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SBR with phenylacetylphenyl groups compared with the
corresponding SBR/deoxybenzoin mixture. The covalent
bonding of the photosensitive group to polymer chain has
a marked influence on the results. The explanation could
lie in the well-known fact that the magnetic field effect
depends strongly on the lifetime of the radical pairs.® It
is obvious that segments of macromolecules in a solvent-
free polymer matrix do not always have the same mobility
as low molecular molecules in this matrix. Thus, the
lifetime should be different for a radical pair consisting
of a low molecular and a macroradical compared with a
radical pair consisting of two low molecular radicals.

Registry No. CGH50H2C0C6H5, 451-40-1, C6H5COC6H5,
119'61-9; CeHsCHQCOCH2CSH5, 102'04‘5, CSH5COCSH4CH3,
134-84-9.
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On the Double-Melting Behavior of Poly(ether ether ketone)
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ABSTRACT: The double-melting behavior of poly(ether ether ketone) (PEEK) has been investigated using
differential scanning calorimetry (DSC) and wide- and small-angle X-ray scattering. The peak temperatures
of two melting endotherms have been found to depend linearly on the logarithm of the DSC heating rate.
At a high heating rate, two endotherms coalesce into a single endotherm which has been considered to represent
complete melting without reorganization. The peak temperature of the coalesced endotherm has been found
to be approximately the average of the two former peak temperatures at lower heating rates. This behavior
has also been observed for poly(ethylene terephthalate) which is known to show two melting endotherms due
to crystal reorganization. The average of the two peak temperatures, therefore, has been used in the
Thomson-Gibbs equation to estimate the thermodynamic melting point (384 °C) and surface free energy (39
erg/cm?) of the PEEK crystal. The heat of fusion of the PEEK crystal (39.5 cal/g) has been measured from
a linear relationship between the heat of fusion and the density.

Introduction

Poly(ether ether ketone) (PEEK) is a semicrystalline
thermoplastic with a glass transition around 145 °C. The
chemical structure of PEEK is
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Since PEEK shows good mechanical properties, it is cur-
rently being studied as a high-performance plastic and as
a matrix for fiber-reinforced composites.'”

Differential scanning calorimeter (DSC) traces of PEEK
samples which have been isothermally crystallized show
two distinct melting endotherms.®!! The observation of

© 1989 American Chemical Society



Macromolecules, Vol. 22, No. 4, 1989

Double-Melting Behavior of PEEK 1757

Table I
Crystallization Temperature (T ), Peak Temperatures of the Low- and High-Temperature Endotherms (T',1 and T,2),
Average Melting Temperature (T, Density (p), Crystallinity from Density (x,), Long Period (1), and Crystal ’I‘hlckness (1,)
for Isothermally Crystallized and Annealed PEEK Films (0.3 mm Thick)®

T, °C Tnl, °C T2, °C Tl °C p, g/cm® Xp' %o l, A l, A
Cold-Crystallized PEEK
180 195.1 337.9 266.5 1.2898 17.6 101 17.8
190 207.8 337.7 272.8 1.2905 18.1 104 18.8
200 220.8 337.4 279.1 1.2929 19.7 104 20.5
200 220.2 337.9 279.0 1.2926 19.5 104 20.3
210 230.2 336.8 283.5 1.2923 19.3 106 20.5
Annealed PEEK
200 219.2 3377 278.5 1.2925 194 106 20.6
215 235.2 334.7 285.0 1.2936 20.1 115 23.1
230 251.5 335.3 293.4 1.2952 21.2 115 24.4
250 267.9 337.0 302.5 1.2974 22.6 119 26.9
269 284.2 336.6 310.4 1.2991 23.8 130 30.9
290 303.3 336.5 319.9 1.3011 25.1 137 344
310 323.6 337.7 330.7 1.3042 27.1 148 40.1
320 330.4 336.9 333.7 1.3045 27.3 157 42.9
320¢ 335.8 335.8 335.8 1.3064 28.6 157 44.9

