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The effect of molecular weight on the kinetics of the crystallization of poly(aryl ether ether ketone) has
been investigated by means of a series of fractions of relatively narrow molecular-weight distribution. In
this study the crystallization has been monitored by differential scanning calorimetry (d.s.c.). Analysis of
the sigmoidal crystallization curves by means of the Avrami equation leads to n~ 2. In order to obtain a
uniform set of rate constants (k), small adjustments in the zero time were made. Measurements have been
made of the crystallization of amorphous samples just above the glass transition temperature. The
temperature dependence of the observed rate constants follows a Vogel equation, log k = U*/2.3R(T, - T,.),
where U* ~ 4500 cal mol ™! and T, = T, — 55. These parameters are consistent with the universal WLF
parameters. The experimental glass transition temperature of each sample has been used. It is found that
the rate of crystallization considered under iso-free-volume conditions depends on M~ as expected for a
diffusion-controlled process that involves entangled linear polymers. This conclusion is supported by an
analysis of the onset temperature of crystallization in dynamic d.s.c. scans of the different molecular-weight
samples. In another series of experiments the crystallization rates have been measured below the melting
point of the samples. Analysis of the temperature dependence of the rate constants reveals that
high-molecular-weight polymers crystallize at lower temperature (T, = 270-290°C) according to regime
II1. Low-molecular-weight samples require higher temperatures in order to measure the rates of
crystallization (T, > 300°C). The temperature dependence of the rate constants suggests that in that case
crystallization occurs according to regime II. One sample (M,, = 32000) showed a regime III-regime II
transition at about 298°C. These conclusions are not drastically affected by reasonable variations in U*,

T, and the equilibrium melting temperature Tj,.
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INTRODUCTION

Poly(aryl ether ether ketone) (PEEK) is a semicrystalline
polymer with a high melting temperature. Combined with
good thermal stability, the semicrystalline nature makes
PEEK a high-performance thermoplastic for use in
advanced composites. The mechanical properties of
PEEK depend crucially on the crystallinity and morpho-
logy of the polymer. It is therefore essential to understand
the crystallization behaviour in order to obtain materials
with controlled and reproducible properties.

The crystallization behaviour of PEEK has been
studied by several authors. Differential scanning calori-
metry (d.s.c.) has been the major tool'~2!. Light
microscopy has also been used!:22:23, These techniques
are supplemented by electron microscopy!-22-24-27 and
X-ray work®2227-36 Two interesting problems have
arisen out of this work. The first one is the observed
dependence of the unit-cell dimensions on the tempera-
ture of crystallization and/or annealing?33, We feel that
this may be related to the crystallization mechanism and
may be reflected in the kinetics of crystallization. The
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second problem is related to the complex melting that is
often observed in PEEK. The complex melting endo-
therm has been explained as arising solely from the
presence of crystallites with different degrees of perfec-
tion*!7. Others have claimed that originally there is one
type of poorly developed crystallite that is continuously
reorganized during a d.s.c. scan®®1°, It is quite likely
that in many instances both phenomena occur, i.e.
crystallites with different degrees of perfection melt and
recrystallize to different degrees during the d.s.c. scan'*.
A better understanding of the kinetics of crystallization
as a function of molecular weight (M W) and temperature
would greatly help in the elucidation of the complex
phenomena that happen during a d.s.c. scan.

The kinetics of the crystallization of PEEK has been
less well studied and most of the studies have been on
commercial samples with poorly defined molecular
characteristics!-3+46.7:12:13.19.20 T the present study we
have examined the influence of the molecular weight of
PEEK on its bulk crystallization kinetics. A comparison
with the kinetics of crystallization of commercial PEEK
isincluded. The molecular-weight dependence of the glass
transition temperature, which is required for analysis of
the crystallization data, has also been determined. We
have, however, failed to resolve the dependence of the



equilibrium melting temperature T, on molecular
weight. The possible effect of neglecting this parameter
will be discussed.

EXPERIMENTAL

The PEEK samples employed in this study were prepared
in our laboratory by way of the ketimine prepolymer37-38.
Details of the synthesis, fractionation and characteriza-
tion are reported elsewhere®®. The samples used range
in MW between 4600 and 79 500. Their polydispersity
index M, /M, ranges from 1.2 to 1.5.

