI/PEEK
ternary blends in their miscible region.

2. Experimental

2.1. Materials and their thermal properties

Poly(ethylene 2,6-naphthalate) (PEN) used in this work
was kindly provided by Eastman Chemical. Poly(ether imide)
(PEI, ULTEM 1000) was received from GE. Poly(ether ether
ketone) (PEEK, 381G) was obtained from ICI. As received ho-
mopolymer pellets were dried in a vacuum oven at 120e
140 �C for at least 12 h to remove the moisture for the thermal
analysis and blending process. Their weight, number and z
average molecular weight are tabulated in Table 1.
2.2. Melt-blending

A JSW intermeshing co-rotating twin screw extruder was
used to melt-blend PEN, PEEK, with PEI. The screw diameter
is 30 mm and the length of the screw is 32.5D. The melt-
blending was performed in two steps: first, PEI was blended
with PEEK; and then PEN was blended with these PEI/
PEEK binary blends. This procedure was followed to reduce
the melt processing temperature of PEEK thereby reducing
the possibility of degradation in PEN that occurs at elevated
temperatures.

In the first step, as received PEI and PEEK pellets were
dry-blended and placed in an oven and were dried at 120 �C
for at least 24 h under vacuum. Twin screw extruder barrel
temperatures were gradually increased from 265 to 370 �C
along the barrel and 370 �C at the die. In order to minimize
degradation, the feed section of the extruder was blanketed
by argon gas. The extrudates were quenched in a water bath
and pelletized.

In the second step, the vacuum dried PEI/PEEK blends were
first dry-blended with pre-dried PEN pellets. Then the pre-
mixed ternary blends were melt-blended using the same JSW
twin screw extruder. Melting temperatures in the pressure
and metering zones were set to 320e355 �C depending on
the concentration of the blend. In order to minimize the decom-
position of PEN, the vents on the extruder were closed, and the
feeder, the hopper and the extruder were blanketed with argon
gas. Ternary compositions of the blends numbered from #1 to
#11 were prepared as shown in a ternary diagram in Fig. 1.
This ternary diagram was extensively studied by Bicakci and
Cakmak [16,17]. In our study, we focus our attention to the
blends in their miscible PEN-rich region to study the PEN
effect and to PEI-rich region to study PEEK effect. The blends
selected for this purpose were #1, #2, and #3 (PEI-rich), and #6,
#9, and #11 (PEN-rich).

2.3. Melt-casting

Dried PEN/PEI/PEEK pellets were melt-cast using a Prodex
100 single screw extruder equipped with an 800 wide sheet cast-
ing die and a chill roll take up device. The temperature of the
melt at the die was maintained at 335e355 �C depending on
the concentration. The blends with higher PEEK content re-
quire higher melting temperature. The chill roll temperature
was controlled at 70e80 �C depending on the composition us-
ing a water circulating temperature control unit. The thickness
of the sheets was found to be about 400e500 mm. The melt-
cast sheets were cut into 140� 140 mm square shape for
uni- and biaxial stretching.

Table 1

Molecular weights of PEN, PEI, PEEK

Materials Mn Mw Mz

PENa 12,500 42,000 66,000

PEIa 16,750 40,350 67,350

PEEK 15,000 35,000

a From Eastman Chemical.



6364 X. Zhou, M. Cakmak / Polymer 47 (2006) 6362e6378
2.4. Uni- and biaxial stretching

Biaxially oriented PEN/PEI/PEEK films with varying stretch
ratios were produced using an Iwamoto biaxial stretcher (BIX-
702). Three different stretching modes were used for all the
blends: uniaxial constant width (UCW), unequal biaxial
(UE), and equal biaxial (EB). Prior to stretching, the machine
was heated to the desired stretching temperature for at least
3 h. The non-oriented sheet was mounted onto the pneumatic
grips of the pre-heated machine and allowed for a 5 min ther-
mal equilibrium time before the stretching. All samples were
stretched at Tgþ 20 �C (that was found to be optimum by pre-
vious uniaxial film stretching studies by Bicakci et al. [17,18]).

2.5. Annealing

Selected stretched films were cut to 80� 80 mm and
clamped in a square aluminum sandwich frame with dimen-
sions 50� 50 mm opening. They were then placed in a forced
convection oven at 220 �C for 30 min. The oven was
pre-heated for at least 4 h for thermal equilibrium before the
samples were inserted.

