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ABSTRACT: The crystallization and melting behavior of
poly(ether ether ketone) (PEEK) in blends with poly(aryl
ether sulfone) (PES) prepared by melt mixing are investi-
gated by differential scanning calorimetry (DSC) and wide-
angle X-ray scattering (WAXS). The presence of PES is found
to have a notable influence on the crystallization behavior of
PEEK, especially when present in low concentrations in the
PEEK/PES blends. The PEEK crystallization kinetics is re-
tarded in the presence of PES from the melt and in the
rubbery state. An analysis of the melt crystallization exo-
therm shows a slower rate of nucleation and a wider crys-
tallite size distribution of PEEK in the presence of PES,
except at low concentrations of PES, where, because of
higher miscibility and the tendency of PES to form ordered
structures under suitable conditions, a significantly opposite
result is observed. The cold crystallization temperature of
the blends at low PES concentration is higher then that of
pure PEEK, whereas at a higher PES concentration little
change is observed. In addition, the decrease in heat of cold
crystallization and melting, which is more prevalent in
PEEK-rich compositions than in pure PEEK, shows the re-

duction in the degree of crystallinity because of the dilution
effect of PES. Isothermal cold crystallization studies show
that the cold crystallization from the amorphous glass oc-
curs in two stages, corresponding to the mobilization of the
PEEK-rich and PES-rich phases. The slower rate of crystal-
lization of the PEEK-rich phase, even in compositions where
a pure PEEK phase is observed, indicates that the presence
of the immobile PES-rich phase has a constraining influence
on the crystallization of the PEEK-rich phase, possibly be-
cause of the distribution of individual PEEK chains across
the two phases. The various crystallization parameters ob-
tained from WAXS analysis show that the basic crystal struc-
ture of PEEK remains unaffected in the blend. Further, the
slight melting point depression of PEEK at low concentra-
tions of PES, apart from several other morphological rea-
sons, may be due to some specific interactions between the
component homopolymers. © 2003 Wiley Periodicals, Inc. J Appl
Polym Sci 90: 2906–2918, 2003
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INTRODUCTION

Polymer blends and composites is a rapidly growing
field in polymer science and has attracted a lot of
attention in both the academic and industrial commu-
nities. The fact that new materials can be developed
with good properties in relatively less time and with a
minimum investment has encouraged the blending of
polymers. Blends of two aromatic engineering poly-
mers have been particularly interesting, because excel-
lent properties have been observed even when the
blends are immiscible.1,2 The good interfacial adhe-
sion because of the interaction between the aromatic
rings of these polymers may be one of the reasons for
the observed behavior.

Poly(ether ether ketone) (PEEK) is a semicrystalline
aromatic engineering polymer, and it has excellent

thermal and mechanical properties.3,4 Blends of PEEK
with various polymers have been of interest in recent
years. Many investigators have studied blends of
PEEK with poly(ether imide),5,6 poly(aryl ether sul-
fone) (PES),7–11 liquid crystalline polymers,12 poly-
(phenylene sulfide),13 and poly(ether ketone).14,15 Of
these blends, those of PEEK and PES are particularly
interesting from both the application and academic
points of view. The addition of PES into PEEK may
increase the glass transition and improve the proces-
sibility of the latter, whereas a decrease in the chemi-
cal resistance and environmental stress rupture resis-
tance behavior of PES is expected. The fact that PEEK
is semicrystalline and PES is amorphous makes their
blends interesting for the fundamental study of semi-
crystalline/amorphous blend systems.

The crystallization behavior of a polymer is impor-
tant because it ultimately governs many of its crucial
properties. The subject of crystallization is concerned
with a description of the transformation of amorphous
crystallizable polymers into semicrystalline materials
from both the phenomenological and more basic mo-
lecular viewpoints. The properties of semicrystalline
polymers significantly depend upon the kind and dis-
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tribution of the crystals, as well as the total crystallin-
ity. Thus, the rational control of properties is possible
only through an understanding of the kinetics of crys-
tallization and of the underlying molecular processes.
In addition, the study of polymer crystallization gives
information about molecular motions and arrange-
ments. The results of such investigations shed light
upon polymer crystallizability and polymer morphol-
ogy, which can be used to produce polymer products
with desirable properties. A review of the published
literature on the crystallization of polymers in blends
and alloys clearly indicates that the crystallization be-
havior and morphology of the component polymers
are significantly modified by the presence of the other
component, resulting in significant changes in their
morphology.16 The critical factors governing the ex-
tent and direction of change in the crystallinity and
rate of crystallization include the miscibility, the glass-
transition (Tg) and melting temperatures of the con-
stituent polymers, their relative melt viscosities, and
the inherent crystallizibility.

