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We report a study of dual stage crystallization and subsequent melting of Poly(etherether
ketone) (PEEK) and an 80/20 blend with Poly(etherimide) (PEI) using differential scanning
calorimetry (DSC) and real-time small angle X-ray scattering (SAXS). The treatment
scheme involves annealing/crystallization at T1 followed by annealing/crystallization at T2,
where either T1<T2 or T1>T2. The holding time during isothermal melt treatment was
varied. DSC studies show there exist two endotherms when T1<T2, and three endotherms
when T1>T2, for both PEEK and PEEK/PEI blend. Dual populations of crystals form during
the first stage regardless whether T1<T2 or T1>T2. In the high-to-low temperature
sequence, holding at the second stage causes an additional third population of crystals to
grow, creating a third endotherm. As the first stage holding time increases, space available
for the growth of additional crystals decreases, and the amount of crystals formed during
the second stage decreases. During melting, the average long period increases while the
linear stack crystallinity decreases continuously. The average crystal thickness also first
increases, as the least perfect, thinnest crystals melt. Eventually, the crystal thickness levels
off and begins to decline with increasing temperature. Melting of the thickest, most perfect
crystals occurs most probably from the surfaces accounting for the roll-off and decrease in
crystal thickness during the final stages of melting. C© 2001 Kluwer Academic Publishers

1. Introduction
The knowledge of the structure formation of crys-
talline polymers is very significant for many areas of
contemporary science, e.g., physics, chemistry, mate-
rials science, theory of complexity. The non-equili-
brium processes of crystallization are just beginning
to be explained by our physical scientists. The non-
equilibrium thermodynamics, nonlinear dynamics, the
theory of chaos and fractals, play a growing role in
the explanation of the processes that we study. Our un-
derstanding of the non-equilibrium and nonlinear pro-
cesses of crystallization depends on our ability to ap-
ply modern analytical tools, such as synchrotron X-ray
scattering, to these problems.

One of the many important problems in polymer
physics that can be studied by X-ray scattering is struc-
ture formation, and its relationship to observations of
multiple endothermic peaks seen in high performance
polymers. Assignment of scattering peaks to structural
entities within the material, the relative perfection of
the crystals, and the possibility of their reorganiza-
tion, are all influenced by the melt processing history.
With the advent of high intensity synchrotron sources
of X-radiation, polymer scientists gain a research tool
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which, when used along with thermal analysis, provides
structural information about the crystals during growth
and subsequent melting.

The subject of our present study is Poly(etherether-
ketone), PEEK, which is an engineering thermoplastic
polymer. It has a very high glass transition temperature
(145◦C) and crystal melting point (337◦C–342◦C) [1, 2]
making it suitable for high performance engineering
applications in aerospace, automotive and electronics
industries. In nearly all thermal studies, isothermally
crystallized PEEK shows dual endotherms [1–5]. Small
angle X-ray scattering (SAXS) and thermal studies have
been used to address the formation of this dual en-
dothermic response which has been variously ascribed
to insertion of later-forming lamellar crystals between
previously formed lamellae [6, 7], existence of distinct
dual crystal populations [2, 8, 9], or melting of crystals
followed by immediate re-crystallization [10, 11].

In addition to questions about the crystals them-
selves, recently a debate has arisen about the amorphous
phase, and whether all of the amorphous phase of PEEK
polymer is located in interlamellar regions [7, 11],
or alternatively whether most is located in “pockets”
away from the crystalline lamellar stacks [10, 12]. The
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interpretation of scattering from lamellar stacks varies
depending upon whether such amorphous pockets are
assumed to be formed. From Babinet’s principle of
reciprocity, the small angle X-ray scattering pattern
would be identical if the amorphous and crystal phases
were exchanged. Thus, there is an ambiguity in the
assignment of phase when the intercrystalline distance,
or long period,L, is measured.L can only be written as
L = l1+ l2 (l1≤ l2), werel1 may be either the crystal or
the amorphous phase. We have adopted the assignment
that the shorter length,l1, should be associated with
the crystalline phase. This assignment is consistent
with other work in PEEK [7, 13, 14] and with our own
previous studies of polyphenylene sulfide [15], PPS,
an engineering polymer sharing many similarities with
PEEK.