2.6. Thermal analysis

2.6.1. Differential scanning calorimetry (DSC)
DSC thermal analysis of melt-cast PEN/PEI/PEEK blends,

oriented and annealed films were performed on a Perkin Elmer
DSC (DSC7) apparatus at a heating rate of 20 �C/min for all
samples tested. The apparent crystallinity can be calculated
using the following equations:

PEI

PENPEEK

Single Tg

Two Tg's
Phase Boundary

1 2 3

4 5 6

7 8 9

10 11

Composition (PEN/PEI/PEEK, wt%):
#1.   30/40/30;      #2.   40/40/20;      #3.  50/40/10;
#4.   40/30/30;      #5.   50/30/20;      #6.  60/30/10;
#7.   50/20/30;      #8.   60/20/20;      #9.  70/20/10;
#10. 70/10/20;      #11. 80/10/10

Fig. 1. Ternary diagram of PEN/PEI/PEEK ternary blends.
Xð%Þ ¼ DHexp

DHo
� 100 ð1Þ

DHexp ¼ DHmelt�DHcold cryst: ð2Þ

where DHo is the heat of fusion of 100 crystalline polymer.
The value for PEN is 103.4 J/g [8], and for PEEK is 130.0 J/g
[19]. The apparent crystallinity of the crystallizable polymers
in the blends can be normalized to the true crystallinity by di-
viding the apparent crystallinity with the fraction (in percent)
of the crystallizable polymer.

The results are listed in Table 2.

2.7. Wide angle X-ray diffraction (WAXD)

To study the crystallization and orientation development in
samples, wide angle X-ray diffraction technique was used.

2.7.1. WAXD profiles
A 12 kW Rigaku rotating anode generator (RU200B) equip-

ped with a Rigaku horizontal diffractometer was used to obtain
WAXD profiles of PEN/PEI/PEEK blends and oriented films.
The X-rays were generated with copper target rotating anode
with the generator being operated at 40 kV and 150 mA. The
X-rays were monochromatized using a graphite monochroma-
tor to obtain the Cu Ka wavelength. The goniometer was oper-
ated with reflection mode by step scanning at a rate of 0.04�/
step with a 5 s step interval.

2.7.2. WAXD film patterns
A General Electric copper target X-ray generator (GE XRD-6)

equipped with a Furnas wide angle and small angle combi-
nation camera was used to obtain the wide angle X-ray diffrac-
tion patterns of PEN/PEI/PEEK blends, and oriented and
annealed samples. The machine was operated at 30 kV and
30 mA and a nickel foil filter was used to obtain Cu Ka radia-
tion. The distance between the sample and X-ray film plane is
32.19 mm. For biaxially oriented PEN/PEI/PEEK samples
WAXD film patterns were obtained with X-ray beam in three
directions: normal direction (ND), machine direction (MD),
and transverse direction (TD).

2.8. Wide angle X-ray pole figure and biaxial orientation
factors

Wide angle X-ray diffraction pole figures of selected, ori-
ented and annealed PEN/PEI/PEEK films were obtained to
evaluate the crystalline orientation of PEN in the blends
with PEN-rich region (blends #6, #9, and #11). These were

Table 2

Thermal properties of PEN, PEI, PEEK

Materials Tg (�C) Tm (�C) To
m (�C) Tcc (�C)

PEN 123 258 337 223

PEI 218

PEEK 146 340 384 173

To
m ¼ equilibrium melting temperature.
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performed using a GE XRD-6 X-ray generator equipped with
a quarter circle goniometer and a goniometer head. The ma-
chine was operated at 30 kV and 30 mA to generate Cu Ka

X-ray radiation. The sample was made to the dimension of
1.2� 1.2� 2.0 mm cube by successively stacking the thin
sample layers and binding them with super glue. The data
were obtained by setting the experimental parameters of 10�

interval for f angle, 5� interval for azimuthal angle c and
typical counting time of 20e40 s at each point.

The WhiteeSpruiell biaxial orientation factors [20] were
used to evaluate the orientation of the crystalline regions. The
value of the mean square cosine of the angle between the pref-
erentially oriented axial and a reference axis was determined
using Wilchinsky’s method [21e23]. A pseudo-orthorhombic
model [24] proposed for the PEN unit cell was used to calculate
the orientation factor of the c-axis and the axis normal to the
naphthalene plane. The calculations are as follows [12]:

c-axis:

cos2 c1c ¼ 1� 0:844 cos2 c1 � 1:156 cos2 c2 ð3Þ

axis normal to naphthalene plane

cos2 c1u ¼ 1:022 cos2 c1 � 0:022 cos2 c2 ð4Þ

where cos2 c1 is obtained from (100) plane pole figure,
cos2 c2 is obtained from (�110) plane pole figure.

