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Abstract

After isothermal crystallization of the amorphous poly(ether ether ketone), double endothermic behaviour can be found through differ-
ential scanning calorimetry experiments. During the heating scan of semicrystalline PEEK, a metastable melt, which comes from the melt of
the thinner lamellar crystal populations, can be obtained between these two endotherms. The metastable melt can recrystallize immediately
just above the lower melting temperature and form slightly thicker lamellae than the original ones. The thickness and the perfection depend
upon the crystallization time and the crystallization temperature. By comparing the TEM morphological observations of the samples before
and after partial melting, it can be shown that lamellar crystals, having different thermodynamic stability, form during isothermal crystal-
lization. After partial melting, only the type of lamellar crystal exhibiting the higher thermodynamic stability remains. Wide angle X-ray
diffraction measurements shows a slightly change in the crystallinity of the samples before and after the partial melting. Small angle X-ray
scattering results exhibit a change in the long period of the lamellar crystals before and after the partial melting process. The crystallization
kinetics of the metastable melt can be determined by means of differential scanning calorimetry. The kinetic analysis showed that the
isothermal crystallization of the metastable PEEK melt proceeds with an Avrami exponent ofn ¼ 1.0,1.4, reflecting that probably one-
dimensional or an irregular line growth of the crystal occurred between the existing main lamellae with heterogeneous nucleation.q 1998
Elsevier Science Ltd. All rights reserved.
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1. Introduction

There has been a great deal of interest in the double or
multiple melting behaviour of thermoplastic semicrystalline
polymers, which have been previously crystallized iso-
thermally. In such a case, two endothermic melting peaks,
a minor low-temperature peak a few degrees above the prior
crystallization temperature and a major high-temperature
peak, are observed in subsequent differential scanning
calorimetry (d.s.c.) heating scans [1–14]. Extensive studies
on the origin of the low endotherm have been performed
using PEEK. Several models have been proposed to account
for these low endotherms [4,5,15–21]. The dual lamellar
thickness model first proposed by Cebe et al. [7] has been
proven to be more acceptable than others. They assume that
thinner lamellae are present in separate stacks between the
thicker lamellae. In the early stage of crystallization,

lamellar stacks consisting of thicker lamellae form from
the melt and/or the amorphous state and the region
in-between these lamellar stacks simultaneously creates
amorphous areas. Later, lamellar stacks with thinner
lamellae form in these amorphous areas. These stacks
have the same amorphous layer thickness, but exhibit a
different long period. The existence of these dual lamellar
thickness in different stacks could be related to the double
melting behaviour.

Whichever of the models we use, the low-temperature
peak seems to result from the melting of the existing
lamellae in the semicrystalline polymer samples. In such a
case, the melt is far from the equilibrium state, so it is
metastable or non-equilibrium. Only if there is enough
time to rearrange the chains would the metastable melt
recrystallize immediately just above the melting temper-
ature. Thus, investigation of the crystallization kinetics of
the metastable melts may help us explain the growth model
of crystallites.

In this present work, the double endothermic behaviour
and the corresponding crystal morphology of PEEK are
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studied using d.s.c., TEM, WAXD and SAXS measure-
ments. The isothermal-crystallization kinetics of the
metastable PEEK melt by means of the classic Avrami
theory of phase transformation are also carried out.

2. Experimental

2.1. Materials and preparations

Amorphous poly(ether ether ketone) (PEEK) was
obtained as a powder from ICI Co. The number average
molecular weight is 14 000 g mol–1. The amorphous films
were obtained by hot mould at 10 MPa and 4008C for
several minutes, then quenched into ice-water. The
amorphous films were subjected to isothermal cold crystal-
lization at 2208C for 24 h, then post-annealed at other higher
temperatures, respectively, for different times. These
samples were prepared for using in d.s.c. measurements.
They all have the same thermal history as those used in
TEM observations, WAXD and SAXS measurements.

