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ABSTRACT: Several amorphous narrow molecular weight fractions of poly(aryl ether ether ketone) or
PEEK have been heated from below their glass transition temperature to above their final melting point.
The semicrystalline morphology induced by cold crystallization and its thermal evolution are studied by
time-resolved simultaneous small-angle X-ray scattering (SAXS), wide-angle X-ray diffraction, and
differential scanning calorimetry. The long period and the crystalline and the amorphous thicknesses
are computed from the correlation function of the SAXS curves. The evolution of the structural parameters
of the various semicrystalline samples can be reconciled with the existence of a single distribution of
lamellae which undergoes reorganization during the continuous heating. The reorganization process as
well as the semicrystalline morphology depends on the molecular weight of the fractions. The amorphous
thickness strongly increases with the molecular weight while the thermal evolution of the thickness of
the crystalline layers is similar for all fractions. These experimental results support the view that the
larger degree of entanglements of the high molecular weight samples impedes the reorganization
mechanism with the consequence that the apparent melting temperature decreases with increasing

average molecular weight.

Introduction

Poly(aryl ether ether ketone) (PEEK) is an aromatic
polymer which exhibits a rather interesting combination
of mechanical and chemical properties.! It can be used
as a thermoplastic matrix in polymer composites where
high-temperature resistance and high strength are
required.23 Beside its industrial applications, PEEK has
received considerable interest in theoretical studies, and
it is now admitted that PEEK as well as PET could be
considered as model compounds for aromatic stiff-chain
polymers. Though the crystallization behavior has been
widely studied using various techniques including dif-
ferential scanning calorimetry (DSC),* 1% small-angle
X-ray scattering (SAXS), and wide-angle X-ray diffrac-
tion (WAXD),11724 and electron (TEM)25-29 and optical
microscopies (OM),30-33 some uncertainties still remain
concerning the morphology of semicrystalline PEEK
samples. In particular, the existence of two populations
of lamellar crystals with a different crystalline thickness
has been proposed to account for the double melting
behavior of semicrystalline PEEK samples.17:18:25 Since
an insertion process of secondary lamellae within the
primary grown crystals has been ruled out, it has been
proposed that the secondary crystals grow in separate
lamellar stacks (dual lamellar stack model).3* This
model, which is based on the assumption that the
largest length computed from the correlation function
corresponds to the crystal thickness L., also accounts
for the decrease of the long spacing (around 2—3 nm)
observed at the beginning of the crystallization. A few
authors have suggested the opposite hypothesis, i.e.,
that the large length corresponds to the thickness of the
amorphous regions L,.16:20-2235 |n this case, a model
with a single population of lamellae with a distribution
of thicknesses suffices to account for the experimental
observations.
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The study of the morphology of narrow molecular
weight fractions generally greatly helps the understand-
ing of the complex behavior of the polymer with a large
degree of polydispersity. Only a limited effort has been
devoted to the study of narrow molecular weight frac-
tions and oligomers of PEEK.26739 In a previous study,
we have investigated the morphology of narrow molec-
ular weight fractions of PEEK ranging from 4000 to
79 000 isothermally crystallized from the glass at vari-
ous temperatures between 250 and 340 °C.3%> These
samples were prepared by heating through the glass
transition followed by isothermal annealing for 1 h.
They were investigated by X-ray diffraction and DSC
after their cooling at room temperature. This paper
deals with a time-resolved SAXS, WAXD, and DSC
study of the heating of amorphous samples of these
PEEK fractions and an industrial grade of PEEK
(Stabar K200) from below their glass transition tem-
perature through their melting. The aim is to investi-
gate the morphological modifications occurring during
cold crystallization and subsequent melting.

Each sample was heated from below its glass transi-
tion temperature (Tg) to 375 °C. A single heating
experiment thus includes cold crystallization, reorga-
nization if any, and the final melting of the resulting
crystals. The evolution of the lamellar morphology
during the entire heating ramp was monitored by time-
resolved simultaneous small-angle X-ray scattering
(SAXS) and wide-angle X-ray diffraction (WAXD) while
the thermal behavior was followed by differential scan-
ning calorimetry (DSC).

