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ABSTRACT: Simultaneous wide and small X-ray scattering (WAXS and SAXS) real time experiments
using synchrotron radiation were performed to investigate poly-aryl(ether ketone ether ketone ketone)
(PEKEKK) samples with different molecular weights obtained by precipitation polycondensation.
Isothermal melt crystallization experiments, using two crystallization temperatures, T (differing by 10
°C) for each polymer grade were carried out. The phase transition temperature from polymorphic form
11 to form | was investigated in the samples as obtained. The variation of the index of crystallinity during
heating was shown to depend on molecular weight. The index of crystallinity and X-ray long period
values of the isothermal melt-crystallized samples observed at T, and then at room temperature depend
on the T, values. For the lowest viscosity sample the microstructure is also molecular weight dependent.
Avrami analysis of the 110(1) reflection leads to the conclusion that a similar crystallization mechanism

takes place for the samples investigated.

Introduction

Aromatic poly(ether ketone)s as high-performance
thermoplastic materials have received special attention
in the past decade.!® These polymers show high
thermostability and chemical resistance.?® They can be
considered as linear polymers of intermediate chain
rigidity since polymer chains consist of bulk phenyl
rings linked by oxygen and ketone groups. Samples
with high viscosity values, i.e., high molecular weights,
have been obtained by the precipitation polycondensa-
tion method*® using very low monomer concentrations.®

It is known that the thermal properties (melting and
glass transition temperatures) of aromatic polyketones
are dependent on the ether/ketone ratio, which influ-
ences the lattice parameters of the orthorhombic unit
cell. Chain packing is similar to that found for poly-
(phenylene oxide)” and PEEK.8~10 For polyketones with
carbonyl contents larger than 50% (PEKEKK and
PEKK) Blundell and Newton!! observed additional
reflections in the X-ray patterns of oriented samples
that revealed the presence of a new orthorhombic
crystallographic form with a and b axes exchanged with
each other.

Gardner et al. reported on the polymorphism of
aromatic polyketones with different ether/ketone ra-
tios213 crystallized under different conditions and for
polyketones containing isophthalic units.’2 In the case
of polyketones crystallized from the melt the normal
orthorhombic packing (PEEK-type or form 1) is always
observed for all polyketones independently of their
carbonyl content. On the contrary, samples prepared
by cold crystallization and solvent-induced crystalliza-
tion, with a carbonyl content larger than 50%
(PEKEKK, PEKK) showed exclusively the second crys-
tallographic form mentioned above. In this paper we
will refer to these crystallographic forms as forms I and
11 following Gardner’s notation.
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As far as isothermal crystallization is concerned, the
influence of molecular weight on the crystallization
kinetics of semirigid materials has attracted
attention.*~17 For both, cold and melt isothermal
crystallization, the half-crystallization times ty, strongly
depend on the T. values as well as on the molecular
weight of the samples.’® Thus, because reasonable
experimentation times have to be used, it becomes an
important task to determine the convenient T, values
for each sample. That is also so because comparison of
crystallization Kinetics parameters from different samples
demands working under similar undercooling condi-
tions. It is also known that the microstructure of
isothermally melt-crystallized polymers, as revealed by
their long periodicity (L) value, shows increasing L
values up to a given value of the molecular weight.
Beyond this value, the long periodicity remains constant
and independent of molecular weight.'® For this upper
range of molecular weights the L values would mainly
depend on the thermal crystallization conditions. Thus,
larger L values are obtained for the smaller supercool-
ings (higher T, values).

In previous studies we have reported on the synthesis,
NMR characterization, and evaluation of the isomeric
chain defects® and on the morphology of PEKEKK
particles obtained.61° We have additionally investigated
the thermal behavior and structure of PEKEKK samples
with different molecular weights.2° It was found that
molecular weight affects the index of crystallinity and
melting behavior of the as-obtained and melt-crystal-
lized samples. It was also shown that the as-obtained
samples preferentially show crystallographic form I1.
After short annealing treatments form 11 partially
converts into the more stable form I, as revealed by
X-ray diffractograms recorded at room temperature.
Although polymorphism is evidenced by X-ray diffrac-
tion, the DSC thermograms of the thermally treated
samples appear, on the contrary, to be so simple that
any polymorphism could be disregarded.2°

