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SYNOPSIS

The crystallization and melting behaviors of poly(aryletheretherketone) (PEEK) films
were investigated, using differential scanning calorimetry and metallurgy concepts. The
shape of the time-temperature-transformation (T'TT) diagram, established for PEEK,
results from both nucleation and growth phenomena. The double melting behavior exhibited
by isothermally crystallized PEEK samples are discussed through the TTT diagram and
the influence of the thermal history in the molten state. The upper melting peak arises
first and the lower melting peak is developed later. The location of such a second endotherm
is shifted toward the higher temperature with increasing either the crystallization temper-
ature or the annealing time while the location of the upper melting peak seems to be
unchanged. The double melting behavior is related to a bimodal distribution in size and/
or perfection of lamellae developed in a two-step crystallization. With increasing temperature
and/or annealing time in the molten state, the pattern of the endothermic curves is modified.
The observed changes are discussed through two origins: the progressive disappearance of
remnants of the former crystals and a thermal degradation leading to a cross-linking of

the polymer. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

Mechanical behavior of poly (aryletheretherketone)
PEEK depends on the microstructure. The isother-
mal and nonisothermal crystallizations of PEEK
and the resulting microstructure have been studied
extensively by using various methods such as dif-
ferential scanning calorimetry (DSC), infrared (IR)
spectroscopy, optical microscopy, wide angle X-ray
scattering (WAXS), small angle X-ray scattering
(SAXS), and electron microscopy.' ¢
Isothermally crystallized samples at high and low
temperatures both show two melting peaks for crys-
tallization times that are large enough. Such complex
melting behavior has been shown by many authors
for many polymers: PEEK,!*?? poly(etherether-
ketoneketone ), poly (phenylene sulfide),?*%°
polyethylene, 2% polyimide,?” and polyethylene
terephalate.’® The explanations for the complex
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melting behavior of PEEK can be grouped into the
three following categories.

Category 1. The double melting behavior of
PEEK results from melting and recrystallization
phenomena of one initial crystal morphology de-
veloped during the prior crystallization history.!”?
The first endotherm located at the lower tempera-
ture is related to the melting trace of the crystallites
formed during isothermal crystallization. The melt-
ing of such crystallites would be immediately fol-
lowed by the recrystallization process leading to
more perfect and/or thicker lamellae. The crystal-
lization exotherm related to such a phenomenon
would be masked by the presence of melting peaks.
The more stable lamellae so-formed, melt at higher
temperatures. According to Blundell,” the decrease
in the position of the main peak with increasing
heating rate, seen as a result of the dynamics of the
recrystallization phenomenon, supports this hy-
pothesis. But, according to Basset et al.,'® because
variations in peak size are modest versus heating
rate, even at the highest rate (80°C/min), this
shows no evidence for a simple untransformed melt-
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ing peak. Reorganization would have to be fast com-
pared with the highest scanning rate to retain the
double peaked character than almost undiminished
state. Such an origin in the double melting behavior
was also proposed for polyethylene? and for poly-
ethylene terephalate.®

Category 2. The double melting endotherms in
PEEK could be due to the presence of two initial
distinct populations of crystalline lamellae.!51621.22
Transmission electron microscopy observations
showing two crystal populations with different la-
mellae thicknesses support such an interpreta-
tion, 1622

According to a number of authors, 142122 the up-
per endothermic peak is related to the melting of
the main crystal population first developed on iso-
thermal crystallization, whereas the lower endo-
thermic peak could be due to the melting of the
smaller lamellae formed in the intermediate
spaces.!>162122 The formation of two crystallite pop-
ulations would result from two populations of mol-
ecules that can phase separate in the melt.?? Such
an interpretation was also proposed for the double
melting behavior of other polymers?26?72%3! guch as
polyethylene?®?” and supported by transmission
electron microscopy observations.*

Category 3. According to Marand and Prasad, *
the double melting behavior exhibited by PEEK for
crystallization temperatures above 300°C could be
due to the formation of two morphologies, spherulitic
and crystal-aggregate-like structures. For crystalli-
zation temperatures below 300°C, a single mor-
phology, that is, spherulitic structure was observed
by these authors. However, this does not explain the
occurrence of a second melting peak for crystalli-
zation temperatures below 300°C.