Experimental Section

The monodisperse PEEK samples used are the same as
those used in a previous study.®® Their synthesis and some
kinetics characteristics are described elsewhere.®”=3° The mo-
lecular weights of the PEEK samples used in this work are
given in Table 1. Throughout the present paper, the weight-
average molecular weight My, (e.g., 18K for a sample with My,
= 18 000) is used to characterize the materials. Amorphous
films of these fractions were obtained by melting the powders
in a laboratory press (Carver) heated at 400 °C for 1 min
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Table 1. Main Characteristics of the Different PEEK Samples: Number-Average Molecular Weight (My,), Weight-Average
Molecular Weight (My), Glass Transition Temperature (Tgy), Cold Crystallization Temperature (Tcc), the Width of the
Cold Crystallization Exotherm Measured at Half-Height, the Temperature Where the Overall Crystallization Rate Is

Equal to the Overall Melting Rate (T*), and the Temperature of the Maximum of the Melting Endotherm (T,)

sample Mn My T4(°C) Te (°C) width (°C) T* (°C) Tm (°C) AHp, (J/9)
4K 3 500° 4 400P 122.5 152.5 3.7 315 344.0 65.0
8K 7 00QP 8 300P 133.5 165.5 3.9 324 350.5 63.6
18K 14 500° 18 000P 140.0 176.0 4.9 307 349.0 45.6
32K 21 500P 32 000P 1455 183.5 5.3 288 339.0 37.3
79K 60 200 79 500 147.5 190.5 9.5 273 325.0 23.5
Stabar K200 35 000—50 0002 95 000—120 0002 143.0 175.0 3.0 300 339.8 35.6

a From ref 49. ® From ref 39.

followed by rapid quenching in an ice—water mixture. These
films were found to be amorphous as checked by wide-angle
X-ray diffraction. The commercial grade of PEEK Stabar K200
used in this study was supplied by ICI in the form of
amorphous 0.250 mm thick films.

The DSC measurements were made at a scanning rate of
10 °C/min between 100 and 375 °C in a heat flux differential
scanning calorimeter (TA Instruments, model 2920) working
under nitrogen atmosphere using about 2 mg of each sample.
Temperature and heat flow calibrations were made using
caffeine, indium, and zinc. A new baseline recorded by running
two empty pans was subtracted to the raw heat flow. The glass
temperature, the temperature, and heat of melting are given
in Table 1. The precision on the values of temperature and
heat of melting are 0.5 °C and 1 J/g, respectively.

The WAXD and SAXS curves were recorded simultaneously
using two linear position detectors connected in series*® on the
X33 beam line of the EMBL in HASYLAB on the storage ring
DORIS 111 of the Deutsches Elektronen Synchrotron (DESY)
at Hamburg.**#? Recording times of 20 s were used to obtain
high-quality SAXS and WAXS profiles. The SAXS and WAXS
intensities were recorded in the range 0.014 nm~! <s < 0.33
nm~tand 1.3 nm™ <s <4 nm, respectively (s = 2 sin /A
where 26 is the scattering angle and A the wavelength of the
incident X-ray beam (0.15 nm)). Calibration of the SAXS and
WAXD regions was made using collagen and powders of
organic compounds (benzoic acid, biphenyl, naphthalene),
respectively. Amorphous PEEK films wrapped in thin alumi-
num foils were heated in a hot stage (Mettler FP82HT) and
submitted to the same thermal treatment as in the differential
scanning calorimeter. The experimental X-ray intensity curves
were corrected for absorption and normalized to the intensity
of the primary beam monitored with an ionization chamber,
and a background was subtracted. The normalized intensities
were Lorentz corrected by multiplying the SAXS data by s?
and the WAXD intensities data by sin 26 sinf (where s is the
scattering vector and 26 the Bragg angle). To evaluate the
correlation function y(r), the fluidlike contribution was esti-
mated from an Is* versus s* plot and subtracted before
extrapolating the SAXS intensity curves to large s values using
Porod’s law.*® The lamellar thickness L. and the amorphous
thickness L,, the long period L, = L, + L, and the linear
degree of crystallinity v (v, = Lo/(L. + L,)) were evaluated
according to standard procedures.*

The spacings corresponding to the (110), (111), (200), and
(211) reflections were evaluated from the positions of the
corresponding maxima in the diffraction patterns. The amor-
phous and crystalline contributions in the WAXD diffraction
patterns were separated by fitting an amorphous halo after
subtracting a linear background between 1.37 nm™ <s < 3.5
nm~L. Such a procedure allows the determination of the degree
of crystallinity of the various samples.