4 Crystallization time was 1 h except for the last listed. ° T,

= (Tyl + T,2)/2. ¢Using 1.415 and 1.263 g/cm? as crystal and amorphous

densities, respectively. ¢Sample thickness was 0.1 mm. ‘Anneahng time was 21.5 h.

two melting endotherms is of great interest as an analogy
to the multimelting endotherms found for several other
polymers.!? The verified reasons are different crystal
structures for trans-1,4-polyisoprene,!® isotactic poly-
propylene, and poly(vinylidene fluoride);'® two crystalline
populations with different size and/or perfection for a
copolyether—ester'® and cis-1,4-polyisoprene;!” and crystal
reorganization for poly(ethylene terephthalate),'®%! iso-
tactic polystyrene,?223 polyethylene,?#% and -poly(oxy-
methylene).?

Double-melting behavior of PEEK has been previously
found to be associated with crystal reorganization during
heating.#1! The high-temperature endotherm is melting
of the crystals which have been continuously reorganized
from the original state during the heating. Previously, we
proposed for PEEK that the low- and high-temperature
endotherms resulted from the sum of four different con-
tributions: partial melting of the original crystals, their
recrystallization, melting of recrystallized crystals, and
melting of core crystals.® Therefore, the low-temperature
endotherm does not represent the complete melting of the
original crystals. Also, the peak temperature of the low-
temperature melting endotherm (T,1) was found to de-
pend strongly on heating rate.®

Blundell and Osborn believed that T\,1 of PEEK rep-
resented the melting point of the original crystals which
existed in the sample prior to heating.? Therefore, they
used T,1 in the calculation of the thermodynamic melting
point and surface free energy of the PEEK crystal. This
point of view is to be critically discussed, and the true
melting point of the original PEEK crystals prior to
heating will be estimated.

Experimental Section

PEEK powder was obtained from Imperial Chemical Industries
(ICT), Wilton, UK. The reported M, and M,, are 14 100 and 38600,
respectively. Fully amorphous PEEK, in 0 1- and 0.3-mm-thick
films, was made by compression molding at 400 °C for 10 min
and then quenching in cold water. The densities of the PEEK
films crystallized at several isothermal temperatures were mea-
sured at 23 °C in a density gradient column made from aqueous
solutions of calcium nitrate.?’ The sensitivity of the column was
about 0.0001 g/{(cm® mm); thus, the accuracy of the density
measurement was 0.05% or better. The amorphous PEEK films
used in this study exhibited a density of 1.2631 £ 0.0005, in
agreement with a reported value.?

Amorphous PEEK films were isothermally cold crystallized
by heating from room temperature in the sample cell of a Per-

kin-Elmer differential scanning calorimeter, DSC-2 (cold-crys-
tallized samples). Although the fastest heating rate (320 °C/min)
of the DSC was used, a temperature of 210 °C was the highest
isothermal crystallization temperature attained without any
crystallization before thermal equilibration. The amorphous films
were also annealed by using a Perkin-Elmer DSC-4 (annealed
samples). On heating to an annealing temperature at 80 °C/min,
there occurs nonisothermal crystallization around 185 °C.
Crystallization from the melt state (400 °C for 10 min) was also
conducted in the DSC-4 by rapid cooling (-200 °C/min). After
isothermal crystallization, the samples were cooled rapidly (-200
°C/min) to room temperature.

Amorphous poly(ethylene terephthalate) (PET) films (intrinsic
viscosity, 0.83 dL/g) were annealed in an oven, under nitrogen
atmosphere at 190 °C for 2 and 20 h. Annealed PET samples
were scanned at various heating rates ranging 5-200 °C/min.

Indium, tin, lead, and zinc¢ were used as standards for DSC
calibrations of temperature and heat of transition at each heating
rate. Isothermal crystallization and annealing temperatures were
calibrated with extrapolated melting points of the standards to
zero heating rate.5 All the experiments with DSC were performed
under dry nitrogen atmosphere. Samples of 0.1-5 mg were used
after ensuring against saturation or broadness of heat flow due
to large sample size.?® DSC traces were normalized to 1.0 mg of
sample, as shown in all the figures.