The thermal properties of the PEEK samples were
measured with a DuPont model 910 d.s.c. coupled to a
DuPont 2100 data analysis system. The d.s.c. was
calibrated with indium and zinc initially and at several
occasions during the study. In all cases the polymer
sample weights were maintained in the 5-7 mg range and
recorded to +0.01 mg in aluminium pans. All experi-
ments were conducted in a flowing nitrogen atmosphere
of 50 ml min~*,

Glass transition temperatures were measured on
samples heated from 30 to 400°C at 10°C min~'. The
samples were then rapidly removed from the d.s.c. cell
and quenched in liquid nitrogen to make a totally
amorphous sample. T, was then determined on the
amorphous samples in a d.s.c. run from 30 to 400°C at
a heating rate of 10°Cmin~'. T, was taken as the
midpoint of the transition. Scans at other rates were used
to eliminate instrumental factors by linear extrapolation
to zero heating rate.

For isothermal crystallization from the glass, amor-
phous samples were prepared as described for the T,
measurements. The d.s.c. cell was then set at the desired
isothermal crystallization temperature. The amorphous
sample was then rapidly inserted and the crystallization
exotherm recorded. The temperature range was chosen
so that total crystallization took from 4 to 90 min. For
isothermal crystallization from the melt, the sample was
initially heated from 30 to 400°C at 10°C min~!. No
further attempts were made to destroy persisting nuclei
as this is known to affect the crystallization kinetics as
a result of molecular changes'®?*. The sample was then
rapidly cooled with ice to the selected crystallization
temperature. A temperature program was developed by
means of a silica sample, which resulted in a temporary

Table 1 Characteristics of PEEK fractions
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undercooling of about 0.3°C. The total time of crystal-
lization was between S and 120 min.

RESULTS

Glass transition temperature

Figure 1 shows typical d.s.c. scans of amorphous
PEEK samples of various molecular weights. The
changes in the heat capacity associated with T, are seen
around 150°C. Experimental data on T, are collected in
Table 1.

It is well known that the glass transition temperature
of a polymer increases with increasing number-average
molecular weight to a high-molecular-weight limiting
value (T;°). Many relations have been proposed for this
dependence. Ueberreiter and Kanig proposed that:

(1/T)=/Tg)+ KM, ! (1)

This is shown in Figure 2. From the intercept T¢ =
152.2°C at 10°C min ! heating rate. Correction to zero
heating rate lowers this to T =148.0°C. Note the
strong dependence of T, on molecular weight. The value
of T, quoted for commercial PEEK is lower than T2.
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Figure 1 D.s.c. scans of amorphous samples of PEEK fractions. From
top to bottom: 2D/1, 2C/1, 1B/1 and 4D/1. Individual curves are
displaced vertically for clarity

Sample M,

w M,* T, ) T, (Cy AH. (J g™ ")
1A22/1 55 500 34900 150.5 189.5 2
1B/1 32000 21500 148.6 182.1 2
1C/1 13500 9000 143.6 173.0 30
2cN1 18000 14 500 143 1727 25
2D/ 8300 7000 136 163.9 31
4D/1 79 500 60200 151 189.0 22
4E/1 39200 30900 148 1836 23
5C/1 7800 5700 1352 161.8 26
5D/1 4400 3500 1245 150.1 (20)

“Based on M, from light scattering and M,,/M, from g.p.c.3®
»T, measured at 10°C min™'

“Temperature of onset of crystallization in d.s.c. at 10°C min
“Heat of crystallization on scanning amorphous polymer at 10°C min "~

-1
1
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Figure 2 Ueberreiter—-Kanig plot of glass transition temperature (K)
against number-average molecular weight for fractions of PEEK

This is of course due to the wide molecular-weight
distribution and the rather low value of M, in the
commercial polymer (M, ~ 14 000)*°.

Overall aspects of crystallization kinetics

Essentially two ranges of temperature are amenable to
measurement of crystallization kinetics. The first is the
range 145-190°C, where amorphous samples crystallize
just above the glass transition temperature. This is called
crystallization from the glass. The crystallization rate
increases with temperature. The second temperature
range is between 235 and 320°C, where the sample is
cooled from the melt. We call this crystallization from
the melt. In this temperature range the crystallization
rate decreases with an increase in temperature. The
crystallization half-times are shown for all the samples
as a function of temperature in Figure 3. This representa-
tion is independent of any particular theory for the
crystallization mechanism. In Figure 3 the maximum rate
of crystallization is at about 220-230°C but is not
experimentally accessible'. It is foreseeable that the
complete temperature range of crystallization would be
accessible for higher-molecular-weight or crosslinked
PEEK. The maximum rate of crystallization was recently
observed for poly(p-phenylene sulphide) (PPS)*°. From
Figure 3 it can be seen that at all temperatures the
low-MW fractions crystallize faster than high-MW
fractions. This suggests that the crystallization rates are
governed by kinetic rather than thermodynamic effects.