The use of both wide (WAXS) and small angle X-ray
scattering (SAXS) experiments in real time allows one
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Table 1. Inherent Viscosity, Molar Content of Defect
Isomer Chains, and Melt Temperatures of the Samples as
Obtained?®

defect isomer
chains molar T, (st run) Tm, (2nd run)
OC)

sample #inn (dL/g)  content (%) (°C)
P1 1.46 6.7 3735 369.9
P2 1.85 5.0 376.6 353.3
P3 2.42 24 385.6 342.5

to simultaneously follow the structural changes at the
molecular and supramolecular (microstructure) levels
during thermal treatment. In particular, these com-
bined techniques are of great value for the study of
precrystallization phenomena in polymers.?1-23

The aim of this work is 2-fold: (a) to investigate the
polymorphic phase transition (phase Il into phase 1)
during heating at 10 K/min of the as-obtained PEKEKK
samples and (b) to compare the isothermal crystalliza-
tion of the molten material at two different T, values
differing by 10 °C. For this purpose simultaneous
WAXS and SAXS experiments in real time using
synchrotron radiation were performed.

Experimental Part

Materials. The chemical repeat unit of poly-aryl(ether
ketone ether ketone ketone) is

o]

~0r-0-4-0~-0--0--

Three PEKEKK samples prepared by the precipitation
polycondensation method, with different molecular weights
(viscosities)® were investigated (Table 1). The molar content
of the defect isomer and the melting temperature T, measured
from the first and a second consecutive DSC runs, previously
reported,?° are also included.

Techniques. For the X-ray investigation the as-obtained
samples, in particle form, were sintered as disks.?® The disks
were wrapped with aluminum foil to improve thermal contact
and to prevent loss of material when molten. A vacuum oven
was used throughout the experiments. A similar temperature
program for the three samples was applied: first, a fast
heating to 200 °C for 2 min, followed by heating at a rate of
10 K/min up to 400, 405 and 410 °C, respectively, i.e., about
25 deg above the melting temperature of each sample (see
Table 1). The sample was, then, maintained at this temper-
ature for 10 min to improve the homogeneity of the molten
state (erasing the particle structure). Finally, the sample was
rapidly cooled (~1 min) to the crystallization temperature, T..
Two different T, values separated by 10 °C were selected for
each sample: P1(360 and 350 °C), P2 (343 and 333 °C), P3
(332 and 322 °C). Thus, our isothermal crystallization experi-
ments are far from using a similar supercooling for the three
samples; i.e., supercooling values increase from P1 to P3.
Nevertheless, the choice of such T, values was essentially
aimed at guaranteeing a complete isothermal crystallization
for all the three different molecular weight samples. It should
be noted that the selected T, values are related (10 and 20 °C
below) to the T, values measured from the second DSC run
of the samples. (Table 1). Crystallization times above 3 h
were chosen.

Synchrotron X-ray radiation, with wavelength 4 = 0.154 nm,
at the polymer beamline A2 of HASYLAB (DESY) was used.
Two monodimensional wire detectors, with 512 channels each,
simultaneously recorded wide and small angle X-ray scattering
(WAXS and SAXS) patterns of the samples. The SAXS
detector was located in front of the sample at a distance of
about 2 m. The WAXS detector is placed at a certain angle
from the X-ray beam showing a useful detection window
between 9 and 33° (20). For calibration of the scattering angle
in the WAXS and in the SAXS region a high-crystallinity PET
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Figure 1. WAXS diffractograms recorded at room tempera-
ture, of aromatic polyketone sample P2 as obtained (phase I1,

bottom) and after melting and isothermal crystallization at
333 °C for about 3 h (phase I, top).

sample and both a metal grid and a rat tail sample were
respectively used. The resolution achieved for SAXS was less
than 40 nm. A source of 5Fe was employed to check the
response of the detector to the radiation. Each X-ray scatter-
ing pattern was recorded for 0.5 min. The elapsed time
between consecutive spectra was 1 ms during the heating cycle
and the first part of the isothermal crystallization and 1 min
for the rest of the isothermal crystallization.

