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ABSTRACT: In this paper, we present results of morphological studies during long time melt crystal-
lization and subsequent melting in poly(aryl ether ether ketone) (PEEK). Morphological changes were
monitored via small angle X-ray scattering (SAXS). SAXS data were analyzed via a combination of the
correlation and interface distribution functions. Our analysis indicates the following: (1) The semicrys-
talline morphology is best described by a three-phase, dual lamellar stack model. Stacks of a finite number
of lamellae and interlamellar amorphous layers are separated from each other by interstack regions of
amorphous material (liquid pockets). (2) Secondary crystallization occurs via the formation of secondary
lamellar stacks within the liquid pockets. Secondary lamellae are thinner than primary lamellae (70 Å
vs 120 Å), and the amorphous layer thicknesses are about 47 Å in both stacks. (3) The low endotherm
observed during a heating scan is associated with the melting of the secondary lamellae. (4) At room
temperature, the semicrystalline PEEK material is in a state of dilational stress (negative hydrostatic
pressure) which may originate from the secondary crystallization process in constrained liquid pockets.

Introduction
Poly(aryl ether ether ketone) (PEEK) is a semiflexible

semicrystalline polymer which exhibits dual endother-
mic behavior during heating.1-4 During heating in a
differential scanning calorimeter (DSC), a low endo-
therm is observed at about 5-25 °C above the crystal-
lization temperature, in addition to the high endotherm
observed at about 340 °C.4 This behavior is generally
referred to as dual endothermic melting behavior, and
since it has also been reported for other semicrystalline
polymers,5-9, it is now believed to be general to the class
of semiflexible semicrystalline polymers which do not
exhibit crystalline Rc relaxation.10 There are two no-
table features of the low endotherm: (1) It increases in
magnitude and shifts to higher temperatures with
increasing crystallization time.9,11 (2) The rate of
increase of the magnitude of the low endotherm in-
creases with temperature,12-14 but the shift rate of the
low endotherm to higher temperatures is independent
of annealing temperature.11,13,15
Various morphological models have been proposed for

the low endotherm.16 These can be categorized as the
dual lamellar population models17,18 and the melting
recrystallization model.1-3,19,20 Let us first consider the
dual lamellar population model, which was originally
proposed by Bassett et al.17 and by Cebe and Hong18
and was subsequently extended by other authors.21-25

According to this model, there exists a bimodal distribu-
tion of lamellar thicknesses within the semicrystalline
polymer, with melting of thinnner and thicker lamellae
associated with the low and high endotherms, respec-
tively. The two variants of this model are the dual
lamellar stack model25 (with the thick and thin lamellae

in separate stacks) and the lamellar insertion model21-24

(with the thin lamellae inserted between thicker lamel-
lae in the same stack). The lamellar stack model was
based on the observation, made via transmission elec-
tron microscopy (TEM) techniques,25 of two distinctly
different types of lamellar stacks at room temperture.
The primary argument in favor of lamellar insertion
comes from the observation using time resolved small
angle X-ray scattering (SAXS) techniques21-24 that the
long spacing and lamellar thickness decreases during
the initial stage of crystallization. However, we have
argued that the SAXS data is incompatible with the
lamellar insertion model.26 Our argument was based
on the following observations: (1) During a heating
scan, the average amorphous layer thickness decreases
at temperatures corresponding to the low endotherm.
Melting of thin secondary lamellae inserted between
thicker primary lamellae would have increased the
average amorphous layer thickness. (2) We noted that
the observed decrease in the average lamellar thickness
and long spacing during the initial stages of crystal-
lization corresponds to the primary crystallization.
These time scales are associated with to the develop-
ment of the high endotherm.
The melting-recrystallization model was first pro-

posed by Ikeda27 and was subsequently supported by
other authors for both poly(ethylene terephthalate)
(PET)1,28 and PEEK.2,3,19,20,29,30 According to this model,
the lamellae present initially melt and give rise to the
low endotherm, but the melted material undergoes a
continuous process of recrystallization into lamellae
which melt at higher temperatures. Ultimately, melting
dominates recrystallization, giving rise to the observed
high endotherm. This model is based primarily on the
observation that the magnitude and position of the low
endotherm is heating rate dependent, but it does not
account for various observations made by several au-
thors. For example, it is now established that the high
endotherm develops before the low endotherm.4,11,17,26
Clearly, this last observation is not compatible with the
assignment of the low endotherm to the melting of
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crystals formed during the primary crystallization stage.
Here, we would like to mention that while we question
the melting-recrystallization explanation for the low
endotherm, we do not dispute the phenomenon of
melting-recrystallization per se. Indeed, in a separate
study,31 we concluded that substantial melting-recrys-
tallization occurs during heating of an initially amor-
phous PET sample. However, the corresponding DSC
scan demonstrates only one endotherm.
For the reasons listed above, we are inclined to believe