Although the miscibility behavior and mechanical
properties of PEEK/PES blends have been studied in
some detail, there is a dearth of information regarding
their crystallization and melting behavior. Eguizabal
et al.7–9 have done a few limited crystallization studies
of PEEK/PES blends and have reported that crystalli-
zation of PEEK is unaffected in the presence of PES
because of their almost complete immiscibility. How-
ever, in sharp contrast, Harris and Robeson10,11 have
reported that the crystallization kinetics of PEEK is
affected and becomes slower in the presence of PES
because of limited miscibility between the two poly-
mers. We have recently investigated the phase behav-
ior and structure–property relationships of PEEK/PES
blends in more detail in order to clarify the ambigu-
ities in their reported miscibility behavior and to es-
tablish a better understanding of this blend system. In
a previous article the miscibility behavior of both so-
lution and melt mixed blends were discussed, and we
reported that these blends do show limited miscibility
with the presence of PEEK-rich and PES-rich phases.17

In the present article we are reporting the crystalliza-
tion and melting behavior of melt mixed PEEK/PES
blends. The studies are carried out using differential
scanning calorimetry (DSC) and wide-angle X-ray
scattering (WAXS) measurements. It is expected that
the data generated during the dynamic and isothermal
crystallization behavior of PEEK in PEEK/PES blends
may lead to a better optimization of the processing
parameters for these blends.

EXPERIMENTAL

Materials

PEEK was synthesized in the laboratory by following
a reported procedure.18,19 The purified polymer was

then dried in a vacuum oven at 120°C for 48 h. The
inherent viscosity of the synthesized PEEK was mea-
sured in an Ostwald viscometer at 25°C using 98%
sulfuric acid as a solvent (concentration � 1.00 g poly-
mer/100 mL solvent), and the value was found to be
0.81 dL/g. The polymer has the following general
structure:

PES was procured from Amoco Performance Products
Inc. under the trade name Radel (grade A-300). Al-
though the structure of this polymer has not been
disclosed by the manufacturers, Ghosal et al.20 found
it to have the following repeating units in its general
structure:

The m/n ratio probably varies in different grades of
Radel A PES that are available. Hence, the PES used in
the present study is essentially a copolymer of poly-
(ether ether sulfone) and PES. Some of the important
characteristics of the PES and PEEK used in this in-
vestigation are listed in Table I.

Preparation of blends

PEEK and PES were blended in ratios of 100/0, 90/10,
75/25, 50/50, 25/75, 10/90, and 0/100 (w/w). Before
blending, the two polymers were completely dried
overnight in an air-circulated oven at 150°C. They
were melt blended in a Maxwell mixing extruder
(model CS-194 AV, Custom Scientific Instruments),
which is a laboratory mixing extruder featuring a
screwless design. It has a 0.75-in. diameter rotor and

TABLE I
Characteristics of Polymers

Characteristics PEEK PES

M� w 34,700a 42,500b

Density (g/cm3) 1.263c 1.370b

Tg (°C) 147.6c �223.0d

Tm (°C) 339.1 —

a The molecular weight measured in our lab.
b The data provided by the manufacturers.
c The data for completely amorphous samples.
d This varies slightly with the thermal history.
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produces a throughput in the range of 200 g/h. The
use of this extruder is discussed elsewhere.21

Before melt blending, the two polymers in appro-
priate weight ratios were thoroughly mixed by hand
and then fed into the hopper of the mixing extruder in
small batches. The temperatures of both the rotor and
die zone were set at 350°C, and a rotor speed of 90 rpm
was used for all blend compositions. The total resi-
dence time of the polymer mixture inside the mixing
zone was approximately 30 s, and extrudates were
obtained through a die with a 3.5-mm diameter. The
extrudates were further chopped into small granules
and again passed through the mixing extruder to en-
sure thorough mixing. These extrudates were then
further converted to granules.

Sample preparation for WAXS

Specimens of 0.3-mm thickness were prepared by
compression molding in a hydraulic press. Granules
of blends prepared in the extruder and kept between
two aluminum foils were placed between the platens
of the press, which was already heated to 380°C. A
pressure of 100 kg/cm2 was applied at this tempera-
ture for 10 min and then the samples were allowed to
cool under pressure at room temperature. It was en-
sured that the thermal history imparted to each spec-
imen remained constant. A representative amorphous
specimen of PEEK was prepared by directly quench-
ing the molded specimen at 380°C to ice-water tem-
perature.