3. Results and discussions

3.1. Thermal properties of PEN/PEI/PEEK blends

3.1.1. Differential scanning calorimetry (DSC)

3.1.1.1. Melt-cast PEN/PEI/PEEK sheets. Fig. 2 shows the ef-
fect of composition on the thermal behavior in melt-cast
blends. From Fig. 2(a) for PEI-rich blends (samples #1, #2,
and #3), we can see that neither cold crystallization nor melting
peak of PEN appears during the DSC heating scan, suggesting
that PEN stays in the amorphous state and remains completely
miscible with PEI when the PEI concentration is more
than 40 wt% and PEN concentration is less than 50 wt%. The
glass transition temperature does not change significantly
(w150 �C) with the change in composition. The melting
temperature of PEEK increases with the increase of PEEK con-
centration. The cold crystallization temperature decreases with
the increase of PEEK proportion, approaching that of 100%
PEEK. This increase of Tcc with the addition of PEI is benefi-
cial for film stretching as it widens the (Tcc� Tg) gap where the
optimum processing window lies. The area under the cold crys-
tallization peak is roughly the same as that under the melting
peak of PEEK indicating that the precursor samples are
substantially amorphous.

Bicakci and Cakmak [16] performed the thermal analysis
on extruded PEN/PEI/PEEK ternary blends. They found that
in the compositions 1 (30/40/30), 2 (40/40/20) and 3 (50/40/
10), only PEEK is able to crystallize, and PEN remains
amorphous throughout the DSC scan. This is very similar to
that observed in the vitrified binary PEN/PEI blends where
PEN is not able to crystallize in the blends containing more
than 30% PEI during DSC heating scan with a heating rate
of 10 �C/min [12]. This is primarily as a result of two pro-
cesses: the dilution effect and the reduction of chain mobility.
In the first process, the crystallizable chains are spatially sep-
arated by amorphous chains, and in the second process, the
diffusion of the chains passed one another as characterized
by self- and cross-diffusion coefficients decreased with the
addition of amorphous chains.

Thermal behavior in PEN-rich region is shown in Fig. 2(b)
for samples #3, #6, #9, and #11 with constant PEEK concentra-
tion of 10 wt%. The glass transition temperature increases with
the increase of PEI fraction. The melting peak of PEN appears
for samples #6, #9 and #11 which contain more than 60 wt%
PEN, and the position of PEN melting peak decreases with
the increase of PEI fraction. The melting peak of PEEK re-
mains roughly the same (about 340 �C). In these DSC spectra,
two overlapping cold crystallization peaks appear: the lower
temperature peak corresponds to PEEK and the higher one to
PEN. The reason why Tcc (PEEK)< Tcc (PEN) even though
Tm (PEEK)> Tm (PEN), is because PEEK exhibits much
higher crystallizability (thermally or stress induced). The
area under the entire cold crystallization peaks is the same as
that of the sum of the two individual melting peaks indicating
that the precursors were amorphous prior to DSC scanning.
One can also see that the cold crystallization peaks of PEN
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Fig. 2. DSC heating scans of melt-cast PEN/PEI/PEEK sheets.
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and PEEK are overlapped, and the cold crystallization temper-
atures of both PEN and PEEK crystals increase with the in-
crease of PEI fraction. Similar results have been found by the
authors [18].

3.1.1.2. Effect of composition and annealing on the thermal
properties of biaxially stretched films. Fig. 3 shows the DSC
scans of samples #11, #9, #6, and #3 stretched at Tgþ 20 �C
with 3600%/min strain rate to a stretch ratio of 4� 1, and sub-
sequently annealed at 220 �C for 30 min. The cold crystalliza-
tion temperature decreases as a result of increased chain
orientation in the amorphous region. Oriented chains having
lower entropy require less energy to crystallize. The blend
films crystallize upon stretching due to stress induced crystal-
lization. When the stretched films are annealed at 220 �C for
30 min (Fig. 3(b)), the cold crystallization peak disappears
and the area under the melting peaks of both PEN and PEEK
increases for all the films. This allowed us to calculate the crys-
tallinity in these stretched and annealed samples. They are
listed in Table 3. In the higher PEI concentration films (#3),
PEN still remains amorphous upon stretching. Upon annealing
it crystallizes, and a secondary melting peak close to the melt-
ing temperature of PEN appears. Kim et al. [12] and Buchner
et al. [25] found the similar phenomena in crystallized and an-
nealed PEN samples. This is attributed to the melting and
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(b)
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PEN/PEI/PEEK
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Fig. 3. DSC heating scans of PEN/PEI/PEEK films stretched at Tgþ 20 �C
with 3600%/min strain rate to stretch ratio of 4� 1 (a) and subsequently

annealed at 220 �C for 30 min (b).
recrystallization of poorly ordered and/or small crystallites
into a higher order upon annealing.

