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Analysis of dual melting behavior
in cold-crystallized poly(ether diphenyl

ether metaketone)

Abstract By focusing on cold-crys-
tallized poly(ether diphenyl ether
metaketone) (PEKm), a more in-
depth understanding of the nature of
the crystalline morphology has been
gained, which may lead to thorough
mechanisms for interpreting the ob-
served thermal behavior in PEKm.
Apparently, cold-crystallized PEKm
containing initially only a single P1
crystal can exhibit dual melting
peaks (300 and 320 °C), with the
second high-melting peak corre-
sponding to the P2 crystal that was
subsequently formed via P1 melting/
repacking during the scan. However,
dual morphism (preexisting P1 and
P2 crystals) could be intentionally
introduced into PEKm if it was cold-
crystallized at temperature schemes
of decreasing order. The P1 and P2
crystals possess the same unit cells

(orthorhombic) and thus they differ
only in the lamellae populations.
The dual lamellar morphism in this
PEKm sample also exhibited similar
dual melting peaks during scanning,
which correspond to melting of the
individual P1 and P2 in a sequential
order. This study has thus provided
important clues in and shed new
light on the interpretation of
multiple melting with respect to
polymorphism in polymers.
Relationships between the low-
melting and high-melting lamellae
in cold-crystallized polyketone
polymer have been thoroughly
explored.

Key words Poly(ether diphenyl
ether metaketone) - Cold crystalli-
zation - Polymorphism - Multiple
melting

Introduction

Crystalline morphology in poly(aryl ether ketones)-
type polymers is a subject of many studies. Ordered
structure and processing-related crystalline morphology
influence the physical and mechanical properties. The
most studied in this class is poly(ether ether ketone),
which draws considerable interest owing to its broad
applications. Newer variants of this class which contain
metaphenyl ketones and/or biphenylether in the chain
backbones have been synthesized. The unusual melting
and crystallization of this type of polymer have been
reported and various interpretations have been offered
[1, 2, 3]. The thermal behavior and the crystalline
morphology in certain semicrystalline polymers are

complex and the polymers usually exhibit double
melting or multiple melting peaks, in addition to a
typical ‘‘annealing peak™ that is located 10-20 °C
above the temperature at which the polymers are
isothermally crystallized or annealed. Confusion owing
to the complexity in the crystalline morphology has
also been encountered in polyketone-type polymers.
Various interpretations include mechanisms of reorga-
nization or melting/recrystallization (upon scanning or
annealing) [4, 5, 6], different lamellar morphologies [2,
7], or simultaneous existence of different crystal entities
[8, 9]. The melting/recrystallization mechanism coupled
with the polymorphism of different unit-cell crystals
could lead to more complex thermal behavior, as
recently demonstrated in syndiotactic polystyrene
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showing four sharp melting peaks with two different
unit cells [10].

Multiple melting and morphology in polyketone
polymers have been confusing and lack consistent
agreement on the interpretations. Our concurrent
studies as well as a few other reports [11, 12, 13, 14]
have investigated melt-crystallized poly(ether diphenyl
ether metaketone) (PEKm) as independent and separate
scopes in order to examine the relationships between
morphology and thermal behavior in polyketone poly-
mers from a wide variety of perspectives. The thermal
behavior and morphology are quite different between
cold-crystallized and melt-crystallized PEKm. This
study focused on probing the behavior of the polymer
as it formed crystals from a quenched amorphous glassy
polymer. The main objective of this study concerned the
elucidation of the crystal and/or lamellar morphology in
cold-crystallized PEKm. By carefully designing thermal
treatments on samples, the morphology and thermal
characterization were performed on PEKm that had
been subjected to specific thermal histories. By extending
the studies from a focus on the melt-crystallized
morphology to the cold-crystallized one, it was expected
to reach a more in-depth understanding of the nature of
the crystalline morphology that may lead to the
observed thermal behavior in PEKm. Especially, mech-
anisms were examined to confirm routes via repacking
of higher-melting crystals by melting/recrystallizing
previously existing lower-melting crystals. Alternative
mechanisms via different routes were also checked.
Relationships between the low-melting and high-melting
crystals in cold-crystallized polyketone polymer were
investigated and discussed.

Experimental

Materials and preparation

The synthesis of PEKm (or PK99) followed a similar procedure to
that reported earlier in the literature [15]; it is stated here briefly.
1,3-Bis(4-flurobenzoyl)benzene was first prepared by a Friedel—
Crafts reaction between flurobenzene and isophthaloyl chloride.
Then, 1,3-bis(4-flurobenzoyl)benzene (3.223 g or 0.01 mol), 4,4-
dihydroxybiphenyl (1.862 g or 0.01 mol), and diphenylsulfone
(7.80 g) solvent were charged into a four-neck flat-bottomed flask
fitted with a stirrer, a condenser, and a nitrogen inlet. The mixture
in the flask was first heated in a sand bath to 175 °C. Sodium
carbonate (1.06 g or 0.01 mol) and potassium carbonate (0.028 g
or 0.0002 mol) were added as catalysts. The temperature was raised
slowly to 300 °C and maintained for 10 min. An additional
quantity of 1,3-bis(4-flurobenzoyl)benzene (0.02 g) was introduced
into the flask. The mixtures were allowed to react for a further 5
min, then the product was poured onto an aluminum sheet, cooled
and ground to a powder. The diphenylsulphone solvent and
residual salts in the product were removed by leaching repeatedly
(several times), first with 200 ml acetone (20 °C), and then with
water (80 °C). The polymer was dried at 120 °C under vacuum.
The final yield (after leaching and purification) was found to be
85%. T, was found to be 155 °C (onset) and the apparent T}, was