In general, the rate constant of crystallization is written

as:
_U* —K,
k =k, exp(m> exp<m) (2)

where T, is the crystallization temperature; T,, = T, — C,
where C is a constant to be discussed below; AT =
(T, — T,) and represents the degree of undercooling
below T, the thermodynamic melting temperature of
an infinitely thick lamella; and the factor f is a correction
term introduced to account for the temperature depen-
dence of the heat of crystallization. In crystallization from
the glass the first exponential term dominates, i.e. the
local mobility governs the rate of crystallization. In
crystallization from the melt the second exponential term
is the more important since the crystallization rate is
governed by the rate of nucleation, which depends on
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the degree of undercooling. Equation (2) will produce
curves of the form seen in Figure 3.

Crystallization from the glass

Quenched samples of PEEK fractions were crystallized
in the d.s.c. slightly above the glass transition tempera-
ture of the polymer. The d.s.c. exotherms were analysed
according to the method of Avrami. Most weight was
put on data below 50% relative crystallinity, as devia-
tions from Avrami kinetics are often observed in the final
stages of crystallization. An example of the crystallization
is shown in Figure 4 together with its Avrami analysis.
In order to obtain a consistent Avrami exponent, n=2,
the zero time of crystallization was sometimes adjusted,
usually by a fraction of the time at which the first data
point was recorded. The rate constants of crystallization
k (s~2) are given in Table 2. Sample 2D/l gave
consistently n = 2.4 £ 0.2 rather than 2.0. We are not sure
that this sample is completely amorphous after the
quenching process. Other lower-molecular-weight frac-
tions definitely revealed some crystallinity after quench-
ing from the melt at 400°C. Although the rates of

log tos (sec)
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Figure 3 Log(crystallization half-time) versus temperature for the
crystallization of PEEK fractions: (@) 2D/1; (¢) 1C/1; (v) 2C/1,
(A) 1B/1; (OJ0) 1A22/1; (Q) 4D/1. Lines are drawn as a guide to the
eye only

X
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log {-n[1-X®]}
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Figure 4 Conversion X(t) against time ¢ for the crystallization of
1A22/1 at 175.5°C (from the glass). The line is recalculated with n =2
and log k = —5.425. Circles are experimental points. On the left is the
corresponding Avrami analysis. Slope n = 2.08



Table 2 Crystallization from the glass

Temperature
Sample °C) AH (Jg™Y) log[k (s™%)]
2D/1 1445 15.1 (14.3) —-7.40
T,=136.0°C 149.7 19.2 —6.00
154.8 255 —5.00
159.9 233 —4.00
165.1 254 —3.16
170.3 22.0 —2.40
1C/1 155.2 11.8 —6.62(7)
T,=143.6°C 160.3 9.0 —-5.70
165.3 222 —4.695
170.3 23.1 —3.84
175.4 222 —3.045
2C/1 155.1 19.2 —6.62
T, =143°C 160.2 18.3 —5.75
165.2 224 —4.885
1704 23.6 —3.965
175.4 223 —3.185
1B/1 164.1 8.7 —6.30
T,=148.6°C 165.3 13.5 —-5.50
170.6 10.9 —4.86
175.1 13.0 —4.30
180.2 152 —348
185.0 13.5 —3.18
1A22/1 166.4 11.5 —5.86
T,=150.5°C 170.4 1.2 —5.70
175.5 12.8 —5.425
180.5 14.3 —4.80
185.6 15.0 —4.275
190.7 15.7 —3.84
4D/1 165.7 10.6 —6.735
T,=151°C 170.3 8.6 —5.995
175.3 12.1 —5.39
180.6 15.3 —4.76
185.5 14.8 —4.18
190.6 14.4 —3.70

crystallization of this sample are not inconsistent with
those of the other samples, as will be shown later, we do
not put great weight on these results. Dependence of n
on molecular weight has also been observed for
polyethylene*®.