Fig. 4 shows the stretched (a) and annealed PEI-rich blend
films (b) (blends #1, #2, and #3). The glass transition temper-
ature does not change appreciably with stretching. PEN is in
amorphous state in stretched films and it crystallizes upon an-
nealing. The crystallinity of PEEK increases with the stretch-
ing primarily due to the stress induced crystallization as it will
also be evident in X-ray data in the following sections. The
corresponding data from thermal analysis on these samples
are listed in Table 3.

3.1.1.3. Effect of uniaxial constant width (UCW) mode stretch-
ing and annealing on the thermal properties of PEN/PEI/
PEEK films. Figs. 5 and 7 show the thermal behavior during
DSC heating scan for 80/10/10 (#11) and 70/20/10 (#9)
PEN/PEI/PEEK films stretched at Tgþ 20 �C with 3600%/
min strain rate to different stretch ratios (a) and subsequently
annealed at 220 �C for 30 min (b). For sample #11 (80/10/10),
the area under cold crystallization peaks becomes smaller
(curves not shown) and Tcc (cold crystallization temperature
peak position) decreases (Fig. 5) with the increase of area ex-
pansion ratio. This is a typical behavior observed in crystalliz-
able polymers when stretched from amorphous precursors at
temperatures between their glass transition and cold crystalli-
zation temperatures. With the increase of deformation, chain
orientations increase, and during DSC scanning, these oriented

Table 3

Thermal properties of PEN/PEI/PEEK blends

Sample

(PEN/PEI/PEEK,

wt%)

Tg

(�C)

Tcc,PEEK

(�C)

Tcc,PEN

(�C)

Tm,PEN

(�C)

Tm,PEEK

(�C)

(a) Melt-cast sheets

100/0/0 123.0 e 223.0 258.0 e

0/0/100 146.0 173.0 e e 340.1

30/40/30 (#1) 145.5 188.9 e e 338.8

40/40/20 (#2) 147.5 189.6 e e 337.8

50/40/10 (#3) 151.1 e 201.6 e 337.3

60/30/10 (#6) 131.2 190.9 e 253.3 337.6

70/20/10 (#9) 120.2 190.9 226.8 255.5 339.6

80/10/10 (#11) 119.5 191.7 216.8 257.6 339.1

(b) PEN/PEI/PEEK films stretched at Tgþ 20 �C with 3600%/min strain

rate to stretch ratio (lMD� lTD) of 4� 1(unannealed)

30/40/30 (#1) 149.4 e e e 340.53

40/40/20 (#2) 151.1 e e e 339.00

50/40/10 (#3) 151.9 e e e 337.7

60/30/10 (#6) 132.1 e 217.6 254.4 338.9

70/20/10 (#9) 125.1 187.9 212.0 257.1 339.0

80/10/10 (#11) 121.2 174.8 e 258.5 340.4

Sample

(PEN/PEI/PEEK,

wt%)

Tm,PEN

(�C)

Tm,PEEK

(�C)

Apparent crystallinity (%)

XPEN XPEEK

(c) Stretched samples (in (b)) subsequently annealed at 220 �C for 30 min

30/40/30 (#1) 241.2 341.1 0.71 9.42

40/40/20 (#2) 254.1 340.0 3.13 5.81

50/40/10 (#3) 255.1 337.5 5.81 2.06

60/30/10 (#6) 255.8 339.3 12.12 1.53

70/20/10 (#9) 256.6 338.9 17.43 2.31

80/10/10 (#11) 258.1 339.9 19.79 2.54
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amorphous regions require low thermal energy as a result of
the reduction of conformational entropy and they crystallize
at lower temperatures. This causes the shift of the cold
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Fig. 4. DSC heating scans of PEN/PEI/PEEK films stretched at Tgþ 20 �C
with 3600%/min strain rate to stretch ratio of 4� 1 (a) and subsequently

