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The influence of crystalline morphology on the dynamic mechanical relaxation properties of poly(ether
ether ketone) (PEEK) has been investigated for the glass—rubber (x) and sub-glass (f) relaxations; a series
of both cold-crystallized and melt-crystallized specimens were examined. The presence of crystallinity had
a marked influence on the glass—rubber relaxation characteristics of PEEK owing to the relative constraint
imposed on the amorphous-phase motions by the crystallites. Above T, a progressive relaxation of rigid
amorphous-phase material was evident, as well as a small incremental decrease in modulus reflecting the
onset of the low-temperature melting component. The sub-glass mechanical relaxation was bimodal,
comprising a lower-temperature (8,) component, which originated in the bulk of the amorphous material,
and a higher-temperature (8,) component, which originated in organized regions of the amorphous phase
(i.e. at the crystal-amorphous interphase). Both the dynamic mechanical and corresponding dielectric results
displayed morphological sensitivity in the § relaxation region, with the mechanical results encompassing
motions of a more complex (i.e. cooperative) nature.
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INTRODUCTION

Poly(ether ether ketone) (PEEK) is a semicrystalline
engineering thermoplastic based on a relatively rigid,
para-connected aromatic backbone structure, and dis-
plays outstanding mechanical properties in combination
with exceptional thermal and chemical resistance charac-
teristics. In analogy to other polymers of ‘low crystal-
linity’, e.g. poly(ethylene terephthalate) (PET)!, PEEK
can be quenched from the melt to a wholly amorphous
glass, and thus affords an opportunity to investigate a
wide range of crystalline morphologies as established
over both cold-crystallization and melt-crystallization
histories. The development of crystal structure and
morphology in PEEK has been recently reviewed?. The
dynamic properties of PEEK are highly sensitive to the
semicrystalline morphology that develops in the material
as governed by its thermal, mechanical and chemical
exposure history. Both dynamic mechanical**' and
dielectric®>~712-13 measurements reflect a marked influ-
ence of crystallinity on the relaxation characteristics of
the material. In this study, the dynamic mechanical
relaxation characteristics of a series of both cold-
crystallized and melt-crystallized PEEK samples are
investigated across the glass-rubber relaxation and sub-
glass relaxation regions. This work serves to provide
an expanded understanding of PEEK relaxation pheno-
mena as influenced by material thermal history and
morphology, and allows for a direct comparison between
the dynamic mechanical and dielectric relaxation be-
haviour of comparable PEEK samples.
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BACKGROUND

As indicated above, the dynamic mechanical and dielectric
relaxation behaviour of poly(ether ether ketone) has
been explored by a number of investigators. Typically,
these studies report the relaxation characteristics of
amorphous PEEK, and perhaps one representative semi-
crystalline sample*!!; only recently have experimental
studies appeared that consider dynamic mechanical® and
dielectric®!%13 properties for a full range of crystallized
specimens. Nonetheless, a comprehensive picture as to
the general dynamic relaxation behaviour of amorphous
and semicrystalline PEEK has begun to emerge.

The sub-glass relaxation of PEEK comprises the
localized y transition, evident at very low tempera-
tures®'*, and the broad B relaxation, which appears at
somewhat higher temperatures. Dielectric studies by
Jonas and Legras® reveal the y relaxation as a shoulder
in the isochronal loss versus temperature curve, located
at approximately — 125°C (400 Hz); the authors suggest
that the vy relaxation originates from uncorrelated
wagging of polar bridges along the polymer chains. The
B relaxation encompasses a wide distribution of relatively
short-range molecular motions. Dynamic mechanical
measurements by David and Etienne* indicate that the
p relaxation, in fact, comprises two overlapping com-
ponents (designated f, and f,, respectively, with in-
creasing temperature): the §, component corresponds to
a simple, non-cooperative process, while the f, com-
ponent encompasses a cooperative element. Comparison
of dynamic mechanical loss spectra for amorphous and
cold-crystallized PEEK indicates an enhancement in the
relative magnitude of the B, response for the semi-
crystalline sample, most likely reflecting the origin of the
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B, process in organized regions of the amorphous phase,
such as in the vicinity of the crystal-amorphous inter-
phase. Notably, the location (i.e. central relaxation time)
of the §, and B, processes appears to be insensitive to
the presence of crystallinity. Dynamic mechanical results
reported by Sasuga and Hagiwara®1° are consistent with
this description: three overlapping molecular processes
are identified in the f relaxation region, of which the
low-temperature component correlates with the presence
of water in the sample. Subsequent dielectric studies®
indicate that this component does not correspond to a
separate molecular relaxation, but reflects the influence
of water as a plasticizer for the primary motions inherent
to the B process, leading to a decrease in isochronal
relaxation temperature and an increase in relaxation
magnitude with increasing water content.