The overall degree of crystallization obtained in the
isothermal crystallization from the glass is low. The
experimental enthalpies of crystallization are given in
Table 2. It can be seen that the enthalpies of crystal-
lization increase with the temperature of crystailization.
Within experimental error the enthalpy of crystallization
is constant when k>107°s"2 Low enthalpies are
usually observed for crystallization only slightly above
T,. In fact T, may increase during crystallization and
reduce the necessary chain mobility. From Table 2 it can
also be seen that the enthalpy of crystallization decreases
with increasing molecular weight. Based on a heat of
crystallization of 130Jg~! at 395°C!, and crudely
assuming the heat of crystallization to be independent of
temperature, the overall degree of crystallinity varies
from 17% to about 12% for the highest molecular weight.
It can therefore be stressed that the total crystallinity
plotted in Figure 4 represents only 10% absolute
crystallinity in the sample.

According to equation (2) the rates of crystallization
from the glass should depend on temperature as:

_y*
R e ®)
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Here we assume that at very low temperatures the second
exponential term provides only a minor shift, which is
incorporated into k.

Plots of log k against T, — T,, are shown in Figure 5.
T, has been calculated with the T, of each sample from
the Ueberreiter-Kanig relation (equation (1)). The
constant in T,, = T, — C is taken to be 55°C. Because the
crystallization rate is plotted against temperature relative
to each sample’s individual glass transition temperature,
it is expected that all slopes in Figure 5 are identical.
Experimentally slopes vary between 1010 and 908 K with
a tendency to decrease with increasing molecular weight.
Values of U* = 4600 to 4140 cal mol ™ 'are found. We feel
that the experimental error in k is too large to refine the
analysis, e.g. by assuming other values of C.

The temperature dependence of equation (3) is of the
Vogel type which, in the Williams-Landel-Ferry (WLF)
form, is used to describe the temperature dependence of
the viscoelastic properties of polymer melts*!. With
C5 =55 one obtains, from Figure 5, C] =slope/C5 =
15.37 to 18.3. Recall that the original WLF treatment
proposed C] and Cj to be universal constants equal to
17.7 and 51.6, respectively. This comparison of the
temperature dependence of the crystallization rate with
that of the melt viscosity strongly suggests that crystal-
lization rates are dominated by chain mobility. Other
studies of rate of crystallization have suggested other
coefficients for temperature dependence***3. It is not
certain that C] and Cj5 are universal constants; it would
be best to determine them independently by viscoelastic
measurement, but this seems to be elusive at the moment
for crystallizing polymers.

As in relaxation-time experiments, the foregoing

log k (s™2)

N N R R |

10 1.2 1.4 16
1/[T—~(Tg-55)]x 10°

Figure 5 Temperature dependence of the crystallization rate constants
obtained from crystallizations from the glass: (@) 2D/1; (A) 2C/1;
(O) 1C/1; (0J) 1B/1; (v) 4D/1; (o) 1A22/1
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discussion suggests that the molecular-weight depend-
ence of the crystallization rate has to be studied at
T. — T, = constant rather than at constant temperature.
This is shown in Figure 6 for 1/(T,— T, )=1.30 x 1072,
Although the precision of the results leaves something to
be desired, it is found that the rate of crystallization
depends on M 2. This is in agreement with a rate of
crystallization that depends on the diffusion rate of
entangled linear chains**. Viscoelastic measurements
indicate that PEEKs in the molecular-weight range
studied here are indeed entangled, with the possible
exception of the lowest MW sample*>. This can also be
deduced from the generally low M, values observed for
amorphous polymers that have phenylene groups in the
main chain*>.

Crystallization from the glass during the d.s.c. scan

It can be seen from Figure 1 that the extent of
crystallization decrease with increasing molecular weight,
as already observed in the isothermal crystallization. The
heats of crystallization (scanned at 10°C min ') are given
in Table 1. In general, they are somewhat higher than
those observed in the isothermal crystallization from the

4.0 4.5 5.0
log M,
Figure 6 Log-log plot of the crystallization rate constant at constant

iso-free-volume against molecular weight. The line drawn has slope of
-2

Table 3 Analysis of dynamic crystallization results

glass, but this is of no great significance because the
temperature range of the isothermal crystallization is
limited.

It is of interest to investigate the assumption that the
onset of a measurable crystallization during a d.s.c. scan
occurs at the temperature at which all samples have the
same diffusion coefficient. The diffusion coefficient D,
depends inversely on the monomeric friction coefficient,
which is strongly dependent on temperature, and on the
molecular weight. Accordingly:

Dy =[p(fo)1" 'a(M) (4)

The temperature dependence of the friction coefficient is
given by equation (3) and the data shown in Figure 5.
The molecular-weight dependence according to Figure 6
is given by (M) oc M ~2. In Table 3, f, is calculated with
the standard WLF equation at T., the onset of
crystallization temperature of each sample. One sample,
5C/1, is then taken as a reference sample and f,/fog,
(M/Mg)? and their product are calculated. If diffusion is
indeed the rate-controlling process, then R = (fo/for) X
(M/My)? is expected to be unity.