annealed at 220 �C for 30 min (b).
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crystallization temperature to lower temperatures as the frac-
tion of the remaining amorphous chains decreases upon crys-
tallization due to heating. Crystallinity of the stretched films
could not be calculated. Although there are two melting peaks,
only one cold crystallization peak is present. Therefore, the
signals coming from PEEK and PEN crystallization could
not be separated. When these stretched films are annealed,
however, the cold crystallization peaks disappear, and this al-
lowed us to calculate the crystallinity for annealed films as
shown in Fig. 6 where the true crystallinity (normalized to
their fraction present) in each phase is plotted with area ex-
pansion ratio. These data do not depend on the mode of defor-
mation and the PEEK phase exhibits lower crystallinity than in
PEN phase as it is understandable as the PEEK chains are
widely dispersed in PEI/PEN.

When the concentration of PEI is increased at a constant
PEEK fraction (10 wt%) in sample #9 (70/20/20) as shown in
Figs. 7 and 8, the same trends as seen in sample #11 are
observed. The same results have been found in the uniaxially
stretched PEN/PEI/PEEK blends [18]. Increase of area expan-
sion ratio results in the decrease of the cold crystallization
temperature and an increase in its breadth (not shown), while
substantial increase in glass transition temperature is observed.
The latter result points to the substantial stiffening of the chains
in the amorphous domains in large part due to the development
of orientation. In these samples, as soon as the chains attain
sufficient mobility, they rapidly crystallize with those chains
in the amorphous state having highest orientation and are
spatially in close proximity (Fig. 8).

With the increase of PEI concentration to 40 wt% in sample
#2 (40/40/20), the crystallizability, particularly in the PEN
phase is reduced, as shown in Fig. 9(a). We could not observe
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cold crystallization and melting peaks of PEN, but the PEEK
phase shows crystallization and melting peaks. The area under
the cold crystallization peaks decreases with stretching while
the area under the melting peak increases indicating increased
crystallinity in the PEEK phase upon stretching. We also see
that a large portion of the crystallizable material remains amor-
phous even at high stretch ratios. As we will see in the X-ray
section, these films exhibit only oriented PEEK phase. No
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evidence of PEN crystallites is observed indicating that PEN
chains remain well mixed with PEI. The glass transition tem-
perature, cold crystallization temperature, and the melting tem-
perature are plotted as a function of stretch ratio in Fig. 9(b).
The melting temperatures of PEEK do not change appreciably
with the increase of stretch ratios. The glass transition temper-
ature and the cold crystallization temperature increase upon
stretching.

3.2. Wide angle X-ray diffraction (WAXD)

In order to determine the structural evolution during stretch-
ing, two wide angle X-ray diffraction techniques have been
employed: WAXD equatorial scan and WAXD flat film
patterns. WAXD film patterns were obtained with X-ray
beam normal to the film surface in the case of uniaxially
free-width stretched sample while in the case of biaxially
stretched films three WAXS patterns were obtained with the
X-ray beam in three principal directions MD, TD and ND.

3.2.1. WAXD equatorial intensity profiles
As-cast films are all amorphous as discussed in Section 2.6.

Upon stretching, the crystalline peaks of PEN and PEEK start
to appear as shown in Fig. 10(a) in the blends of samples #11
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and #9, which contain a higher proportion of crystallizable
components. The samples with higher PEI content (samples
#6 and #3), remain amorphous even at 4� 1 deformation level.
When these stretched samples are annealed, the crystalline
peaks appear in samples #1, #2, and #3 (Fig. 11 (b)), and
they become very strong in samples #6, #9 and #11. The low
temperature modification a of PEN is predominant in samples
#11 and #9 (Fig. 10 (b)). In samples #1, #2, and #3, only PEEK
crystalline peaks are observed. Only in sample #6 composition
both PEEK and PEN crystalline peaks are observed.

As indicated earlier in Section 2.6, the as-cast precursor
sheets are all amorphous for the composition range studied.
Stress induced crystallization of PEN occurs in PEN-rich films.
Although its relative proportion is low (10e30%), PEEK stress
crystallizes in samples #1e3 composition. Annealing increases
the crystallinity of PEN and PEEK in deformed films. In order
to probe the structure evolution and crystalline orientation
during the stretching and annealing, WAXD film patterns
were obtained as presented in the following section.

