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ABSTRACT: Time-resolved synchrotron small angle X-ray scattering (SAXS) was employed to investigate
crystallization behaviors at elevated temperatures and fast isothermal crystallization kinetics around ~230
°C for poly(aryl ether ether ketones) (PEEKs). The crystalline structure parameters were evaluated by
means of one-dimensional correlation function analysis. The long period, the lamellar thickness, and the
one-dimensional crystallinity as a function of temperature were compared between two samples which had
different repeat units in the polymer backbone. For two samples, the long period and the lamellar thickness
were found to increase with increasing crystallization temperature simultaneously. For the crystallization
kinetics study, the initial nonisothermal condition due to the temperature retardation in samples was corrected
using a multistep T-jump process. A single exponential behavior of the invariant change during isothermal
crystallization was observed and interpreted by the diffusion-controlled mechanism. The activation energies
of the segmental diffusion were estimated from the data under the nonisothermal condition. The crystallization

rates were compared between two samples.

Introduction

Poly(aryl ether ether ketone) (PEEK) is a semicrys-
talline thermoplastic polymer which usually has a melting
point (Tw) of above 330 °C and a glass transition
temperature (T;) of around 140 °C depending on the
thermal history. Both T\, and T for PEEK are claimed
to be highest in crystalline polymers. PEEK has found
avariety of applications in advanced composites! becuase
of its high thermal stability, good chemical resistance, and
excellent electrical and mechanical properties. During
the last decade, a remarkable number of publications
concerning the crystalline structures and physical prop-
erties of PEEK has emerged in the literature.® Wide angle
X-ray diffraction measurements’™ ¢ have revealed the
crystalline unit cell dimension to be ~10 A along the
polymer chain direction and the maximum achievable
crystallinity to be ~40%. Differential scanning calorim-
etry (DSC) traces of crystallized PEEK!" exhibit two
distinct melting endotherms. The explanations for the
double-melting behavior can be grouped into two cate-
gories.? The double endotherms are associated with (1)
two distinct morphologies and (2) partial melting and
recrystallization of one initial crystal morphology with a
characteristic of crystallization history. By using electron
microscopy in combination with an itching technique, some
authors? have reached the conclusion that the high melting
lamellae are formed prior to the lower melting lamellae
that lay between the primary lamellae in support of the
two-morphology hypothesis. Investigation of spherulite
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growth of PEEK by microscopy has also been re-
ported. 4042

Asaresult of high T, and of fast crystallization kinetics,
the processing control for PEEK is often difficult in many
industrial applications. A promising approach toward
reducing the processing temperature and the crystalliza-
tion rate is being explored by some of the authors®® by
using copolymers which involve the introduction of more
rigid monomer units of diphenol into the PEEK backbone.
It has been found*® that the T, first decreases with an
increase in the diphenol composition in PEEK and then,
above an onset point, increases with a further increase in
the diphenol composition. For example, T, = 295 and
385 °C at a diphenol composition of 30% and 70%,
respectively. Besides, the T; of PEEK is increased
monotonically with increasing diphenol composition,
which is of significant importance because the modulus of
elasticity is considerably reduced near the glass transition
temperature. For example, direct application in magnet
wire coating materials used in nuclear reactor and aero-
space industries, the modified PEEK with diphenol units
in its backbone having lower T, values and lower
crystallization rates meets the processing requirements.

The aim of the present study is 2-fold. First, we examine
the hypotheses on the double melting behavior of PEEK
based on the experimental data of small angle X-ray
scattering (SAXS), which has seldomly been employed
for PEEK studies.* Second, we investigate the effect of
the diphenol unit, which has been incorporated into the
PEEK backbone, on crystalline structures and the fast
crystallization kinetics from the glassy state by performing
time-resolved SAXS measurements on a regular PEEK
and a modified PEEK with 30% diphenol unit. The
crystalline structure parameters and the crystallization
rate will be evaluated by using an electron density
correlation function analysis and a generalized diffusion
model, respectively.

0024-9297/92/2225-6943%03.00/0 © 1992 American Chemical Society
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Experimental Section

Materials. The PEEKs used in our study have the following
structural formulas:

«{o—@-o—@—ﬁ@}n

I, PEEK
i i
140~0--0--OH0~-0-<0}
'm n
II, D-PEEK

The samples of structure I and of structure II are denoted as,
respectively, PEEK and D-PEEK throughout this paper. The
samples were prepared via polycondensation of bis(4-fluorophe-
nyl) ketone with hydroquinione for PEEK or with a mixture of
hydroquinione/diphenol (=70:30 by mole) for D-PEEK according
to the method described in ref 4. The weight-average molecular
weight for PEEK and D-PEEK was estimated to be, respectively,
6.1 X 10*and 5.0 X 10* g/mol.* D-PEEK is a random copolymer
with a composition of 30 mol % diphenyl unit. Amorphous
sample films of 0.5-mm thickness were melt compression-molded
at 380 °C for 10 min (under a pressure of 100 kg/cm? and
quenched into ice water. The same amorphous structure could
be achieved if the sample were quenched into liquid nitrogen.
The samples were dried in a vacuum oven below 60 °C for 2
weeks and then kept in a desiccator. Disk-shaped samples of 8
mm in diameter were cut from the molded films and fitted into
the sample cell.