308 °C (peak position), in general agreement with the literature
values. The chemical structure is shown as follows:

For preparing cold-crystallized samples, initially amorphous
PEKm was needed as a starting material. Amorphous PEKm (free
of initial crystallinity) could be obtained by heating the synthesized
polymer to 340 °C, compression-molded into a thin film (between
two aluminum plate molds), then quenched quickly into liquid
nitrogen or ice-water. Transparent, crystal-free, amorphous mate-
rial was obtained upon quenching. The amorphous film was then
cut into discs of proper sizes for various thermal treatments (cold
crystallization at designated temperatures for various times). For
exact temperature accuracy, all thermal treatments of the samples
were performed in the precision-temperature cells of the differential
scanning calorimeter (DSC). After thermal treatments had been
properly done in the DSC, the samples were ready for X-ray
diffraction or optical microscopy characterization.

Apparatus

Thermal characterization (crystallization and melting) of the
samples was performed using a DSC(Perkin-Elmer DSC-7)
equipped with an intracooler and a computer for data acquisi-
tion/analysis. For various sensitivity/resolution combinations,
various heating rates were used as necessary. Typical scan rates
were 2, 5, 10, 20, and 40 °C/min. The peak temperatures and the
enthalpy of crystallization/melting were measured at scan rates as
specified in the figures or the text, unless otherwise indicated. The
calorimetric measurements were performed immediately after the
polymer samples had been quenched in the DSC cells from their
molten state.

The unit-cell packing in the cold-crystallized PEKm samples
was characterized using an X-ray instrument (Rigaku D/Max II-B)
with Cu Ko radiation (4=0.1542 nm). For a direct comparison
with the DSC results, the specimens for X-ray characterization
were prepared using the same thermal treatments as described for
the thermal analysis samples. A polarized-light optical microscope
(Nikon Optiphot-2 POL) with a microscope heating stage (Linkam
THMS-600 with TP-92 temperature programmer) was used to
examine the spherulite structure and/or growth rates. Thin films of
polymer samples (originally quenched amorphous glass) were
deposited on glass slides. Subsequently, desired thermal treatments
were performed on the programmed heating stage.

Results and discussion
Multiple crystallization and melting in PEKm

The crystallization from the amorphous rubbery state
the and subsequent thermal transitions of PEKm and
their relationships with the crystalline morphology
developed were investigated first. The quenched amor-
phous glassy samples of PEKm were scanned in the DSC
from 75 to 340 °C at heating rates ranging from 2 to
20 °C/min. The DSC results of different scanning rates
are summarized in Fig. 1. When scanned at lower
heating rates (e.g., 10, 5, and 2 °C/min, respectively),
the samples exhibited multiple (2-3) crystallization
exotherms (labeled 7., T.,, and T 3) and two melting
peaks (labeled Pl and P2, with T,,;=301°C,
Timp>=323 °C when scanned at 2 °C/min). The third
crystallization exotherm (7.3) can be revealed only
when PEKm is scanned in the DSC at low rates (e.g.,
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cold-crystallized in PEKm upon DSC scanning
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Fig. 1 Differential scanning calorimeter (DSC) analyses of different
scanning rates on cold-crystallized poly(ether diphenyl ether meta-
ketone) (PEKm)

2 or 5 °C/min), and it is located between the Pl and P2
melting peaks. However, DSC scanning at the higher
rate of 20 °C/min revealed only a crystallization peak
(245 °C), which apparently is a merged exotherm of the
T.:1 and T,, peaks, and a melting peak (P1 at 302 °C)
with P2 absent.

We discuss the crystallization peaks first. Depending
on the scanning rates, the crystallization peaks were
found at slightly different temperatures. For the DSC
thermogram (2 °C/min), three crystallization exotherms
are located at 201, 250, and 304 °C, respectively. At
higher scanning rates, the first crystallization peak
(T.,;) moves to a gradually higher temperature. The
second crystallization exotherm also increases slightly
with heating rate; but the increase in the peak position

with the DSC scanning rate for the second crystalli-
zation peak (7.,) is much less than for the first one
(T¢1). Thus, for samples scanned at 20 °C/min, the
first and second crystallization exotherms are superim-
posed and merged to one (near 245 °C), while the third
crystallization peak is diminished to an insignifi-
cant amount. The quantitative values of the thermal
characteristics of cold crystallization in an originally
amorphous/quenched PEKm when scanned in the DSC
at various heating rates are listed in Table 1. An
apparent trend can be observed in that the enthalpy
ratio related to the relative magnitude of P1 and PI,
i.e., AHg1/AH;,, rapidly decreases to zero with the
increasing DSC scan rate. This clearly suggests that the
P2 crystal (lamellae) may be grown only after P1 has
melted and the sample is brought (scanned) to a higher
temperature. Higher scanning rates are unfavorable for
such a process. The number of P2 crystal entities that
can be grown during scanning is dependent on the
heating rate.