Dielectric loss measurements>%12 in the range of the
B relaxation do not display the bimodal character that
is observed in the dynamic mechanical spectra, with only
a single relaxation process evident in the resulting &”
versus temperature curves. A comparison of Arrhenius
plots by Starkweather and Avakian® based on dielectric
and dynamic mechanical loss data for the f§ relaxation
indicates that the dielectric loss maxima are offset to lower
temperatures as compared to the dynamic mechanical
result, with a correspondingly smaller apparent activa-
tion energy. The authors conclude that the dielectric
relaxation represents a low-temperature, high-frequency
component of a much broader range of motions as
evident in the dynamic mechanical spectrum. In contrast
to the sub-glass relaxation behaviour of other ‘low-
crystallinity’ polymers such as PET!*1€, the dielectric
relaxation in PEEK is sensitive to the presence of
crystalline morphology: isochronal relaxation tempera-
tures are offset to higher values, and a disproportionate
decrease in relaxation intensity is observed for semi-
crystalline samples as compared to the wholly amorphous
material, thus reflecting the constraining influence of the
crystallites on the amorphous-phase motions inherent to
the B relaxation’2. This result suggests that the dielectric
B relaxation in PEEK encompasses segmental motions
of longer range and greater cooperativity than are
encountered in more flexible polymers, such as PET.

Intermediate to the sub-glass (f) relaxation and the
glass—rubber (x) relaxation, dynamic mechanical data
indicate the presence of a structural ‘relaxation’ that cor-
relates with the presence of local disordered regions within
the polymer sample (designated the B relaxation)**1°.
The B relaxation appears as a shoulder on the low-
temperature side of the isochronal glass—rubber relaxa-
tion loss peak, and is most prominent in the first heating
sweep of samples that have been rapidly quenched from
above T, The B relaxation is typically absent from
subsequent heating sweeps owing to the molecular
rearrangements that occur during the initial sample
heatmg Annealing the polymer at temperatures below
T, prior to measurement leads to a reduction in the
magmtude of the B’ relaxation, while irradiation of the
sample (with resulting chain sc1ss1on) produces an
enhancement in the #’ relaxation®°.

The glass—rubber («) relaxation characteristics of PEEK
display a strong sensitivity to crystalline morphology as
measured by both dynamic mechanical®>’"'! and
dielectric methods>7+12:13, The « relaxation in wholly
amorphous PEEK (T(d.s.c)~146°C') is accompanied
by a dramatic decrease in storage modulus and a sharp,
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narrow peak in loss tangent (tand); dielectric measure-
ments reveal a corresponding incremental increase in
dielectric constant (¢). The dynamic relaxation behaviour
of amorphous PEEK is complicated by the onset of cold
crystallization in the vicinity of the glass transition. Cold
crystallization produces an increase in the value of the
storage modulus, and an additional relaxation process
appears as a broad shoulder on the high-temperature
side of the loss peak. This second relaxation corresponds
to the onset of amorphous-phase motions which are now
constrained by the presence of crystallinity in the
cold-crystallized specimen (see below). Examination of
the a relaxation in specimens with a pre-existing
semicrystalline morphology reveals a relaxation that
is considerably broaded as compared to the wholly
amorphous material, and which is shifted upwards in
temperature by as much as 15°C; this upward shift reflects
the constraint imposed by the crystallites on the long-
range motions of the glass—rubber relaxation. For
cold-crystallized samples, a modest decrease in glass
transition temperature is observed with increasing cold-
crystallization temperature (relaxation temperatures still
significantly offset as compared to the wholly amorphous
sample)*1#13:17  This behaviour is the result of a
progressive increase in the thickness of the amorphous
interlayer with increasing crystallization temperature,
thus leading to a decrease in the relative constraint
imposed on the amorphous-phase segments by the
crystalline phase?.

In addition to a positive offset in relaxation temperature
(increased central relaxation time), the presence of
crystallinity in PEEK results in a disproportionate de-
crease in relaxation intensity across the glass transition
relative to the weight fraction crystallinity in the sample.
Upon heating across the glass transition, both calori-
metric!®!7 and dielectric'?!3 measurements indicate an
increase in amorphous-phase chain mobility that is
significantly less than that expected based on full
mobilization of the non-crystalline material. This is
consistent with the presence of a finite ‘rigid amorphous-
phase’ fraction in semicrystalline PEEK, which represents
the fraction of amorphous material that remains immobile
across the glass transition. Dielectric studies in the
temperature range just above T, indicate a gradual
increase in relaxation intensity with increasing tempera-
ture, which is consistent with the mobilization of some
portion of the rigid amorphous-phase fraction prior to
the onset of crystalline melting.