3.2.2. WAXD film patterns
Fig. 12 shows the WAXD patterns of uniaxial constant

width stretched (stretch ratio¼ 4� 1) #11 and #2 films. These
patterns were obtained with the X-ray incident direction in its
normal direction after the stretched samples were annealed.
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(a) Unannealed and (b) annealed at 220 �C for 30 min.
PEN crystal planes were identified by comparing d-spacing
values with the literature [18]. PEEK crystal (orthorhombic)
planes were identified by comparing experimental d-spacing
values with the ones calculated based on the lattice parameters
of Dawson and Blundell [26] listed in Table 4.

As we can see from these patterns, in PEN-rich #11 film, the
low temperature modification a of PEN is the only phase.
Among all diffracted peaks, (010), (100) and (�110) peaks
show very strong intensity. There exists a weak diffraction in
between a(010) and a(100) on the equator. Bicakci and Cak-
mak [16] indicated that in uniaxial free-width stretched sam-
ples, a weak diffraction in between a(010) and a(100) on the
equator is due to (110) plane diffraction of PEEK. We com-
pared our observed d-spacing value of PEN (db(020)¼ 4.79)
with the value from the literature [2,3,7] (db(020)¼ 4.78) which
are very close to each other, while the calculated d-spacing
of the PEEK (110) plane is 4.679. Therefore, we concluded
that this weak peak is due to b(020) of PEN. One possible in-
terpretation for this weak b peak is that the stretched sample
was annealed at 220 �C which is close to the melting tempera-
ture of PEN, at which the PEN prefers to form a mixture of
a and b [12,27]. In sample #2 diffraction pattern, only PEEK
peaks appear, and (110), (200) peaks on the equator and
(111) peak on first layer line are visible. There are no crystal-
line peaks of PEN shown in this sample. This is in agreement
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subsequently annealed at 220 �C for 20 min.
Table 4

Calculated d-spacing values of PEEK

Planes d (calculated)

(110) 4.679

(200) 3.875

(111) 4.230
with the results of uniaxial free-width samples observed by
Bicakci et al. [18,19].

In order to systematically investigate the effect of composi-
tion, stretch ratio, stretching mode and annealing on the crystal-
lization and crystalline orientation, a series of WAXD patterns
were obtained. Figs. 13 and 14 show the effect of composition
and annealing on the crystallization and orientation of uniaxial
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Fig. 13. WAXD patterns of PEN/PEI/PEEK blends uniaxially stretched at Tgþ 20 �C with 3600%/min strain rate to stretch ratio of 4� and subsequently annealed

at 220 �C for 20 min.
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Fig. 14. WAXD patterns of PEN/PEI/PEEK blends stretched at Tgþ 20 �C with 3600%/min strain rate to stretch ratio of 4� and subsequently annealed at 220 �C
for 20 min.
free-width stretched films for PEN-rich (samples #6, #9, and
#11) and PEI-rich films (samples #1, #2, and #3), respectively.
The stretch ratio of these films is 4. In sample #11, the sharp
equatorial spots with small azimuthal spread are observed.
Crystallization and crystal orientation are high in this sample.
Annealing enhances the crystallization in the film. Similar be-
havior is observed in sample #9 even though the PEI proportion
is increased to 20 wt%. The azimuthal spread in these crystal-
line peaks increases with the addition of the PEI proportion.
With further addition of PEI to 30 wt% at the expense of
PEN in the sample #6, the formation of crystalline lattice is se-
verely retarded. The molecular chains are randomly oriented in
the amorphous matrix for unannealed film suggesting that the
chain orientation of PEN is disrupted by the bulky chains of
PEI. This behavior is quite understandable. As the fraction of
non-crystallizable PEI phase is increased, the dilution effect
spatially separates the crystallizable chains from one another
[18].
Fig. 15. WAXD patterns of PEN/PEI/PEEK blends stretched at Tgþ 20 �C with 3600%/min strain rate to stretch ratio of 4� 1 and subsequently annealed at 220 �C
for 20 min.
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Fig. 16. WAXD patterns of PEN/PEI/PEEK blends stretched at Tgþ 20 �C with 3600%/min strain rate to stretch ratio of 4� 1 and subsequently annealed at 220 �C
for 20 min.
In Figs. 15 and 16, we show the effect of the composition on
crystalline orientation for PEN-rich samples (samples #11, #9,
and #6) and PEI-rich samples (samples #1, #2, and #3) uniaxial
constant width (UCW) stretched to the stretch ratio of 4� 1.
These WAXD patterns were obtained with an X-ray beam in
ND, MD, and TD directions. Crystallization and crystalline ori-
entation increase with the addition of PEN. Transverse isotropy
is observed with highly oriented a phase crystals of PEN in
samples #11 and #9. For sample #6, unoriented crystals in
the blend are formed during annealing. These crystals corre-
spond to both PEN and PEEK. This orientation behavior is
quite similar to that of the uniaxial free-width stretched sample
as discussed in the previous section. As in the case of the unan-
nealed samples, samples #11 and #9 have predominately PEN
crystals while sample #6 has a combination of PEN and PEEK
crystals. During the annealing process where they obtain the
necessary energy, PEN chains which were oriented but not
packed into a crystal lattice in as-stretched films rearrange
Fig. 17. WAXD patterns of 80/10/10 (#11) PEN/PEI/PEEK blends stretched at Tgþ 20 �C with 3600%/min strain rate to different stretch ratios and subsequently