Studies of the location and rigidity of the amor-
phous phase, and interpretation of the dual melting
endotherms, have been undertaken by our group in
homopolymers [3, 16–19] and blends [20, 21]. Here,
we apply the dual-stage melt crystallization treatment
developed for PPS [17] to PEEK and to its blend with
PEI. PEEK has been shown to be miscible in its melt
state with another, but completely uncrystallizable
polymer, poly(etherimide), PEI [22, 23]. Upon cooling
from the melt state, PEEK crystallizes resulting
in phase separation of the two blend components
[12, 22, 24–28]. The main effects of blending PEI with
PEEK are increasing the crystallization half-time,
upward shift of the glass transition temperature, and
reduction in overall level of crystallinity depending
upon blend composition. We present a study of single
and dual-stage melt crystallization of PEEK and an
80/20 PEEK/PEI blend. Real-time SAXS was used to
follow the development of structural parameters, such
as long period and crystal thickness, during crystalliza-
tion and melting of these materials. Motivation for the
two-stage thermal treatment was to provide additional
information about structure formation when crystals
grow in an environment restricted by the existence
of other crystals formed during the first stage of
treatment.

2. Experimental section
PEEK homopolymer in pellet form was obtained from
ICI Americas. Compression molding at 400◦C fol-
lowed by quenching into ice water was used to ob-
tain amorphous films. Dr. B. Hsiao kindly provided
the PEEK/PEI blend films of composition ratio 80/20.
Small angle X-ray scattering intensities were recorded
in situduring crystallization and melting. Experiments
were performed at the Brookhaven National Syn-
chrotron Light Source (NSLS) beamline X12B with
samples encapsulated in KaptonTM tape, and heated in
a Mettler FP80 hot stage.

The SAXS system at NSLS was equipped with a two-
dimensional position sensitive detector. The sample to
detector distance was 172.7 cm and the X-ray wave-
length was .154 nm. SAXS data were taken contin-
uously during the isothermal periods, heating/cooling
between stages, and final heating to 360◦C. Each SAXS
scan was collected for 30 sec. Since the samples were

isotropic, circular integration of the scattered inten-
sity, I, was used to increase the signal to noise ratio.
The following corrections were made to the SAXS raw
intensity: background subtraction, sample absorption,
changes in incident beam intensity, and thermal density
fluctuation correction from Is4 vs.s4 plot (s= 2 sinθ/λ
whereθ is the half scattering angle) [29]. Structural pa-
rameters were determined from the one dimensional
electron density correlation function,K (z), obtained
by discrete Fourier analysis of the Lorentz corrected
intensity [30].K (z) was determined from:

K (z)=
N∑

j=1

(4π Icorr)s
2ω

( j−1)(z−1)
N (1)

where:

ωN = e−2π i/N (2)

is theNth root of unity [31]. In Equation 1,z is the di-
rection normal to the lamellar stacks;N is the number
of actual data points; andIcorr is the intensity, corrected
for background and thermal density fluctuations. Lin-
ear extrapolation from the beam stop region tos= 0
was used in the summation. The long period,L, scat-
tering invariant,Q, linear stack crystallinity,χc, and
crystal thickness,lc, are determined fromK (z) accord-
ing to the method of Strobl and Schneider [30]. This
approach will be described more fully in the Results
section. The amorphous layer thickness,la, is deter-
mined byla= L − lc. As mentioned before, we select
lc so thatlc< la, in agreement with results of others
on PEEK [7, 11, 13, 14, 27, 32] and with our own prior
work in poly(phenylene sulfide) [15].

Dual stage crystallization was used to study the rel-
ative perfection of the crystals formed from the melt.
Fig. 1 shows the treatment schemes for dual stage melt
crystallization. The samples were heated to 375◦C and
were held there for three minutes so as to erase the crys-
tals from previous treatments before cooling to the first
stage crystallization temperature. Samples were cooled
at 5◦C/min to 310◦C, or at higher than 20◦C/min.

Figure 1 Thermal treatment scheme for PEEK and PEEK/PEI blends.
Samples are initially heated to 375◦C to melt, then cooled at 10◦C/min
to the first stage crystallization temperature (either 310◦C or 280◦C) and
held for various times. The samples are then heated at 5◦C/min to 295◦C
and held for various times before final heating at 5◦C/min to 360◦C.
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TABLE I Treatment combinations for two-stage melt crystallization

Temperature,◦C Time, min.