Small Angle X-ray Scattering. SAXS experiments were
performed at the X3A2 State University of New York (SUNY)
Beam Line, National Synchrotron Light Source (NSLS),
Brookhaven National Laboratory (BNL). A modified Kratky
camera*’ and a linear photodiode array position-sensitive
detector® operated with an OMA controller (EG&G, PARC,
Model 1453) were used to collect scattered X-ray photons. The
detector had a channel-to-channel distance of 25 um and a usable
window length of 26 mm. Two ionization chambers were placed
before and after the sample holder to monitor the incident and
the transmitted beam intensity, respectively. A tantalum beam
stop with a sharp edge was used to minimize the parasitic
scattering. The sample-to-detector distance was 495 mm,
covering a scattering vector g (=(4x/)) sin (6/2) with 8 being the
scattering angle and the wavelength A = 0.154 nm) from 0.1 to
2nm™. The SAXS patterns were corrected for sample thickness,
sample absorption, background, beam intensity decay, detector
uniformity, and thermal density fluctuations.

Temperature jump from one level to another was accomplished
by using a dual-chambered temperature-jump device covering a
temperature range from room temperature to 450 °C with an
average fluctuation of £1 °C.

SAXS Data Analysis

Intensity Distribution and Correlation Function.
SAXS reflects electron density fluctuations within a
sample over a length range larger than the usual inter-
atomic distances. For a two-phase system consisting of
crystalline domains and an amorphous matrix, a SAXS
profile, or its corresponding correlation function after
Fourier transformation, provides the information about
the mean distance of the centers of gravity of two adjacent
lamellae, namely the long period L, the average lamellar
dimension, the thickness of the interface and, if the
absolute scattered intensity is known, the electron density
difference between the crystalline and the amorphous
regions. The SAXS intensity distribution in g space is
given by a Fourier transform of the correlation function
of the electron density fluctuations*’

sin (gr)

I(@ = V{ 4nr® v() dr o))

where r (=|r; — rg) is the relative distance for every pair
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of points and V is the scattering volume illuminated by
theincident beam. The correlation function v(r)is defined
by

¥(r) = {(p(ry) ~ p) (p(ry) - p)) 2

with p(r;) and p being the electron density at point of r;
and the mean value, respectively. The correlation function
can be obtained by performing the standard inverse Fourier
transform of eq 1. For unoriented samples of partially
crystalline polymers, if the stacks of aparallel lamellae are
isotropically distributed and densely packed, the system
can be described by a one-dimentional correlation function
of the electron density fluctuations which are measured
along the direction perpendicular to the inner surface of
a stack and passing through amorphous regions.®8 The
normalized one-dimensional correlation function, which
is related to the observed scattered intensity in a relative
scale, I(g), by its value at zero distance is given by

— 1 ®
Mm@ =0 J"q* 1) cos (g2) dq @

where z is the coordinate along which the electron density
distribution is measured. An appropriate smoothing
approach is often required to improve the signal-to-noise
ratio before applying eq 3 to an experimental curve. In
addition, it is also necessary to extend data points at both
lower and higher g values. The data points of the scattered
intensity could be extended to zero q by using a model
such as the Debye—Bueche model4%50

= A

(1 + 5242)2
where A is a constant and ¢ an inhomogeneity length.
Similarly, the data points at large ¢ values could be damped

to infinite q value (where I(g) — 0) by using the modified
Porod model®!

I(q) 4)

_ 22
1@ =K, exp( f q) 5)
where K is the Porod constant and o the standard
deviation of a Gaussian smoothing function.

Invariant. The invariant is defined as an integral of
the scattered intensity after Lorentz correction over g%’

Q= [ d’Iqdq ®)

For an ideal two-phase system with a well-defined inter-
face, the invariant per unit scattering volume can be
expressed as

Q=24p"¢ (1-¢) )
where ¢ is the volume fraction of one of the two phases
and Ap (=p;1 — p2) is the difference in the electron density
of the two phases. Qualitatively, if Ap remains unchanged,
the invariant will increase monotonically with an increase
in the volume fraction of the phase-separated domains
when ¢ is below 0.5.