X-ray scattering profiles were analyzed by means of PC
software from HASYLAB. The Lorentz correction was applied
to the SAXS intensity profiles (intensity is multiplied by s?,
where s is the scattering vector: 2 sin 6 /A). A fit program
was used to resolve both WAXS and SAXS intensity profiles
into their single peak components. Particularly, WAXS dif-
fractograms were fitted using Gaussian-type curves.

Results

Characterization of the Materials. Figure 1 shows
the WAXS intensity curves observed at room tempera-
ture for the sample before thermal treatment (I1) and
after melting and recrystallization (1). Diffractogram I
is representative of crystal modification | (melt-crystal-
lized material) while diffractogram Il can be mainly
attributed to crystal modification Il. The crystal-
lographic indices for some representative reflections of
each crystal phase are indicated. Note the close angular
position of the reflections 011(I1) and 100(11) in relation
to 110(1) and 200(I). On the contrary, the 010(Il) and
111(1) reflections appear well separated one from each
other. Therefore, the two latter reflections are conve-
nient for a rapid identification of each crystal modifica-
tion.

Polymorphic Transition during Heating. Figure
2 illustrates the simultaneous change of the WAXS (top)
and SAXS (bottom) intensity profiles for the P2
sample: (1) a change during a first heating at 10 K/min
followed by a heating at T = 405 °C for 10 min and,
finally, (2) the isothermal crystallization of the material
at 333 °C.

The temperature program used (see Experimental
Part) is schematically depicted along the time axis.
Similar plots were recorded for the three investigated
samples.

Let us follow the changes of the WAXS diffractogram
(phase 11) during heating of the sample (Figure 2 top).
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Figure 2. Change of WAXS (top) and SAXS (bottom) intensity
profiles during heating of aromatic polyketone P2 as obtained
above its melting temperature followed by isothermal crystal-
lization.

The variation of the peak intensity of the three main
reflections with increasing temperature is shown in
Figure 3, for the P1 and P3 samples. As expected, there
is a shift in temperature for the data of P3 as compared
to P1 because of their different melting temperatures
(Table 1). The differences observed in the initial relative
intensity of the reflections for P1 and P3 are noteworthy.
This can be attributed to the coexistence of phase 11 with
a small amount of phase I in the case of P3.1920 Apart
from that, a similar general behavior was observed for
the three samples. The peak intensity of the 010(ll)
reflection gradually decreases for temperatures above
200 °C till its total disappearance at about 350 °C. On
the other hand, the intensity of the 011(ll) peak
increases in the same temperature region and reaches
a maximum at about 350 °C. This opposite behavior of
the 010(11) and 011(11) reflections is due to the concur-
rent intensity development of the 110(l) reflection,
which overlaps with the 011(l1) peak. Similarly, the
intensity of the reflection located at about 22.5°, (20),
which may be indexed as 100(11) in the starting sample,
decreases to a minimum at 290 °C and then increases,
showing a maximum at 350 °C due to the progressive
appearance of the 200(1) reflection. For P3, the intensity
slightly decreases, then showing an increase with a
maximum centered at about 360 °C. It is worth
mentioning that the 111(1) reflection (Figure 1) becomes
clearly resolved above 300 °C and shows also a maxi-
mum intensity at 360 °C. Therefore, it can be concluded
that the total disappearance of the reflections of phase
Il corresponds with the maximum intensity observed
for the reflections of phase 1.

Concerning the lattice spacings, a similar variation
was observed for the three investigated samples. Figure
4 illustrates the temperature dependence of the dg;; and
digo spacings for the P3 sample. Besides the positive
slope due to the thermal lattice expansion, a deviation
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Figure 3. Variation of the peak intensity of the three main
reflections of the crystal phase 11 during its thermal conversion
into phase | for samples P1 (top) and P3 (bottom). The phase
temperature intervals are indicated by the vertical dot lines.