Another hypothesis, consistent with category 2,
was provided by Alberola? to interpret the origin
of the double population of lamellae in polyethylene.
Thus, isothermally crystallized samples of polyeth-
ylene at temperatures above the ‘“nose’ of the TTT
diagram and then quenched at room temperature
exhibit two melting endotherms related to two dis-
tinct crystallite populations. At low supercooling,
the rate of crystallization growth is higher than the
nucleation rate. So the primary nuclei resulting from
residues of the previous crystalline organization
could grow and large lamellae are formed. On cooling
to room temperature and again on heating for re-
cording the melting endotherm, the sample “crosses”
the crystallization zone. Thus, secondary nuclei ap-
peared from the remaining uncrystallized fraction
and small lamellae are formed. The amount of such
crystallites depends on the remaining uncrystallized

material, that is, the annealing time at the crystal-
lization temperature. Then, two populations of
crystallites showing different thicknesses can be
formed.

This work, based on Albérola’s concept,® deals
with the origin of the double melting behavior dis-
played by PEEK. For this aim, the TTT curves are
established from isothermal crystallization kinetics
and the influence of the thermal history will be dis-
cussed.

EXPERIMENTAL

Materials

The polymer used in this study was PEEK Stabar
K200 supplied by ICI (U.K.) in the form of amor-
phous sheets with thickness of about 250 um. The
average molecular weights M, and M, are given
between 95,000-120,000 g/mol and 35,000-50,000
g/mol, respectively.

DSC Experiments

DSC experiments were carried out over the tem-
perature range from 50 to 400°C by using a Perkin—
Elmer DSC-7 instrument purged with helium gas
with chilled liquid nitrogen. Thermograms were cal-
ibrated by scanning melting point substances, in-
dium and zinc, at the heating rate at which DSC
traces of analyzed samples were recorded. Baselines
were determined by running an empty can at the
given scan rate of the analyzed samples giving a
curve substracted from the specimen thermograms.

Isothermal crystallization kinetics were per-
formed for various supercooling degrees. For crys-
tallization kinetics carried out at low supercooling
(melt crystallization), the sample was first heated
to 400°C for 5 min, which seems to be the optimal
molten state conditions according many authors.
Then, the sample was quickly quenched down to the
crystallization temperature range 290-325°C. Be-
cause the material could crystallize on cooling at
temperatures below 290°C, the crystallization do-
main at high supercooling degree (cold crystalliza-
tion) is determined from the glassy state. Thus, the
samples were heated from room temperature at a
heating rate of 200°C/min to the crystallization
temperatures of 155-175°C. Above 175°C, the heat-
ing rate is not quick enough to avoid the occurrence
of the crystallization during this increase in tem-
perature.

Melting endotherms reported in this study are
recorded at only one heating rate of 100°C /min in
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order to minimize the reorganization phenomena
which could occur on heating.??°

Fourier Transform Infrared Spectroscopy Analysis
(FTIR)

The FTIR measurements were performed on a Per-
kin-Elmer 2000 Fourier Transform Infrared Spec-
trometer with a resolution of 1 cm ™. For each spec-
trum, 64 scans were accumulated. PEEK films with
a thickness of about 250 um were used for FTIR
measurements in transmission work. The high sam-
ple thickness for FTIR investigations displays both
an advantage and a disadvantage. The disadvantage
is that the strongest bands of PEEK, bands lower
than 1680 cm 2, show complete absorption and then
do not provide information. The advantage is that
possible new weak bands arising from the degra-
dation can be more easily detected. In order to an-
alyze the strongest absorption bands displayed by
PEEK, such an analysis was completed by FTIR
experiments performed on PEEK powder in KBr
pellets.