Results

Figure 1a—d illustrates the evolution of the WAXD
and SAXS diffraction patterns during the heating at 10
°C/min of low (8K) and high (79K) molecular weight
fractions of PEEK. The temperature range where a
crystalline phase exists in the sample is broader for the
fractions of low molecular weight as expected from the
DSC curves (Figure 2). At a given temperature in this

range, the long spacing increases with the average
molecular weight

Evolution of the Integrated Intensities. Figure
2a—f illustrates the evolution of the SAXS and WAXD
intensities (I5A%S and IWAXD) during the heating of each
amorphous sample together with the corresponding
DSC trace recorded at the same heating rate. In each
case, the cold crystallization exotherm seen in the DSC
curve is accompanied by a sudden increase of both SAXS
and WAXD diffracted intensities. With the resolution
time of our experiments, i.e., 20 s per frame, both WAXD
and SAXS patterns appear simultaneously. Between the
cold crystallization and the melting region, IWAXD s
nearly constant or slightly increases to reach its maxi-
mum value just before the melting zone. In contrast, a
large increase of 1SS is observed in the same temper-
ature region. This is mainly due to the fact that ISAXS is
proportional to the square of the difference between the
electron densities of the amorphous and crystalline
regions which increases significantly due to differential
thermal expansion. In the melting region, the weight
degree of crystallinity IWYAXD decreases more rapidly on
heating than 1SS as a consequence of thermal disorder.
Note also that ISAXS is proportional to v¢"(1 — v.'i")
which decreases more slowly than v'in.

Morphology during Nonisothermal Cold Crys-
tallization. The temperature limits of this region can
be defined by the points where the DSC signal signifi-
cantly deviates from the baseline. The width of the cold
crystallization exotherm strongly increases with the
average molecular weight while its area decreases by a
factor of 2 when going from the smallest to the largest
average molecular weight (Figure 2 and Table 1). Large
modifications of the morphology of the PEEK fractions
are therefore expected during the cold crystallization.

Though the data obtained from the correlation func-
tions corresponding to the early stage of the cold
crystallization are not taken into account here because
of the relatively low scattered intensity of the corre-
sponding diffraction patterns, a clear decrease of the
long period L™ is observed until the temperature
reaches some 20 °C above the cold crystallization
temperature (Figure 2). This phenomenon, which has
already been reported for nonisothermal crystallization
from the glassy state?° and for isothermal crystallization
from the melt,1"4> is observed for the polydisperse
sample (Stabar) as well as for the narrow molecular
weight fractions. A molecular weight segregation during
crystallization can be ruled out taking into account the
low degrees of polydispersity of the PEEK fractions. A
marked decrease of the long period is associated with a
decrease of the largest length computed from the
correlation function, assigned to the amorphous thick-
ness in accordance with our previous works (Figure
3).21.22.35 At the same time, the thickness of the crystal-
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Figure 1. Wide-angle X-ray diffraction patterns recorded during heating of the amorphous 8K (a) and 79K (b) PEEK fractions.
Small-angle X-ray scattering patterns recorded during heating of the amorphous 8K (c) and 79K (d) PEEK fractions.

line regions (L.) only slightly increases or remains
constant. This results in an increase of the linear
crystallinity v¢'i" (Figure 4), which is consistent with the
evolution of the degree of crystallinity estimated by
DSC.

Morphology between the Cold Crystallization
and the Melting Region. The upper temperature of
this region (T* in Figure 2a) is determined by the
intersection of the DSC heat flow signal with the
baseline drawn from just above the glass transition to
the plateau above the final melting point. Below T*, the
overall recrystallization process dominates the overall
melting. Between the cold crystallization temperature
Te and T*, both L, and L. slightly increase, leading to
an almost constant value of the linear crystallinity v,'in
(Figure 4). The widths of the major WAXD reflections
decrease, however, continuously in this temperature
range as illustrated for the (110) reflection (Figure 5).
This corresponds to an increase of the crystal dimension
along the normal to the (110) crystallographic plane.®
As the other WAXD reflections behave similarly, it can
be concluded that the crystals become more perfect
during heating. Note that the observed decrease of the
width of the reflections should be more larger than
estimated since the thermal motions, which always
broaden the reflections with increasing temperature,
were not taken into account. Figure 5 illustrates that,
at the same temperature, the degree of perfection is
higher for the lower molecular weight fractions.