from linearity, in the 200—300 °C interval, is observed
for the 011(11) reflection upon conversion into 110(1). In
the case of digp the changes with T are more pronounced
and d1go shows a broad maximum at about 280—300 °C.
This maximum is less broad for the lower molecular
weight samples. The maximum in the temperature plot
indicates first an increase in expansion coefficient with
T and then (above 280 °C) a decrease with T due to the
transformation of 100(Il) into 200(l). The spacing
corresponding to the maximum intensity of the amor-
phous halo (dy) is also presented. The d, temperature
plot shows a gradual increase in the expansion coef-
ficient of the disordered material with temperature.
Figure 5 shows the variation of the WAXS crystal-
linity index (X¢) during heating derived for the three
different molecular weight samples. The vertical lines
define the temperature intervals of the single phases |
and Il for P1 and their coexistence region | + Il. For
P1 there is a slight increase of the index of crystallinity
above 200 °C and then it decreases around 260 °C. At
higher temperatures X; goes through a minimum (around
300 °C) and a maximum (around 350 °C) and finally it
vanishes due to melting. For P2 better defined mini-
mum and maximum values of X; than for P1 are
observed. For both P1 and P2 samples the X value at
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Figure 4. Variation of the lattice spacings of the starting 011-
(11) and 100(11) reflections during their conversion into the final
110(1) and 200(1) ones (top) and the spacing calculated from
the position of the amorphous halo during heating of sample
P3 (bottom).

around 350 °C (crystallinity due to phase | exclusively)
is similar but not higher than that observed around 200
°C (crystallinity due to phase I1). In the case of P3 there
is a continuous linear decrease of X; with temperature
up to around 290 °C followed by a maximum at about
360 °C. Now, the X; value for the maximum (phase I)
is clearly larger than that observed in the temperature
interval of phase II.

SAXS during a Constant Heating Rate. Figure 2
(bottom) illustrates the SAXS intensity profiles during
heating of the samples and the development of the
scattering during the first minutes of isothermal crys-
tallization. A strong increase of the scattering intensity
is developed upon heating. A weak, broad maximum
can be observed, which shifts toward lower angular
regions during heating. The corrected SAXS intensity
profiles were analyzed by means of a fit program. The
long spacing derived from the position of the scattering
maxima together with their integrated area is repre-
sented in Figure 6 for the three samples. L values
increase slightly up to 250 °C and then increase
continuously with increasing temperature, as in other
polymer systems.?425 A close behavior has been re-
ported for PEEK crystallized from the amorphous
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Figure 5. Change of the WAXS crystallinity index observed
for the three sintered samples during heating to their melting
temperature.

state.?627 Concerning the area of the scattering maxima
(total scattered intensity observed), a continuous in-
crease was also observed up to the melting point. After
this maximum, the intensity drops abruptly.

Isothermal Crystallization from the Melt.
Avrami’s Analysis of WAXS Patterns. It is known
that aromatic polyketones when crystallized from the
molten state show exclusively the more stable crystal
phase I. To study the kinetics of an isothermal crystal-
lization process, it is necessary to measure the fraction
of crystalline material emerging with time or some other
magnitude related to the crystallinity degree. We have
selected the maximum intensity of the main 110 reflec-
tion of phase I. For that purpose WAXS intensity
profiles were resolved into their Gaussian peak compo-
nents. The Avrami method was then applied to analyze
the isothermal crystallization processes by making plots
of In(=In(1 — I/Imax)) Vs In(t;).2® The value I refers to
the actual 110(1) intensity at the crystallization time
t;, and Imax, to the maximum intensity at the end of
isothermal crystallization. From the first linear part
of the plot we derived the two Avrami parameters: the
slope (n) and the ordinate intercept (k). The obtained
values are collected in Table 2. The half-crystallization
times ty, calculated according to the formula t;, = (In
2/k)¥" are also presented in Table 2.
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Figure 6. Variation of the long period, L (top), and of the
relative intensity of SAXS maxima (bottom) during heating
of the samples.

Table 2. Avrami Parameters Calculated from the 110(l)
Reflection for Isothermal Melt Crystallized PEKEKK at
Different Temperatures, T¢

sample T: (°C) n k ty2 (Min)
P1 360 0.94 0.109 7.1
350 1.06 0.131 6.1
P2 343 1.05 0.015 38.3
333 1.06 0.056 105
P3 332 1.10 0.046 11.7
322 1.02 0.116 5.7

Long Period Development during Melt Crystal-
lization. For all three samples, the SAXS intensity
from the molten state is practically negligible (frames
recorded at 405 °C that are hidden by the preceding ones
in Figure 2 bottom). During the first stages of isother-
mal crystallization a continuous SAXS profile of rapidly
increasing intensity is observed. For longer crystalliza-
tion times a SAXS maximum becomes resolved.