RESULTS AND DISCUSSION

Isothermal Crystallization Behavior: TTT Diagram

From the isothermal crystallization kinetics deter-
mined from both the molten and amorphous states,
TTT diagram of PEEK was established as follow.

1.0

08 [

061

04r

relative crystallinity index

0,0 t 1

time (min)

Figure 1 Changes in the relative crystallinity indexes
with the annealing time at different crystallization tem-
peratures: ( ¥ ) at 160°C from the amorphous state and
(®) at 320°C from the melt.
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Figure 2 Time-temperature-transformation (TTT)
diagram (a) from the molten state and (b) from the glassy
state for different relative crystallinity ratios: ( X ) 5%;
(@) 50%; (+) 95%.

From the exothermic peak recorded for one tem-
perature, the relative crystallinity ratio (X,,) can be
determined through the following relationship:

Xcr(T’ t) = AH—T(t)

AH7(o0)

where AHr(c0) is the total area under the crystal-
lization exotherm at the crystallization temperature,
T, and AHr(t) is the partial area for a annealing
time ¢t at the same crystallization temperature, 7T.
Figure 1 shows the variations of the relative crys-
tallinity index (X.) versus time. The sigmoidal
shape of the crystallization kinetics results from a
two-step mechanism, nucleation and then growth
phenomena.

By plotting the curves representing equal relative
amount of crystallized material, the TTT diagram
can be drawn for the analyzed crystallization tem-
perature range (Fig. 2). The shape of the TTT
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curves shows that the overall crystallization, in-
cluding both nucleation and growth phenomena, lo-
cates in a wide temperature range. Because nucle-
ation and growth rates evolve in opposite ways on
varying the crystallization temperature, the overall
crystallization rate passes through a maximum lo-
cated between 175 and 290°C. Thus, above the nose
of the TTT curves, the rate of crystallization growth
is higher than the nucleation rate. At low temper-
atures, below the nose of the TTT diagram, nucle-
ation is favored to the detriment of the growth.

Melting Behavior of Isothermally Crystallized
Samples

Comparison Between Melting Behaviors after
Isothermal Crystallizations at Low and High
Supercoolings

After isothermal crystallizations either at 310 or
160°C for 30 min, respectively, PEEK films were
heated at 100°C/min after being cooled to room
temperature (Fig. 3).

Whatever the crystallization conditions are,
samples exhibit a double melting behavior. The
sample crystallized at 310°C for 30 min exhibits two
well-defined melting endotherms located at about
331 and 346°C, respectively. The sample isother-
mally crystallized at 160°C for 30 min also shows

two melting endotherms centered at 184 and 344°C,
respectively. Moreover, both thermograms displayed
by isothermally crystallized samples at 160 and
310°C exhibit a change in the baseline located at
about 150°C, which is related to the glass transition.
For the isothermally crystallized sample at 160°C,
an exothermic transition can be distinguished at
about 200°C resulting from the anisothermal crys-
tallization phenomenom.

Various hypothesis have been proposed to inter-
pret such a complex melting behavior. But, all stud-
ies agree on one point: crystals that melt at the lower
temperature are those formed during the isothermal
crystallization. Then, according to the Gibbs—
Thomson relation, one could conclude that lamellae
formed on cold crystallization are thinner and/or
less perfect than those crystallized from the melt.
This could result from hindrance in the growth rate
crystallization when the crystallization temperature
decreases. Such a conclusion agrees with the origin
of the TTT diagram shape.

Influence of Annealing Time at Crystallization
Temperature on Double Melting Behavior

Isothermally Crystallized Samples at Low Super-
cooling Degree. Figure 4 shows the melting endo-
therms recorded at a heating rate of 100°C /min after

ENDOTHERMIC HEAT FLOW =~ ———
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Figure 3 Thermograms recorded at 100°C/min of isothermal crystallized PEEK for 30

min (

) at 160°C or (- - - ) at 310°C.
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Figure 4 Melting endotherms recorded at 100°C /min of isothermally crystallized samples

at 300°C for: (

isothermal crystallization at 300°C for various an-
nealing times. The sample held for a few seconds at
this temperature exhibits a single melting peak lo-
cated at about 345°C whereas the specimen crys-
tallized at this temperature for 1 min shows two
melting endotherms. Whatever the annealing time,
the upper melting peak locates at the same temper-
ature.