Characterization

DSC measurements

Nonisothermal cold crystallization studies. The effects of
blending on the nonisothermal cold crystallization be-
havior of the component homopolymers were as-
sessed by a DSC 2910 differential scanning calorimeter
(TA Instruments) equipped with a model 2100 thermal
analyzer (Du Pont Instruments). Calibration for tem-
perature and heat flow (at a scanning rate of 20°C/
min) was made prior to sample analysis using indium,
tin, and zinc. Each sample (10 � 2 mg) was first heated
at 20°C/min from room temperature to 380°C, which
is well above the melting point of the material, and
then kept at this temperature for 4 min to ensure
complete melting of crystals. Then, the sample was
removed from the DSC cell and quickly quenched into
liquid nitrogen to obtain an amorphous structure in
the samples. In this way any influence of previous
thermal history was erased. A second thermal scan
was carried out on each sample with the same condi-
tions as in the first scan. The DSC cell was continu-
ously purged with nitrogen during the heating scans.

Nonisothermal melt crystallization studies. Nonisother-
mal crystallization studies were done using a Perkin–
Elmer DSC 7. Samples in the DSC cell were scanned at
a rate of 20°C/min up to 380°C. They were kept at this
temperature for 4 min, and then the DSC thermogram
was recorded in cooling mode at 10°C/min. The crys-
tallization exotherm obtained in this scan was ana-
lyzed for various crystallization parameters.
Isothermal crystallization studies. On some of the amor-
phous samples, obtained as described earlier after the
first scan, processes of isothermal crystallization were
performed. The DSC cell was first heated to the de-
sired crystallization temperature; as soon as the crys-
tallization temperature was reached, the DSC cell was
opened and the sample was kept inside it. After a
given equilibration time, which the DSC takes for
again reaching crystallization temperature, the DSC
thermogram was recorded isothermally. Data were
recorded at the crystallization temperature for 30 min,
which was long enough to allow the development of
complete crystallization at that temperature. Then, the
temperature was raised at 20°C/min to 380°C, and the
melting enthalpy was calculated. Because there was
little variation in the glass-transition temperature with
composition, the same isothermal crystallization tem-
peratures (165 and 168°C) were selected for each sam-
ple. Each test was performed at least twice and the
results averaged.

WAXS studies

A Philips X-pert model X-ray powder diffractometer
was used for obtaining X-ray data. Radial scans of
intensity I versus 2� were recorded in the range of
10–60° 2� under identical settings of the instrument
using nickel filtered CuK� radiation with a wave-
length of 1.5418 Å. An operating voltage of 40 kV and
filament current of 30 mA were used. Data were col-
lected in continuous mode with a step size of 0.02°
2� S�1.

RESULTS AND DISCUSSION

DSC study

A number of parameters signifying the crystallization
and melting behavior of the homopolymers and their
blends can be determined from the heating and cool-
ing scans in a differential scanning calorimeter. These
include the temperature of the onset of melting, the
melting peak temperature, the melting temperature
range or width of the melting peak, the heat of fusion,
the onset of cold crystallization, the crystallization
peak temperature, and the heat of cold crystallization
from the heating scans, and various melt crystalliza-
tion parameters from the cooling scans, which are
discussed in subsequent sections.
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Crystallization and melting behavior of
homopolymers

Figure 1 shows the DSC reheating and cooling scans
for pure PEEK but only the reheating scan for pure
PES. The reheating scan of PEEK gives a well-defined
exotherm at around 185°C, which corresponds to its
cold crystallization. The melting endotherm of PEEK
appears at around 340°C. The cooling scan of pure
PEEK gives a crystallization exotherm below 300°C.
Because PES is an amorphous polymer, it only shows
a glass transition in its reheating scan.

Crystallization and melting behavior of blends

Nonisothermal melt crystallization behavior. The noniso-
thermal melt crystallization behavior was studied
from the cooling scans of the homopolymers and their
blends. The cooling scans of PEEK/PES blends give a
well-developed crystallization exotherm of PEEK be-
low 300°C. The analysis of the model crystallization
exotherm presented below adequately describes the
crystallization process in a polymer. A comparison of
these crystallization exotherms recorded under iden-
tical experimental conditions and normalized for iden-
tical sample weight leads to information about the
crystallization behavior of PEEK in various composi-
tions of the PEEK/PES blend. This analysis is based on
the changes in the exotherm parameters defined in
Figure 2 on a schematic exotherm. These parameters
and their relationships with the crystallization process
and morphology are as follows22:

1. Si, the initial slope of the exotherm. This is in-
fluenced by the initial process of crystallization,
namely, nucleation. The faster the nucleation,
the greater will be the Si value.

2. �W, the width of the exotherm at its half-height.
This is dependent on the crystallite size distri-
bution such that the narrower the crystallite size
distribution, the smaller is the �W value.