that the dual lamellar stack model is the appropriate
explanation for the dual endothermic melting behavior.
If the model is accurate, then the following observations
are expected, but have not yet been made: (1) first,
during long time annealing at any temperature, the
development of the low endotherm should be accompa-
nied by a decrease in average long spacing and lamellar
thickness,32 and (2) second, during a continuous heating
scan, at temperatures corresponding to the low endo-
therm, there should be an increase in average long
spacing and lamellar thickness that is brought about
by melting of whole stacks of thin lamellae. While this
observation has been made previously,21,24,26 it is not
clear whether the increase is brought about by melting
from separate stacks or from within a stack.
Following the arguments presented in this section,

we have monitored the evolution of the morphology
during long time (up to 3 h) isothermal crystallization
and subsequent melting in PEEK via SAXS. We have
analyzed the SAXS data for detailed morphological
information via a combination33 of the correlation34 and
interface distribution functions.35 Our analysis suggests
the following: (1) The semicrystalline morphology is
best described by a three-phase, dual lamellar stack
model. These are the primary and secondary lamellar
stacks, which are separated by interfibrillar regions of
amorphous material (liquid pockets). Within a lamellar
stack, the crystalline lamellae are separated by inter-
lamellar amorphous layers. The SAXS data suggest
that the two lamellar stacks have similar interlamellar
amorphous layer thicknesses (about 47 Å), whereas
primary lamellae are thicker than secondary lamellae
(120 Å vs 70 Å). (2) During isothermal crystallization,
the primary lamellar stacks form first. The rate of
formation of the secondary lamellar stacks is linear with
the logarithm of time, but increases with crystallization
temperature. (3) During a heating scan, the secondary
lamellae melt first, giving rise to the low endotherm.
(4) There is a dilatational (negative) pressure within the
semicrystalline sample. This negative pressure is re-
sponsible for the significant increase in the coefficient
of thermal expansion of the noncrystalline fractions in
the semicrystalline polymer, when compared to that of
the equilibrium liquid at atmospheric pressure.

Experimental Section
PEEK samples were purchased from Atlantic Plastic Co. in

Roanoke, VA, as amorphous sheets of grade 450 G and were
used as received. SAXS data were collected using X-rays
generated at a synchrotron source (Brookhaven National
Laboratory Beamline X3A2; λ ) 1.542 Å). The X-rays from
the synchrotron source were focused with a silicon crystal
monochromator and mirror and further collimated with three
pinholes.36 An evacuated flight path was used for the scattered
X-rays, which was then monitored via a Braun linear position
sensitive detector (pixel separation, 66.6 µm; 1024 pixels;
sample to detector distance, 750 mm).
A dual chamber temperature jump unit was used for melt

crystallization and subsequent melting. Detailed descriptions
of this jump unit have been provided previously.23,24 Briefly,

for melt crystallization, the samples were melted at 385 °C
for 4 min in one chamber and then pneumatically “jumped”
to a second chamber maintained at the crystallization tem-
perature. The estimated time for temperature equilibration
at the crystallization temperature is about 30 s, although the
initial 90% of the temperature change is spanned at about 300
°C/s. After thermal equilibration, the fluctuation in temper-
ature was observed to be less than (0.5 °C. The second
temperature chamber was maintained at the crystallization
temperature and was aligned in the path of the X-ray beam.