Thermal Density Fluctuations and Interface
Thickness. The thermal density fluctuations constitute
a background scattering and must be substracted from
SAXS profiles before any calculations. Ruland® suggested
a method on the basis of the Porod law to determine the
thermal density fluctuations and the interface thickenss

I(g) ¢* = K, H*(q) + I¢* (8)

where H%(q) = exp(—a2q?) is a Gaussian smoothing function
which accounts for the negative deviations from the Porod
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law due to the interface with s being the standard deviation
which is associated with the interface thickness E by the
relation E = (12)!/2¢, and Iy is the scattering background
due to the thermal density fluctuations. Iy can be
estimated from the slope of a plot of g*I(q) versus g*
Plotting In {[I(q) - Inlg*} versus g2 allows for an estimation
of o and thus of the interface thickness.

Results and Discussion

A. Crystalline Morphology. The chemical structure
of D-PEEK differs from that of PEEK onlyin the monomer
unit of the phenyl rings between two oxygen atoms; i.e.,
the single phenyl rings are partially replaced by diphenyl
rings in D-PEEK. This variation of molecular structure
increases, on the one hand, the T;; by ~10 °C because of
the higher rigidity of diphenyl rings and decreases, on the
other hand, the maximum crystallinity by ~20% due to
thereduction in the chain regularity. SAXS patterns were
undertaken for PEEK and D-PEEK after the amorphous
samples, without crystallization thermal history, were
quickly heated up to each temperature and thermally
equilibrated for 15-20 min to allow the sample to reach
thermal equilibrium and to crystallize, noting that the
high viscosity at low temperatures could prevent the
sample from achieving complete crystallization over ashort
time period. Figure 1 shows the SAXS profiles of PEEK
and of D-PEEK at temperatures ranged from room
temperature to 360 °C. The patterns for both PEEK and
D-PEEK below ~170 °C show only simple decay curves
which are indicative of amorphous morphology without
an appreciable amount of the crystalline phase. As the
temperature is raised above ~170 °C, a maximum at g ~
0.4 nm! is present. The maximum shows an increase in
its magnitude with increasing temperature and finally
disappears at temperatures higher than around 330 °C for
PEEK (refer to T, = 334 °C from DSC) and around 300
°C for D-PEEK (refer to Tp = 295 °C from DSC). It is
evident that the maximum in the SAXS profiles is very
sensitive to the formation and the destruction of crystalline
structures. From the lower Ty, values, the lamellar
thickness for D-PEEK could be expected to be smaller
than that for PEEK.

Most data analysis of SAXS profiles does not require
an absolute value of the scattered intensity. Therefore,
no attempt was made to place the experimentally obtained
quantities associated with the scattered intensity to an
absolute scale. A direct comparison of the invariant
between PEEK and D-PEEK is shown in Figure 2 as a
function of temperature. The invariant rises rapidly from
astable value at around 130 °C for PEEK and around 170
°C for D-PEEK, denoting a lower limit of crystallization
temperature, T, for the primary crystallization. The Q
values then increase monotonically with temperature below
~330 °C for PEEK and below ~260 °C for D-PEEK and
finally drop down to a value comparable to the initial one.
The increased lower-T,.-limit and decreased Ty for D-
PEEK are consistent with the fact that the rigid diphenyl
ring in D-PEEK has a more restricted mobility when
compared with the single phenyl ring in PEEK and is
more difficult to fit into a unit cell. If we assume that the
electron density difference between the crystalline and
the amorphous phases for D-PEEK to be roughly the same
as for PEEK, the reduction in the crystallinity is then
mainly responsible for the decrease in the invariant. The
ratio of the maximum invariant for D-PEEK over that for
PEEK is about 0.4, which is comparable to the maximum
crystallinity ratio of D-PEEK to PEEK as determined
from density measurements (see Table I). It should be

Q(T)/arbi. units
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Figure 1. SAXS profiles for crystallized (a, top) PEEK and (b,
bottom) D-PEEK at elevated temperatures from the amorphous
state. The amorphous samples were thermally equilibrated for
15-20 min at each temperature before measurements were taken
in order to allow the sample to reach thermal equilibrium and
to crystallize. Each SAXS profile was accumulated for 200 s and
was smoothed firstly by adding up 10 points together for a better
signal-to-noise ratio of the scattered intensity at an expense of
the g resolution and secondly by using a cubic spline smoothing
method. Anobvious peak related tothe long period of the lamellar
structure started to show up at ¢ ~ 0.4 nm™ above ~170 °C and
disappeared above ~330 °C for PEEK and ~ 300 °C for D-PEEK.
For a clear view of the maximum, the data points of the SAXS
profiles at both small and large ¢ values are not presented.
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Figure2. SAXSinvariant as a function of temperature for PEEK
and D-PEEK.