With increasing crystallization time, the lower
temperature melting peak shifted toward the higher
temperatures and the area under the endothermic
peaks rises, that is, the crystallinity ratio increases.
Melting enthalpy values of the crystallized samples
at 300°C for various annealing times are reported
in Table 1.

Figure 5 shows melting thermograms recorded at
a heating rate of 100°C /min after isothermal crys-
tallization at 320°C for various annealing times. For
an annealing time of 1 h, it was observed that there
were two well-defined melting peaks located at about
342 and 355°C; melting peaks exhibited by the sam-
ple erystallized at 300°C for the same annealing time
are located at 319 and 344°C, respectively. This re-
sult is in agreement with the increase in crystalli-
zation growth rate when raising the crystallization
temperature, as previously suggested.

Moreover, with increasing annealing time at
320°C from 1 h up to 36 h, both melting peaks shifted

) a few seconds; (-~ — —) 1 min; (—&—=—) 60 min.

toward higher temperatures. Thus, the lower tem-
perature peak exhibited by the sample crystallized
at 320°C for 36 h appears as a shoulder of the main
upper melting peak. With increasing annealing time,

Table I Melting Enthalpy Values of Isothermally
Crystallized Samples

Crystallization Time Melting Enthalpy (J/g)

Crystallization at 300°C

Few seconds +1.0+ 0.5
1 min +36 =1
5 min +41 *1
20 min +43 =1
60 min +46 =*1

Crystallization at 320°C

1h +43 *1
6 h +49 +1
12h +50 =*+1
36 h +62 +1

Crystallization at 160°C

30 min +28 +2
120 min +31 *+2
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Figure5 Melting endotherms recorded at 100°C /min of isothermally crystallized samples

at 320°C for: (

the melting enthalpy increases, that is, the crystal-
line amount increased (Table I).

According to the TTT diagram (Fig. 2), no fur-
ther significant crystallization could occur for crys-
tallization times up to 5 and 20 min at 300 and
320°C, respectively. But, some changes both in the
pattern of the melting endotherm and in the crys-
tallinity indexes are shown for annealing times
larger than 5 and 20 min. This could be interpreted
according to the two assumptions: perfection degree
of crystallites is increased on annealing at the crys-
tallization temperature; on recording the melting
endotherm, the crystallization domain is crossed and
then the formed lamellae could undergo some an-
nealing.

Isothermally Crystallized Samples at High Super-
cooling Degree. Figure 6 shows melting endotherms
recorded at a heating rate of 100°C/min after iso-
thermal crystallization at 160°C for 30 and 120 min,
respectively, and, then, quenched to 50°C.

Samples crystallized at 160°C for 30 and 120 min
both exhibit two melting peaks. With increased
holding time, the lower temperature endothermic
peak was shifted from 184 and 191°C and the main
upper peak was increased from 344 to 347°C. But
no significant change in the melting enthalpy value
was detected between these two holding times at
160°C (Table I).

J)1h;(---)6h; (—a——=—) 36 h.