SAXS Data Analysis
Calculating the Correlation and Interface Dis-

tribution Functions. SAXS data were analyzed via
a combination33 of the correlation34 and the interface
distribution function35,37 (see eqs 1-3). The correlation
function (eq 1) is the Fourier transform of the Lorentz
corrected SAXS profile.34 The interface distribution
function (eq 2) is the Fourier transform of the interfer-
ence function (eq 3).35,37

In eqs 1-3, K is the Porod law constant (discussed
below), Ib is the liquid scattering profile (also discussed
below), and q is the scattering vector (q ) [4π/λ]sin θ,
where 2θ is the scattering angle). Note that both the
correlation function (γ1,r) and the interface distribution
function (g1,r) are normalized with the scattering invari-
ant (Q), which is related to the morphological variables
by a relation summarized by eq 4.21,38

In eq 4, k is a calibration constant, xsph is the volume
fraction of the spherulites in the material, xst is the
volume fraction of lamellar stacks within the spherulite,
lc and la are the average lamellar and amorphous layer
thicknesses, and Fc and Fila are the electron densities in
the crystalline and interlamellar amorphous layers,
respectively.
Since SAXS data are collected in a limited angular

range (0.01 Å-1 < q < 0.23 Å-1, in our case), it must
necessarily be extrapolated to both high and low q
values before Fourier transformation. The extrapola-
tion to high q was performed with the aid of the Porod
law given in eqs 539,40 and 6.33

In eqs 5 and 6, Ib is the contribution to total scattering
arising from inhomogeneous density fluctuations and
σ is related to the thickness of the crystal/amorphous
interphase.21 For eq 5, a Porod law region was defined

γ1,r
Q

)
∫0∞(I - Ib)q

2 cos(qr)eσ2q2dq

∫0∞(I - Ib)q
2 dq

(1)

g1,r
Q

)
∫0∞Gq cos(qr)e

σ2q2dq

∫0∞(I - Ib)q
2 dq

(2)

Gq ) K - (I - Ib)q
4eσ2q2 (3)

Q ) ∫0∞ (I - Ib)q
2 dq ) γ1,0 )

kxsphxst
lc

lc + la

la
lc + la

(Fc - Fila)
2 (4)

limqf∞[K - (I - Ib)q
4eσ2q2] ) 0 (5)

∫0∞[K - (I - Ib)q
4eσ2q2] dq ) 0 (6)
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as 0.11 Å-1 < q < 0.15 Å-1. Other details of the Porod
analysis are reported elsewhere.33 Once the Porod
constant K, the liquid scattering profile Ib, and the
interface correction term σ have been estimated, the
correlation and interface distribution functions can be
easily calculated. This calculation is illustrated in
Figure 1. Plot a in the figure depicts the raw scattering
profile. Plot b depicts the corresponding Lorentz-
corrected profile and the interference function, and plot
c depicts the correlation and interface distribution
functions.
Interpreting the Correlation and Interface Dis-

tribution Function. The correlation and interface
distribution functions can be interpreted only with
respect to a morphological model. We will begin by

assuming the finite lamellar stack model. This model
is comprised of stacks of crystalline lamellae separated
by interlamellar amorphous layers, with adjacent lamel-
lar stack separated by regions of interfibrillar amor-
phous material (liquid pockets). We will first extract
the morphological parameters from the correlation
function with respect to the finite lamellar stack model
and then demonstrate that the lamellar thickness
distribution is bimodal. This observation will enable the
development of the dual lamellar stack model as the
more appropriate morphological model.
The long spacing can be estimated as (1) the Bragg

spacing corresponding to the peak in the Lorentz-
corrected SAXS profile (LB) (This estimate is illustrated
in Figure 1b), (2) the position of the first maximum in
the correlation function (LcM), (3) twice the position of
the first minimum in the correlation function (Lcm), and
(4) the position of the first minimum in the interface
distribution function (LI). The estimates for LcM, Lcm,
and LI are illustrated in Figure 1c.
The amorphous layer thickness can also be obtained

via two different methods. First, the amorphous layer
thickness can be estimated as the position of the first
maximum in the interface distribution function (lI,a). For
the data depicted in Figure 1c, this estimate is about
47 Å. Second, a two-phase analysis of the correlation
function yields estimates for average lamellar and
amorphous layer thicknesses. Several methods have
been outlined for this purpose.41 The method that we
have employed is summarized in eq 7.