noted that the difference in the electron density between
the crystalline and the amorphous phases might not remain
constant with temperature due to the difference in the
thermal expansions of the crystalline and the amorphous
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Table I

Crystalline Structure Parametersd at Different
Temperatures
TEC) L@om) d(mm) fe ly/d®  E® (nm) Xe
PEEK
170 10.1 2.30 0.228 3.39 0.42 0.221
190 10.9 2.80 0.257 2.89 0.39 0.280
220 11.0 2.99 0.272 2.68 0.22 0.332
240 11.9 3.30 0.277 2.61 0.26 0.359
270 12.6 3.43 0272 267 (0.45) 0.370
300 13.7 3.74 0273 2.66 0.23 0.391
330 16.9 5.00 0.296 2.38 0.42 0.420
D-PEEK

170

190 14.6 2.31 0.158 5.32 0.71 0.154
210 14.6 2.50 0.171 4.84 0.54 0.217
230 14.5 3.05 0.210 3.77 0.34 0.222
250 15.0 3.30 0.220 3.55 0.69 0.224
280 17.8 3.7 0.208 3.80 0.62 0.227
310

¢l/d = (L - d)/d.*E is the interface thickness determined
according to eq 8. The value in the bracket is exceptionally off the
tendency of the temperature dependence. ¢ X, is overall crystallinity
determined by density measurements. ¢ Precision for the values is
of the order of two significant figures.

regions. The change in electron density difference at
different temperatures may more or less contribute to the
increase in the invariant at elevated temperatures but must
be of secondary importance because the change in crys-
tallinity should pronouncedly dominate the scattering
power.

Figure 3 shows the normalized one-dimensional corre-
lation functions at different temperatures for (a) PEEK
and (b) D-PEEK. The normalized correlation function
v1(2) shows a unit value at z = 0 and a minimum and a
maximum typical of two-phase systems. The positions of
the minimum and of the maximum vary distinctly with
temperature. An evaluation of the shape and the nature
of these correlation functions was carried out following
the method reported in refs 52-54 in which various
parameters regarding the crystalline structures were
deduced from the shape of the one-dimensional correlation
functions for polyethylene and for poly(ethylene tereph-
thalate) (PET) on the basis of a planar and parallel lamellar
model. Inthe present work, we are mainly concerned about
thelong period, L, the lamellar thickness, d, the amorphous
thickness, [, as well as the crystallinity. A typical analysis
of the correlation function shape for PEEK at 240 °C is
demonstrated in Figure 4. The long period can be
determined from the position of the first maximum in the
correlation function. Inthe initial slope region, called the
“self-correlation region”, the curve shape accounts for the
dimensions of the lamellae and the interface. The v1(z)
should decrease linearly to its bottom line, called the “base
line” which is a horizontally extended line from the visible
flattened bottom of the first minimum at a characteristic
point z=d. This “base line”, however, cannot be easily
identified for most systems as the flattened bottom of the
first minimum is often distorted by the broad size
distribution of the lamellae and the interface as well as
the heterogeneities in the structure. However, the “base
line” could be estimated from the density data5®

Up) =P’ X,
q = 1I-X,

where B is the negative coordinate of the “base line” for

a normalized one-dimensional correlation function and

the subscript a denotes amorphous structure and X, is
the overall crystallinity. The unknown “base line” can

B= €)]
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Figure 3. Normalized one-dimensional correlation functions of

electron density fluctuations at elevated temperatures: (a, top)

PEEK; (b, bottom) D-PEEK. The position of the maxima in

each curve characterizes the long period denoting the most
probable interdomain spacing.
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Figure 4. Typical shape analysis of the one-dimensional
correlation function of electron density fluctuations for PEEK
at 240 °C. The long period and the lamellar thickness are
indicated onthe abscissa. The baseline coordinate was calculated
using eq 9.

thus be estimated from the density or crystallinity data.
The lamellar thickness was estimated from the position
of the intercept of a continuation of the linear section of
the initial slope with the “base line”. In this model, the
one-dimensional crystallinity is defined as f. = d/L and
the amorphous thickness l, = (1 - fo)L. Table I lists the
lamellar structure parameters estimated from the corre-
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Figure5. Temperature dependence of the long period of lamellar
structure for PEEK and D-PEEK. Open symbols represent the
values determined from the correlation functions while the solid
symbols represent the values estimated by applying the Bragg
equation to the scattered intensity maximum after Lorentz
correction.

lation function analysis using the above described method.
As all the values listed in Table I are self-consistent in our
study, a comparison between different temperatures and
between different samples was made in order to elucidate
the structure effect on the crystallization behavior. The
long period is plotted against temperature in Figure 5 for
a direct comparison. The open symbols denote the long
periods obtained from the correlation function analysis
and the solid symbols denote the ones from the Lorentz
corrected SAXS profiles by applying the Bragg equation
to the maximum. A satisfactory agreement between the
two methods implies that the one-dimensional correlation
function is suitable to describe our semicrystalline poly-
mers.