Morphology in the Melting Region. This temper-
ature region is characterized by a large increase of the
long period mainly due to an increase of the amorphous
thickness. Although a pronounced increase of L. is also
observed especially for the low molecular weight frac-
tion, v.'i" decreases abruptly in this temperature range,
which is consistent with the decrease of the macroscopic
crystallinity. During the first stage of the melting, i.e.,
below the maximum in the DSC trace, the width of the
(120) reflection still decreases for all the samples while
in the final melting stage it increases for the higher
molecular weight fractions (Figure 5).

Discussion

Morphology. For crystallization from the glass,
which is governed by chain mobility rather than by
nucleation, the diffusion rate of the very entangled
longer chains is much smaller than for the low molec-
ular weight chains leading to a reduced crystallization
rate. This finally results in a broadening of the crystal-
lization exotherm. Note that the commercial PEEK
(Stabar) has the narrowest exotherm probably due to
its high polydispersity. As a part of the chains does not
disentangle, the number of entanglements trapped in
the amorphous zones increases with the molecular
weight. This reduces the amount material that is able
to crystallize and thus leads to a decrease of the
magnitude of the exotherm. The mode of crystallization
used here includes a rapid nucleation process resulting
in very small spherulites which impinge very quickly.
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Figure 2. DSC traces, long period obtained from the correlation function, WAXD integrated intensity, and SAXS integrated
intensity recorded during heating of initially amorphous samples 4K (a), 8K (b), 18K (c), 32K (d), 79K (e), and PEEK Stabar (f).
The same scale is used through all figures.

It is likely that, after the rapid impingement of the
spherulites, crystallization would continue within the
spherulite main structure. It is observed that the
decrease of the long period starts in the narrow crystal-
lization exotherm region and spreads out to somewhat
higher temperatures (Figures 2). This observed decrease
of the long period occurs simultaneously with a progres-
sive filling with crystals of the amorphous gaps left
between the first grown lamellae. Because of an averag-
ing effect, the amorphous thickness L, and the long
spacing L, decrease with time. There is no significant
decrease of L. during this step, which indicates that the
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crystals grown at the beginning and at the end of the
cold crystallization region have a similar thickness
(Figure 3). At the end of the cold crystallization, a single
population of crystalline lamellae with a given thickness
distribution can be considered as representative for the
morphology of the PEEK fractions. The thermal evolu-
tion of the crystalline length L. superimposes for all the
fractions whereas the amorphous length L, increases
with increasing molecular weight (Figure 3). Our as-
signment of L, and L. which implies that, at a given
temperature, L. is almost independent of the molecular
weight while L, strongly increases, is in agreement with
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Figure 3. Crystalline (L) and amorphous (La) thicknesses
obtained from the correlation function during heating of the
various samples 4K (O), 8K (O), 18K (a), 32K (v), 79K
(©), and Stabar (O).
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Figure 4. Linear degree of crystallinity v.'" during heating
of various PEEK samples 4K (O), 8K (O), 18K (&), 32K (v),
79K (¢), and Stabar (O).
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Figure 5. Thermal evolution of the full width at half-
maximum of the (110) reflection for PEEK samples 4K (O),
8K (O), 18K (a), 32K (v), 79K (¥), and Stabar (O).

our previous observations on the same PEEK fractions
crystallized and annealed from the glassy state3® and
is also documented for other semicrystalline poly-
mers.*”*8 At the same degree of supercooling, the crystal
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thickness L. should be nearly independent of the mo-
lecular weight. In contrast, the thickness of the amor-
phous regions separating stacked lamellae is expected
to increase with the molecular weight due to entangle-
ments.*” Although the present results are obtained in
nonisothermal conditions, they are in agreement with
scaling law predictions and confirm the assignment of
the smallest length computed from the correlation
function to the crystalline thickness L. and thus L, >
L.. Great difficulties are encountered when trying to
justify our experimental results with the reverse picture
(i.e., La > L¢). Small increases of the equilibrium melting
temperature T, with increasing average molecular
weight have been suggested for these PEEK fractions3®
and would result, for the same crystallization temper-
ature, in larger degrees of supercooling for increasing
molecular weights. According to Tamman'’s equation,
this would lead to an decrease of L. with increasing
average molecular weight which cannot be reconciled
with the hypothesis that L, > L,. Therefore, it can be
concluded that the linear crystallinity decreases with
increasing molecular weight at a given temperature
(Figure 4). This proposal is also consistent with the DSC
results showing that the total exotherm contribution is
more important for the low molecular weight fractions.