where xcl is defined by

In eq 7a, B is the position of the first intercept of the
correlation function with the r axis. Note that eq 7 is
quadratic in xcl and can be solved to obtain two solutions
for xcl. The sum of these two solutions will equal 1, and
only one of these solutions corresponds to the lamellar
thickness. We will assume that the high value of xcl is
the appropriate solution. This is identical to assuming
that the finite lamellar stack model is the appropriate
morphological model. (If xcl < 0.5, then the morphology
would be adequately described by a two-phase model.)
We will discuss this assumption in detail in a subse-
quent section. Based on our assignment for xcl, the
values for lc and la can be easily obtained (104 and 46
Å, respectively, for the data depicted in Figure 1). Note
that, within the experimental uncertainties, the esti-
mate for the amorphous layer thickness from the
correlation function (la ) 46 Å) is identical to that
obtained through the interface distribution function (lI,a
) 47 Å). As we will demonstrate subsequently, these
features are general to all the scattering profiles.
Let us now examine the different estimates of the long

spacing. (1) First, we note that LcM does not correspond
to Lcm. Similar observations have been made previ-
ously.26,42 According to the two-phase model,41 the two
estimates should be identical. For the correlation
function depicted in Figure 1c, the two estimates differ
substantially (150 Å vs 122 Å). The model calculations
of Santa-Cruz et al.42 and our own model calculations33
suggest that LcM > Lcm when the thicker phase has a
broader distribution of sizes than the thinner phase. In

c

b

a

Figure 1. Illustration of the SAXS data analysis scheme. (a)
A typical SAXS pattern. Tx, 312 °C; tx, 2700 s. (b) The
corresponding Lorentz-corrected plot and the interference
function. (c) The normalized correlation function and the
normalized interface distribution function.

B
Lc

M
) xcl(1 - xcl) (7a)

lc ) xclLc
M and la ) (1 - xcl)Lc

M (7b)
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our case, the thicker phase corresponds to the crystalline
lamellae. Therefore, it can be concluded that the
amorphous layer thickness is characterized by a nar-
rower distribution than the lamellar thickness.
(2) Second, LI is smaller than both Lcm and LcM (109

Å vs 122 and 150 Å for the data depicted in Figure 1c).
Similar observations have been reported previously for
the case of PET.42 Further, we observe that LB is about
157 Å. In general, we observe that LB g LcM > Lcm >
LI. Santa-Cruz et al.42 suggested that this inequality
is caused by the presence of a distribution of long
periods in the actual sample. Our model calculations33
further suggested that the distribution of long periods
is bimodal. Based on these observations, we formulated
the dual lamellar stack model.43 The dual lamellar
stack model comprises primary and secondary lamellar
stacks. Our analysis suggests that the primary lamellae
are thicker than the secondary lamellae (120 Å vs 70
Å), while the amorphous layer thickness is similar in
the two types of lamellar stacks.
In a previous publication,33 we have outlined a

procedure to deconvolute the interface distribution
function with respect to the dual lamellar stack model.
We have also demonstrated that the contribution from
the secondary lamellar stacks to the total scattering is
proportional to the height of the first minimum in the
normalized interface distribution function. We will not
employ the deconvolution procedure in this study be-

cause it is computationally intensive. Instead, we will
use the height of the first minimum in the normalized
interface distribution function [g1,M/Q] as an estimate
for the fraction of secondary lamellar stacks.

Results

The evolution of the morphology during crystallization
at 300, 312, and 316 °C are depicted in Figures 2, 3 and
4, respectively. The total annealing time is 1 h at 300
°C (experiment summarized in Figure 2), and 3 h at 312
and 316 °C (Figures 3 and 4, respectively). The sample
from the experiment of Figure 1 was cooled to room
temperature (with the initial 150 °C being spanned at
about 15 °C/min) and reheated at about 2.5 °C/min.
Figure 5 summarizes the evolution of the morphological
characteristics during reheating for this sample. Plot
a in the figures includes traces for the scattering
invariant Q, the different estimates of the long period,
and the estimated lamellar and amorphous layer thick-
nesses. Plot b in the figures includes traces for the
scattering invariant Q and the height of the first
minimum in the normalized interface distribution func-
tion.
Several interesting features of the morphological

variables during isothermal crystallization are readily
apparent from Figures 2-4. (1) First, during primary
crystallization (arbitrarily defined as the regime during
which the invariant exhibits a sigmoidal increase with

Figure 2. Morphological variables during isothermal melt
crystallization and subsequent annealing at 300 °C. (a) The
scattering invariant (Q), the different estimates for long
spacing, the lamellar thickness (lc) and amorphous layer
thickness (la) obtained from the correlation function, and the
amorphous layer thickness (lI,a) as obtained from the interface
distribution function. (b) The scattering invariant (Q) and the
height of the first minimum in the normalized interface
distribution function (g1,M/Q).