One can note from Table I that D-PEEK demonstrates
a substantially larger long period, a smaller lamellar
thickness, and a lower crystallinity as compared to those
for PEEK over a wide temperature range. This is in
agreement with the invariant analysis and is therefore
more evidence for the reduced crystallinity for D-PEEK.
As can be seen again from Table I, the ratio of the
amorphous layer thickness to the lamellar thickness for
D-PEEK is about 1.4-1.9 times as large as that for PEEK
over the temperature range we studied. It has been
suggested that PEEK adopts a folded-chain conformation
in the lamellar structure as in the cases for most other
semicrystalline polymers.? The distance between the two
adjacent oxygens in D-PEEK is twice that in PEEK.
Therefore, more monomer units should be required for
the D-PEEK chains to fold, and thus a larger amorphous
layer thickness could be expected. For both PEEK and
D-PEEK, the long period and the lamellar thickness as
well as the crystallinity increase with increasing temper-
ature below the melting point. The above evidence seems
to be strongly in favor of the proposed two-morphology
supposition based on the DSC measurements, as shown
schematically in Figure 6, that at high temperatures the
low melting lamellae which lay between the primary
lamellae?® may experience a melting and recrystallization
and eventually merge into the primary lamellae.?!

The interface thickness, E, was estimated from a Porod
plot according toeq 8 and was listed in TableI. Inprinciple
this parameter can also be estimated from the correlation
function analysis.?® The initial curvature in the correlation
function at g below the first minimum position (see Figure
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Figure 6. Schematic representation of lamellar morphology: L,
long period; l,, amorphous thickness; d, lamellar thickness. T
and T, represent two temperature values which are between the
lower-limit crystallization temperature and the melting point.

4) contains the information on the interface thickness.
However, in our case it was difficult to locate precisely the
transition point as a result of a continuous concave-upward
curvaturein the very beginning of the correlation function.
Roughly from the correlation function analysis, the
interface thickness was on the order of ~1 nm, which was
much lower than expected in view of the high melting
point and molecular rigidity of PEEK. In any case, it was
possible for us to make a relative comparison between
PEEK and D-PEEK if we chose the same approach to
estimate the interface thickness. From Table I we can see
that the D-PEEK value is roughly 50% larger than that
for PEEK. This result could be explained by a pertur-
bation of the crystallization from the rigid diphenyl groups.
Our long period values for PEEK agree reasonably well
with the ones reported by other authors®!? while the
lamellar thickness values are about 15% smaller than their
values. This discrepancy could be attributed to the
different experimental methods and the different models
by which the structure parameters were deduced. Itshould
be noted that both PEEK and D-PEEK revealed a lower
lamellar thickness than expected when compared with
some other semicrystalling polymers such as PET (d ~
6-7 nm). The observations imply that PEEKs probably
have low surface free energy. Together with high chain
rigidity, the melting entropy is significantly reduced. The
uncertainty of the above parameter values arises mainly
from model assumption, whereas the data analysis errors,
such as those from the extrapolation of data points at
both small g and large g values for the Fourier transform,
are only secondary in nature.

B. Crystallization Kinetics. The isothermal crys-
tallization of PEEK has been found® to display a maximum
rate at ~230 °C. About 50° below or above 230 °C, the
isothermal crystallization becomes slow and has been
analyzed by using the Avrami equation?*32