Thus, the thermal behavior and morphology of cold-
crystallized PEKm seems to be quite complex. The last
result (scanned at 20 °C/min), showing a single crystal-
lization exotherm and a single melting peak in PEKm, is
in agreement with that obtained by Blundell et al. [2];
however, the behavior of multiple crystallization and the
melting peaks as revealed by using lower scanning rates
have yet to be explained. The reduction and eventual
disappearance of the third crystallization exotherm (at
305 °C when scanned at 2 °C/min) with increasing
heating rates (e.g., 20 °C/min or greater) is believed to
be associated with insufficient time of recrystallization at
higher scanning rates and will be expounded more with
further evidence. When PEKm was heated to 340 °C
(above its apparent melting point), it turned into a liquid
state. As the polymer liquid was cooled from liquid state
(340 °C) to 100 °C at —10 °C/min, it exhibited a
single crystallization exotherm peak at about 260 °C
(AH.=-52J/g). For brevity, the DSC traces for the
cooling process are not shown. The slowly cooled and
solidified PEKm sample was then scanned up from 100
to 340 °C at 10 °C/min, and three melting peaks were
revealed in the sample. The first peak is a partially
merged doublet endotherm and is located near 303 °C,
with the minor shoulder peak at about 299 °C. The

Table 1 Thermal characteristics of cold-crystallized of poly(ether diphenyl ether metaketone) (PEKm) using a differential scanning
calorimeter (DSC) at various scanning rate. AH, 3 is the heat of the third crystallization peak (the recrystallization exotherm that takes

place between the P1 and P2 melting peaks)

Scan rate (°C/min ) T, (°C) Ty (°C) AH;; (J/g) AH;, (J/g) AH.3 (J/g) AHy>/AHy,
2 300.58 322.73 23.02 50.17 -16.5 2.3
5 302.98 322.72 43.92 35.33 -22.0 0.82

10 304.33 321.25 51.50 3.0 —0.002 0.06

20 305.31 — 51.53 0 0 0
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collective heat of fusion (AHp) for the first doublet
endotherm is 52 J/g, which is about the same (in
magnitude) as the crystallization exotherm released
during the cooling from the melt state. The estimated
enthalpy of fusion for fully crystalline PEKm is about
125.0 J/g [2]. The second melting endotherm, smaller
and located at a higher temperature of about 322 °C, is
completely resolved and separate from the first melting
peak.

The result of DSC scanning at 20 °C/min is in
good agreement with Blundell et al. [2], who reported
that only PEKm postannealed at 310 °C would show
two melting peaks (308 and 318 °C, respectively);
however, the DSC result in this study showed that
dual melting behavior was present in the samples
regardless of postannealing at 310 °C. The results in
Fig. 1 show that the high-melting peak (P2) could be
observed in any quenched amorphous samples upon
scanning as long as the heating rates were not too fast
(e.g., below 20 °C/min). The P2 crystal entity could
apparently be generated upon dynamic scanning of the
originally amorphous PEKm in addition to postcrys-
tallization annealing at the isothermal temperature of
310 °C. While annealing of the samples at 310 °C
might further change the relative numbers of crystal
entities responsible for these two melting exotherms, a
dual melting phenomenon could actually be seen in
the quenched amorphous PEKm upon scanning at
slow enough rates (e.g., 10 °C/min or lower). Howev-
er, it must be understood exactly how the crystal
entities of Pl and P2 are related, and under what
circumstances the P2 crystal entity could be formed
more favorably. With these observations, we proceed-
ed to investigate the origin of these two melting peaks.
The crystal entities generated during heating the
originally amorphous glassy PEKm have to be ana-
lyzed to understand how they are associated with the
observed multiple melting peaks. Furthermore, the
multiple crystallization peaks demanded more detailed
elucidation.

Cold crystallization at T ; or T >

We first investigated what difference there might be in
the samples if the cold crystallization took place at 230
or 250 °C, which are peak temperatures for the first and
second cold-crystallization exotherms (7.; or T,
respectively, when quenched samples were scanned at
10 °C/min). The effects of holding time and tempera-
tures were examined. Two sets of samples were isother-
mally cold-crystallized at 230 or 250 °C, respectively, for
times of 10, 30, 45, or 60 min. The crystallized samples
were then all scanned in the DSC from the respective
holding temperature (230 or 250 °C) at the same heating
rate of 10 °C/min.