Thin PEEK films were prepared for TEM observations by
casting a 0.05% (w/w) PEEK–tetrachloroethane/p-chloro-
phenol solution on to carbon-coated mica. The solvent was
subsequently evaporated under vacuum. The samples were
heated to about 308C above the equilibrium melting tem-
perature for several minutes, and then quenched into liquid
nitrogen to obtain the amorphous thin films. After cold crys-
tallization at 2208C, the films were stripped, floated on to a
water surface, and picked up on to copper grids.

A similar partial melting process was also carried out to
study the correspondence between the double endotherms
and crystal morphology as mentioned by Bassett et al. [8].
After completing isothermal crystallization, the crystallized
samples were heated from room temperature to 2458C,
which is in-between the low and the high endothermic
peaks, and then quenched into liquid nitrogen.

2.2. Differential scanning calorimetry measurements

The post-annealing and crystallization kinetics of
semicrystalline PEEK were investigated using d.s.c. A
power-compensated differential scanning calorimeter,
Perkin-Elmer DSC-7 series, was used in the present work.
The temperature and heats of melting and crystallization
were calibrated with indium and zinc standards. A nitrogen
purge was used throughout. Isothermal crystallization from
the metastable state was brought to completion by heating
the semicrystalline PEEK annealed at 2208C for 24 h to the
presetting temperatures with 208C min–1 and then recording
the time spectra at these temperatures. We assume that the
relative extent of crystallinity which developed at timet, Xt,
was

Xt ¼

∫t
0

(dHc=dt)dt=
∫`
0

(dHt=dt)dt (1)

in which dHc/dt is the heat evolution rate at timet, due to
crystallization.

∫`

0 (dHt=dt)dt is the total area under the
crystallization exotherm at the crystallization temperature
Tc. The discussion of the calculation of the relative
crystallinity can be seen in the text.

2.3. TEM observations

The specimens were examined with shadowing with a
JEOL JEM-2010EX electron microscope (LaB6 filament)
which was operated at 200 kV with a side-entry goniometer
and a liquid nitrogen anti-contamination trap. The images
were recorded on photographic plates. Electron diffraction
measurement was made using the selected area diffraction
method. Electron diffraction diagrams were calibrated with
gold.

2.4. WAXD and SAXS measurements

Wide angle X-ray diffraction was carried out for all
samples in a Philips Model PW1700 automatic diffract-
ometer in the reflection mode at 40 kV and 30 mA. The
X-ray beam was monochromatized using a graphite crystal.
The 2v angle region ranged between 58 and 458 with a
scanning rate of 0.18 min–1. The step of 0.058 and the period
of 4 s per step were used throughout the experiments. The
diffraction peak positions and widths observed from WAXD
experiments were carefully calibrated with silicon crystals.

SAXS measurement was carried out on the same X-ray
diffractometer equipped with a Kratky small-angle X-ray
camera and a sample-to-detector distance of 200 mm. The
measurements were performed with a CuKa radiation
source. SAXS data were recorded with a one-dimensional
position detector and allowed to add up over 105 in order to
reduce the statistical errors. The measured intensity was
corrected for background scattering and desmeared with a
method proposed by Strobl [22].

The thermal history of the PEEK thin films using for
WAXD and SAXS measurements were the same as the
TEM observations.

3. Results and discussion

3.1. Double melting behaviour revisited

As described in the experimental section, all samples
were first subjected to cold crystallization at 2208C for
24 h. The d.s.c. scans of the PEEK samples which were
subjected to post-annealing at different temperatures for
30 min are shown in Fig. 1. In addition to the high temper-
ature melting peak, another minor peak appeared several
degrees just above the post-annealing temperature. In fact,
the appearance of the d.s.c. traces is very similar to that
expected by isothermally cold crystallization at the anneal-
ing temperature. The shape of the main upper peak remains
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unchanged as a result of the post-annealing treatment, while
the lower peak appears as a movable feature. With an
increase in annealing time as discussed below, the low
endothermic peak shifts slightly to a higher peak temper-
ature. It is likely that a melting of the low endothermic peak
and subsequent recrystallization process to form the higher
melting endothermic material has occurred in the post-
annealing.