annealed at 220 �C for 20 min.
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and subsequently crystallize. With the further increase of PEI
fraction to 40 wt% in samples #1, #2, and #3 (Fig. 16), all
the crystalline peaks observed in WAXD patterns belong to
PEEK even though these blends contain substantial fraction
of PEN and PEI, particularly in samples #1 and #2. Similar
results have been reported by Bicakci and Cakmak [16] for
uniaxially stretched and annealed films. In PEI-rich blends
(samples #1, #2, and #3), the overall crystallinity and the crys-
tal orientation are low except for the sample #2 which is 40/40/
20 wt% of PEN/PEI/PEEK.

Figs. 17 and 18 show the effect of the stretch mode and
stretch ratio on the structure evolution in sample #11 under
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Fig. 18. WAXD patterns of 80/10/10 (#11) PEN/PEI/PEEK blends stretched at Tgþ 20 �C with 3600%/min strain rate to different stretch ratios and subsequently
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different stretching modes. Crystallinity and crystal orientation
increase with the stretch ratio in the samples stretched under all
three different stretching modes. As indicated in our earlier
publication [27], when the films are stretched in UCW (uniax-
ial constant width) mode, with very high stretch rate (3600%/
min), they exhibit a texture very close to transverse isotropy,
as indicated by the similarity of WAXD patterns obtained
with the X-ray beam along the ND and TD as we can see
from Fig. 17. In the case of unequal biaxial (UB) stretching
shown in Fig. 19, PEN exhibits bimodal orientation as indi-
cated by the presence of two (010) populations: one is observed
in the transverse direction, the other in the machine direction.
In equal biaxial condition shown in Fig. 18, this bimodal
behavior disappears and in-plane isotropy is observed. This
behavior can be further confirmed by wide angle X-ray pole
figure analysis as discussed in the following section.
3.3. Wide angle X-ray pole figure analysis

3.3.1. Effect of the composition on biaxial orientation
Figs. 20 and 21 show the WAXD pole figure contour plots

and three dimensional plots for #11, #9 and #6 films uniaxially
stretched at Tgþ 20 �C with 3600%/min strain rate to stretch ra-
tios of 3� 1 and 3� 3 and subsequently annealed at 220 �C for
30 min. It is indicated that the c-axis of PEN chain (as repre-
sented by (010) plane) oriented in TDeND plane which concen-
trated slightly in TD in the case of 3� 1. When the films are
equally biaxially stretched (3� 3 in Fig. 21), the c-axis of
PEN shows bimodal orientation. Naphthalene planes which
are represented by (�110) plane of PEN progressively concen-
trated in the normal direction, in the case of 3� 1 and especially
3� 3. When PEI fraction is increased in the blends, the orien-
tation for both c-axis and naphthalene planes decreases.
PEN/PEI/PEEK (wt%)

Stretch Ratio: 3x1, Annealed at 220°C for 30 min
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(b)

TD

ND

TDTD
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Fig. 20. 3D WAXS pole figures and isointensity contour plots of PEN (a) (010) plane and (b) (�110) plane of films stretched at Tgþ 20 �C with 3600%/min strain

rate to 3� 1 stretch ratio and subsequently annealed at 220 �C for 30 min.
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Stretch Ratio: 3x3, Annealed at 220°C for 30 min
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Fig. 21. 3D WAXS pole figures and isointensity contour plots of PEN (a) (010) plane and (b) (�110) plane of films stretched at Tgþ 20 �C with 3600%/min strain