X, (t)/ X (=) = 1 - exp(-kt") (10)

where X.(t) and X (=) are the crystallinity at time ¢ and
at the end of crystallization, respectively. The time ¢
should be counted from the time when samples have
reached the crystallization temperature T but without
notable crystallization. The exponents, n and k&, are the
Avrami parameters which depend on the nucleation and
the crystal growth mechanism. Theoretically, if the
spherulitic crystalline state starts growing simultaneously,
the value n should be 3, while if nucleation takes place
sporadically in time and space, the n would be expected
to be 4.5 The exponent n has been reported to vary
somewhere between 3 and 4, depending on the sample
history for those slow isothermal crystallizations of
PEEK.2332 Therefore, it has been believed that PEEK
crystallizes heterogeneously by simultaneous nucleation
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Figure 7. Time evolution of SAXS patterns after a temperature-jump from 50 °C to higher temperatures, which are indicated on
the plot, for PEEK and D-PEEK from the amorphous state. The elapsed time was counted right after the sample was jumped into
a high temperature chamber from a low temperature chamber. Fifty or more consecutive patterns were recorded from each sample
with different accumulation time, t,, and delay time, t4, between two patterns: (a, top left) t, = 3 5, tq = 0 s; (b, top right) ¢, = 3 s,
ta = 08; (c, bottom left) ¢, = 108, t4 = 15 5; (d, bottom right) ¢, = 108, t3 = 10s. For each sample, some initial and later stage patterns
which display no significant change are not presented here for a better view. All the patterns were smoothed as described in Figure
1.

due to the residual nucleating agent. In order to more
explicitly compare the crystallization kinetics between
PEEK and D-PEEK, we chose an extreme isothermal
condition near 230 °C where the fastest crystallization
might take place. Time-resolved SAXS profiles were
collected during the isothermal crystallization by taking
advantage of the high-flux synchrotron beam and the dual-
chambered temperature jumper. The quenched amor-
phous samples were held in the side chamber (where 7' =
50 °C) of the temperature jumper for 5 min and then
quickly inserted into the central chamber (where T was
equal to the temperature (7)) at which crystallization
process was measured) of the temperature jumper, and
right at that moment the time ¢ was counted with 50
consecutive profiles being recorded in the time course. A
minimum time interval of 3 s for each profile was set in
the case of PEEK. Figure7 illustrates a three-dimensional
SAXS pattern following the crystallization kinetics of
PEEK and D-PEEK. All the SAXS patterns presented
here were smoothed using a points-add-up method and
the cubic spline smoothing technique. In the initial stage
in each set of patterns, one can see only the exponential-
like decay curves without a notable peak associated with
the periodic electron density fluctuations. Witha further
increase in time, a maximum at ¢~0.4 nm™! appears and
becomes more pronounced and finally pertains no re-
markable change.

The long periods estimated from the position of the
maximum in the SAXS patterns using the previously

20 e
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Figure 8. Long period of lamella structure for PEEK and
D-PEEK as a function of time at 227 °C.

mentioned method during the crystallization are plotted
in Figure 8 for both PEEK and D-PEEK. Clearly, the
long period for D-PEEK is larger than that for PEEK
during the whole time course of isothermal crystallization.
In the case of PEEK, the long period tends to decrease
within 60 s of elapsed time and then shows a stable value.
A possible reason for the decrease in the long period at the
initial stage might be that the isothermal condition was
not fulfilled within a short time as a result of the ramp of
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Figure 9. Avrami log-log plot of -In {[@(«) - @(t)1/[Q(=) -
Q(0)]} versus t for D-PEEK after a T-jump from 50 °C to the
temperatures as marked on the plot. Solid lines represent the
best fitting of initial linear section, yielding the Avrami parameters
ineqlOn=274and k = 5.62 X 10651 at 227 °C and n = 2.87
and k = 1.06 X 10®€g1at 198 °C. The inset is the corresponding
time dependence of the invariant with the symbols having the
identical meanings, showing no manifested change in the invariant
before ~30s. The solid curves in the inset are for guiding the
eyes.

sample temperature. Nevertheless, we are not able torule
out other possibilities at the present time. For example,
the crystal lamellae could be strongly corrugated during
the early stage of crystallization and are flattened later
on, as was postulated to explain the decrease of long period
with time for PET.5 In the case of D-PEEK, the long
period displays no appreciable change with time.

It seems to be very important to calibrate the temper-
ature response of the sample after the T-jump for the very
fast isothermal crystallization because of the existence of
a temperature retardation time by which the nonisother-
mal crystallization has already been taken place. For this
purpose, the sample cell was filled with an epoxy ther-
mosetting resin and a tiny thermocouple. The sample
cell temperature was recorded at ~2-s intervals until it
reached the chamber temperature. As observed by other
authors,”” the temperature change was exponential and
could be described by