EXPERIMENTAL

PEEK samples were obtained as both amorphous film
(Stabar K200: 5 and 10mil (0.127 and 0.254 mm) thick-
ness) and pellets (‘Victrex’ 450G) from ICI Films and
ICI Advanced Materials, respectively. Cold-crystallized
samples of varying crystallinity were prepared by anneal-
ing the K200 film in a temperature-controlled Carver
melt press at temperatures 7T, ranging from 180 to 300°C;
all samples were isothermally annealed for 90 min. The
thick (10mil) films were used for the glass transition
studies, while the thin (5mil) films were used for sub-
ambient (8 relaxation) investigations. Melt-crystallized
specimens (thickness of approximately 0.27mm) were
obtained by compression moulding the 450G pellets from
the melt at moderate pressure (melt temperatures ranging
from 360 to 400°C), with subsequent cooling to the solid
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state either at a constant rate (~1°Cmin~') or in a
stepwise manner. In the latter case, samples were cooled
at 1°Cmin~! to 330°C, at which temperature they were
annealed isothermally for 1h. The samples were then
isothermally annealed at decreasing 10°C increments (1 h
at 320°C, 310°C, etc.) to 250°C, at which point they were
cooled to room temperature; this cooling progression was
imposed in an effort to establish a slow cooling history
within the operational constraints of the melt press. The
resulting crystalline weight fraction W, was determined
based on density gradient measurements (calcium nitrate/
water column); the density of the amorphous (as-received)
film was determined to be p,=1.260gcm™3, and the
crystal density was taken as p.=1.400gcm ™3 (ref. 18).

Dynamic mechanical properties were measured using
a Polymer Laboratories dynamic mechanical thermal
analyser interfaced with a Polymer Laboratories tem-
perature controller. All samples were fully dried under
vacuum prior to measurement and were investigated in
an inert atmosphere. Measurements in the glass transition
range were carried out in bending mode, with single
cantilever geometry. Bending modulus and tand were
recorded at frequencies ranging from 0.1 to 30 Hz across
a temperature range of 50 to 300°C; a scanning rate of
0.8°Cmin~! was used. Measurements in the range of the
sub-glass (f) relaxation were carried out in tensile mode.
Tensile modulus and tan d were recorded at frequencies
ranging from 0.3 to 30 Hz across a temperature range of
—125 to +100°C; a scanning rate of 1.4°Cmin~! was
used.

RESULTS AND DISCUSSION

Glass—rubber (a) relaxation

Dynamic mechanical results for amorphous PEEK in
the vicinity of the glass—rubber relaxation are plotted
isochronally as storage modulus (E’) and loss tangent
(tan d) versus temperature in Figure 1. The strong drop
in storage modulus at the glass transition is followed by
the onset of cold crystallization in the non-isothermal
sweep, the corresponding recovery in modulus leading
to a relative maximum in E’ at the higher measurement
frequencies. A second relaxation process is subsequently
observed with increasing temperature, which corresponds
to the glass—rubber relaxation of amorphous-phase
chains that are now constrained by the presence of
crystallinity; this second, broader relaxation is evident as
a gradual decrease in modulus, and as a shoulder on the
high-temperature side of the narrow peak in tan .

Results for a representative cold-crystallized sample
(T,=240°C, W,=0.29) are shown in Figure 2. The
presence of crystallinity leads to a considerable increase
in the breadth of the relaxation as compared to the
initially amorphous specimen, and a corresponding
decrease in relaxation intensity. The storage modulus
displays a relatively strong temperature dependence
above the glass transition (190°C < T <240°C), and an
additional incremental decrease starting at 240°C, which
reflects the ‘low-temperature’ melting component for this
isothermally crystallized sample. Previous calorimetric
studies’” on isothermally crystallized PEEK reveal a
distinct ‘double-melting” behaviour, with two melting
endotherms evident upon heating: a ‘low-temperature’
endotherm located 15 to 20°C above the isothermal
annealing temperature, and a ‘high-temperature’ endo-
therm located at approximately 340°C, virtually indepen-

Modulus [E’ Pa]

tan &

Temperature (°C)