Lorentz-corrected SAXS intensity profiles show a
certain asymmetry from the high scattering angle side,
which remains till the end of crystallization and also
after cooling the sample to room temperature (Figure
7). The long periodicities were calculated from the
angular position of the SAXS maximum. Figure 8
shows the variation observed in the long period during
the isothermal crystallization of the samples at the low
(filled symbols) and high (open symbols) T, values
investigated. For the shortest crystallization times L
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Figure 7. Lorentz-corrected SAXS intensity profiles of samples
P1 and P3 after isothermal crystallization at their low T, for
about 3 h.
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Figure 8. Variation of the long period during the isothermal
crystallization time of PEKEKK samples crystallized at the
low (filled symbols) and high (open symbols) temperatures T..

decreases rapidly and then levels off. The L values
observed at high t; can be both T, and molecular weight
dependent. Thus, for P1, the two L curves at the two
T¢ (360 and 350 °C) used are clearly separated from each
other and the L values are larger the higher T.. In the
case of P2 and P3, SAXS maxima were only developed
for low T, (333 and 322 °C) values. The L values for P2
are clearly higher than those for P3.

It is noteworthy that the isothermal crystallization
experiments at 343 °C for P2 and at 332 °C for P3
yielded the usual development of the WAXS patterns
with t.. However, no SAXS maxima could be simulta-
neously observed. Indeed, in the case of P2 the SAXS
profiles show a continuous scattering during the first 2
h and thereafter incipient SAXS maxima start to
appear. For P3 the appearance of incipient SAXS
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Table 3. SAXS Peak Asymmetry, Long Period L (nm),
and Index of Crystallinity X. (%) Observed after
Isothermal Crystallization of PEKEKK Samples at
Different Temperatures, T2

SAXS peak Xe
sample T (°C) asymmetry L (nm) X:(T;) (room temp)

P1 360 0.78 22.2 17 41
350 0.73 20.6 21 -

P2 343 0.80 ~29.0 12 30
333 0.78 248 13 35

P3 332 0.63 ~30.0 12 18
322 0.59 23.0 16 34

a2 The index of crystallinity, observed at room temperature, of
the isothermal crystallized samples after their cooling is also given.
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Figure 9. Long period, L, obtained for isothermally crystal-
lized polyketones at two different T, (left) and those observed
at different temperatures when one sample of each material
is cooled to room temperature (right) (symbols as in Figure
8).

maxima is negligible up to the largest t; values inves-
tigated (3.3 h). Then, the estimated L values of P2 and
P3 for these particular T, are about 29—30 nm.

One way to measure the observed asymmetry of SAXS
profiles (Figure 7) could be done by calculating the ratio
between the half-widths at half-maximum intensity of
the left and the right sides of the SAXS profiles. These
ratio values, calculated for all the samples for the higest
t. used are collected in Table 3 together with the
corresponding L values. The asymmetry values are
clearly less than 1 (1 means no asymmetry). The P3
sample shows the lowest values, i.e., the largest SAXS
peak asymmetry. For each molecular weight sample the
lower T the higher the asymmetry of the SAXS inten-
sity profiles.

Some of the isothermal crystallization experiments
(one for each of the samples) were followed by a cooling
in steps toward room temperature. The L values
observed upon cooling the isothermal crystallized sample
down to different temperatures are shown in Figure 9,
right side). The L values corresponding to isothermally
crystallized samples at the high (open symbols) and low
(filled ones) T, values are also represented (left side of
Figure 9). On cooling, L decreases with decreasing
temperature and it levels off for temperatures smaller
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than 200 °C. The corresponding values of index of
crystallinity for each T, observed for the longest t. values
and those observed at room temperature, after cooling
the crystallized samples, are also collected in Table 3.