After crystallization, wide-angle X-ray diffraction patterns of
the PEEK samples were examined by using a Siemens D-500
diffractometer equipped with a pulse-height scintillation counter.
X-ray diffraction experiments were conducted in transmission
mode with Ni-filtered Cu Ka radiation at 30 mA and 40 kV.

The long periods of morphological microstructures in PEEK
samples were measured with the small-angle X-ray scattering
(SAXS) facility at the National Center for Small Angle Scattering
Research (NCSASR) at Oak Ridge National Laboratory, Oak
Ridge, TN. The apparatus consists mainly of a pinhole-collimated
Cu Ka X-ray source at 80 mA and 40 kV and a two-dimensional
position-sensitive detector. Intensity was corrected for detector
sensitivity, sample absorption, background, and dark current. The
intensity was also Lorentz-corrected®® to measure the long period
from the angular position of intensity peak, using the Bragg
equation.

Results and Discussion

PEEK films were crystallized either by cooling from the
melt or by heating from the quenched amorphous state.
Densities and heats of fusion plotted in Figure 1 were
measured using a density gradient column and a differ-
ential scanning calorimeter (DSC), respectively. The net
peak area method was used to measure heats of fusion.3!
Heats of fusion show a linear relationship with densities.
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Figure 1. Heat of fusion for melt-crystallized and annealed
PEEK. DSC heating rate was 20 °C/min.
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Figure 2. Wide-angle X-ray diffraction patterns of annealed
PEEK. Annealing conditions are shown in the figure.

The crystallization conditions of PEEK are listed either
in Table I or in our previous report.? A reproducible heat
of fusion was not readily measured for PEEK crystallized
at high supercooling, due to the curvature in DSC base line.
A range of the PEEK crystal densities, calculated from the
unit cell dimensions measured with wide-angle X-ray
diffraction (WAXD), has been reported.3?38 The X-ray
diffraction patterns of PEEK drawn in our laboratory®’
and electron diffraction analysis of solution-grown PEEK
crystals®® are consistent with the unit cell dimensions
reported by Rueda et al.3 Therefore, their crystal density
(1.415 g/cm?®) was used to calculate the heat of fusion for
fully crystalline PEEK. The data points in Figure 1 ex-
trapolate to 39.5 cal/g for fully crystalline PEEK at its
melting point. Blundell and Osborn have measured the
heat of fusion to be 31.1 cal/g using 1.401 g/cm? for the
density of the PEEK crystal.’

Figure 2 shows wide-angle X-ray diffraction (WAXD)
patterns of annealed PEEK. As annealing time or tem-
perature was increased, diffraction peaks became sharper,
indicating improvement of crystalline order. For poly-
(ethylene terephthalate) (PET), the same trends in WAXD
patterns have been found and ascribed to an increase in
the size of the mosaic blocks building up the lamellae. 42
WAXD patterns of PEEK samples, which show one and
two melting endotherms in DSC traces, are the same in
terms of diffraction peaks. This indicates that only one
crystal structure exists in PEEK samples regardless of their
melting behavior. It has been found that PEEK molecular
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Figure 3. DSC traces of PEEK annealed at 320 °C for 1 h at

various heating rates. Two dashed lines at 330 and 340 °C are
for easier comparison.