Figure 1 Dynamic mechanical results for amorphous PEEK, glass—
rubber («) relaxation. (a) Bending modulus E’ (Pa) versus temperature
(°C); (b) loss tangent (tand) versus temperature (°C): (O) 0.1 Hz, ()
1.0Hz, (A) 10.0Hz, () 30.0Hz

dent of sample history. For the various cold-crystallized
samples studied here, the location of this second,
relatively small decrease in modulus correlates directly
with isothermal annealing temperature, thus confirming
its source as the ‘low-temperature’ melting component.
Further, the magnitude of the incremental drop in
modulus increases with increasing cold-crystallization
temperature, in agreement with the observed trend in
enthalpy for the low-temperature endotherm'”. There has
been considerable discussion as to the origin of the
observed ‘double melting’ in PEEK, with the behaviour
attributed to established morphological features in the
annealed samples'®?°, or crystal melting and reorgan-
ization during heating®!. The clear, incremental change
in modulus observed here appears to be more consistent
with a morphological origin as compared to a continuous
melting and recrystallization process.

The weight fraction crystallinity and isochronal relaxa-
tion temperatures (T,(1 Hz); based on maximum in tan )
for the series of cold-crystallized samples are reported in
Table 1. A systematic increase in crystallinity is observed
with increasing annealing temperature, with the relaxa-
tion temperatures for the various semicrystalline samples
offset significantly as compared to the initially amorphous
specimen owing to the constraints imposed on amorphous-
phase motions by the crystalline phase. A relative
maximum in relaxation temperature is observed for the
T,=200°C specimen, T, decreasing for the highest
cold-crystalline annealing temperatures; this result is in
agreement with trends observed by both calorimetric!’
and dielectric’®!3 methods, and has been reported
previously for PET!*%22, Smali-angle X-ray scattering
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Figure 2 Dynamic mechanical results for cold-crystallized PEEK
(T, =240°C, W,=0.29), glass—rubber () relaxation. (a) Bending modulus
E’ (Pa) versus temperature (°C); (b) loss tangent (tan ) versus temperature
(°C): (O) 0.1Hz, (O) 1.0Hz, (A) 10.0Hz, (¢) 30.0Hz

Table I Dynamic mechanical relaxation temperature for amorphous
and cold-crystallized PEEK: glass-rubber («) relaxation. T, (°C) is
isothermal cold-crystallization annealing temperature; W, is weight
fraction crystallinity based on density gradient measurements; and
T, (°C) is relaxation temperature based on maximum in tané (1 Hz)

Sample LCO) W, LCO)
A - 00 ° 1527
1 180 0.24 1674
2 200 0.26 167.5
3 220 0.28 1674
4 240 0.29 166.7
5 250 0.30 166.0
6 260 031 165.4
7 280 0.32 164.3
8 300 035 163.8

(SAXS) studies by Jonas and Legras® clearly demonstrate
an inverse relationship between glass transition tempera-
ture and the thickness of the amorphous interlayer
in both cold-crystallized and melt-crystallized PEEK
samples. Thus, the decrease in relaxation temperature
(and corresponding decrease in central relaxation time)
observed here is a manifestation of a progressive increase
in crystal thickness, ultimately leading to a lessening of
the constraint on the amorphous chain segments by the
crystallites.

A comparison of the glass-rubber relaxation intensity
for the cold-crystallized specimens is provided in terms
of modulus and loss tangent in Figures 3 and 4,
respectively. In Figure 3, reduced modulus (log E'/log E})
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is plotted against reduced temperature (T/T,) for the
purpose of direct comparison of representative cold-
crystallized samples. The incremental drop in modulus
across the glass transition displays a systematic decrease
with increasing cold-crystallization annealing tempera-
ture owing to the increase in crystalline fraction. The
modulus shows a strong temperature dependence above
T,, with the observed decrease in modulus over this range
being most pronounced for samples crystallized at lower
temperatures: this gradual decrease in modulus is the
result of the relaxation of rigid amorphous material
occurring between T, and the crystalline melting tem-
perature. Calorimetric studies on cold-crystallized!3-”
and melt-crystallized'” PEEK samples indicate a sizeable
rigid amorphous-phase fraction at the glass transition,
the quantity of which depends on the conditions of
crystallization: more restrictive crystallization conditions
(i.e. lower isothermal crystallization temperatures, or
faster cooling rates for non-isothermal crystallization)
lead to a higher rigid amorphous-phase fraction. Dielectric
studies!?1® show a progressive mobilization of some
portion of the rigid amorphous material above the glass
transition; the effect is strongest for samples prepared at
lower cold-crystallization temperatures®2. The dynamic
mechanical data reported here are consistent with these
observations, with the temperature dependence of the