3. �Hc, the exothermic heat of crystallization,
which is proportional to the degree of crystal-
linity.

4. Tonset, the temperature at which the thermo-
gram departs from the baseline at the beginning
of the exotherm. Its higher value implies the
occurrence of the process at a higher tempera-
ture, which is an indication of the faster rate
process. Supercooling, (Tm � Tonset), where Tm is
the melting temperature, is known to govern the
rate of crystallization and the morphology.

5. Tp, the exotherm peak temperature. This is de-
pendent on the overall rate of crystallization,
(Tonset � Tp), which gives how fast the crystal-
lization process is.

This five-parameter model of analysis on the melt
crystallization exotherm provides information on the
crystallization behavior and the resulting morphology
of the crystalline phase of a semicrystalline polymer.
However, its essential requirement is that the exo-
therms be recorded under identical experimental con-
ditions. Self-consistency of this model of analysis is

Figure 1 DSC thermograms of PEEK and PES.
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inherent in the mutually opposite variation of Si and
�W, which implies that an increase of Si (i.e., an in-
crease of the rate of nucleation) should result in a
decrease of �W (i.e., a narrower distribution of the
crystallite size). The reason for this is that faster nu-
cleation involves an almost simultaneous creation of
most crystallites that in subsequent growth produce a
narrow crystallite size distribution, whereas slow nu-
cleation involves the creation of nuclei at different
times that subsequently grow to widely varying sizes
and thus produce a widely distributed crystallite size.
This self-consistency has been obeyed in some of the
previously studied blend systems.23–25

Figure 3 shows the melt crystallization exotherms of
pure PEEK and its blend with PES. The various pa-
rameters obtained from these exotherms are listed in
Table II. The onset temperature of crystallization
(Tonset) and peak temperature of crystallization (Tp) of
PEEK show a continuous decrease with an increase in
the PES content in the blend, which demonstrates the
retarding influence of PES on the crystallization rate of
PEEK. The decrease in the crystallization rate with an
increasing concentration of PES is also evident from
the degree of supercooling required for initiating crys-
tallization, which shows a continuous increase with
the increase in PES concentration. The Si value slightly
increases in the blend composition range from 0 to 25

wt % PES content, and thereafter it decreases. This
means that PES at a low concentration increases the
nucleation rate, whereas at a high concentration it
decreases the nucleation rate appreciably. Thus, at a
higher PES concentration the decrease of Tonset is ac-
companied by a slow rate of nucleation, thereby con-
firming a kinetically slower process. This is as ex-
pected for an amorphous/semicrystalline polymer
blend system, but the increase in the nucleation rate at
10 and 25 wt % PES is quite unusual. This may be due
to the previously reported higher compatibility of the
blends at these compositions and the tendency of PES
to form an ordered structure such as spherulite-like
globules under suitable conditions as discussed else-
where.26 Therefore, in these compositions, although
the PES phase does retard the onset of crystallization,
the PES segments present in the PEEK phase may act
as nucleation sites and once crystallization starts, be-
cause of the presence of these sites, the nucleation rate
is higher. In addition, the nucleation at the domain
interfaces may also lead to an increase in the nucle-
ation density. It has been suggested that the interfaces
of the phase separated polymer blends, which show
some miscibility in the amorphous phase, may serve
as nucleation sites for crystallization.27,28 The �W var-
ies inversely to Si. Thus, at 10 and 25 wt % PES the �W
decreases, showing a narrower crystallite size distri-

Figure 2 A schematic diagram of a crystallization exotherm recorded during the cooling cycle and the various parameters
characterizing it.22
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bution, whereas at higher PES concentrations the �W
increases, showing a wider crystallite size distribu-
tion. This also fulfills the self-consistency condition,
which was discussed earlier. The crystallization peak
width (�T � Tonset � Te) also follows a pattern similar
to �W. The heat of crystallization (�Hc) normalized to
the PEEK content in the blend shows a progressive
decrease with increasing PES content, indicating that
the degree of crystallinity of PEEK is lowered in the
blend. This reduction in the degree of crystallinity of
PEEK can be explained in terms of the dilution effect
of the amorphous PES affecting the crystallization be-
havior of PEEK. It is the noncrystallizing PES accumu-

lating between the growing fibers of the spherulites
and restricting growth that ultimately lowers the rate
of crystallization; the noncrystallizing impurities are
rejected at the growing front, and at high concentra-
tions of PES the diffusion of PEEK to the growing
crystal face will determine the rate.
Nonisothermal cold crystallization behavior. Figure 4
shows the crystallization exotherms of different com-
positions of PEEK/PES blends obtained after a second
heating scan. Second heating scans on liquid nitrogen
quenched amorphous samples of PEEK/PES blends
show a cold crystallization exotherm of PEEK near
180°C, the position and intensity of which was found

Figure 3 DSC melt crystallization exotherms from the cooling curves of various compositions of PEEK/PES blends.