Conclusions on Origin of Double Melting
Behavior

All these results suggest the following conclusion.
Isothermally crystallized samples for high and low
supercooling degrees both exhibit two stages of
crystallization. The first step, which occurs quickly,
leads to the large upper melting peak (Fig. 4). As a
matter of fact, a few seconds at 300°C are sufficient
to form crystallites that melt at about 345°C. The
lower melting peak can be related to the melting of
crystallites developed later during the annealing
time. On heating scan, the thinner lamellae and/or
the less perfect crystallites rapidly melt whereas the
thickest lamellae and/or more perfect crystallites
grow because the crystallization domain (see TTT
diagram, Fig. 2) is crossed during this increase in
temperature. The decrease in temperature location
of the upper melting peak with increasing heating
rate shown by others'®'7?° is consistent with such
an explanation. Accordingly, for high heating rates,
the TTT curves are crossed for a weaker fraction of
crystallized phase. Then, further crystallization or
recrystallization is hindered and the ability of the
lamellae to grow during the scan is reduced. This
leads to a shift toward lower temperatures of the
melting peak. Moreover, the location of the lower
temperature melting endotherm appears to be
strongly dependent on the supercooling degree (Fig.
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Figure 6 Melting endotherms recorded at 100°C /min of isothermally crystallized samples

at 160°C for: (

3), that is, the predominance of nucleation or growth
processes, whereas the position in the upper main
peak shows less dependance on the crystallization
temperature.

Then, it can be concluded that the double melting
behavior of PEEK could be related to two initial
distinct crystallite populations showing two different
thicknesses and/or perfection degrees. The thicker
lamellae are first formed and melt at higher tem-
perature whereas the smaller are developed later
during the holding and melt at lower temperatures
in agreement with the conclusions of Basset et al.'®
Such a result does not exclude the possible reorga-
nization occurring on increasing the temperature,
even at a high heating rate because the recording of
the thermograms requires the crossing of the TTT
curves, that is, the crystallization domain.

It can be stated that only one exothermic peak
can be observed on DSC thermograms. But, recently
Chen and Porter clearly resolved two crystallization
stages through the thermal mechanical analysis of
the crystallization behavior of PEEK .3

Origin of Two Crystallite Populations: Influence
of Thermal History in Molten State

According to some studies, these two populations of
crystallites originate from a segregation pheno-
menom of macromolecular chains occurring on

) 30 min and (~ —-) 120 min.

crystallization.?»?%% But for Basset,® the develop-
ment of thicker lamellae which occur quickly, hin-
dered the growth of the new crystallites because as
the crystallization advances, the mobility of the sur-
rounding amorphous material is reduced and the dif-
fusion process is reduced.

Another interpretation for the origin of the double
population of lamellae that includes the previous
one, can be proposed taking into account the self
nucleation phenomenon. As a matter of fact, local
organization of macromolecules, “memory” of the
previous crystalline order, could survive the tem-
peratures up to the observed bulk melting temper-
atures.>*'3337 Thus, on isothermal or nonisothermal
crystallizations, these remnants of former crystals
could grow rapidly and large lamellae are quickly
formed. The development of the thinner or less sta-
ble lamellae is delayed because it first requires a
nucleation period. Moreover, as self nuclei grow,
both the amount and the molecular mobility of the
surrounding crystallizable material progressively
decrease. Then, the nucleation and growth of the
new lamellae are deterred. In these conditions, both
the number and size of these secondary crystallites
can be less than those exhibited by the primary la-
mellae.

In order to support such an origin, implying a
self-nucleation process in the double population of
lamellae, the influence of the thermal history in the
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Figure 7 (a) Crystallization exotherms recorded at 320°C for 30 min and (b) melting
endotherms recorded at 100°C /min of such isothermally crystallized samples previously melt
annealed at 370°C for ( )5 min; (---)1h; (—%—®—)5h; (—6—6—) 12 h.

melt on the crystallization kinetics and melting be- under helium atmosphere, for various times. Such
havior was analyzed. an annealing temperature is chosen because at this
temperature, remmants of former crystals could
DSC Analysis survive and thermal degradation is limited.
Isothermal crystallization curves were recorded at The exothermic peak recorded by DSC at 320°C

320°C for 30 min after melt annealing at 370°C, is shown in Figure 7(a). An asymmetric crystalli-
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zation peak is detected for all samples whatever the
melt annealing time. As the annealing time in the
molten state temperature is increased, crystalliza-
tion enthalpy value is reduced ( Table I1). Moreover,
isothermal crystallization curves are found to shift
to longer times as the melt annealing time is in-
creased from 5 min to 5 h. The location of the peak
crystallization time of the sample melt annealed for
12 h at 370°C exhibits a weak shift to shorter times
compared to that displayed by a sample kept for 5
h at the same temperature.