Although there is appreciable scatter, a small depend-
ence of R on molecular weight is observed. It suggests
that crystallization of high-molecular-weight samples
starts at a slightly lower temperature. Note, however,
that their crystallization occurs over a somewhat wider
temperature range.

Crystallization from the melt

Typical Avrami analyses of the melt crystallization are
shown for 1A22/1 in Figure 7. The Avrami exponent was
normalized to n =2, by small changes (—6 to 50s) in
the initial zero time of crystallization. The Avrami
kinetics are followed to about 60-70% crystallization.
Beyond 70% crystallization the rate of crystallization
appears to slow down. It is worth while to recalculate
the crystallization from the Avrami parameter. This is
shown in Figure 8. By adjusting the Avrami exponent,
the fit has suffered slightly but the deviation at 60-70%
conversion is still clearly visible. As for crystallization
from the glass, the absolute degree of crystallization is
much less than 100%. Based on AH; = 130J g~ for the
melting of pure crystalline PEEK?, crystallinities between
15 and 50% are observed as given in Table 4. The degree
of crystallization clearly decreases with increasing molec-
ular weight. The crystallinity varies little with crystalliza-

Sample T. (O log fo* folfor (M/Mg)? R

1A22/1 189.5 —7.507 0.0285 50.63 1.44
1B/1 182.1 —6.665 0.125 16.83 2.10
1cn 173.0 —6.330 0.428 3.00 1.28
2C/1 1727 ~5371 0.390 5.33 2.08
2D/1 163.9 —6.120 0.694 113 0.78
4D/t 189.0 —7.396 0.0368 103.9 3.82
4E/1 183.6 —7.120 0.0695 253 1.76
5C/14 161.8 —5.962 1.000 Lo 1.0

5D/1 150.1 —5.813 1.408 0.32 045

“Apparent temperature of onset of crystallization

bCalculated with equation (3), the original WLF constants, T, = T, and the individual T, of each sample

‘R =(fo/ for)(M/My)?
4Taken as the reference sample
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Figure 7 Avrami plot for crystallization in the melt of sample 1A22/1.
The individual corrections to obtain n=2 are: (A) 257.7°C, At=9s;
(O)262.4°C,At =65;(0)267.7°C,At = —155;(v)273.1°C,At =0
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Figure 8 Conversion versus time for crystallization from the melt of
sample 1A22/1. Circles are experimental data. Lines are recalculated
with n=2

tion temperature. A small decrease at low T, is noticeable,
however. This is consistent with the observation that
annealing samples at higher temperature usually in-
creases the degree of crystallinity. Note, however, that
the undercooling used varies considerably for the sam-
ples. It is larger for the high-M W samples. At constant
temperature the low-MW samples crystallize faster, as
shown in Figure 3.

The rates of crystallization from the melt at different
temperatures have been analysed according to equation
(2). Equation (2) is first rewritten in a slightly different
form according to:

U* K,
+-——=logky———=—— (5)
23R(T,—T,) 2.303T,(AT)f
Values of U* and T, are those derived from the study
of the crystallization from the glass as described in the
previous section. A correction factor f equal to

2T /(T + T.) is applied. It should be stressed that
T =395°C has been used for all fractions®.

log k

Effect of MW on crystallization of PEEK: M. Day et al.

A test of the crystallization rate constants according
to equation (5) is shown in Figure 9. The data are inter-
preted as showing two types of behaviour. The high-
molecular-weight samples have a slope —K,/2.303 =
—(1.340.1) x 10° (K?). The low-molecular-weight sam-
ples have aslope — K/2.303 = — (6 + 0.5) x 10° (K?). The
data of sample 1B/1" are interpreted as consisting of two
lines. At low temperature, — K,/2.303 = — 1.0 x 10° K?,
similar to the slope found for high-M W samples. At high
temperatures the slope is about one-half, —K,/2.303 =
—5.6 x 10° K2, as also found for the low-MW samples.
The transition is at approximately 298°C. Values of K,
for each sample are given in the second column of Table 5.