TABLE II
Variation of Various Melt Crystallization Exotherm Parameters Obtained from DSC

Cooling Curves of PEEK/PES Blends

Blend
Compositions

�Ts
(°C)

Tonset
(°C)

Tp
(°C)

Te
(°C)

�T
(°C) Si

�W
(°C)

�Hc
(J/g)

100/0 45.8 287.7 280.8 273.1 14.6 5.8 8.3 42.6
90/10 48.0 280.4 274.6 268.1 12.3 5.9 7.1 39.7
75/25 50.3 282.5 276.6 270.9 11.6 6.0 6.5 37.7
50/50 50.3 280.9 273.8 264.0 16.9 5.0 8.2 37.6
25/75 50.9 275.0 252.3 240.2 34.8 3.1 18.0 34.0
10/90 52.1 261.1 220.0 204.6 56.5 0.4 31.2 27.0
0/100 — — — — — — — —

�Ts, degree of supercooling; Tonset, onset temperature for crystallization; Tp, peak temperature for crystallization; Te,
temperature for completion of crystallization; �T, width of crystallization exotherm; Si, initial slope of the exotherm; �W,
width of exotherm at half height; �Hc, heat of crystallization normalized to the PEEK weight fraction in the blend.

CRYSTALLIZATION ADN MELTING BEHAVIOR OF PEEK/PES BLENDS 2911



to vary with the composition. Table III shows various
nonisothermal cold crystallization parameters ob-
tained from Figure 4. Both the onset (Toc) and peak
(Tpc) temperatures for cold crystallization were found
to increase as the PES concentration in the blend in-
creases up to 25 wt %. Any further increase in the PES
concentration does not result in a significant change in

the Toc and Tpc values, and they remain almost the
same or lower than those of pure PEEK. The increase
in Toc and Tpc at low concentrations of PES may be
because of the increase in the Tg of the PEEK-rich
phase in these compositions, which is due to their
better miscibility characteristics as discussed else-
where.17 Similarly, the decrease in Toc and Tpc at high

Figure 4 DSC cold crystallization exotherms from the heating curves of PEEK/PES blends.

TABLE III
Nonisothermal Cold Crystallization and Melting Parameters for PEEK in PEEK/PES Blends

Blend
Compositions

Toc
(°C)

Tpc
(°C)

�Hcc
(J/g)

Tom
(°C)

Tpm
(°C)

Tcm
(°C)

�T
(°C)

�Hf
(J/g)

100/0
First heating — — — 319.9 341.7 352.1 32.2 37.1
Second heating 178.4 184.6 23.9 316.8 339.1 350.0 33.2 37.2

90/10
First heating — — — 319.0 339.2 350.0 31.0 33.2
Second heating 180.1 187.7 16.2 315.1 337.4 349.3 34.2 28.0

75/25
First heating — — — 319.3 338.4 351.1 31.8 31.0
Second heating 185.3 191.9 10.7 315.6 337.7 350.0 34.4 28.5

50/50
First heating — — — 319.6 339.9 351.2 31.6 30.8
Second heating 175.5 181.6 18.6 317.9 339.2 350.3 32.4 28.5

25/75
First heating — — — 318.6 338.2 350.2 31.6 26.8
Second heating 171.6 179.3 20.0 312.7 335.6 348.6 35.9 37.0

10/90
First heating — — — — — — — —
Second heating 171.4 179.2 15.0 314.9 336.2 348.1 33.2 26.8

0/100 — — — — — — — —

Toc, onset temperature for cold crystallization exotherm; Tpc, peak temperature for cold crystallization exotherm; �Hcc, heat
of cold crystallization normalized to PEEK weight fraction in the blend; Tom, onset temperature for melting endotherm; Tpm,
peak temperature for melting endotherm; Tcm, temperature corresponding to completion of melting endotherm; �T, melting
peak width; �Hf, heat of fusion normalized to PEEK weight fraction in the blend.
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concentrations of PES may be because of the decrease
in the Tg of the PEEK phase in these compositions.17