Fig. 2 shows the d.s.c. scans of semicrystalline PEEK
subject to crystallization at 2208 for 24 h. The record was
interrupted at 2458C and kept at the same temperature for
different periods of time. After 1 min, a third peak appeared

in the intermediate of the d.s.c. diagrams. The position of
the third peak (indicated by II in Table 1) shifts to a higher
temperature and the heat of fusion of the third peak
increases with time (see Table 1). Further experiments
show that below 1 min, such as 30 s, no other melting
peak emerges during the post-heating scan, in addition to
the upper melting peak. Accordingly, during the d.s.c. con-
tinuous scans with slightly high scanning rate, such as
20 deg min–1, only a melting process of the thinner crystal
populations occurred, and the recrystallization process was
not found.

Summarizing the results above, when the semi-crystalline

Fig. 1. D.s.c. diagrams for crystalline PEEK. The samples were kept at different temperatures for 30 min when heated from 1008C to 4008C, all portions of
d.s.c. scans below the keeping temperatures are omitted.

Fig. 2. D.s.c. diagrams of PEEK subjected to crystallization at 2208C for 24 h. The scans were interrupted and kept at 2458C for different times.
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samples are subjected to heating, a portion of crystallite was
melted and transformed into metastable melt which is far
from the equilibrium molten state and can recrystallize just
above the lower melting temperature only if there is enough
time to rearrange the molecular chains in such circum-
stances. The metastable melt may exist between the thicker
lamellae, and the further recrystallization of these melts
could occur among these main lamellae. Further TEM,
WAXD observations in the following section may support
the proposal that a metastable melt was obtained during the
d.s.c. heating trace.

3.2. Morphological feature observed after isothermal
crystallization

Thin films of PEEK crystallized at 2208C for 24 h from

the glassy state show a typical spherulitic morphology con-
sisting of narrow edge-on lamellae (see Fig. 3). A part of a
spherulite with lamellar crystals is shown in Fig. 4. Two or
more layers of lamellar crystals are frequently stacked
together. It should be noted that this sample possesses two
endothermic peaks in the initial d.s.c. heating scan as shown
in Fig. 2. After being heated to 2458C and quenched into
liquid nitrogen, the sample only shows the high endothermic
peak in the d.s.c. heating scan. In TEM observations on
PEEK samples with the same thermal history, individual
lamellar crystals exhibiting a longer period are found, as
shown in Fig. 5. This result seems to indicate that before
the partial melting process, two kinds of lamellar crystals
exist. When the temperature increases to 2458C, the thinner

Table 1
Thermal properties of semi-crystalline PEEK samples. The d.s.c. heating scans were interrupted and kept at 2458C for different periods of time

Time (min) Tm (deg.) DH f (J g¹1)

I II III I II III

0.5 224 — 344 3.1 — 43.0
1 224 253 343 3.1 1.2 41.8
5 224 256 343 3.1 2.3 42.3
10 224 257 343 3.1 2.3 43.8
30 224 260 343 3.1 2.7 43.4

Fig. 3. TEM micrograph of PEEK spherulite crystallized from the glassy
state at 2208C for 24 h. Scale bar is 500 nm.

Fig. 4. TEM observations of PEEK edge-on lamellar morphology in
spherulites crystallized from the glassy state at 2208C for 24 h. Scale bar
is 200 nm.
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lamellae melts, due to its lower stability. The remaining
lamellar crystals may thicken during the heating process.
Therefore, a population of less stable lamellar crystals
may be responsible for the low endothermic peak.

The structural evidence is provided by WAXD experi-
ments. The crystallinity of all samples can be determined
according to the usual method. Fig. 6 shows the WAXD
patterns obtained before and after the partial melting pro-
cess as described in the Experimental section. The PEEK
sample after being heated to 2458C and then quenched into
liquid nitrogen shows a slightly lower diffraction intensity
than the original one. Table 2 lists the crystallinity of the
PEEK samples before and after the partial melting process
at 2458C. It should be noted that the crystallinity drops
slightly after partial melting and then increases with the
post-annealing time at 2458C. Combining the d.s.c. results
as discussed in the foregoing section, we can draw the con-
clusion that a metastable melt can be obtained during the
d.s.c. heating trace in-between the two endothermic peaks
and that the metastable melt of PEEK can subsequently
recrystallize to form the higher melting temperature
materials.