Table 4 Crystallization from the melt

AH (Tg™)

Sample T. (°C) log[k (s~ %)]
2D/1 306.7 63.8 —3.493
309.7 57.6 —3.796
313.6 60.7 —4.178
314.5 58.9 —4.385
315.8 65.4 —4.484
317.8 65.6 —4.756
319.0 68.0 —4.725
319.5 65.9 —5.167
322.8 62.9 —5.561
3240 78.1 —5.348
1C/1 298.2 41.7 —3.605
3029 52.7 —4.197
308.4 56.1 —4.795
313.5 513 —5.330
2C/1 287.6 432 —3.697
292.7 45.8 —4.053
297.8 50.2 —4.560
302.8 493 —4.882
308.0 53.8 —-5.212
3129 47.7 —5.531
3158 60.9 —6.028
318.2 58.1 —6.270
3239 53.2 —6.903
1B/t 280.9 40.9 —4.219
2859 388 —4.545
286.0 40.1 —5.049
291.2 38.8 —4.991
296.1 40.0 —5.766
296.1 37.0 —5.958
296.1 37.6 —5.808
296.1 36.6 —5415
302.2 36.3 —5925
304.1 392 —5.967
304.2 36.0 —6.773
306.2 21.1 —6.402
309.0 422 —6.695
311.2 32.8 —6.739
1A22/1 250.8 22.8 —3.924
254.0 25.6 —4.053
257.7 24.1 —4.167
2624 259 —4.505
267.5 25.6 —4.908
273.1 242 —5.129
276.5 329 —5.500
279.0 234 —6.333
4D/1 236.9 17.9 —3.550
242.0 19.1 —3.745
247.2 26.5 —4.021
2523 21.8 —4.318
257.5 20.6 —4.635
262.7 22.2 —5.041
267.8 21.7 —5.515
271.7 23.7 —5.687
274.2 242 —5.860
276.5 204 —6.323
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Figure 9 Kinetic analysis of melt crystallization rate constants, for
U*=4500calmol™!, T, =T,—55°C and Tp=2395°C: (O) 4D/1;
(A) 1A22/1; (M) 1B/1’; (v) 2C/1; () 1C/1; (@) 2D/1

DISCUSSION

In this study we have made an effort to extract values of
crystallization rate constants from experimental d.s.c.
crystallization curves correctly. This included paying
attention to the initial disturbance in the d.s.c. trace when
the temperature is changed to the isothermal crystalliza-
tion temperature either from the glass or from the melt.

In reaching the crystallization temperature from below
(crystallization from the glass), fewer problems were
encountered because the crystallization rate increases
with increasing temperature. However, in the crystalliza-
tion from the melt, the isothermal crystallization tem-
perature has to be reached with a limited undercooling
during the shortest possible time in order to obtain a
stable signal output before changes in heat flow due to
crystallization are recorded. This severely limits the time
over which crystallization kinetics can be followed and
therefore limits the temperature range over which data
can be collected. If such precautions are not taken,
variable values of n in the Avrami plots are obtained as
a function of temperature. With proper care, a set of data
can be obtained that have constant values of n over a
limited temperature range. Moreover, the Avrami plots
are straight lines from very low degrees of conversion
(0.2%) and show a small decrease at approximately
constant conversion (70-80%), as shown in Figures 4
and 7. Using different experimental techniques our results
indicate that the most careful data acquisition and
analysis always lead to values of the Avrami exponent
close to 2.

As shown in Figure 7 many Avrami analyses show a
lower slope at conversions over 70—80%. This has been
ascribed to secondary crystallization within the spheru-
lites. However, such breaks implicitly indicate that the
wrong value for the 100% conversion of the primary
crystallization that is being studied has been chosen. We
have repeated the Avrami analysis with other values of
the 100% conversion of the primary crystallization and
generally have found that this has a small effect on n and
k. Such correction would only be allowed if the secondary
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crystallization is consecutive to the primary one. This is
not known. Indeed, if the secondary crystallization occurs
concurrently with the primary one, a very difficult
analytical problem would result. For these reasons, this
correction was omitted.

The value of n =2 obtained for the Avrami exponent
is not consistent with spherulitic growth (n=3). The
exact reason for this low value is not known. It is
conceivable that rather disc-like spherulites form as
proposed by Lovinger and Davis?*, which could lead to
apparent n =2 Avrami kinetics. Kinetics of crystalliza-
tion of commercial samples has led to variable values of
n usually closer to 33*11:1%; others found 2.4 (ref. 20).
Comparison of crystallization rates can nevertheless be
made on the basis of crystallization half-times ¢, ;.