230 °C-cold-crystallized samples

The DSC results of 230 °C-crystallized samples for
various times (10, 30, 45, 60 min) as specified in the
thermograms (10 °C/min) are shown in Fig. 2. All
thermograms reveal only a cold-crystallization peak
(about 260 °C) of about the same magnitude and at the
same temperature location. This exotherm apparently
corresponds to the second crystallization peak (7.5). It
indicates that the cold crystallization for various length
of time at 230 °C 1is responsible for one type of
molecular packing, which does not influence or interfere
with another type of molecular packing that is yet to
take place at the higher temperature of 250 °C. The
melting behavior, however, is different depending on the
time of crystallization at 230 °C. Dual melting peaks (P1
and P2) are seen in all the thermograms, with one being
at about 303 °C and the other at about 322 °C (for
samples scanned at 10 °C/min). This is in agreement
with the quenched amorphous samples scanned at
10 °C/min, shown in Fig. 1. However, the intensity of
the second melting peak decreases with the time of cold
crystallization at 230 °C. The result suggests that the
cold crystallization at 230 °C may influence the amount
of crystal entity that would be available for melting at
323 °C. We elucidate more on this later.

Note that a minor shoulder peak (about 295 °C) is
partially merged to the lower-temperature side of PI,

PEKm cold-crystallized ( from amorphous glass ) at 230 °C
for different times, then scanned at 10 ‘C/min

P1

Endothermic heat flow (offset scale) —

45 min
30 min
10 min
7 )
Te,2 Te
| I ' |
240 280 320

Temperature ('C)

Fig. 2 DSC results of 230 °C-crystallized samples for various times
(10, 30, 45, 60 min) as specified in the thermograms (10 °C/min)
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and this shoulder peak should not be confused with the
conventional annealing peak (usually located 10-20 °C
above the crystallization temperature). The shoulder
peak can be more noticeable under some circumstances
to be discussed later. The origin of this shoulder peak
may be attributed to melting of the thinnest lamellae
crystals produced during crystallization. For practical
reasons, it may be regarded as part of the P1 crystal. The
relationship between the lower-melting P1 crystal and
the thicker crystal entity of P2 is elucidated in more
detail later.

To further understand the relationship between P1
and P2, samples were cold-crystallized (at 230 or 250 °C
for 10 min) to develop a fixed amount of crystal entity.
They were then scanned in the DSC directly from the
holding temperature using a series of different scanning
rates from 5 to 40 °C/min. Note that the annealed
samples were not quenched to ambient temperatures and
were scanned from ambient temperature in order to
minimize any further complication of crystal formation
or melting during scanning. The DSC traces of 230 °C-
crystallized (for 10 min) samples scanned at 5, 10, 20, or
40 °C/min, respectively, are shown in Fig. 3. For all
samples, a crystallization exotherm at 260 °C (T,) is
observed and it is also followed by a broad melting
endotherm at 240-250 °C. The origin of the broad
endotherm at 240-250 °C is apparently associated with
melting of some of the thinnest crystal lamellae devel-

cold-crystallized ( from amorphous glass ) P1
at 230 °C for 10 min, then scanned

Endothermic heat flow (offset scale) —

280
Temperature (°C)

Fig. 3 DSC traces of 230 °C-crystallized (for 10 min) samples
scanned at 5, 10, 20, and 40 °C/min, respectively

oped during the previous 230 °C crystallization. Both
thermal signals (melting and crystallization between 240
and 260 °C) are obviously enhanced with greater heating
rates. In addition to the increased signal intensity, the
peak temperature of the second crystallization (7 ) also
increases with the heating rate. Furthermore, the signal
of P1 (first melting peak) as well as its peak temperature
(Tw,1) is also enhanced with higher heating rates.
However, the opposite trend is seen with the third
crystallization at 308 °C (7. 3) and the second melting
peak (P2). The crystallization exotherm and the high-
melting peak (P2) were not detected for scanning rates
equal to or greater than 20 °C/min. Furthermore, the
observed peak temperature of the high-melting peak
(Twm) apparently decreases with scanning rate. The
variation trends (with scanning rates) are apparently
opposite for P1 and P2.

250 °C-cold-crystallized PEKm

Similarly, the DSC scanning (10 °C/min) on 250 °C-
crystallized PEKm samples for various times as specified
in the curves is shown in Fig. 4. In contrast to the
230 °C-crystallized samples, these 250 °C-crystallized
samples did not exhibit the second cold-crystallization
exotherm (250 and 260 °C). The melting behavior,
however, is different from those cold-crystallized at
230 °C. Similar dual melting peaks (303 and 322 °C) are

Cold-crystallized ( from amorphous glass ) at 250°C
for different times, then scanned at 10 °C/min

P1

Endothermic heat flow ( offset scale )

I T ‘ T I T ‘ T
260 280 300 320
Temperature (°C)