rate to 3� 3 stretch ratio and subsequently annealed at 220 �C for 30 min.
In order to obtain detailed information about the effect of
PEI on the crystalline orientation, WhiteeSpruiell biaxial ori-
entation factors were calculated from the pole figure data.
Fig. 22 shows the WhiteeSpruiell biaxial orientation factors
of the c-axis and the axis normal to the naphthalene plane for
3� 1 and 3� 3 stretch ratios of samples #11, #9 and #6. For
3� 1 films the orientation factors lie close to the vertical
axis indicating that 3� 1 films are generally uniaxial in charac-
ter. For 3� 3 films, the orientation factors lie on the diagonal
line which is an equi-biaxial orientation condition indicating
that all the films experienced balancing stretching in MDe
TD plane. With the increase of PEI, the orientation factor of
the c-axis and the axis normal to the naphthalene plane moves
towards the isotropic point which is the origin of the coordinate
along the diagonal line. This suggested that the presence of
bulky PEI molecules disturbs the preferential orientation of
c-axis towards the machine direction and the naphthalene plane
parallel to the film surface. Similar trends were observed [12]
in the case of PEN/PEI blends. This hindrance to preferential
orientation of naphthalene groups by the amorphous PEI chains
results in conversion of bimodal orientation behavior to in-
plane isotropy in biaxially stretched films.

3.3.2. Effect of stretch ratio and stretching mode on biaxial
orientation

Fig. 23 shows the contour plots and 3D pole figures for
sample #11 uniaxial constant width stretched and annealed
films. Uniaxial free-width stretched sample 4� exhibits trans-
verse isotropy as evidenced by the uniform distribution of in-
tensity in NDeTD plane. This transverse isotropy is no longer
present while the width is kept constant. In this figure, the in-
crease in lMD concentrate (�110) poles in ND and (010) poles
in TD. The orientation of (�110) planes which are almost par-
allel to the naphthalene planes (w7�) was observed previously
[12].
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Fig. 22. WhiteeSpruiell orientation function for c-axis and the axis normal to the naphthalene planes of deformed PEN/PEI/PEEK films after annealing.
In unequal biaxially stretched sample (3� 2) as shown in
Fig. 24, the poles of (010) plane begin to show bimodal orien-
tation (see four distinct peaks). The bimodal orientation for
the c-axis increases significantly when the equal biaxial stretch
ratio increases (3� 3 and 3.5� 3.5), and the naphthalene plane
orients parallel to the film surface progressively. The orientation
factors for the c-axis and the axis normal to the naphthalene
plane are plotted in Fig. 25. The magnitude of the orientation
factors increases with the lMD, and they move towards the
equi-biaxial line as the films are stretched under UB mode
and eventually closer to the diagonal line when the balancing
stretch condition is attained.
Stretch Ratio
PEN/PEI/PEEK (wt%): 80/10/10(#11)  Annealed at 220°C for 30 min
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Fig. 23. 3D pole figures and contour plots of (a) PEN (010) plane and (b) PEN (�110) plane of 80/10/10 (#11) films stretched at Tgþ 20 �C with 3600%/min strain

rate and subsequently annealed at 220 �C for 30 min.
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Fig. 24. 3D pole figures and contour plots of (a) PEN (010) plane and (b) PEN (�110) plane of 80/10/10 (#11) films stretched at Tgþ 20 �C with 3600%/min strain

rate and subsequently annealed at 220 �C for 30 min.
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4. Conclusions

The effect of biaxial stretching and annealing on the struc-
ture development in ternary blends of PEN/PEI/PEEK on
mostly PEN-rich compositions has been investigated. The re-
sults confirm that PEN/PEI and PEEK/PEI binary pairs are
melt miscible. This results in single Tg when rapidly quenched.
The addition of PEI to PEN greatly suppresses the crystalliz-
ability that disappears at about 20% altogether. The addition
of PEEK to high PEI containing PEN/PEI recovers this strain
crystallizability leading to a strain hardenable films in the rub-
bery stretching temperatures. The crystalline texture in the
PEN-rich films resulting from annealing exhibits cross-hatched
morphology, the increase of PEI concentration eliminates this
cross-hatched morphology presumably by increasing the inter-
chain friction between the PEN chains. The crystallization
habit is mostly PEN at PEN-rich corner of the ternary diagram.
The increase of PEI concentration beyond 20% eliminates the
crystallizability of PEN and addition of as little as 10% PEEK
causes these blends to crystallize upon stretching. All of the
PEN/PEI/PEEK films that biaxially stretched in rubbery state
were found to be necking free.
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