Commercial samples with dilute solution viscosities
(intrinsic or inherent) of about 1 dl1 g~ ! have M, ~ 15000
and M, ~ 30000-40000%1%11  These samples have
crystallization half-times between our samples 2C/1
(M, =14 500) and 2D/1 (M, = 7000), for crystallization
both from the glass®* and from the melt>*11° This
suggests that comparison of rates of crystallization of
samples of wide molecular-weight distribution can be
made on the basis of M, *”. Only the values of ¢, quoted
by Jog?° are three times lower than those for 2D/1.
Unfortunately, no molecular characterization on his
sample or details of the thermal treatment are provided.

According to the Hoffman—Lauritzen model of
polymer crystallization:

2boe, T, 4boo T,
=% m gy =0,

K, (I
o0 Ahck pAhsk

(6)

where the (II) indicates that we assume regime II
crystallization in which secondary nucleation and spread-
ing over the substrate compete with each other. With
regime II, the numerical coefficient in equations (6) is 2.
At lower temperatures regime III is observed. Secondary
nucleation is very fast and spreading is limited to small
niches. The coefficient is 4 in that case.

The experimental results of Figure 9 indicate that, at
low temperature, crystallization is according to regime
III but above about 298°C according to regime II. The
average values of K (IT) and K (III) lead to the ratio
K, (IIT)/ K, (IT) =~ 2. The crystallization rate data for our
PEEK fractions have been analysed in terms of regime
II and III crystallization kinetics*2. The study of the
crystallization of PEEK is always performed at large
undercooling. In this study T./Tg, = 0.89 for the highest
crystallization temperature. Moreover, the maximum
crystallinity reached is only about 50%. Both observa-
tions exclude regime I conditions.

The analysis of the data according to equation (5) and
the conclusions drawn from it in terms of regime
behaviour may depend on underlying assumptions>®+42,
First, there is the choice of a set of T, =T, — 55 and
U* 4500 cal mol ~!. They are taken from the crystal-
lization results obtained from the glass. However, in the
literature on crystallization kinetics, another set, T,, =
T,—30 with U* ~ 1500 £ 300 cal mol ', is often pre-
ferred*?. When our data on the crystallization from the
glass are analysed with T,, = T, — 30, the plots analogous
to Figure 5 are slightly curved. Without too much effort,
best slopes yield values of U* between 1800 and
2100 cal mol~!. This alternative set of T,, and U* has
been used to reanalyse the data obtained on crystalliza-



Table 5 K, (II) and/or K (IIT)
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T, =T,—55C

T,~T,—55°C T, =T,—30°C
U* = 4500 cal mol ~* U* ~ 1800 cal mol ! U* 2 4500 cal mol ™!
T¢, = 395°C TS, =395°C TS = 406.8 — 1.7 x 105/M,
Sample K, (105K?) K, (105 K?) TS (°C) K, (105K?)
4D/1 3.22 2.79 404.0 3N
1A22/1 3.00 2.57 4019 3.30
1B/1 2.30 2.21 398.8 2.07
1.29 1.33 1.23
2C/1 1.28 1.31 395.1 1.21
1C/1 1.50 1.42 387.9 1.25
2D/1 1.32 1.33 382.2 1.24
K _(I11
1D 2.11 1.87 2.46
K (1)

tion from the melt. The new values of K, (II) and/or
K (II1) are given in Table 5 for comparison with those
of the original analysis. The absolute values of K, (III)
are 15% lower, while the values of K(II) are little
affected. The ratio K (IIT)/K(II) is still close to 2. The
transition from regime II to regime III in 1B/1’ occurs
around 293°C. It is therefore concluded that the basic
conclusions drawn from the kinetic data are little affected
by the exact values of a consistent set of T and U*.
Note that when T, is increased, U* decreases. T, and
U* are not independent; it is therefore not allowed to
keep one constant and widely vary the other.