1.05 T T T T

1.00 -

0.95 -

Reduced Modulus

0.90 -

0.85 L L .
0.7 0.8 0.9 1.0 11 1.2

Reduced Temperature

Figure 3 Reduced modulus (log E'/log Ejp) versus reduced temperature
(T/T,) for selected cold-crystallized PEEK samples, glass—rubber
(o) relaxation: (Q) T,=200°C, (O) T,=220°C, (A) T,=260°C,
(V) T,=300C

0.28 T T T

1Hz

015 L L L
0.20 0.25 0.30 0.35 0.40

Weight Fraction Crystallinity
Figure 4 Magnitude of tand at maximum (T (1 Hz)) versus weight

fraction crystallinity for cold-crystallized samples, glass—rubber (a)
relaxation
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modulus in this range (i.e. the slope of the log(modulus)
versus temperature curve) greatest for those samples
prepared under conditions favourable to the development
of a large fraction of rigid amorphous material.

Attempts to quantify the strength of the mechanical
relaxation for the various cold-crystallized samples via
an empirical curve-fitting approach!?>® were unsatis-
factory owing to the difficulty in separating the primary
glass—rubber relaxation from the overlapping relaxation
of rigid amorphous-phase material. As noted above,
however, plotting the data in a normalized manner does
provide a clear qualitative indication of the reduction in
relaxation strength with increasing sample crystallinity.
A plot of the maximum value of tan J versus bulk crystal-
linity (Figure 4, see discussion in Boyd!) similarly shows
a systematic decrease in the intensity of the relaxation
with crystallinity, consistent with an amorphous-phase
origin.

The time-temperature characteristics of the mechanical
glass—rubber (o) relaxation are plotted in an Arrhenius
manner for amorphous and cold-crystallized PEEK in
Figure 5; these data are based on the isochronal maxima
in tan ¢ for the various samples. The results demonstrate
the relative offset in the glass—rubber relaxation tempera-
ture for the cold-crystallized specimens relative to the
initially amorphous material, with the location of the
crystallized sample data shifted to the left along the
reciprocal temperature axis. Data from each of the
individual samples can be satisfactorily described using
a WLF (Williams-Landel-Ferry) type of expression
across the frequency range of investigation. The apparent
activation energy for the amorphous sample (E,) varies
from 1900kJmol~! (0.1Hz) to 1250kJmol~! (30 Hz).
The apparent activation energies for the cold-crystallized
samples are lower as compared to the amorphous
specimen, with the relative activation energy increasing
somewhat with increasing annealing temperature (in-
creasing crystalline fraction). The apparent activation
energy for a sample cold crystallized at 200°C, for example,
ranges from 1070kJmol~! (0.1 Hz) to 810kJmol™!
(30Hz).

A comparison of the time-temperature results based
on dynamic mechanical and dielectric'?> measurements
for the amorphous and a representative cold-crystallized
sample (T,=200°C) are provided in Figure 6. For
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Figure 5 Arrhenius plot of frequency (Hz) versus 103/T (K~ !) based
on isochronal temperature sweeps: amorphous and cold-crystallized
PEEK, glass—rubber («) relaxation: (@) amorphous, (W) T,=200°C,
(A) T,=220°C, (V) T,=260°C, (@) T,=300°C. Full curves represent
WLF fits
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Figure 6 Arrhenius plot of frequency (Hz) versus 103/T (K1) based
on dynamic mechanical and dielectric!? results, glass—rubber (o) relaxa-
tion. Dynamic mechanical: (@) amorphous, (M) T, =200°C. Dielectric:
(O) amorphous, (O) T,=200°C

both the amorphous and cold-crystallized samples, the
dynamic mechanical relaxation temperatures (based on
tand) are offset to higher values as compared to the
dielectric result. Also, in the case of the amorphous
sample, the dynamic mechanical data display a higher
apparent activation energy; mechanical and dielectric
data for the cold-crystallized samples indicate compar-
able activation energies. The behaviour observed here for
the glass—rubber (x) relaxation is not unlike that reported
by Starkweather and Avakian® for the sub-glass (B)
relaxation in PEEK, in terms of both the offset in
temperature for the mechanical case and the relative
magnitude of the activation energy. For the f relaxation,
it was demonstrated that the dielectric probe is sensitive
to a relatively narrow, low-temperature component of
the broad distribution of motions detectable by dynamic
mechanical methods. For the longer-range motions of the
o relaxation investigated here, a similar distinction in the
sensitivity of the dynamic mechanical and dielectric
probes is not unreasonable. It should be noted that when
the o relaxation temperatures for the mechanical and
dielectric data are based on the isochronal maxima in
loss (E” or &”) as opposed to loss tangent (tand), the
relative offset between the dynamic mechanical and
dielectric results is maintained, although the magnitude
of the difference is diminished.