Figure 3. Morphological variables during isothermal melt
crystallization and subsequent annealing at 312 °C. (a) The
scattering invariant (Q), the different estimates for long
spacing, the lamellar thickness (lc) and amorphous layer
thickness (la) obtained from the correlation function, and the
amorphous layer thickness (lI,a) as obtained from the interface
distribution function. (b) The scattering invariant (Q) and the
height of the first minimum in the normalized interface
distribution function (g1,M/Q).
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log time), the average long spacings (LB and LcM) and
the average lamellar thickness exhibit a systematic
decrease (see plot a in Figures 2-4). Similar observa-
tions have been reported previously.21,23 Calorimetric
studies4,12 indicate that this regime corresponds to the
development of the high endotherm. This observation
could be caused by insertion of subsidiary lamellae
between two existing dominant lamellae, as suggested
by some authors,21,23,24 or by uncertainties in the
estimate (the scattering power is fairly low, rendering
the analysis difficult). (2) During secondary crystal-
lization, the long spacing and average lamellar thick-
ness exhibit a further decay that is approximately linear
with log time (see plot a in Figures 2-4). Calorimetric
studies11-13 indicate that the low endotherm develops
on this time scale. Therefore, our observations suggest
that the development of the low endotherm is ac-
companied by a decrease in the average lamellar thick-
ness and long spacings. (3) During secondary crystal-
lization, the magnitude of the first minimum in the
normalized interface distribution function increases
linearly with log time (see plot b in Figures 2-4). On
the basis of this observation, it can be concluded that
the amount of secondary lamellar stacks in-
creases linearly with log time during secondary crystal-
lization.
Several interesting morphological changes are appar-

ent during melting of the sample annealed at 300 °C

for 1 h (see Figure 5). (1) The scattering invariant
exhibits a change in slope at about 150 °C. This
approximately corresponding to the glass transition
temperature.4 The change in slope implies a change in
the thermal expansion coefficient of the interlamellar
amorphous layer and/or the crystalline lamellae. Simi-
lar observations have been reported previously by
several authors.30,38 We will discuss this observation
in a subsequent section. (2) The scattering invariant
starts to decrease below the extrapolated straight line
at about 200 °C (see Figure 5b). This decrease could
be brought about by some premelting or by changes in
the thermal expansion coefficients. (3) The invariant
decreases sharply in a temperature range slightly above
300 °C, which approximately corresponds to the location
of the low endotherm.4 This decrease in the scattering
invariant is accompanied by an apparent discontinuity
in g1,M/Q (Figure 5b). (4) The long spacing increases
dramatically in this same temperature range just above
300 °C. Both LB and LcM increase to about 161 Å, which
approximately corresponds to the long period estimated
at the end of primary crystallization in Figure 2a. This
observation suggests that the primary lamellar stacks
have a long spacing of about 160 Å. The average
lamellar thickness also increases during this tempera-
ture interval. On the basis of these observations and
the observations discussed in the previous paragraph,
one is led to conclude that the low endotherm is

Figure 4. Morphological variables during isothermal melt
crystallization and subsequent annealing at 316 °C. (a) The
scattering invariant (Q), the different estimates for long
spacing, the lamellar thickness (lc) and amorphous layer
thickness (la) obtained from the correlation function, and the
amorphous layer thickness (lI,a) as obtained from the interface
distribution function. (b) The scattering invariant (Q) and the
height of the first minimum in the normalized interface
distribution function (g1,M/Q).

Figure 5. Morphological variables during heating at 2.5 °C/
min of a PEEK sample isothermally crystallized at 300 °C for
1 h. (a) The scattering invariant (Q), the different estimates
for long spacing, the lamellar thickness (lc) and amorphous
layer thickness (la) obtained from the correlation function, and
the amorphous layer thickness (lI,a) as obtained from the
interface distribution function. (b) The scattering invariant
(Q) and the height of the first minimum in the normalized
interface distribution function (g1,M/Q).
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associated with the melting of lamellar stacks which
formed during secondary crystallization.