The heat of cold crystallization (�Hcc) normalized to
the PEEK weight fraction in the blend decreases sig-
nificantly as the PES concentration increases up to 25
wt % in the blend. A further increase in the PES
concentration results in a decrease of �Hcc compared
to pure PEEK, but the decrease is less than that ob-
served at lower concentrations of PES. The decrease in
�Hcc on blending PEEK with PES may be because of
the mobility restrictions that PES imposes on the PEEK
chain, because the former is still below its Tg in these
conditions. Because at a low concentration of PES the
compatibility of the PEEK/PES blend is better and
more PES is dissolved in the PEEK phase, there will be
more of an effect on the mobility restrictions of PEEK
chains toward crystallizing. This results in the com-
paratively lower values of �Hcc at these compositions.
Isothermal cold crystallization behavior. PEEK/PES
blends were further studied for their isothermal cold
crystallization behavior. Because little variation in the
glass-transition temperature of the blends has been
observed, common isothermal crystallization temper-
atures (165 and 168°C) were taken for all the compo-
sitions. Figure 5(a) shows the isothermal crystalliza-
tion exotherms obtained at 168°C. For reasons of brev-
ity, the 165°C results are not shown. As can be
observed in Figure 5(a), crystallization was very fast
for pure PEEK and it was not possible to record the
start of crystallization whereas for 90/10 and 75/25
PEEK/PES blends no sharp crystallization exotherm
could be recorded. The crystallization process in these
compositions was relatively slow. For the 50/50
PEEK/PES blend a sharp crystallization exotherm fol-
lowed by a broad crystallization exotherm was ob-
served, indicating the probable formation of crystals
in two successive stages (i.e., a different nucleation
mechanism is active in the presence of amorphous
PES). This is much clearer from Figure 5(b), where the
isothermal crystallization thermogram of the 50/50
PEEK/PES blend is shown individually. It can be
explained that the first crystallization exotherm corre-
sponds primarily to crystallization in the PEEK-rich
phase, while the second crystallization exotherm re-
flects the ongoing crystallization in both PEEK-rich
and PES-rich phases. Because the PEEK dissolved in
the PES-rich phase will have much slower crystalliza-
tion kinetics compared to the crystallization of the
PEEK-rich phase, the process continues even after the
completion of a given isothermal time inside the DSC
cell. Such a two-step crystallization was not observed
in blend compositions with high PEEK content. In
these compositions probably the second stage crystal-
lization has low intensity and hence gets overlapped
by the first stage crystallization, which also takes a
longer time for its completion. For the 25/75 PEEK/
PES blend, no clear crystallization exotherm could be

recorded at 168°C because of low PEEK content. Crys-
tallization at 165°C proceeded at a slower rate and the
variation observed along the composition range in
PEEK/PES blends was similar to that observed at
168°C. Further, the time to develop the maximum rate
of crystallization (tp), which is presented in Table IV, is
highest for the 90/10 PEEK/PES blend, showing that
the crystallization process is slowest for this composi-
tion as far as the first stage of crystallization in the
blends is concerned. This is in agreement with the
miscibility behavior shown by these compositions.
The strong positive shift in the crystallization peak
time for the blends compared to pure PEEK may seem
somewhat surprising, given the limited miscibility of
PES in the PEEK-rich phase. Especially with the 50/50
PEEK/PES composition, where an almost pure PEEK
phase has been observed, the measured crystallization
peak time should correspond to those of pure PEEK.
This suggests that the presence of an immobile PES-
rich phase (at the given isothermal conditions) is in
some manner constraining crystallization of the PEEK-
rich phase. Because PEEK is miscible in the PES-rich
phase in the whole composition range, a possible ex-
planation for the constraint imposed on the PEEK-rich
phase by the glassy PES-rich phase is the distribution
of individual PEEK chains across the two phases. The
segregation of some portion of the individual PEEK
chains in the immobile PES-rich environment would
presumably lead to a significant decrease both in the
crystallization rate and in the overall bulk crystallin-
ity, as observed experimentally. A similar kind of
behavior has also been observed in PEEK/polyarylate
blends.29 At higher concentrations of PES, because of
low PEEK content in the blend, the crystallization
exotherm was not recognizable in the given isother-
mal time and hence it is difficult to compare the data
from these compositions.
Melting behavior. Figure 6 shows the melting endo-
therms obtained after second heating scans of PEEK/
PES blends, and Table III lists the temperature and
enthalpy of melting recorded for both first and second
heating scans. Because PES does not crystallize, the
data refer only to the PEEK phase. The onset temper-
ature of melting (Tom) of PEEK in the blends was
found to be comparable with that of neat PEEK and
did not show significant composition dependence, in-
dicating that the stability of the least stable crystallites
of PEEK are not significantly affected by blending
with PES.