T(t) = T, - (T, - T)) exp(-t/ty) (11)

where T'(t) is the temperature at time ¢ after T-jump from
an initial temperature T’ to a crystallization temperature
T.. tois the retardation time and was found to be 30.7 and
33.6 s for the T-jump from 50 to 227 °C and from 50 to
198 °C, respectively. The half time t,2, which is the time
by which half of the change of @ has taken place, was
found to be 31 and 29 s for PEEK at, respectively, 198 and
227 °C, and 101 and 73 s for D-PEEK at, respectively, 198
and 227 °C. The slower crystallization rate for D-PEEK
represents the additional difficulty in molecular rear-
rangement and repacking of crystalline structure elements
created by the diphenyl groups during crystallization. It
is apparent that the crystallization for PEEK at 198 and
227 °Cin our T-jump experiment is not an ideal isothermal
process as a consequence of the temperature retardation
and therefore cannot be treated by an Avrami type analysis.
In the case of D-PEEK, since the crystallization process
was slower and the main crystallization could be approx-
imately considered as an isothermal process, the Avrami
analysis was performed as shown in Figure 9, the inset
showing the plot of the invariant @ versus the time t. The
quantity [Q(=) — Q(t)]1/[Q(=) — Q(0)] depicts the relative
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change of the invariant, which is proportional to X(1 -
X.) provided that the electron density difference Ap
between the crystalline and the amorphous regions remains
constant during the isothermal crystallization. It was
found®® that the Ap was indeed almost constant during
the isothermal crystallization for a similar semicrystalline
polymer. Ifweassume a constant Ap,the observedincrease
in @ corresponds purely to an increase in the product of
X:and (1 - X). In the main part of Figure 9, a fitting
of the initial linear portion of the curves before the roll-off
yielded the Avrami parameters n = 2,74 and k& = 5.62 X
10651 at227°Candn=2.87and k = 1.06 X 10 €8s at
198°C. The nvalues close to 3 are supposed to imply that
the nucleation takes place simultaneously and the crystal
grows spherulitically. However, this fitting does not seem
to be quite convincing since the points above ~100 s
deviate remarkably from the linear fitting curve and the
values of the fitting parameters vary largely depending on
the fitting range. The problem might be at least partially
due to the fact that several assumptions in the Avrami
analysis method are not pertinent to complicated polymer
crystallizations.5® Also, the invariant change reflects the
change of a product, X (1 - X,), rather than X_ itself.

For a fast polymer isothermal crystallization, if the
nucleation takes place simultaneously within a negligible
time scale, the crystallization rate could be dominated by
amolecular diffusion mechanism. Under such a condition,
the invariant change during the isothermal crystallization
process, analogous to the order—disorder transition pro-
cess,’® might be characterized by a relaxation time 7

Q) = Q) - 19 - exp(-—5)  a2)
(1)

This equation was derived by Hashimoto® from the time-
dependent Ginzburg-Landau theory,® a diffusion equa-
tion of the Langevin type. In a nonideal T-jump process,
the retarded temperature response from the sample could
manifest a substantial effect on the scattered intensity. A
multistep T-jump process can be employed to correct this
effect after knowing the relationship of temperature
response with time. This approach divides evenly the
whole time period into N intervals of At (=tj+1 - t;). At
time t;, the temperatureis T;. AssumingthateachT-jump
from T to T}+: at time tj+1 occurs ideally, then we have

At
Q) = Q(=) - [Q(=) - Q(t)] exp(— TT}) a3)

where the running index j goes from 1 to N - 1 with T}
= T; (initial temperature) and T = T, (crystallization
temperature). Equation 13 can be rewritten as

N-1 1
Qty) = Q=) - [Q(=) - Q(ty)] eXp(-At ) ) 14)
J=1 T(Tj)

If the temperature dependence of 7(T)) is known, one can
estimate Q(¢). In this work the relaxation time 7(T) was
assumed to follow the general forms$!

(D) =1, exp(é—é{) (15)

where AH is the activation energy of segmental motion
and 7o is the pre-exponential factor.

Figure 10 shows the half-log plots (open symbols) of
[Q(»)-Q(1)]/[Q(=) - Q(®)] versus ¢ for (a) PEEK and (b)
D-PEEK at the crystallization temperatures 198 and 227
°C. The initial decay with time is nonexponential but
becomes exponential after the time ¢ is much larger than
temperature retardation time ¢9 in eq 11. The solid lines



Wang et al.