Melting curves of these crystallized samples are
shown in Figure 7(b). Whatever the melt annealing
time, two melting peaks are observed. With in-
creased annealing time at 370°C, the melting en-
thalpy value decreases (Table II). This is in agree-
ment with the decrease in the crystallization en-
thalpy described above. With increasing the melt
annealing time, the melting peak temperatures re-
main respectively unchanged. But, the pattern of
the endothermic curves is modified with increasing
annealing time in the molten state. As a matter of
fact, for the sample melt annealed for 5 min, the
magnitude of the upper temperature peak is greater
than that of the lower temperature maximum. When
the holding time is increased at 370°C, the relative
height of the upper temperature peak becomes
smaller than that of the related lower temperature
peak and the global area under the endothermic
curve decreases.

Thus, the three main effects induced by the in-
crease in the melt annealing time at 370°C on iso-
thermal crystallization and resulting melting be-
haviors are the following: a delay in the crystalli-
zation phenomenon; a decrease in the amount of
crystallizable material; and a change in the pattern
of the endothermic curves, that is, a relative decrease
in the magnitude of the upper melting peak related
to the melting of the thicker lamellae.

Such effects could result from the following two
origins, the first of which is the progressive disap-
pearance of the remnants of former crystals or or-
dered regions in the melt. As a matter of fact, with

Table II Influence of Melt Annealing Time on
Crystallization and Melting Enthalpies

Enthalpies (J/g)

Melt Annealing Time

at 370°C Crystallization Melting
5 min —37 +39
1h —32 +38
5h —17 +27
12h —12 +24

increased holding time at 370°C in the molten state,
the increase in the delay of crystallization can be
interpreted as the result of a decrease in the number
of self nuclei. It can be assumed that the upper en-
dothermic peak is related to the melting of the
thicker lamellae formed from the seif nuclei whereas
the lower endothermic peak is due to the melting of
the thinner lamellae whose formation proceeds from
both nucleation and growth at the crystallization
temperature. In these conditions, the change in the
pattern of the endothermic peak, that is the relative
decrease in the magnitude of the upper temperature
peak with increasing the melt annealing time, could
be consistent with a decrease in the number of the
self nuclei as the melt becomes more homogeneous.
The decrease in the amount of crystallizable material
with an increased melt annealing time at 370°C
could indicate that the developed crystallinity at
320°C primarily depends on the presence of self nu-
clei which can grow easily.

The second origin is the progressive cross-linking
and/or chain branching of the polymer melt. Such
an origin must be examined because it is well-known
that thermal degradation at high temperatures, even
under an inert atmosphere, could modify the crys-
tallization kinetics.?>*!%2%383 Thus, the decrease in
both the crystallization rate and the amount of
crystallization material as the reduction in the rel-
ative fraction of thicker lamellae with increasing the
melt annealing time, could result from a decrease in
the molecular mobility of chains induced by the
cross-linking of the polymer.

Cross-linking or Disappearance of Self Nuclei

In order to give evidence for a possible thermal deg-
radation process, IR analysis was performed on
PEEK films primary melt annealed at 370°C for
various annealing times, 5 min, 1 h, 5 h, and 12 h
and then quenched in liquid nitrogen. To better de-
tect the changes that occur on melt annealing treat-
ments, the spectrum recorded for the as-received
sample chosen as the reference spectrum was sub-
stracted from the spectra of the melt annealed sam-
ples (Fig. 8).

No significant changes can be detected between
the reference sample and the spectra displayed by
the samples held at 370°C for 56 min and 1 h, what-
ever the analyzed wave number can be. Then, ac-
cording to such an analysis, it can be concluded that
these two thermal treatments do not induce thermal
degradation in PEEK. Accordingly, it can be sug-
gested that the increase in the delay of crystallization
and the decrease in the amount of crystallizable ma-
terial observed from the sample held for 1 h with
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respect to the sample held for 5 min could only result
from the decrease in the amount self nuclei and not
from a cross-linking of the polymer.