Discussion

Morphological Changes during Secondary Crys-
tallization and Melting. Primary crystallization re-
sults in the formation of spherulites comprised of
primary lamellar stacks. These primary stacks are
themselves comprised of about 5-10 lamellae and are
separated from each other by liquid pockets which have
dimensions on the order of 1000 Å.25,44 Secondary
crystallization occurs in these liquid pockets (see Figure
6) via the formation of secondary lamellar stacks, which
comprise thinner lamellae than the primary lamellar
stacks. Formation of secondary lamellae in the closed
liquid pockets results in a decrease in the density of the
remaining amorphous material in the liquid pockets.
This, in turn, results in a negative pressure that is
exterted on the lamellar crystals and, therefore, in a
depression of the equilibrium melting temperature.
During heating, the thinner secondary lamellae melt
first, giving rise to the low endotherm. The position of
the low endotherm will depend upon the magnitude of
the negative pressure (which will determine the equi-
librium melting temperature) and the lamellar thick-
ness. Melting of the low endotherm will relieve the
negative pressure in the liquid pockets, and therefore,
the melting behavior of the primary lamellae will not
be affected by the presence of secondary lamellae.
Melting of the primary lamellae results in the high
endotherm. Some speculative arguments on the under-
lying physical processes that causes crystallization to
occur in the form of primary and secondary lamellar
stacks have been presented earlier.10,45 More detailed
arguments will be presented in a subsequent publica-
tion.46

The Glass Transition and the Thermal Expan-
sion Coefficient. Let us now revisit the issue of the
glass transition. Cheng et al.4 used calorimetric tech-
niques to evaluate the fraction of the mobile amorphous
segments and the degree of crystallinity for PEEK
crystallized at various temperatures. They concluded
that under most crystallization conditions (Tx < 300 °C,
where Tx is the crystallization temperature), a fraction
of the amorphous material does not contribute to the
calorimetrically observed glass transition. They labeled

this fraction as the rigid amorphous fraction (RAF).
Experimental evidence supporting the existence of the
RAF was provided by the dielectric spectroscopy work
of Huo and Cebe47 and that of Kalika and Krish-
naswamy.48 These authors further suggested that the
RAF existed, even for Tx > 300 °C. According to Sauer
and Hsiao,49 this fraction corresponds to the interlamel-
lar amorphous region. If that were the case, then the
interlamellar amorphous fraction should behave like a
glass, at least in a limited temperature range just above
the Tg of amorphous PEEK. However, as depicted in
Figure 5, the scattering invariant demonstrates a
change in slope at about 150 °C. Similar observations
have been reported by other authors.30,38 An examina-
tion of Equation 4 suggests that this observation is
consistent with an interlamellar amorphous fraction
that relaxes at approximately 150 °C. Therefore, let us
examine this observation in more detail. From eq 4,
we have

In eq 8, Rc and Rila are the volume thermal expansion
coefficients for the crystalline and the interlamellar
amorphous fractions. Jonas et al.30 have determined
the thermal expansion coefficients of the crystalline
phase (Rc) (see Table 1). Therefore, eq 8 can be used to
estimate Rila, which can then be compared with the
volume thermal expansion coefficient of the uncon-
strained amorphous phase (Ramorphous). In Table 1, we
have listed Ramorphous both for T e Tg (Rglass) and for T >
Tg (Rliquid).
Before we discuss Rila, we will first consider Ramorphous.

We have previously determined51 the thermal expansion
coefficients of the amorphous phase in the glassy and
liquid regions [Rglass and Rliquid, respectively]. Although

Figure 6. Model for the morphological changes that occur during secondary crystallization and subsequent melting. Note that
the figure is not drawn to scale.

Table 1. Thermal Expansion Coefficient (×10-6 °C-1) of
the Individual Phases in the Semicrystalline Sample

T < Tg T > Tg

Rc 147a 250a
Rila 282 777
Ramorphous 175b 550b

a As quoted in ref 30. b From ref 51.