Further evidence is given by SAXS experiments. Long
periods can be determined after the Lorentz correction of the
background-corrected scattering intensity. Table 2 lists the
long periods of PEEK crystallized at different crystalliza-
tion temperatures before and after the partial melting of the
samples at 2458C also. It is found that after partial melting,
the long period shows a clear increase as compared with the
initial value. This result is consistent with the crystal
morphological observation using TEM. One possible
explanation is the melting of the thermodynamically less
stable, thinner lamellae in-between the more stable, thicker
lamellae. As a result, the residual thicker lamellae increases

Fig. 5. TEM observations of PEEK edge-on lamellar morphology in
spherulites crystallized from the glassy state at 2208C for 24 h. After the
melting of the thinner lamellae. Scale bar is 200 nm.

Fig. 6. WAXD patterns of PEEK samples before and after partial melting and post-annealing at 2458C process.
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the long period. This seems to indicate that the long periods
observed after partial melting are determined by the tem-
perature at which the heating process for the partial melting
stops. At 2458C, the more stable lamellae may thicken.
Accordingly, the long periods determined by SAXS do
increase after partial melting, but are not exactly double
that of the original long periods. This demonstrates that
the population of the thermodynamically less stable
lamellae is relatively small compared with that of the
thicker lamellae.

As discussed above, the metastable melt formed during
d.s.c. heating scan to between the low and the high melting
peaks can recrystallize to transform into the higher temper-
ature materials. Thus, the crystallization kinetics of these
metastable melt may be determined by general d.s.c.
method, which will be discussed in the next section.

3.3. Crystallization kinetics of metastable PEEK melts

The well-known Avrami equation was used to describe
the crystallization kinetics

Xt ¼ 1¹ exp( ¹ ktn) (2a)

Table 2
Crystallinity of the PEEK samples determined from WAXD data and long period determined from the small angle X-ray scattering maximum in Lorentz-
correction using Bragg’s law before and after partial melting and post-annealing process

Sample Original
(2208C, 24 h)

After heating to and keeping at 2458C

0 min 1 min 5 min 30 min

Xt (%) 41.0 37.0 38.0 39.5 40.2
L (nm) 9.5 10.0 11.2 11.7 14

Fig. 7. Time dependence of the heat flow for the isothermal crystallization
of PEEK from the metastable melt at 2478C. The crystallization curves at
other temperatures are omitted here.

Fig. 8. The time dependence of the relative crystallinity index (Xt) for the crystallization of PEEK metastable melts after heating to a temperature in-between
the two endothermic peaks.
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or

log[ ¹ ln(1¹ Xt)] ¼ log kþ n log t (2b)

whereXt is the relative crystallinity at timet as described in
the Experimental section,k is the crystallization rate con-
stant depending on nucleation and growth rates, andn is the
Avrami crystallization exponent depending upon the nature
of nucleation and growth geometry of the crystals. Fig. 7
presents the heat flow change for the isothermal crystalliza-
tion from the metastable melt at 2478C. The starting point
cannot be identified clearly, which may be indicated by
point A in this case for the clarification of calculation of
the relative crystallinity; the maximum is reached fast and
the crystallization slows down beyond the point B. In our
case, the measurement is terminated when no more heat
flows from the sample. Thus, the total heat flow,∫`

0 (dHt=dt)dt as used in Eq. (1), is denoted as the total
area under the crystallization endotherm from point A to
point B in Fig. 7 at the crystallization temperature, 2478C.
Of course, the whole procedure from the data acquisition to
the partial and the total area integration is carried out in the
microcomputer equipped with the d.s.c. system. The varia-
tions of the relative crystallinity index (Xt) as a function of
time are shown in Fig. 8. All isotherms have a partial
sigmoidal shape, not typical of the full sigmoidal shape of
the polymer crystallization behaviour. Crystallization
isotherms were generated from these isotherms by plotting
log[ ¹ ln(1¹ Xt)] against logt.