No significant changes between the patterns of
the endothermic curves [Fig. 7(b)] displayed by
these two samples, that is, no significant relative
decrease in the magnitude of the upper temperature
peak with increasing the annealing time at 370°C
from 5 min to 1 h, were noted. Such a result does
not exclude the hypothesis based on the presence of
self nuclei that could give rise to the main upper
temperature peak. Therefore, it can be noted that
for the sample melt annealed for 1 h, the crystalli-
zation enthalpy is lower than the melting enthalpy
(Table I1). It can be concluded that reorganization
has occurred on recording the endothermic curve
because the TTT curves are crossed on heating from
320°C to the melting temperature range. Then the
lower endothermic peak could be due not only to
the melting of the secondary population of crystal-
lites developed on isothermal conditions but also to
the new crystallites formed on heating. Such a con-
clusion is consistent with the high nucleation ability
of PEEK even at high temperatures.’*°

The patterns of the FTIR spectra recorded for
the sample melt annealed for 12 h show significant
changes with respect to those displayed by samples
held at the same temperature for 5 min and 1 h.
FTIR spectra recorded for such a sample in the

1690-1790 cm™! wave number range [Fig. 8(a)]
show two new absorption bands located at 1710 and
1738 cm™. In agreement with Cole and Casella,*
these bands can be assigned to the formation of deg-
radation products, fluorenone structures and ester
groups, respectively (Table III). In the 3200 and
3800 cm™! wave number range, the spectrum re-
corded for this sample [Fig. 8(b)] shows a weak
peak as a shoulder at about 3400 cm ™. Such an ab-
sorption band could arise from the formation of
phenol groups, as previously suggested by Cole and
Casella.** Moreover, spectra were recorded in the
900-600 cm ™! wave number range of PEEK films
first annealed at 370°C for various annealing times
and then reduced to powder [Fig. 8(c)]. The pattern
of the spectrum displayed by the sample previously
melt annealed at 370°C for 12 h, is different from
those recorded for the as-received specimen and melt
annealed specimens for 5 min and 1 h. For the sam-
ple melt annealed for 12 h, weak modifications affect
the large absorption bands at about 850 and 680
cm™!, respectively. But these changes could be re-
lated to the formation of multisubstituted phenylene
rings. Moreover for the sample held for 12 h, a well-
defined band centered at 700 cm ! and a band as a
shoulder at about 740 cm™! can be observed. These
bands could be assigned to the out-of-plane C—H
deformation of monosubstituted phenylene rings.
On the FTIR spectra recorded for the sample melt

Table III Chemical Functions that Could Be Formed on PEEK
Degradation Process and Respective Absorption Bands

Wave Number of New Absorption Bands

Chemical Functions and Assignment
phenol
OH O—H stretching (~3400 cm™)
ester
@ﬁ—O@ C=0 stretching (~1740 cm™)
0
fluorenone
C=0 stretching (~1710 cm™)
Out-of-plane C—H deformation of 1,2,4
C trisubstituted phenylene ring (two peaks
i in the 900—-800 cm™ range)
0]

monosubstituted phenyl

Out-of-plane C—H deformation of
monosubstituted phenylene ring
(two peaks at ~740 and ~690 cm™)
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annealed for 5 h at 370°C, such changes can be also
detected. But the magnitude of the modifications is
significantly less than those exhibited by the sample
annealed for the longest time. It can also be noted
that this sample does not exhibit the well-defined
absorption band located at about 700 cm™, char-
acteristic of the formation of monosubstituted
phenylene rings as the sample melt annealed for the
longest time.