First Stage - High 310 0, 3, 10, 30
Second Stage - Low 295 15
First Stage - Low 280 10
Second Stage - High 295 0, 1, 3.5, 10

to 280◦C. After a holding time at the first stage, sam-
ples were cooled from 310◦C (or heated from 280◦C)
to the second stage temperature of 295◦C at a rate of
±5◦C/min. After a holding period at 295◦C, the sam-
ples were heated at 5◦C/min to 360◦C. Table I shows
the combination of temperatures and times used for the
two-stage melt crystallization. The table shows that in
the treatment scheme “high temperature to low” (i.e.,
T1= 310◦C> T2= 295◦C) the holding time at the first
stage was varied. When the scheme was “low tempera-
ture to high” (i.e.,T1= 280◦C< T2= 295◦C) the hold-
ing time at the second stage was varied.

When the first stage temperature is higher than the
second stage (310◦C–295◦C), kinetics is slow enough
in both PEEK and the PEEK/PEI blend [13] that little
nucleation occurred before the sample equilibrated at
310◦C. On the other hand, when the first stage temper-
ature is lower than the second stage (280◦C–295◦C),
both PEEK homopolymer and the 80/20 PEEK/PEI
blend were already well-nucleated by the time the sam-
ple reached 280◦C. To gain some information about
when the nucleation begins, we performed studies at
two cooling rates, and observed the first appearance
of scattered intensity in the small angle X-ray pattern.
At a relatively slow cooling rate of 5◦C/min, the nu-
cleation of crystals starts at temperature below 320◦C
for the homopolymer and below 315◦C for the blend.
Kinetics is slow at these temperatures and very little
crystallinity develops by the time the first stage tem-
perature, 310◦C, is reached. At a cooling rate higher
than 20◦C/min. both the homopolymer and the blend
start to nucleate at temperatures lower than 312◦C. As
a result of the faster kinetics at lower temperature, by
the time the first stage temperature, 280◦C, is reached,
the spherulites have already impinged.

Thermal analysis was performed using a TA Instru-
ments 2920 differential scanning calorimeter (DSC).
Samples were treated to nearly the same experimental
protocol used at the synchrotron, with exceptions noted
when the DSC results are presented. Melting peak tem-
peratures were calibrated using indium standard. Sam-
ple weight was around 8 mg. Nitrogen gas was used to
purge the cell, at flow rate of 30 ml/min.

In this paper we use units for the temperature from the
Celsius temperature scale. The conversion from degrees
Celsius to degrees Kelvin is as follows:

T [K] = T [◦C]+ 273.15

3. Results
3.1. Dual stage crystallization—low

temperature to high
The DSC endothermic heat flow vs. temperature af-
ter four “low-to-high” thermal treatments is presented

in Fig. 2a and b for PEEK and the 80/20 blend, re-
spectively. All the samples were first annealed in the
DSC for 10 min. at 280◦C, followed by treatment at
295◦C for 0 min. (curve a), 1 min. (curve b), 3.5 min.
(curve c), and 10 min. (curve d). Prior to DSC scan-
ning, all samples were first jumped down in tempera-
ture to 270◦C, and the endothermic response recorded
during heating from 270◦C. The jump to 270◦C was
needed to resolve the small endotherm at 287◦C, which
otherwise was lost in the instrument stabilization pe-
riod during the changeover from isothermal to non-
isothermal scanning. In this regard (cooling to 270◦C
before scanning), the DSC treatment differs slightly
from the real-time treatment of samples during SAXS
studies.

The general features of the endotherms are similar
for PEEK and for the 80/20 blends. All treatments re-
sult in dual endotherms. In the case of 0 min. at 295◦C
(curves a, in Fig. 2a and b) the lower endotherm oc-
curs at about 287◦C as a result of the first stage treat-
ment at 280◦C. When the holding time at 295◦C is 1,
3.5, or 10 min., the lower endotherm shifts upward to
about 302◦C. The upper melting endotherm is barely
affected by treatment at 295◦C. The blend (Fig. 2b)
shows broader endotherms, and the lower endotherm
in the blend is smaller in area when compared to the
homopolymer scans (Fig. 2a).