340

Fig. 4 DSC scanning (10 °C/min) on 250 °C-crystallized PEKm
samples for various times as specified in the curves
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seen in all DSC thermograms. However, the intensity
(heat of fusion) of the second melting peak (about
322 °C) is much smaller than those found in the 230 °C-
crystallized samples (shown in Fig. 2); furthermore, the
intensity of the second melting peak does not change
much with the time of cold crystallization at 250 °C. The
result clearly suggests that the cold crystallization at
250 °C has reduced the number of polymer chains
available later for packing into a crystal entity that
would melt at 323 °C. Further evidence will be discussed
in later sections to elucidate how crystallization at
250 °C might lead to a decrease in the crystal entity
associated with the melting at 323 °C (P2). In addition, a

Cold crystallized at 250 °C for 10 min, then
scanned at different rates

P1

20 °C/min

10 °C/min

P1

Endothermic heat flow ( offset scale ) ——>

e P2
d %—T¢3
[ T I T [ T [ T
250 260 280 300 320 340

Temperature ( °C)

Fig. 5 DSC traces of 250 °C-crystallized (for 10 min) samples
scanned at 5, 10, 20, and 40 °C/min, respectively

similar shoulder minor peak (295-300 °C) is located to
the underside of P1; however, the shoulder peak for the
250 °C-crystallized samples is merged much more
with Pl than that for the 230 °C-crystallized ones.
Again, it provides evidence that cold crystallization
at the higher temperature of 250 °C reduced the amount
of thinnest lamellae associated with the shoulder
melting.

The DSC traces of 250 °C-crystallized (for 10 min)
samples scanned at 5, 10, 20, and 40 °C/min, respec-
tively, are shown in Fig. 5. For all samples, no
crystallization exotherms between 200 and 260 °C were
observed, suggesting completion of crystallization. This
behavior for the PEKm samples cold-crystallized at
250 °C 1is different from the samples crystallized at
230 °C. The ratio of the signal of P1 (first melting peak)
to the signal of P2 is seen to rapidly decrease with higher
DSC scanning rates. Lower scanning rates (e.g., 5 °C/
min) revealed P1 and P2 with a recrystallization
exotherm at 308 °C (i.e., T, 3). For DSC scanning rates
equal to or greater than 20 °C/min, the recrystallization
exotherm (7 3) and the high-melting peak (P2) were not
detected. This trend is consistent with that observed in
the PEKm samples cold-crystallized at 230 °C.

For quantitative examination, the numerical values
of certain critical thermal transitions as observed in
230 °C- and 250 °C-cold-crystallized samples are sum-
marized in Tables 2 and 3, which list the values of AH¢,
AH;,, and AH, 3 and peak temperatures of the results
shown in Figs. 1, 2, 3, and 4. For all the samples, the
sums of AHp; + AH. + AH;, are about the same,
except for the samples scanned at high rates (20 °C/min
or higher). The almost constant sum suggests that the
three thermal processes, i.e., melting of P1, recrystalli-
zation of P1 species into P2, and melting of P2, are
interrelated, and that if given enough time (e.g., slow
scanning rates or holding at temperatures suitable for
melted P1 to repack to P2), the melted P1 species (lower
melting) can be regained as P2 crystals (higher melting)
via recrystallizing the melted P1 polymer chains. These
two opposite trends of enthalpy associated with P1 and
P2 clearly indicate that the melting of the P2 crystal

Table 2 Summary of main

characteristics of P; and P in Cold crystallization Scan r_ate Tin.1 T2 AHy, AH ;3 AH;» AHg,/
cold-crystallized PEKm sam- (°C/min ) (°C) °C) J/g) J/g) J/g) AHj
ples scanned in a DSC at var- -
jous rates. All samples were Tee = 230 °C, 10 min 5 303.5 323 44.5 -25.6 36.1 0.81
co]d.crysta]]ized at 230 or 10 303.7 320 51.6 -3.7 5.7 0.11
250 °C for 10 min prior to DSC 20 305.2 - 56.1 0 ~0 0
scanning analysis 40 307.7 - 52.3 0 0 0
Tee = 250 °C, 10 min 5 303 322 40.8 -21.7 28.8 0.71
10 304 321 52.0 -1.7 3.2 0.06
20 305 - 49.4 0 0 0
40 308 - 46.0 0 0 0
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Table 3 Relative changes of P

and P, melting in cold-crystal- Cold-crystallization I.{oldingv T T2 AH¢, AH_ 3 AH;» AHg,/
lized PEKm as functions of time, (min) °C) °C) J/g) J/g) J/g) AHy,
annealing time. All samples
were cold-crystallized at 230 or  Tce = 230 °C 10 303.9 322 454 -9.5 10 0.22
250 °C for various times prior 30 304 322 52.7 -8.1 12.4 0.24
to DSC scanning analysis at 60 303.6 322 56.8 -13.8 14.6 0.26
10 °C/min T.. = 250 °C 10 304 3217 512 -22 3.0 0.06
30 304 3219 48.0 —4.0 5.8 0.12
60 304 321.6 47.8 -1.9 3.0 0.06