In addition to the series of cold-crystallized samples
described above, the dynamic mechanical relaxation
characteristics of a group of melt-crystallized samples
were investigated across the glass—rubber relaxation. Two
sets of samples were considered: samples cooled continu-
ously from the melt (1°Cmin~!) and samples slow
cooled in stepwise increments. In order to assess the
possible influence of prior melt temperature on the
crystallization and relaxation characteristics of the PEEK
samples, melt temperatures ranging from 360 to 400°C
were imposed (time at T,, ca. 10min). Previous calori-
metric studies?*?® indicate that heating PEEK in
the vicinity of its thermodynamic melting temperature
(T3 =395°C*®) leads to a decrease in subsequent crystal-
lization rate and ultimate bulk crystallinity; this behaviour
is attributed to the removal of self-nucleation remnants
and the influence of polymer degradation. The bulk levels
of crystallinity established in the various melt-crystallized
samples, as well as their relaxation characteristics, are
reported in Table 2. For the crystallization histories
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Table 2 Dynamic mechanical relaxation characteristics for melt-
crystallized PEEK: glass-rubber («) relaxation. T, (°C) is melt tempera-
ture; W, is weight fraction crystallinity based on density gradient
measurements; T,(°C) is relaxation temperature based on maximum
in tand (1Hz); and AlogE is incremental change in log(storage
modulus/Pa), evaluated at T,(1 Hz)

(a) Samples cooled continuously from the melt at 1°C min !

T.(°0) W, T.CO) AlogE
360 0.37 161.7 0.49
380 0.37 161.8 0.54
400 0.37 162.7 0.62
(b) Samples cooled stepwise from the melt in 10°C increments
T.(°C W, TL.(°C) AlogE
360 040 161.5 0.48
380 040 162.1 0.52
400 0.39 162.8 0.54

considered here, prior melt temperature has no influence
on the bulk level of crystallinity achieved: somewhat
higher levels of crystallinity are observed for the incre-
mentally cooled samples as compared to the continuously
cooled specimens.

The isochronal modulus versus temperature curves
recorded for the various melt-crystallized samples were
largely consistent with those reported for the cold-
crystallized samples, above. In the range between T, and the
onset of crystalline melting, however, the melt-crystallized
specimens display only a weak modulus-temperature
dependence, indicating minimal rigid amorphous-phase
relaxation. As such, it is possible to establish a reasonable
estimate of the magnitude of the relaxation strength
across the glass—rubber relaxation. Specifically, the
logarithms of both the unrelaxed (Ey) and relaxed (Eg)
moduli were described as linear functions of temperature
in ranges well below and well above the glass transition,
respectively?3:

logEy=log E}+A(T-T,) (T<T) (1a)

log Eg=log EC+B(T—T,) (T>T) (lb)

The relaxation strength (Alog E) was then estimated as
the difference between log Ey; and log Eg evaluated at the
isochronal peak temperature, T,(1 Hz). (It is acknowledged
that the limiting values E; and Eg could also be estimated
based on Argand plots of E” wversus E’ at fixed
temperature; this estimation would be complicated,
however, by the potential contribution of background
loss to the E” values.) Examination of the value of Alog E
for the various melt temperatures (both cooling histories)
indicates an increase in relaxation strength with increas-
ing melt temperature, the crystalline fraction remaining
constant. The enhanced degree of amorphous chain
mobility (higher values of AlogE) in those samples
exposed to the highest melt temperatures is most likely a
reflection of the removal of prior crystalline morphology
in the as-received PEEK pellets, since a full and complete
erasure of the vestigial crystalline constraints would be
anticipated only for those samples prepared at melt
temperatures above the thermodynamic melting tem-
perature (T,,=400°C samples). A similar result was
observed for melt-crystallized specimens investigated
using dielectric methods: a marked increase in dielectric
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relaxation intensity was indicated for samples held in the
melt at temperatures above T, prior to crystallization®2,