chains pack in the crystal more densely with increased
annealing temperature.36

In our previous report, the peak temperatures (7,1,
T\»2) and sizes of the two melting endotherms were found
to depend on DSC heating rates.® This behavior was ex-
plained by simultanecus melting and recrystallization, i.e.,
crystal reorganization, during the DSC heating scan.
Figure 3 shows DSC traces at various heating rates for
PEEK annealed at 320 °C. As the heating rate was in-
creased, the low-temperature melting endotherm increased
in size and peak temperature, while the high-temperature
endotherm decreased in size and peak temperature. The
same behavior was reported previously for PEEK iso-
thermally crystallized at 220 °C.2 As the heating rate was
increased, the amount of the crystalline regions which had
time to recrystallize decreased; this resulted in a smaller
high-temperature melting endotherm and a larger low-
temperature melting endotherm. It was suggested that
recrystallization is restricted at a high heating rate, so that
the true melting of the original crystal might be observed
without reorganization.®4® In Figure 3, the two distinct
melting endotherms appear to coalesce into a single peak
at 260 °C/min. It is noteworthy that the coalesced en-
dotherm is located in the middle of the two former en-
dotherms. For this particular sample, 60 °C/min appears
to be fast enough to minimize the reorganization. The
peak temperature of the merged single endotherm in-
creases with increased heating rate above 60 °C/min. This
may be due to the low thermal conductivity of a polymer;
a similar behavior was reported for poly(e-caprolactone).*

The peak temperatures of the PEEK sample in Figure
3 and another PEEK sample annealed at 310 °C are
plotted versus heating rate in Figure 4. The two peak
temperatures, Tp,1 and T2, show a linear relationship
with log (heating rate). The signs of the slopes of the two
lines are opposite, and their absolute values are similar.
The two peak temperatures of these annealed PEEK
samples are lower than those of melt-crystallized PEEK,
respectively, and the dependencies of 7,2 on heating rate
for annealed and melt-crystallized PEEK are different due
to different degrees of crystal perfection.®

The true melting point of the original crystals which
exist prior to heating is difficult to measure due to an-
nealing on heating. At a faster rate, observed melting peak
is closer to the true melting point since annealing or re-
organization is limited. However, superheating due to the
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Figure 4. T 1 and T,,2 of PEEK annealed at 310 °C for 1 h and
at 320 °C for 1 h versus heating rate.
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Figure 5. Two melting peak temperatures of poly(ethylene
terephthalate) samples cold-crystallized at 190 °C for 2 and 20
h versus heating rate.

low heat conduction of a polymer arises at a fast heating
rate. The single melting endotherm, without being su-

- perheated, in Figure 3 is considered to represent the true
melting of the original PEEK crystals which existed in the
sample prior to heating. Therefore, the true melting points
of PEEK crystals annealed at 320 and 310 °C are consid-
ered to be 334.4 and 332.1 °C, respectively (Figure 4). It
is interesting to note that these two true melting points
are almost the same (within 2 deg for the two samples in
Figure 4) as the arithmetic average of T,1 and T2 at any
low heating rates.

Isothermally crystallized or annealed poly(ethylene
terephthalate) (PET) has also been known to show two
melting endotherms in DSC due to crystal reorganiza-
tion.!#2! PET samples annealed at 190 °C for 2 and 20
h were scanned at various heating rates, and the two peak
temperatures were plotted versus heating rate in Figure
5. The two peak temperatures show the same behavior
as those of PEEK in Figure 4: T,1 increases with in-
creased heating rate, while 7,2 decreases with increased
heating rate. This behavior of the two melting peak tem-
peratures of PET has been previously observed;!%!? how-
ever, coalescing of the two peaks at a fast heating rate has
not been reported. At a scanning rate of 200 °C/min, the
two melting endotherms coalesce into one endotherm with
a peak temperature nearly in the middle of Tp,1 and T,2.

Arakawa et al. have shown that the crystal reorganiza-
tion of nylon 6 is inhibited by a chemical reaction on the
crystal surfaces and in the amorphous regions.*> As the
degree of methoxymethylation was increased, the two
melting endotherms of nylon 6 shifted closer to each other.
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Figure 6. Long period versus crystallization temperature for
cold-crystallized and annealed PEEK.

They finally coalesced into a single peak between the two
former peaks. This reinforces the hypothesis that the true
melting can be obscured by continuous melting and re-
crystallization when reorganization is allowed.