1
Q
dQ
dT

) 2
(dFc
dT

-
dFila
dT )

(Fc - Fila)
) 2

(FilaRila - FcRc)

(Fc - Fila)
(8)
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our estimate for Rliquid is substantially lower than that
reported by Zoller et al.52 (550 vs 670 × 10-6 °C-1), we
believe it to be more accurate because (1) it is closer to
the reported thermal expansion coefficient of other
liquids.53,54 For instance, the reported55 value of Rliquid
for isotactic polystyrene is 510 × 10-6 °C-1. Further-
more, Choy and Leung56 have determined the linear
thermal expansion coefficient for the case of PEEK to
be about 170 × 10-6 °C-1 at temperatures just above
Tg.57 We expect their technique to underestimate the
overall thermal expansion coefficient (when estimated
as Rliquid ) 3Rliquid

linear) because some amount of fluid
flow cannot be avoided in their measurement. However,
we note that their estimate is in better agreement with
our estimate than that of Zoller et al. (2) second, Zoller
et al.52 have measured the specific volumes at a series
of pressures starting at 50 MPa. They have then
estimated the specific volume at atmospheric pressure
by isothermal extrapolations of the data. Given that
the liquid state just above Tg is relatively inaccessible
and that Tg shifts to higher temperatures with pres-
sures, we believe that the isothermal extrapolation is
erroneous for temperatures just above Tg. Specifically,
isothermal extrapolation is performed via the Tait
equation, which requires a parameter related to the bulk
compressibility, κ. It is well-known that the bulk
compressibility is a discontinuous function of temper-
ature at Tg.58 Furthermore, since the Tg shifts to higher
temperatures with increasing pressures, the discontinu-
ity in κ will also shift to higher temperatures with
increasing pressures. This will undoubtedly affect the
isothermal extrapolation significantly at temperatures
just above Tg. On the other hand, our study51 was
performed at relatively lower pressures (10 MPa), and
the observed thermal expansion coefficient at 10 MPa
is about 543 × 10-6 °C-1. The thermal expansion
coefficient varies with the applied pressure as sum-
marized below59

In eq 9, κ is the bulk compressibility and P is the
external pressure applied to the sample. The variation
in thermal expansion coefficient with pressure (see
Figure 7) suggests that the thermal expansion coef-
ficient at atmospheric pressure is about 550× 10-6 °C-1

(filled circle on the plot, as reported by us51) and not

670 × 10-6 °C-1 (filled square on the plot, as reported
by Zoller et al.52). Note that the value reported by Zoller
et al. is far removed from the fitted curve.
Having introduced Rliquid, we can now turn our atten-

tion to the estimation of Rila. We will do this by making
an additional assumption that Fc and Fila are 1.37 and
1.23 g/cm3 at Tg60 and applying these values to the data
of Figure 5 via eq 8. This calculation yields estimates
of 282 × 10-6 and 777 × 10-6 °C-1 below and above Tg,
respectively. Note that the evaluation of Rila has been
performed in a temperature range 155 °C < T < 200
°C, which, according to Cheng et al., is well below the
temperature at which the RAF starts changing. Similar
results have been previously reported by Jonas et al.30
These results are interesting for the following reasons:
(1) If, as suggested by some authors,20,21,29,30 the linear
degree of crystallinity is 0.3, then the morphology can
be adequately described by a two-phase model. If that
were the case, then a simple mass balance between the
crystalline and interlamellar amorphous fractions can
be used to predict the overall thermal expansion coef-
ficient. This estimate turns out to be 620 × 10-6 °C-1.
However, the overall thermal expansion coefficient51 is
only 400 × 10-6 °C-1. Once again, this discrepancy
cannot be ascribed to experimental errors and implies
that a third phase must be invoked to account for the
overall thermal expansion. (2) The estimated Rila is
substantially higher than Ramorphous

51 (777 × 10-6 °C-1

vs 550 × 10-6 °C-1 above Tg, and 282 × 10-6 °C-1 vs
170 × 10-6 °C-1 below Tg51,52). This difference cannot
be ascribed to experimental errors and indicates that
the interlamellar amorphous layer does not behave like
the unconstrained amorphous phase. An examination
of Figure 7 suggests that the observed Rila above Tg is
consistent with a negative pressure of about 100 MPa.
We note that, from the Clausius-Claypeyron equation,
the melting temperature depression is about 0.483 °C/
MPa.52 Therefore, the data depicted in Figure 7 sug-
gests that the depression in observed melting temper-
ature brought about by the negative pressure is on the
order of 48 °C. Finally, we note that this value corre-
sponds, within experimental uncertainty, to the differ-
ence in the peak positions of the low and high endo-
therms (305 vs 340 °C).
The Linear Degree of Crystallinity. Inherent in