LI LA B BN Bt ML SRR A B LN 0 Mt e

i PEEK

O 188°C

10°- o6

107}

[Q(=)—Q(t)]/[Q(=)-Q(0)] &

1072 b b
70

10°

107t

[Q()-Q(1)]/[Q(=)-Q(0)]

10-3 OV VN SEPUR ST WON WA DU S S S W N S ST WA O TSR SRR B
0 50 100 150 200 250
t/sec

Figure 10, Half-log plot of [Q(«) ~ Q(1)}/[Q(«=) - Q(0)] versus
t for PEEK and D-PEEK. The open symbols represent the
experimental points and the solid lines represent the best fit by
using eqs 14, 15, and 11. The fitting parameters of activation
energy, AH, and pre-exponential factor, 7o, are AH = 7.6 kcal/
mol and 7, = 2.7 X 10-% s for PEEK at 198 °C, AH = 8.3 kcal/mol
and 7o = 1.5 X 1073 s for PEEK at 227 °C, AH = 9.6 kcal/mol and
70 = 5.0 X 1073 s for D-PEEK at 198 °C, and AH = 9.4 kcal/mol
and 7o = 6.8 X 103 s for D-PEEK at 227 °C. The broken lines
represent the linear square fitting curves for the data points at
the timescale larger than the retardation time of the temperature
response of the sample. The relaxation time 7 for the diffusion-
controlled crystallization process estimated from the slope of
the linear fitting curves are 7.2 s.

represent the best fitting curves by using eqs 14, 15, and
11 with two fitting parameters 7oand AH. The fitting was
accomplished using the Levenberg-Marquardt algorithm,
yielding an activation energy AH between 7.6 and 8.3 kcal/
mol for PEEK and between 9.4 and 9.6 kcal/mol for
D-PEEK, and a pre-exponential factor 7o to be of the order
of 1.5 X 1073 t0 2.7 X 10-% s for PEEK and 5.0 X 103 to
6.8 X 10-% s for D-PEEK. By comparing the two param-
eters between PEEK and D-PEEK, one can see that the
AH for D-PEEK is ~10% larger than that for PEEK and
the 7o for D-PEEK is several-fold larger than that for
PEEK. Itisnoted from Figure 10 that the T-jump process
becomes ideal at ¢t > t,, displaying straight lines in
accordance witheq 12. From theslope of the linear section
of the curves, as shown by the broken lines, the relaxation
time 7 was estimated to be 7.2 and 5.7 s for PEEK at,
respectively, 198 and 227 °C, and 63 and 39 s for D-PEEK
at, respectively, 198 and 227 °C. It should be stressed
that the application of the single exponential equation to
the very fast isothermal crystallization process in this work
can only be viewed as a semiquantitative analysis as the

.Macromolecules, Vol. 25, No. 25, 1992

assumption that nucleation stage is negligible may not be
valid for the system. However, as a first-order approxi-
mation, the crystal growth under our particular conditions
seems to be mainly controlled by a diffusion coefficient
of segmental elements. With a further increase in tem-
perature, the diffusion mechanism may play only a
secondary role due to the outstanding melting or rear-
rangement of the lamellar structures by the rubbery elastic
force, resulting in a slower crystallization process.

Conclusions

SAXS profiles for PEEK and D-PEEK have shown a
strong temperature dependence. With increasing tem-
perature, the position of the maximum associated with
the long period shifts toward smaller angles and the
integrated area under the profile or the invariant @
associated with the crystallinity increases before melting.
One-dimensional correlation functions of electron density
fluctuations deduced from the SAXS profiles by using the
inverse Fourier transform technique have provided the
long periods which are in agreement with those obtained
by applying the Bragg equation to the mazimum in the
Lorentz corrected SAXS profiles. D-PEEK displays a
larger long period, a smaller lamellar thickness, and a lower
crystallinity than those for PEEK over a wide temperature
range we studied. The long period for PEEK was found
to increase from 10.1 to 16.9 nm with increasing temper-
ature from 170 to 330 °C while the lamellar thickness was
found to increase from 2.3 to 5.0 nm at the same time.
D-PEEK showed a similar trend. This evidence seems to
support the two-morphology explanation for the double-
melting behavior for most semicrystalline polymers. The
larger ratio of the amorphous layer thickness to the lamellar
thickness for D-PEEK as compared to that for PEEK has
proved the more restricted mobility of diphenyl groups in
the amorphous region.

The isothermal crystallization in a temperature jump
process from the glassy state for PEEK and D-PEEK was
very fast with a half time, ¢; /2, of 31 and 101 s, respectively,
for PEEK and D-PEEK at 198 °C and of 29 and 73 s,
respectively, for PEEK and D-PEEK at 227 °C. The time
evolution of the invariant during the fast isothermal
crystallization did not seem to follow the Avrami equation
well. An exponential behavior was observed; i.e., the fast
isothermal crystallizations appeared to be diffusion-
controlled processes and the nucleation stage was of
secondary importance. The initial nonisothermal condi-
tion during the temperature jump could be corrected by
using a multistep T-jump procedure. The best fitting of
these nonisothermal data yielded an average activation
energy AH to be of the order of 8.0 and 9.5 kcal/mol for
PEEK and for D-PEEK, respectively.
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