entity at 7,,, may be generated with a mechanism of
crystal transformation between the P1 and P2 crystals.
The details of the mechanism are to be discussed with
experimental proof. Although the P1 crystal entity might
be formed by crystallization at 230 or 250 °C (or thermal
annealing at temperatures below T, ,;), the P2 entity
could be generated only from melting of the P1 crystal
entity and recrystallization into P2 (upon scanning to
about 308 °C). However, the extent of re-melting/
recrystallization depended on the number of thin Pl
lamellae available for repacking during the time frame of
scanning. For the samples which were annealed at lower
temperatures for longer times, the crystal entities would
comprise a higher percentage of thin lamellaec. The
numerical comparison (Tables 2, 3) of the thermal
transitions (scanned at the same rates) for the 230 °C-
and 250 °C-crystallized samples indicates that the mag-
nitudes of the third crystallization exotherm and second
melting peak (P2) are relatively larger for the 230 °C-
crystallized samples, but are smaller for 250 °C-crystal-
lized ones.

Interrelation between P1 and P2 crystals

A cold-crystallized PEKm would develop a specific
morphology corresponding to the thermal history;
however, upon postannealing at higher temperatures a
previously cold-crystallized PEKm, its morphology may
undergo changes. If melting/recrystallization of P1 and
repacking into a P2 crystal was indeed a valid mecha-
nism, it could be expected that isothermal holding at
temperatures near the exothermic (recrystallization)
peak between P1 and P2 would result in a more
significant amount of P2 crystal.

To exactly understand the effect of holding at 300-
312 °C on the formation of the P2 crystal entity, a series
of samples were first cold-crystallized by heating from
quenched amorphous glass and were further postan-
nealed at 312 °C for various periods of time ranging
from 0 to 120 min. The samples were then scanned in the
DSC from the holding temperature (308 °C) all at the
same scanning rate (5 °C/min). The DSC traces are

shown in Fig. 6 and the effect of holding time at 308 °C
on the amount of repacked P2 crystal that can be
generated by melting/recrystallizing the P1 species is
compared. Apparently, the Pl crystal was melted
immediately to a liquid at 308 °C, but it took time to
gradually transform (recrystallize, repack) to a P2
crystal when held at 308 °C. The melting peak of P2
was integrated and compared for these samples. Sam-
ple a was scanned from the amorphous glassy state at
5 °C/min, which developed a cold-crystallized morphol-
ogy with primarily P1 crystals during scanning up to
308 °C. With no holding at 308 °C, sample a was
scanned with no interruption, with P1 being melted,
and was then repacked into P2 during the short time
frame and dynamic heating (5 °C/min) up to 340 °C.
The measured AH¢, for the P2 crystal is only 35.3 J/g.

Cold crystallized, then post - annealed at 308 °C for

different times ( scan at 5 °C/min )
AH =

f 120 min 596 44

A
e 10 min /\<&J’“
d 60 min //_A""_‘ﬂ
¢ 60 min /‘\YJ_"@
b 10 min §3.9 3/

Endothermic heat flow ( offset scale ) ——>

'

'

P
-
*
w
~
=

73

a No post annealing

170 200 240 280 320 3

&

0
Temperature ("C)
Fig. 6 DSC traces showing the effect of holding time at 308 °C on the

amount of repacked P2 crystal that can be generated by melting/
recrystallizing the P1 species
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Sample b, however, was scanned at 5 °C/min to 308 °C,
held there for 10 min, then the scanning (at same rate)
was resumed to the final temperature of 340 °C. AH;,
for the P2 crystal in sample b is significantly higher
(53.9 J/g) than for sample a. For holding times of 60 and
120 min, the AH¢, for the P2 crystal are even higher, at
about 57 and 60 J/g, respectively.

Note that heating a cold-crystallized sample to
308 °C would melt away the P1 crystal entity (71,1),
which would then repack into the P2 crystal entity if
given sufficient time. It was critical to confirm that once
the P1 crystal had melted at 308 °C and repacked fully
to a P2 crystal by extended holding at 308 °C, the P1
crystal would not reappear upon cooling the sample.
Two special samples (samples d and e) were prepared.
After scanning at 5 °C/min to 308 °C, the samples were
allowed to stay isothermally at 308 °C for 60 min of
time. The results already showed holding at 308 °C for
60 min was sufficient to transform all the initial P1 into
the final P2 crystal and reach a maximum crystallinity
comprising only the P2 crystal entity. The samples were
then quenched from 308 to 280 °C or lower (to preserve
the morphology at developed 308 °C). They were both
then scanned at 5 °C/min to reveal their thermal
transitions in order to reveal the developed morphology.
Apparently, both samples revealed no traces of the P1
crystal but only the P2 crystal. No additional crystalli-
zation exotherm was found in the DSC traces for these
samples, indicating completion of P1 transformation to
P2 after they had been held at 308 °C for 60 min or
longer. These samples exhibited a measured AH;, (P2
crystal) which is about the same (56.4 and 58 J/g,
respectively) as sample c¢ (holding at 308 °C for 60 min
with no quenching to lower temperatures prior to DSC
characterization).