Storage modulus data for a melt-crystallized sample
(T,,=400°C, continuous cooling) are plotted isothermally
as log E’ versus log(frequency) in Figure 7. the reported
temperature range is 147 to 195°C. Time-temperature
superposition was used to establish a master curve in
modulus, with shift factor (a;) determined based on the
horizontal offset necessary to superimpose the various
modulus data relative to the reference temperature of
147°C. Figure 8 shows the resulting master curve,
accompanied by a plot of shift factor (a;) versus
temperature (see inset). In the region of the glass
transition, the dependence of shift factor on temperature
can be described by the WLF equation?®:

—C(T—-Tp)
C,+(T—Ty)

The best-fit values of C, and C, (determined by a linear
plot of (T — Ty)log ay versus (T —Ty)) are C;=25.4 and
C,=90.2(T, = 147°C, see full curve in inset of Figure 8).
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Figure 7 Bending modulus E’ (Pa) versus frequency (Hz) at selected
temperatures for melt-crystallized PEEK (T, =400°C), glass—rubber ()
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Sub-glass (f) relaxation

Dynamic mechanical results for amorphous and
cold-crystallized PEEK in the § relaxation region are
presented in Figure 9 as tand versus temperature. The
data display the same bimodal behaviour described by
David and Etienne*, and their nomenclature will be
adopted here. The loss tangent result for the amorphous
sample is dominated by the lower-temperature (f;)
component: the only evidence for an additional relaxation
element in this case is an observed broadening on the
high-temperature side of the loss peak. The sample cold
crystallized at 200°C clearly displays an overlapped
response of both the #, and f, components: the strength
of the f, component is diminished in the crystallized
sample as compared to the amorphous case, while the
strength of the higher-temperature (,) component is
significantly enhanced. Examination of a sample cold
crystallized at 300°C indicates 8, and 8, components of
comparable magnitude, with tan é now appearing as a
broad, nearly symmetric peak in temperature centred
approximately midway between the individual §, and §,
relaxations.

The above results are consistent with the morphological
assignments proposed by David and Etienne* and also
Sasuga and Hagiwara®!°, namely that the B, com-
ponent originates from highly localized, non-cooperative
motions in the bulk of the amorphous material, and that
the B, component reflects more cooperative motions
occurring in organized regions of the amorphous phase.
In the case of the cold-crystallized samples examined
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Figure 9 Dynamic mechanical loss tangent (tan 8) versus temperature
(°C) at 5 Hz, sub-glass (B) relaxation. Amorphous and cold-crystallized
PEEK: (a) (O) amorphous, (@) 7,=200°C; (b) (O) amorphous, (@)
T,=300°C
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Figure 10  Arrhenius plot of frequency (Hz) versus 103/T (K~ !) based
on dynamic mechanical and dielectric'? results, sub-glass () relaxation.
Dynamic mechanical: (@) amorphous, (ll) T, =200°C. Dielectric: (O)
amorphous, () T,=200°C

here, such organized regions may exist between the
crystalline and amorphous phases (ie. in the crystal-
amorphous interphase). For the sample cold crystallized
at 200°C, a large fraction of rigid amorphous material is
anticipated owing to the relatively restrictive crystalliza-
tion conditions. The determination of rigid amorphous-
phase fraction, as discussed above, provides an indication
as to the degree of constraint imposed by the crystalline
phase on the long-range motions of amorphous chain
segments at the glass transition. Although the motions
inherent to the f relaxation encompass a considerably
smaller length scale, the trends observed for the relative
quantity of rigid amorphous material as a function
of crystallization history still provide useful insight.
Specifically, comparison of the f, relaxation for the
samples cold crystallized at 200 and 300°C shows a
decrease in the relative prominence of the 8, component
for the T,=300°C sample. This behaviour is consistent
with an overall decrease in rigid amorphous interphase
material for samples cold crystallized at higher tempera-
tures (i.e. less restrictive conditions), ultimately leading
to a reduction in the relative §, response.

A frequency-temperature Arrhenius plot for the B
relaxation region is provided in Figure 10; both dynamic
mechanical and dielectric!? results are reported for the
amorphous material and a sample cold crystallized at
200°C. The dynamic mechanical data for the amorphous
sample represent isochronal loss tangent maxima in the
B, component, while the data for the cold-crystallized
sample represent loss tangent maxima in the f§, com-
ponent. The dynamic mechanical and dielectric data
reported here for the amorphous sample are largely in
agreement with the results of Starkweather®. The apparent
activation energy as determined by the slope of the
log(frequency) versus reciprocal temperature line is
E,=80kJmol ™! for the dynamic mechanical data and
E,=58kJmol™! for the dielectric result. The loss
maxima for both the dynamic mechanical and dielectric
measurements are shifted to higher temperatures (lower
1/T) for the cold-crystallized (T, =200°C) specimen; in
the case of the mechanical data, this reflects a shift in
relaxation basis from the f; component to the B,
component, but no such structure was observed in
the dielectric studies. Apparent activation energies for
the semicrystalline sample are 177kJmol ™! (dynamic
mechanical, #,) and 68 kJ mol ~ ! (dielectric), respectively.
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Figure 11 Apparent activation energy (kJ mol™?!) versus relaxation
temperature (K) based on dynamic mechanical and dielectric!? results,
sub-glass (B) relaxation. Same symbols as Figure 10. Full line represents
AS=0