Discussion

Polymorphism and Phase Transition during
Heating. Let us recall that polymorphism of normal
aromatic polyketones as revealed by X-ray diffraction
is unobserved by DSC, which only shows a single
endothermic peak.?® The discrepancy between the
information revealed by both techniques could indicate
the isoenthalphic character of the crystal phase transi-
tion Il to I. Furthermore, the melting temperature
depends on the molecular weight and chain defects and
also on particle morphology (architecture).?° The real
time WAXS patterns obtained in the present study
(Figure 2) confirm the polymorphism observed in aro-
matic polyketones crystallized in different conditions.1213
The results shown in Figures 3 and 4 support the crystal
phase transformation of phase Il into the more stable
phase | during heating of the sample. From these
results one may conclude that the phase transition
temperature (Tp) at which phase 11 totally disappears,
increases with molecular weight (Tp; = 350 °C; Tp; =
357 °C; Tps = 365 °C). Taking into account the intensity
variation of the 100(11) reflection (Figure 3) and the
variation of the crystallinity index X; shown in Figure
5 one could speak of some time lag in the building up
and improvement of the new crystals of phase | in
relation to the partial destruction of crystals of phase
Il upon heating. Furthermore, some influence of the
molecular weight on the crystal phase transition cannot
be ruled out. Thus, for P1 the X values at high
temperatures (~350 °C) corresponding to phase | are
smaller than those observed for phase Il. For the
intermediate molecular weight sample (P2) the X
values are similar for both phases. In the case of P3
the crystallinity observed for phase | is slightly higher
than for phase Il. Hence, it seems that the crystal
phase conversion is partially reduced for the lowest
molecular weight sample. The distinct behavior of P3
as compared to P1 or P2 could be also related to the
small fraction of material (needle particles) obtained
directly in the crystal phase 1.192° In the case of P3 the
reorganization of material within phase Il might be
enhanced because of the presence of particles with phase
l.

As far as the microstructure is concerned, the results
shown in Figure 6 suggest, in addition to its thermal
expansion, a continuous reorganization of the material
during heating, which is similar for the three samples
investigated. Thus both the long periodicities and the
scattering intensity increase continuously up to the
melting temperature of the samples. This similar SAXS
variation, upon heating, of the as-obtained samples
could be related to the molecular reorganization inside
the isolated particles grown in the reaction medium
under similar temperature conditions.® From SAXS
results, as from DSC calorimetry, there is no evidence
of the phase transformation, as detected from WAXS.

Microstructure Development during Isothermal
Crystallization from the Melt. The present results
indicate that after cooling from the melt, a simultaneous
development of SAXS and WAXS takes place. This
means that for the time resolution used (less than 1
min), no delay in the appearance of WAXS crystalline
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reflections in relation to the SAXS intensity is observed.
In other words, in contrast to previous findings on
semirigid?'=23 and flexible2® polymers, no precrystalli-
zation phenomena are apparently detected during the
melt crystallization of these aromatic polyketones.

For the crystallization temperatures investigated, the
PEKEKK samples show no resolved SAXS maximum
for the first crystallization times (Figure 8). Further-
more, it is noteworthy that in the case of the higher
molecular weight samples (P2 and P3) when crystallized
at the high T, (343 and 332 °C) the appearance of SAXS
maxima was considerably delayed (for P2 about 2 h and
for P3 after 3 h) in contrast to the early development of
typical WAXS patterns. Although the instrumental
resolution for the SAXS patterns is not very high (~40
nm) the absence of L values for the short crystallization
times seems rather to indicate an absence of coherence
for the electron density fluctuations responsible for
discrete SAXS maxima. Therefore, one may expect the
emerging crystallizable nuclei to be first randomly
distributed (no SAXS maximum) and later, during the
initial stages of three-dimensional crystallization, to
become correlated and produce the SAXS maximum.

A comparison of the long periods shown in Figures 6
and 8 reveals important aspects of the thermal behavior
of these materials:

eThe as-obtained material (in particle form) shows L
values that are similar for the three investigated
samples (Figure 6) and a similar variation of L with
increasing temperature up to melting of the samples.
The L variation is close to that reported for annealed,
amorphous PEEK.26:27

«The isothermally melt-crystallized samples show L
values that are smaller for the low T, used (see data of
P1 in Figure 8). Furthermore, the relative position of
the L curves for the three polyketone samples in Figure
8 would support the influence also of the molecular
weight on the microstructure arising under isothermal
crystallization.