Cold crystallization at T, 3

Next, experiments were performed with a higher tem-
perature (322 °C) for cold crystallization, which is at T, 3
and close to T,,,. The purpose was to understand
whether or not a higher annealing temperature would
lead to an even higher 7', , and the relationship between
the amounts available for packing into crystal entities of
T and. Ty, 5. DSC results (all scanned at 10 °C/min) of
three PEKm samples subjected to three different thermal
histories are shown in Fig. 7. Sample a was prepared by
heating a quenched amorphous PEKm to 322 °C, held
for 30 min, cooled quickly to 280 °C, then scanned at
10 °C/min from 280 to 340 °C. Sample b was heated to
322 °C, held for 60 min, cooled quickly to 280 °C, then
scanned at 10 °C/min from 280 to 340 °C. Sample ¢ was
heated to 322 °C, held for 120 min, cooled quickly to
280 °C, then scanned at 10 °C/min from 280 to 340 °C.
The DSC traces show that P2 as well as P1 melting is

Cold-crystallized samples post - annealed at 322 °C
for different times, quench to 280 °C

AHg=111J/g
AH =103 /g

¢ t=2hr

Endothermic heat flow ( offset scale) ———

b 1hr
T
Tm‘l Tm,z
a 30 min =305°C =329.5°C
[ ! T ' [
240 260 280 300 320 340

Temperature (°C)

Fig. 7 DSC results (all scanned at 10 °C/min) of three PEKm
samples subjected to three different thermal histories

seen in the samples; they were developed at a different
times though. The observed crystal entity of P2 in the
samples was developed during holding at 322 °C. It is
critical to point out here that annealing at 322 °C led to
packing of the P2 crystal by melting the previously
existing P1; thus, it did not contain any P1 crystal when
annealing at 322 °C. Note a higher annealing tempera-
ture also led to higher T, , The Ty, (329 °C) for the P2
crystal in the 322 °C-annealed samples is higher than the
312 °C-annealed samples (T,» =321 °C). The melting
endotherm (AH;,) for P2 has an increasing magnitude in
proportion to the holding time at 322 °C. AHg, =14,
8.8, and 11.1 J/g for holding times of 30, 60, and
120 min (at 322 °C), respectively.

The P1 crystal in the samples was developed upon
DSC scanning from 280 °C after the annealing treat-
ments. That is, we have demonstrated that in this
designed thermal treatment, the P1 crystal could be
intentionally delayed until after the formation of the P2
crystal. The melting endotherm (AHy,) for Pl is higher
in samples that have a lower AH,. The figure shows
AHg;is 15.4,14.1, and 10.3 J/g (P1), respectively, for the
samples whose AH;, are 1.4, 8.8, and 11.1 J/g (P2) for
holding time of 30, 60, and 120 min (at 322 °C),
respectively. This suggests that if more crystal species
were already packed into the P2 type during 322 °C
annealing, there would be less available for packing into
the P1 crystal type after it was cooled back from 322 to
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280 °C and scanned up. Apparently, if all available
polymer species had gone to pack into the high-melting
P2 crystal upon annealing at 322 °C, there would have
been nothing left to pack into the low-melting P1 crystal
upon cooling back to 280 °C and scanning up.

Annealing at 322 °C apparently led to packing of a
much thicker P2 crystal, but it proceeded much more
slowly than annealing at 312 °C. The amounts of the
sum of both crystal entities for the 322 °C-annealed
samples are significantly reduced in comparison to
those for the 312 °C-annealed ones (compared for the
same holding time). The presence of both P1 and P2 in
the 322 °C-annealed samples is quite different from
what was observed in the 312 °C-annealed samples,
which showed only P2 but no trace of P1 upon DSC
scanning. Apparently, this could be attributed to the
condition that the higher annealing temperature of
322 °C led to a slower rate of packing of the high-
melting P2 crystal entity (though further elevated);
thus, some melted crystallizable polymer chains were
still available for repacking into crystals upon scanning
within the lower temperature range. The reappearance
of the P1 endotherm in these samples indicates that
although the crystal entity of T,,; was melted away
upon heating/holding to 322 °C, the P1 crystal could
be repacked during scanning from 280 °C as long as
there were still amorphous polymer chains available.
Note that the newly repacked P1 crystal no longer
melted and repacked into P2 upon scanning. This is
indicated by the absence of a crystallization exotherm
between P1 and P2. This suggests that the repacked
crystal entity of P1 may be of a thicker lamellar type,
and it can simply melt but does not recrystallize in time
to repack to P2 upon scanning in the DSC at 10 °C/
min.