Results on the effect of T, and U* on the kinetics of
crystallization from the melt and analysis in terms of
regimes II and III are inconclusive. Lovinger et al.*®
found that the choice of a set of values of T,, and U*
did not affect the temperature of transition from regime
IT to regime III. However, they observed that the ratio
K, (III)/K(IT) changed from 2 to 3 when T, =T, — 30
was changed to the WLF values. Absolute values of
K, (III) were thereby affected but K, (II) was relatively
unaffected. Phillips et al.*® preferred the WLF set of
values for T, and U*, which yields regime Il to regime
III transitions and K (III)/K,(IT) between 1.63 and
1.83. The empirical values, T, =T,— 30, U*=1500
cal mol™ !, sometimes erase the transition. Their results
suggest that the transition temperature could be very
molecular-weight-dependent, being lower for lower-
molecular-weight samples. In poly(pivalolactone), the
regime II to regime III transition was little affected by
the different choices of T, and U*, in particular
K (IIT)/ K (IT) was close to 2 (ref. 48).

The analysis of the kinetic results may also depend on
the values of T,. We have used the value found by
Blundell (T, = 395°C) based on the extrapolation of the
lower melting temperature to infinite lamellar thickness®.
This assumes that the lower melting temperature is
associated with the originally formed lamellae. This point
has been questioned!”. Lee and Porter have tried to avoid
reorganization of lamellae during d.s.c. scans by using
faster heating rates®. They suggest that the lower melting
temperature used by Blundell leads erroneously to
T, =420°C. When, at fast heating rates, a single T,, is
observed, they find T2, = 384°C8. The same authors had
previously found T, =389 +4°C from a Hoffman-

Weeks plot of the high-temperature melting peak when
crystallization or annealing is performed above 300°C'°.
Cebe® found this method not appropriate for accurate
determination of T'j,. The correct value of T, is therefore
still somewhat uncertain.

To our knowledge nobody has investigated the
possible MW dependence of T, of PEEK. Efforts in this
direction are continuing. A dependence of T, on
molecular weight of the related poly(phenylene sulphide)
(PPS) has been observed®®*°. The number of data points
are few and the molecular-weight range is too small
However, it seems reasonable to assume that T, will
depend on MW !, probably M !, since low-molecular-
weight fractions will, by necessity, form less ‘infinitely
thick’ lamellae. For PPS, the available data fit T, =
(317+3)— 1.7 x 10°M ;! (°C). When we use the same
slope and assign T, =395°C to a PEEK fraction with
M, =15000 (2C/1), values of T, for the individual
samples can be calculated. They are given in the last but
one column of Table 5. Note that a large variation of
T, is introduced by this procedure. The individual values
of Tg, were used to recalculate the abscissa of Figure 9.
Values of K (IIT) and K (IT) are given in the last column
of Table 5. It can be seen that the absolute values of
K, (II) increase and K (II) decrease. As a result K, (I11)/
K, (I1)=2.5. The transition temperature itself is little
affected.

According to equations (6) values of K, can be used
to calculate the product 6o,. With b =4.68 x 107® cm,
the chain thickness in the crystal growth direction,
AH:=130J g™ !, p=1.4gcm™ > (values from ref. 1) and
k the Boltzmann constant, one finds from equations (6)
and the values of K, given above that oa,, the product
of the lateral and fold surface free energies, varies from
4.6 x 103 to 6.5 x 103 erg? cm ™ *. Assuming a value of
o=38ergem™? (ref.1), we find from K, (III) that o, =
121-170 erg cm 2 and increases slightly with molecular
weight. From K, (IT) we obtain o, = 140 erg cm ™ 2.

The surface free energy terms, ¢ and o, will be
discussed in the following paper in which a microscopic
study of the spherulitic growth of the same fractions of
PEEK is described’°.

It is worth mentioning that a single straight line could
have been drawn for sample 1B/1’ in Figure 9. This would
eliminate the regime II-regime III transition and result
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in a continuous increase in the product oo, as a function
of molecular weight. This will be discussed also in the
following paper.

It is worth speculating that the possible transition from
regime 11 to regime II crystallization behaviour at about
300°C may be related to some observations made on
annealed PEEK samples. Isothermal crystallizing or
annealing PEEK below 300°C always produces a double
melting endotherm in an ordinary d.s.c. run (scan at 10
or 20°Cmin~!). The lower melting temperature is
approximately 15°C above the annealing temperature,
the higher melting one is constant around 330°C310-14,
Obviously, if some recrystallization occurs during the
d.s.c. run, it can only be a fast process and is limited to
be a reorganization within regime III. Long-time anneal-
ing above 300°C results in two melting endotherms: the
first one is still about 15°C above the annealing
temperature but the second one increases also with the
annealing temperature, albeit at a slower rate>!%14,
Annealing above 300°C may produce some crystals
formed in regime I1 fashion. These crystals are expected
to be more perfect and to melt at higher temperature.
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