From the above observations (Figures 6 and 8) and
previous results?® it is apparent that the architecture
of the PEKEKK particles plays an important role in the
mobility of chains. The particle architecture is presum-
ably destroyed during the thermal treatment before the
isothermal crystallization of the samples. As a conse-
guence, the microstructure developed for the isother-
mally melt-crystallized material becomes more sensitive
to the molecular weight and chain regularity. It is
known that chain defects would modify the equilibrium
melting temperature®® and would reduce the ability of
chains to crystallize in the molten state and during
isothermal crystallization. Considering the decreasing
T, values used from P1 to P3 (Table 1) and the
increasing variation of L up to a given value of the
molecular weight,'® the microstructure developed by P1
in comparison to those of P2 and P3 (Figure 8) should
be mainly controlled by its lower molecular weight.
Nevertheless, an additional contribution to the lowering
of L values of P1 due to its high chain defect molar
content should not be discarded. On the other hand,
from the observed L values (Figure 8) the microstruc-
ture of P2 and P3 seems to become independent of the
molecular weight because of their high viscosity values
(high molecular weight, Table 1). Therefore, the L
values observed for P2 and P3 should be mainly related
to the crystallization temperature used.
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The results obtained from isothermally crystallized
material after cooling to room temperature (Figure 9
right and Table 3) revealed additional features on the
crystallization of aromatic polyketones. The abrupt
decrease of L in the interval from T, to 250 °C could be
explained in terms of the insertion model, in which the
formation of new thinner crystals between the preexist-
ing ones takes place.3%:32 The further small decrease of
L for temperatures below 250 °C may be related to the
thermal contraction of the material, similar to the
thermal expansion during heating (Figure 4 bottom and
Figure 6 top). The low index of crystallinity observed
for the isothermally crystallized samples, which is larger
for the lower molecular weight sample, increases by a
factor of 2.5—2 (P1—P3) after cooling the samples at
room temperature (Table 3). It means that additional
crystallization of molten material takes place upon
cooling.

The close values of the Avrami exponents obtained
(see Table 2) suggest a similar crystallization mecha-
nism for the three different molecular weight samples.
The k and ty, experimental values found for the two
different T, show the expected trend; i.e., ti» increases
the larger the T, for all the investigated samples.1®
Since k and ty; strongly depend on T, it is difficult to
compare the samples on the basis of their Kinetic
parameters (Table 2).

Finally, concerning the above-mentioned asymmetry
of SAXS intensity profiles (Figure 7 and Table 3) for
each sample it is found that their asymmetry is larger
the lower T (larger supercooling) is. Furthermore, the
largest asymmetry values were observed for the highest
molecular weight sample (Table 3). Therefore, it seems
that the SAXS peak asymmetry depends on supercool-
ing. In addition, one may think that it could also be
dependent on the nature and properties of the molten
state. Although the samples were mantained for 10 min
in the molten state (25 °C above their melting temper-
ature), still some restriction in chain mobility, because
of chain entanglements, may prevent a complete mo-
lecular reorganization (ideal molten state). Thus, upon
isothermal crystallization together with the preferred
interlamellar periodicities developed with t, whose sizes
(L) are determined by T, (contribution from more mobile
chains), other smaller periodicities would be contribut-
ing to the SAXS intensity profiles, producing their
asymmetry.

Conclusions

eUpon heating the as-obtained samples, PEKEKK
undergoes a polymorphic phase transition (phase 11 to
phase I), as revealed by WAXS.

A similar, increasing variation of the long period with
temperature was observed for the three different mo-
lecular weight samples. This is attributed to the similar
microstructure developed within the isolated particles
grown under similar temperature conditions.

eAfter destruction of the initial particle morphology
through melting, the microstructure arising after iso-
thermal crystallization is very much dependent on the
crystallization temperature (supercooling). For the
lowest viscosity sample (P1) the microstructure is also
dependent on molecular weight while for the higher
viscosity samples (P2 and P3) are not molecular weight
dependent.

eThe Avrami analysis of WAXS patterns reveals a
similar crystallization mechanism for the three molec-
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ular weight samples isothermally crystallized from the
melt.
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