Reorganization of the Initial Morphology. Be-
tween cold crystallization temperature T and T + 100
°C, the average thermal dependence of the crystal
thickness L. for the different samples can be reasonably
fitted to following equation

L, = (18 & 4)[1 + (0.0028 + 0.0009)T]

where T is the temperature in °C. The value of 2.8 x
1072 °C™1 has to be compared with the thermal expan-
sion coefficient which is on the order of 2 x 1075 °C1
in the direction perpendicular to the basal plane of the
lamellae (i.e., along the c crystallographic axis).?° The
increase of L reported here is by far too large to be due
to thermal expansion only. The morphology resulting
from the cold crystallization is therefore unstable and
will thus reorganize to some extent. The imperfect
crystals grown at T recrystallize upon subsequent
heating. Further evidence in favor of this proposal comes
from the analysis of the width of the reflections which
indicates a continuously increasing crystal perfection
with increasing temperature from T, to the final
melting. The lamellae thus reorganize during the entire
temperature scan. It can be assumed that the reorga-
nization process leads to thickening of the lamellae in
the chain axis direction and/or an increase of the lateral
dimensions of the crystals (i.e., a lower mosaicity of the
lamellar assembly). The crystalline thickness of all
fractions follows the same thermal evolution at least
between T and T*: the crystals made during the cold
crystallization thicken in about the same fashion what-
ever the value of the average molecular weight (Figure
3). In contrast, analysis of the width of the reflections
shows that the lateral dimensions of the crystals
significantly decrease with increasing molecular weight
at a given temperature. It can be assumed that during
crystallization the number of chains that cannot disen-
tangle, because they do not end in the amorphous zone,
is statistically much larger for the high molecular
weight samples. It should be remembered that the
extended chain of the smallest fraction (4K) is 20 times
shorter than that of the highest molecular weight
fraction (79K). A straightforward consequence of this
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is that the amorphous thickness L, increases with
molecular weight. Moreover, as high molecular weight
chains are less able to relax in amorphous regions, the
stress created at the crystal—amorphous interface dur-
ing crystallization is higher for the high molecular
weight fractions. This last phenomenon impedes the
lateral reorganization of the lamellae for the longest
chains. At the end of the melting, the value of L.
obtained for the shorter fraction (4K, 8K, 18K) are found
to increase to some 6—7 nm. We believe that chain
mobility accounts for this observation: as the number
of entanglements is relatively lower for these short
fractions, reorganization is much easier than for the
entangled high molecular weight fractions. At high
degrees of supercooling, just above the cold crystalliza-
tion where the crystallization rate is relatively impor-
tant, this does not make a marked difference between
the various samples. In contrast, at low degrees of
supercooling, short chains reorganize easily into more
stable crystals whereas long chains are unable to do so
in the same scale time. This also accounts for the
broadening of the DSC melting endotherm for the high
molecular weight fractions: as long as reorganization
is possible, the crystals melt immediately, and this is
followed by recrystallization. The DSC signal, being the
sum of both exothermic and endothermic contributions,
remains close to the baseline. This is the case for 4K
and 8K fractions up to relatively high temperatures
where the overall recrystallization rate becomes very
small, while the DSC signal recorded during the heating
of the 79K for example starts to deviate from the
baseline at much lower temperature.

Conclusion

The thermal evolution of the morphology of noniso-
thermally cold crystallized narrow molecular weight
fractions of PEEK has been interpreted by considering
a single population of lamellar crystals with an usual
thickness distribution. The lamellae grow in the cold
crystallization region and perfect during the heating
process. The decrease of the long period observed in the
early stage of crystallization results from a densification
of the interlamellar amorphous regions due to a more
easy rearrangement of the chains in such low-density
regions. The crystalline thickness is nearly constant
during the first stage of crystallization. Upon heating,
both the crystalline and amorphous layers thicken.
However, the thermal evolution of the crystalline thick-
ness L. is independent of the average molecular weight
whereas the thickness of the amorphous regions strongly
increases. This was attributed to differences in the
interlamellar amorphous material, i.e., differences in
the degree of entanglement of the various samples. This
phenomenon also accounts for the fact that the lowest
crystal perfection corresponds to the highest molecular
weight fractions. The behavior of the commercial Stabar
is similar to that of the 32K fraction except in the cold
crystallization region where the former crystallizes
faster, probably due to its larger degree of polydisper-
sity.
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