According to previous works,**® the PEEK deg-
radation occurs in two steps. The first one is a ran-
dom chain scission at the ether and carbonyl linkage.
In the second step, the free ether, carbonyl, and aryl
thus produced can terminate by transfer abstracting
hydrogen or by combination with an adjacent radical
to produce cross-links. Thus, various chemical
functions can be formed during such a complex deg-
radation mechanism. According to the thermal
degradation mechanism proposed by Hay and
Kemmish® and the IR analysis reported by Cole
and Casella,*! the new absorption bands previously
observed could arise from degradation products
(Table I11). Then, the IR spectrum modifications
observed for samples melt annealed at 370°C for 12
h could be consistent with a significant PEEK ther-
mal degradation process that includes both scission
and cross-linking (and/or branching) steps. Thus,
in such a sample, it appears that thermal degradation
could result in a significant amount of monosubsti-
tuted phenylene rings. Such an observation could
give evidence for a scission macromolecular chain
mechanism. According to Hay and Kemmish,*® such
a degradation involves a cross-linking process. It can
then be proposed that thermal degradation occurring
in the sample melt annealed at 370°C for 12 h could
induce a global widening in the molecular weight
distribution of PEEK, that is, widening toward both
the lower and higher molecular weights because of
the chain scission and cross-linking processes, re-
spectively.

Accordingly, the decrease in the crystallization
ability observed from DSC experiments in this sam-
ple (12 h at 370°C) could mainly result from chem-
ical modifications induced by thermal degradation.
In particular, the significant decrease in the amount
of crystallizable material observed for the 370°C, 12
h sample could be due to a decrease in molecular
mobility induced by cross-linking of the polymer.
The crystallite growth is then hindered. The ob-
served decrease in the relative magnitude of the up-
per temperature peak is consistent with this result.

From FTIR analysis, it cannot be excluded that
a possible thermal degradation occurred in the sam-
ple melt annealed for 5 h at 370°C. But the mag-

nitude of the spectrum modifications is weak. It can
be noted that these spectrum changes only concern
the absorption bands exhibiting strong magnitude.
Moreover, such spectrum modifications are only well
identified when using films of 250 um for which the
magnitude of FTIR response is the highest. Then,
it can be suggested that the significant decrease in
the crystallization ability observed with increasing
the annealing time from 1 to 5 h could not only be
due to the thermal degradation. Such a decrease in
the crystallization ability and the change in the pat-
tern of the melting endotherm observed for the
longest annealing time could result from the super-
imposition of two phenomena, the decrease in the
amount of self nuclei and cross-linking of the poly-
mer due to thermal degradation. These phenomena
act in the same way.

CONCLUSION

The TTT diagram of PEEK was established. The
“C” shape of the T'TT diagram results from the nu-
cleation phenomenom following the growth process.
Such a diagram shows that the overall crystallization
rate goes through a maximum in the 175-290°C
temperature range. At low supercooling (above
290°C), the growth rate is faster than the nucleation
rate. At these temperatures, it can be suggested that
developed lamellae could be larger. At high super-
cooling (below 175°C), the growth rate is slower
than the nucleation rate and it can be assumed that
the so-developed crystallites at these temperatures
could be smaller.

Samples isothermally crystallized at high or low
supercooling degree exhibit two melting peaks. On
increasing the annealing time at the crystallization
temperature, it was observed that the upper tem-
perature peak first rises and the lower melting peak
develops later. The location of this secondary peak
is shifted to the higher temperatures when increasing
the annealing time at the crystallization tempera-
ture. The double melting behavior is related to a
bimodal distribution in the size of lamellae developed
on a two-step crystallization.

The origin of the double population of lamellae
was discussed through the analysis of the influence
of the thermal history on both crystallization ability
and the pattern of the endothermic curves. Thus,
the observed decrease in the crystallization ability
of PEEK with increasing holding time in the molten
state has two possible causes: the progressive dis-
appearance of remnants of the former crystals and
a progressive thermal degradation leading to a cross-
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linking of the polymer. These two causes act in the
same way: they hinder the crystallization kinetics.
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