Additional insight as to the nature of the detected
sub-glass relaxations is afforded by consideration of the
activation entropy AS? for the different specimens and
measurement techniques. Starkweather®2” has shown
that the apparent activation energy E, can be related to
the relaxation temperature T’ and the activation entropy
at a frequency of 1 Hz by:

Ep,=RT'[1+In(kT'/2rh)] + T'AS* (3)

For simple, non-cooperative relaxations with zero activa-
tion entropy, this reduces to:

E,=RT'[1+In(kT'/2rh)] 4

Figure 11 shows a plot of apparent activation energy
versus relaxation temperature (1 Hz) for both the dynamic
mechanical and dielectric results in the region of the §
relaxation (amorphous and T,=200°C sample); the
limiting case of zero activation entropy (AS*=0, from
equation (4)) is represented by a full line. The dielectric
result for the amorphous sample approaches the zero-
entropy limit, the vertical distance between the data point
and the full line reflecting the value of T'AS?; this indicates
the sensitivity of dielectric measurement to simple,
localized motions in the wholly amorphous material. The
dielectric result for the cold-crystallized sample shows a
somewhat greater positive offset from the zero-entropy
limit, which may reflect an increased degree of coopera-
tion required to overcome the constraints imposed on
the sub-glass dipolar motions by the crystalline phase.
In the case of the dynamic mechanical results, markedly
higher activation entropies are observed for both the
amorphous (8, component) and semicrystalline (8,
component) specimens, reflecting the sensitivity of the
mechanical probe to a wider spectrum of coperative
motions®. The deviation from the zero-entropy limit
is particularly significant for the f, relaxation, which
is consistent with its probable origin at the crystal-
amorphous interphase.

CONCLUSIONS

A comprehensive investigation of the dynamic mechanical
relaxation characteristics of poly(ether ether ketone) in
the glass-rubber () and sub-glass (f) relaxation regions
has been completed, with an emphasis on the influence of
semicrystalline morphology on relaxation properties. The
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presence of crystallinity had a marked impact on the «
relaxation characteristics of the various cold-crystallized
specimens as compared to the wholly amorphous
material, the constraining influence of the crystallites
producing considerable relaxation broadening and a
positive offset in relaxation temperature. The magnitude
of the temperature offset was reduced somewhat for
the highest cold-crystallization annealing temperatures
owing to an apparent increase in amorphous interlayer
thickness. A strong modulus-temperature dependence
was observed in the region above T;, which reflected the
progressive mobilization of some portion of the rigid
amorphous-phase fraction; this feature was diminished
for samples cold crystallized at higher temperatures, and
for specimens crystallized from the melt. Also, a second
incremental decrease in modulus was evident at higher
temperatures (i.e. in the vicinity of the isothermal anneal-
ing temperature) corresponding to the low-temperature
crystalline melting component. The relaxation charac-
teristics of specimens crystallized via cooling from the
melt displayed a sensitivity to prior melt temperature
consistent with full removal of the initial, as-received
material morphology only at temperatures above T,,. The
relative absence of an overlapping rigid amorphous-
phase relaxation in the melt-crystallized samples accom-
modated the application of time-temperature super-
position for the development of a modulus—frequency
master curve: the resulting shift factor-temperature
behaviour followed the WLF relation.

Dynamic mechanical measurements in the f relaxation
region indicated a bimodal behaviour, with the lower-
temperature f, component dominating in the wholly
amorphous material, and the higher-temperature f§,
component most prominent in the crystallized samples.
The relative strength of the f, component was greatest
for those samples cold crystallized at lower temperatures,
consistent with a relaxation origin at the crystal-
amorphous interphase. Examination of the activation
entropy (AS*) for the dynamic mechanical relaxation
elements indicated a considerable complex (i.e. coopera-
tive) character as compared to the observed sub-glass
dielectric relaxation.
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