The melting peak temperature (Tpm) of PEEK in its
blend with PES was found to slightly decrease with
composition, both in the first and the second heating
scans. According to Martuscelli,30 in incompatible
semicrystalline/amorphous blends, the crystals of the
crystallizable component grow in equilibrium with its
own melt phase. The presence of separate domains of
the uncrystallizable component, dispersed in the melt
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Figure 5 DSC isothermal crystallization exotherms of (a) various compositions of PEEK/PES blends recorded at 168°C and
(b) a PEEK/PES 50/50 blend showing the two-stage crystallization process.
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matrix during the crystallization process because of
kinetic and morphological effects (lamella thickness,
defects, spherulitic morphology), may cause a depres-
sion of the observed melting temperature, as has been
reported by several groups.31–34 The melting peak
width (�Tm), which normally is taken as the distribu-
tion of crystallite sizes in a semicrystalline polymer,
does not show any significant variation. The variation
of the heat of fusion (�Hf) with composition is in
agreement with the observed variation of �Hcc with
composition and it is due to the reason explained in
the case of the latter. One interesting observation from
Table III is that the heats of fusion of the blends and of
pure PEEK are higher than their cold crystallization
enthalpy (second heating scan). This means that these
samples were not completely amorphous, even if
quenched from the melt in liquid nitrogen. In this

regard, the pure PEEK is reported to have a very high
crystallization rate, and it is possible to obtain it in the
amorphous state only when it is quenched at very
high cooling rates (1000°C/min).35 However, one
other reason for the difference in the heat of fusion
and heat of cold crystallization could be additional,
undetected crystallization taking place during the cal-
orimetric scan, as has been reported by others.36

WAXS analysis of crystallization behavior

Figure 7 shows the WAXS pattern of as-molded and
quenched PEEK and that of as-molded PES. The as-
molded PEEK showed several scattering maxima, four
of which occurring at 2� values of 18.78, 20.74, 22.79,
and 28.82° were very intense. These peaks correspond
to the (1,1,0), (1,1,1), (2,0,0), and (2,1,1) scattering

TABLE IV
Isothermal Crystallization Peak Time for Various Compositions of PEEK/PES Blends

Blend
Compositions tp at 165°C tp at 168°C

100/0 Very fast crystallization
(induction time not recordable)

Very fast crystallization
(induction time not recordable)

90/10 555 104
75/25 274 70
50/50 32 (for first stage) 17 (for first stage)
25/75 Very slow crystallization Very slow crystallization
10/90 NR NR
0/100 — —

tp, time corresponding to maximum crystallization rate; NR, crystallization not record-
able because of a low PEEK concentration in the blend.

Figure 6 DSC melting endotherms of various compositions of PEEK/PES blends.
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planes, respectively, of the PEEK crystals with an or-
thorhombic configuration. These data are in good
agreement with those reported by Dawson and Blun-
dell for the PEEK crystal unit cells.37 The ice-water
quenched PEEK shows only a broad amorphous halo
in its X-ray scattering pattern, which demonstrates its
amorphous nature. The amorphous nature of ice-
quenched PEEK samples signifies that the difference
between the heat of fusion and the heat of cold crys-
tallization observed in the heating scans of liquid ni-
trogen quenched PEEK samples is more probably be-
cause of undetected crystallization taking place dur-
ing the calorimetric scan. Further, the X-ray scattering
pattern of PES shows an amorphous halo, indicating
that no crystallization occurs in this polymer.

The WAXS was performed on as-molded PEEK/PES
blends to investigate whether the crystal form of PEEK is
influenced or altered when blended with PES. Figure 8
shows the WAXS patterns of as-molded PEEK/PES
blends. The figure indicates that no structural change
occurs in PEEK crystals with the incorporation of PES in
it because the positions of peaks corresponding to dif-
ferent scattering planes of PEEK crystals remain virtually
unchanged. Now, the interplanar spacings (d) values for
various peaks and the apparent crystal size (Lhkl) of
PEEK in the direction perpendicular to the (hkl) crystal
plane can be respectively determined from Bragg’s law
and Scherrer’s equation,38

D � �/�2sin�� (1)

Lhkl � k�/��o � cos�� (2)

�o � ��2 � bo
2�1/2 (3)

where �o is the half-width of the reflection corrected
for the instrumental broadening according to eq. (3), �
is the half-width of various scattering peaks, bo is the
instrumental broadening factor (0.15°), � is the wave-
length of radiation, and k is a constant that depends on
several factors including the Miller index of the re-
flecting plane and the shape of the crystal. If the shape
is unknown, k is often assigned a value of 0.89.

Table V summarizes the structural parameters de-
termined from WAXS curves using eqs. (1)–(3). It can
be seen that the interplanar spacings for various peaks
of PEEK show little change with increasing PES con-
centration. The apparent crystal size of several scatter-
ing peaks varies with the PES content, but the varia-
tion does not follow any regular trend and it is diffi-
cult to conclude anything from the crystal size data.