The Avrami plots for the isothermal crystallization of the
metastable melt from semicrystalline PEEK sample shown
in Fig. 9 revealed a straight line for each temperature
yielding a single value of slope. Crystallization kinetic para-
meters from the analysis are summarized in Table 3. From
the slopes of the Avrami plots, the exponents were easily

obtained as 1.0–1.4, which were found to vary only slightly
with the isothermal crystallization temperatures used. These
values ofn for isothermal crystallization of metastable melts
are different from the exponent for isothermal crystalliza-
tion of regular melt of PEEK, which are generally between
2.5 and 3.0. Then values of approximately 3.0 for regularly
melt crystallization of PEEK suggests that the initiation
process is simultaneous and the growth of crystals is most
likely spherulitic. On the other hand, the exponent of
approximately 1.0 for the crystallization of metastable
melt suggests that the mechanism of this crystallization is
completely altered. The exponent of around 1.0 suggests an
initiation process of heterogeneous nucleation and probably
linear crystal growth. This phenomenon is in good
agreement with our previous works on PET [23].

The Avrami parameterk is assumed to be thermally
activated and can be used to determine an activation energy
for crystallization [7,24,25]. Thus, it can be approximately
described by [7]

k1=n ¼ k0exp( ¹DE=RT) (3)

where k0 is a temperature-independent pre-exponential
factor,DE is activation energy, andT is the absolute tem-
perature. The linear regression of the experimental data of

Fig. 9. Avrami plot for the crystallization of PEEK from its metastable melt.

Table 3
Crystallization kinetic parameters for PEEK metastable melt. Tc: temper-
ature of isothermal crystallization;DE: activation energy of crystallization.

Tc (deg.) n k (s¹n) DE (kJ mol¹1)

247 1.4 2.69x10¹2

249 1.3 3.39x10¹2 1196
251 0.95 1.82x10¹2

253 1.03 3.09x10¹3
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ln k against l/T determinesDE/R (see Fig. 10). The magni-
tude of the activation energy was found to be 1196 kJ mol–1

for isothermal crystallization from the metastable melt. This
activation energy is comparable to the value of 1400 kJ mol–1

reported by Kemmish and Hay [24] for isothermally cold
crystallization and lower than the value of 2500 kJ mol–1 cal-
culated by Bas et al. [25] for the crystallization from the
regular melt. It is clear that the activation energy is strongly
dependent upon the nucleation type. The activation energy for
cold crystallization from the glassy state is lower than that for
isothermal melt crystallization. The nuclei existing in the
PEEK glassy samples play an important role in the isothermal
crystallization of PEEK. Our activation energy of crystal-
lization for PEEK metastable melt is comparable to that for
isothermally cold crystallization, which shows the impor-
tant role of the existing main lamellae in the isothermal
crystallization of PEEK metastable melt.

4. Conclusion

Double melting behaviour is a common phenomenon
during the heating scans of d.s.c. for semicrystalline
polymers, i.e. PEEK etc. containing rigid segmental links.
Stacked edge-on orientational lamellae crystal morphology
after isothermal crystallization of thin amorphous PEEK
films have been observed. Some minor stacked lamellae
disappear after partial melting occurs by heating the sample
to a temperature above the low melting peak. This has been
associated with the double endothermic behaviour seen in
d.s.c. heating scans and supported by WAXD and SAXS
measurements. The minor low temperature peak is
attributed to the melting of thinner lamellae formed through
secondary crystallization among the first formed thicker
lamellae. The thinner crystallites can be transformed into
metastable melt through the heating of the semicrystalline
samples. This metastable melt may recrystallize

immediately and formed new thicker lamellae among the
existing main lamellae only if there is enough time for the
chains in the melt to reorganize. The crystallization of these
melts abides by the classic theory of phase transformation
proposed by Avrami, and a value ofn < 1.0,1.4 is
obtained. An Arrhenius plot can be applied to determine
activation energy of the isothermal crystallization for
PEEK metastable melt. The activation energy thus obtained,
1196 kJ mol–1, is comparable to that for isothermally cold
crystallization of PEEK in the literature and implies the
important role of nuclei, the existing main lamellae.
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