our analysis of the SAXS data is the assumption that
the linear degree of crystallinity is greater than 0.5. As
already stated, this assumption is contrary to that made
by a number of other authors.20,21,29,30 However, it is
not without precedence.23,24,26,42 In this section, we
would like to summarize the justifications for this
specific assumption. (1) First, on thermodynamic
grounds, the average lamellar thickness cannot decrease
during a heating scan.61 In some cases, we have
observed26 that this expectation is incompatible with xcl
< 0.5. On the other hand, the average lamellar thick-
ness estimated with xcl > 0.5 never decreases with
increasing temperature, which is consistent with a
gradual melting of thin lamellae. (2) Second, lower
limits for the lamellar thickness can be obtained from
a Scherrer line broadening analysis of the WAXD peaks.
The estimate for lamellar thickness obtained from this
analysis is always greater than the estimate obtained
from the correlation function if xcl < 0.5.26,62,63 (3) The
microscopy work of Lovinger et al.64 suggests that the
lamellar thickness is in the range of 100 Å for PEEK
samples crystallized at high temperatures. Microscopy
work of Liu and Geil65 on PET (which is expected to be

Figure 7. The variation of the thermal expansion coefficient
with the applied external pressure. The open rectangles refer
to the observed data of Zoller et al.52 and the closed rectangle
refers to the thermal expansion coefficient proposed by Zoller
et al. The open circle refers to our51 data, and the closed circle
refers to our proposal for the thermal expansion coefficient.

R ) Roe
-κP (9)
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similar to PEEK) indicates that the thickness of PET
single crystals is about 70 Å for a wide range of
polymerization temperatures, consistent with the high
value for xcl.66 (4) The two possible solutions for xcl (0.3
and 0.7) can be compared with the overall crystallinity
of samples with similar thermal histories (estimated to
be about 0.42 from DSC techniques4 and about 0.48 from
a Ruland analysis of the WAXD data15). The linear
degree of crystallinity cannot be less than the overall
crystallinity, and we note that the Ruland method yields
absolute estimates for the crystallinity. (5) If xcl < 0.5,
then the linear degree of crystallinity would be about
the same as the overall crystallinity. If that is the case,
then thin lamellae separated by large interlamellar
amorphous layers would uniformly fill the spherulite.
No third phase would be present. As already demon-
strated, this assumption leads to an overall thermal
expansion coefficient of 560 × 10-6 °C-1. However, the
actual thermal expansion coefficient is much lower51,56
(about 400× 10-6 °C-1 for samples with similar thermal
histories). This discrepancy can be explained only if a
third phase (e.g. the amorphous fraction in liquid
pockets) is invoked. (6) We feel that the estimate for
lamellar thickness obtained with xcl < 0.5 is physically
unrealistic. For low crystallization temperatures, this
estimate is in the range of 20-30 Å.20,29,30 Note that
this length scale corresponds to 2-3 crystallographic
repeat units and less than 1 chemical repeat unit.
Clearly then, the appropriate solution for xcl is the larger
solution.

Conclusion

We have studied the morphological changes that occur
during long time isothermal melt crystallization and
subsequent melting in PEEK. Morphological changes
were monitored via SAXS. SAXS data were analyzed
via a combination of the correlation and the interface
distribution function. From the correlation function, the
average long spacing (LcM), the average lamellar thick-
ness (lc), and the average amorphous layer thickness (la)
were estimated. From the interface distribution func-
tion, another estimate for the amorphous layer thick-
ness (lI,a) was obtained. Further, a comparison of the
correlation function and the interface distribution func-
tion suggested that the semicrystalline morphology of
PEEK is best described by a three-phase, dual lamellar
stack model. From the heights of the first minimum in
the interface distribution function, we were able to
qualitatively estimate the relative amounts of the two
lamellar stacks during both secondary crystallization
and melting.
On the basis of our analysis of the SAXS data, we

were able to make the following conclusions: (1) Pri-
mary lamellar stacks form first and are comprised of
thicker crystalline lamellae compared to the secondary
lamellar stacks. (2) The secondary lamellar stacks form
as a function of log time during secondary crystalliza-
tion. (3) During melting, the secondary lamellar stacks
melt first, giving rise to the low endotherm. (4) There
exists a negative pressure within the spherulite, and
as a result, the thermal expansion coefficients of the
noncrystalline fractions are higher than that of the
unconstrained amorphous phase. This negative pres-
sure is probably generated by the process of secondary
crystallization in the constrained liquid pockets.
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