The WAXS patterns were also used for measuring
the mass fraction crystallinity (Xc) in the specimen
using the method described by Young.39 The crystal-
linity values thus obtained are also listed in Table V.
The variation of the Xc from WAXS follows a pattern

Figure 7 WAXS curves of PEEK and PES.
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Figure 8 WAXS curves of various compositions of PEEK/PES blends.

TABLE V
Wide Angle X-ray Scattering Data of PEEK in PEEK/PES Blends

Blend
Compositions

Crystallinity
(%)

Scattering
Peaks 2� FWHM

Relative
Intensity

d Spacing
(Å)

Lhkl
(Å)

100/0 18.5 (1,1,0) 18.78 0.5556 100 4.72 143.33
(1,1,1) 20.74 0.5928 32.0 4.28 134.74
(2,0,0) 22.79 0.7769 47.8 3.90 103.17
(2,1,1) 28.82 0.7065 25.2 3.10 114.82

90/10 16.0 (1,1,0) 18.82 0.5624 100 4.71 141.61
(1,1,1) 20.80 0.6906 36.7 4.27 115.67
(2,0,0) 22.88 0.6542 42.0 3.88 122.54
(2,1,1) 28.86 0.6416 24.2 3.09 126.45

75/25 15.5 (1,1,0) 18.83 0.5928 100 4.71 146.73
(1,1,1) 20.84 0.6815 36.3 4.26 117.22
(2,0,0) 22.89 0.8300 53.5 3.88 96.58
(2,1,1) 28.83 0.7654 27.3 3.09 105.99

50/50 16.5 (1,1,0) 18.81 0.4974 100 4.71 160.11
(1,1,1) 20.79 0.6434 37.8 4.27 124.15
(2,0,0) 22.90 0.8018 59.5 3.88 99.98
(2,1,1) 28.85 0.9024 29.9 3.09 89.90

25/75 11.0 (1,1,0) 18.76 0.5446 100 4.73 146.23
(1,1,1) — — — — —
(2,0,0) 22.82 1.0795 26.6 3.89 74.25
(2,1,1) 28.93 1.3692 22.7 3.08 59.26

10/90 — — — — — — —
0/100 — — — — — — —

FWHM, full width at half-maximum; Lhkl, the apparent crystal size of PEEK in the direction perpendicular to the (hkl)
crystal plane.
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similar to that measured from DSC. The Xc value
decreases in the blend compared to pure PEEK, but
the decrease is much more with 10 and 25 wt % PES in
the blend for the reasons already discussed.

CONCLUSIONS

The crystallization and melting behavior of PEEK/
PES blends prepared by melt mixing were studied
using DSC and WAXS. The results show that the
crystallization behavior of PEEK is affected in the
presence of PES. The presence of amorphous PES had
a marked influence on the rate of crystallization of
PEEK in the blends: the PES retarded PEEK crystalli-
zation both from the melt and in the rubbery state. The
effect was found to be more at low concentrations of
PES in the blend, because there is more miscibility
between the two polymers in these compositions. An
analysis of the melt crystallization exotherm shows a
slower rate of nucleation and a wider crystallite size
distribution of PEEK in the presence of PES, except at
low concentrations of PES, where, because of higher
miscibility and the tendency of PES to form ordered
structures under suitable conditions, this results in a
significantly opposite result. The onset and peak tem-
perature for cold crystallization show an increase at
low PES concentrations because of the increase in the
Tg of the PEEK-rich phase in these compositions. Iso-
thermal cold crystallization studies show a significant
decrease in the rate of crystallization with PEEK-rich
compositions, where the peak time of crystallization
has a higher value. In addition, two distinct crystalli-
zation exotherms were observed, more clearly at the
50/50 composition. The second crystallization exo-
therm reflects ongoing crystallization in both the
PEEK-rich and PES-rich phases. The slower rate of
crystallization of the PEEK-rich phase compared to
pure PEEK also indicates that the presence of the
immobile PES-rich phase had a constraining influence
on the crystallization of the PEEK-rich phase, possibly
because of the distribution of individual PEEK chains
across the two phases. The decrease in the heat of cold
crystallization and the heat of fusion in blends com-
pared to pure PEEK shows the reduction in the degree
of crystallinity of PEEK because of the dilution effect
of the amorphous PES. The degree of crystallinity
obtained from our WAXS analysis also supports the
above results. The various crystallization parameters
obtained from the WAXS analysis show that the basic
crystal structure of PEEK remains unaffected in the
blend. The melting point depression of PEEK at low
concentrations of PES signifies the higher miscibility
of PEEK/PES blends at these compositions and the
possible presence of some interactions between the
two polymers.
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