Crystal/morphology analysis

To discern the unit-cell packing, the samples were
examined using X-ray diffraction. X-ray diffractograms
for PEKm samples cold-crystallized by dynamic heat-
ing from the initially amorphous state are shown in
Fig. 8. Note that samples a and b would have exhibited
dual melting peaks if they had been scanned directly
from 290 °C. That is, they both contained crystal
entities that yielded 7,,; and T, ,. Sample ¢ would
have melted its crystal entity associated with Ty, ;, but
would exhibit the second melting peak (P2) if scanned
from 307 °C. Sample d was similar to sample c in that
it contained only the crystal entity of T},,, except that
the crystal entity associated with T}, , would be present
in a larger quantity owing to the additional isothermal
holding at 307 °C before quenching to ambient tem-
perature. It is clear that these four samples are different
in melting behavior; however, all the samples showed

(110)

(200)

Intensity ( offset scale ) >

20

Fig. 8 X-ray diffractograms for PEKm cold-crystallized by heating
from an initially amorphous state at 5 °C/min to 290 °C then
quenched to ambient temperatures to preserve its developed mor-
phology (a), 10 °C/min to 290 °C then quenched (), 5 °C/min to
307 °C then quenched (c), 5 °C/min to 307 °C for 15 min then
quenched (d)

four major diffraction peaks (for 110,113, 200, and 215
planes) at exactly the same angles and these are in
agreement with the values reported in the literature for
PEKm [2]. Thus, most likely, the crystal species
showing multiple (dual) melting are related to lamellar
thickness and types. Further analysis was also per-
formed to understand if there was any difference in the
crystal unit cells produced in the two crystallization
processes (at T,; and T,,). For simplicity, the wide-
angle X-ray diffraction diffractograms are similar to
Fig. 8 and not shown here. Sample a was subjected
only to the first crystallization process (at T. ;=
230 °C), while sample b was subjected to both the
first and second crystallization processes (whose peaks
are T, ;=230 °C and T.,=250 °C, respectively). Four
diffraction planes were identified, (110), (113), (200),
and (215), which are identical for both samples,
suggesting that the crystal entities packed in these
two crystallization processes are the same in terms of
crystal unit cell (orthorhombic). This result is different
from those reported by Blundell et al. [3] and Rueda
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and Zolotukhin [13], who concluded that dramatic
changes with respect to temperature in the crystal unit
cell dimensions in melt-processed PEKm or an oligo
(aryl ether ketone) took place.

The lamellar perfection or thickness developed in
these two-cold crystallization processes, however, might
be different. Changes in the spherulite/lamellae mor-
phologies at different temperatures of cold crystalliza-
tion were examined using polarized optical microscopy.
The spherulite morphology of cold-crystallized PEKm
is shown in Fig. 9 at different temperatures. When
cold-crystallized at low temperatures (260 °C or lower),
PEKm developed typical Maltese cross spherulites
containing primarily P1 lamellae (graph a). With the
temperatures increasing to 280 °C, some preliminary

200X 10 2 m

Fig. 9 Polarized optical microscopy images showing the spherulite
morphology of cold-crystallized PEKm at different temperatures:
a 260, b 280, ¢ 290, d 300, and e 310 °C

melting/reorganization took place and the lamellae
were thickened to assume a sheaflike pattern (graph b).
When PEKm was heated to and cold-crystallized at a
higher temperature of 300 °C, dramatic melting of
previously formed spherulites took place, leaving only
tiny crystal cores of higher melting species (graph d).
Finally, when held at 310 °C, the melted species were
reorganized into thicker lamellae of P2 species

(graph e).

Conclusion

By focusing on cold-crystallized PEKm, this study
yielded a critical clue that both preexisting dual
lamellae and reorganization upon heat-scanning/an-
nealing may be responsible for the multiple melt-
ing phenomenon commonly seen in semicrystalline
polymers. A concurrent work on melt-crystallization
features of PEKm also revealed additional evidence
supporting the mechanisms discussed. This study has
shed new light on the interpretation of multiple
melting with respect to relationships between polymor-
phism and melting in polymers. When PEKm was
cold-crystallized, only the lower-melting P1 crystal
entity (7,1 ~ 300 °C), and no higher-melting P2
crystal, was present and appeared as small spherulites.
The thicker P2 crystal (7y,» ~ 320 °C), however, can
be generated during heating scans or annealing previ-
ously cold crystallized PEKm. The melting behavior
and thelamellar and spherulitic morphology differed
significantly in PEKm subjected to cold crystallization
at T.y, T.p, or T.;. However, the crystal cell
(orthorhombic with the same a, b, ¢) is identical
regardless of the temperature of the cold crystalliza-
tion. The same multiple melting phenomenon can be
observed in a semicrystalline polymer that contains
either (a) a single original crystal (lamella), or (b) two
(or more) preexisting crystal (lamellae) types. In case a,
the multiple melting can be attributed to the melting of
the original crystal and repacking to another crystal.
In case b, however, the multiple melting was indeed an
indication of two or more originally coexisting differ-
ent lamellae in the polymer. To discriminate between
these two mechanisms, it is critical to examine the
morphology of the polymers. This study has confirmed
routes via repacking of higher-melting crystals by
melting/recrystallizing previously existing lower-melting
crystals. In addition, multiple-melting phenomenon
could also be attributed to coexisting dual crystals/
lamellae.
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