Blundell and Osborn measured the thermodynamic
melting point (T,°) of PEEK to be 395 °C? by using the
Thomson-Gibbs equation!?

T, = Ty - 20, /(Ao )] (1)

where T,° is the thermodynamic melting point, o, the
specific surface free energy of the top and bottom of la-
mellae, Ak, the heat of fusion, p, the density of the crystal,
and [, the crystal thickness. They used the peak tem-
perature of the low-temperature endotherm (7,1) as T,
in the eq 1. However, as discussed previously, the low-
temperature endotherm is only a portion of melting of the
original crystals, and the rest of the melting endotherm
is not observed due to compensation by the recrystalliza-
tion exotherm. It was shown that only about 10% of the
original crystals melt without reorganization at the low-
temperature endotherm for PEEK crystallized at high
supercoolings.? Therefore, T,,1 is considered not to rep-
resent the true melting point of the original crystals prior
to heating. Moreover, Tp,1 strongly depends on heating
rate as shown in Figures 3 and 4; T,1 increases by 6 deg
when the heating rate was increased from 2 to 40 °C/min.

The long periods of cold-crystallized and annealed
PEEK from the glassy state were measured by using
small-angle X-ray scattering.?® One-dimensional crys-
talline and amorphous layers have been assumed; thus, the
long period consists of one crystalline and one amorphous
layer. The long period increased with increased annealing
temperature, as shown in Figure 6. Little difference was
observed between annealed and cold-crystallized PEEK.
The crystal thickness (I;) was calculated using the long
period and crystallinity from density of the sample. The
long period, crystallinity, and crystal thickness are listed
in Table I. Also T,1 and T2, observed at 20 °C/min, and
Ty or (Tl + T,2)/2 are added.

Since Ty, is considered to be close to the true melting
point of the original crystals, T, is plotted versus 1/[, in
Figure 7. The data show a linear relationship which yields
a thermodynamic melting point, T,,° of 384 °C and surface
free energy, a,, of 39 erg/cm? for the PEEK crystal. A
comparable value of T',° (389 °C) was previously obtained
by us using a Hoffman—-Weeks plot.? Three data from ref
9 were included in Figure 7 after being treated as our data.
They show appreciable consistency with our data. Al-
though it is not considered to be adequate to use T},1 as
the true melting point of the original crystals, T, 1 is also
plotted versus 1/[ in Figure 7. The linear relationship of
Tl with 1/, yvields a T,° of 420 °C and o, of 67 erg/cm?,
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Figure 7. T, and T, versus 1/(crystal thickness). Solid symbols
(A, ®) are from ref 9.

which may vary with the scanning rate of DSC, since 7,1
depends on heating rate, as shown in Figure 4. These
values of T .° and o, are considerably different from the
values (395 °C and 49 erg/cm?) previously reported in ref
9.

Conclusions

The double-melting behavior of PEEK as a function of
heating rate of differential scanning calorimetry (DSC) has
been detailed. The peak temperatures of the two melting
endotherms have been found to depend linearly on loga-
rithm of the DSC heating rate. The two melting endot-
herms of PEEK coalesce into one at high heating rates.
The peak temperature of the coalesced endotherm is ap-
proximately in the middle of the two former peak tem-
peratures. The same behavior has been found for poly-
{ethylene terephthalate), also known to show two melting
peaks due to crystal reorganization. The coalesced en-
dotherm is considered to represent the complete melting
of the original crystal without reorganization.

By use of the average of two peak temperatures and the
crystal thickness measured by small-angle X-ray scattering,
the thermodynamic melting point and surface free energy
of the PEEK crystal have been determined to be 384 °C
and 39 erg/cm?, respectively.

Wide-angle X-ray diffraction patterns of PEEK samples
have shown that only one crystal structure exists regardless
of multiplicity of melting endotherms and that crystalline
order improves with increased annealing time or temper-
ature. The heat of fusion for fully crystalline PEEK has
been measured to be 39.5 cal/g at its melting point, using
a linear relationship between the heat of fusion and the
density.
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