The Lorentz corrected intensity, Is2, vs. scattering
vector, s is shown in Fig. 3a for several treatments.
In Fig. 3a, intensity at 295◦C is compared for PEEK
homopolymer (two higher intensity curves, 1 and 2) and
80/20 PEEK/PEI blend (two lower intensity curves, 3
and 4). Since the measurement temperatures are the
same (295◦C), no effects of thermal expansion appear
in Fig. 3a. Two treatments are shown: 30 min. at 310◦C
followed by 15 min. at 295◦C (curves 1 and 3); and,
10 min. at 280◦C followed by 3.5 min. at 295◦C (curves
2 and 4).

DSC mass fraction crystallinity,fc, is listed in
Table II for the four samples.fc is greater for both
PEEK and the blend after the high-to-low treatment
(310◦C–295◦C) than after the low-to-high treatment
(280◦C–295◦C). While fc of PEEK and its blend is,
within error, comparable for the high-to-low treatment,
the homopolymer develops greater crystallinity than
the blend after the low-to-high treatment. This is a
result of the faster kinetics in the homopolymer [12],
which causes more crystals to develop during cooling
to 280◦C. Conversion offc to a volume fraction ba-
sis was not performed, because the actual density of
the amorphous phase at high temperature is not known.
The correction is typically small, reducingfc by about
0.02 at most.

Fig. 3b shows the correlation function,K (z), for the
conditions represented by Fig. 3a, curve 2 (PEEK at
295◦C, after treatment at 280◦C). The figure illustrates
assignment of long period,L, SAXS invariant,Qi , and
the crystal thickness,lc, using the method of Strobl and
Schneider [30].L is determined from the location of
the first maximum inK (z) pastK (0). lc is found from
the point of intersection of the baseline,−A, with an
extrapolation of the linear portion ofK (z) at lowz. The
invariant of an ideal two-phase structure,Qi , is found
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(a)

(b)

Figure 2 DSC endothermic heat flow vs. temperature for samples heated for 10 min. at 280◦C followed by treatment at 295◦C for 0 min. (curve a),
1 min. (curve b), 3.5 min. (curve c) and 10 min. (curve d). (a) PEEK; (b) 80/20 PEEK/PEI.

by extrapolation of the straight-line portion ofK (z) to
its intersection atz= 0.Q is the measured value ofK (0)
also shown for comparison. Departure of the measured
Q from Qi results from existence of an intermediate-
density transition region of finite width at the boundary
between the crystal and amorphous phases [30].

Values of L, lc, χc (linear stack crystallinity,
χc= lc/L), andQi are shown in Table II. The parame-
ters L, lc, andχc are greater after the 310◦C–295◦C
treatment than after the 280◦C–295◦C treatment for
both blend and homopolymer. The value ofQi is greater
by about a factor of five in the homopolymer compared
to the blend.

Fig. 3c shows real-time Lorentz corrected intensity,
Is2, vs. scattering vector for PEEK homopolymer. The
overall scheme is “low-to-high” with an initial treat-
ment at 280◦C followed by annealing at 295◦C, then
heating through melting. The curves from top to bot-
tom represent different temperatures and times during
the isothermal and non-isothermal periods, and these
are listed in the legend on the right hand side of the plot
frame. When the sample is fully melted, no Bragg peak
can be detected.

As the holding time at 280◦C increases, a weak shoul-
der grows up on the high-s side of the Bragg peak. An
arrow marks the shoulder in Fig. 3c. After 10 min. at
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(a)

(b)

(c)

Figure 3 (a) Lorentz corrected intensity vs. scattering vector for PEEK
(1, 2) and PEEK/PEI (3, 4) treated at 280◦C, 10 min. (1, 3) or 310◦C,
30 min. (2, 4). (b) One dimensional electron density correlation func-
tion, K (z), from Equation. 1, for PEEK treated 10 min at 280◦C, and
then 3.5 min. at 295◦C, showing determination of long period,L, crystal
thickness,lc, and scattering invariant,Q. (c) Lorentz corrected inten-
sity vs. scattering vector for PEEK at a sequence of temperatures and
times during “low-to-high” crystallization and melting. Temperatures
and times are given in the legend. Appearance of a shoulder at highs
(shown by an arrow) shows development of a population of less perfect
crystals.

280◦C the intensity in the shoulder is as large as in-
tensity in the main Bragg peak. When the temperature
first increases from 280◦C to 295◦C, the weak shoulder
diminishes, and then increases once again as the hold-
ing time at 295◦C increases. When the non-isothermal
heating begins, and the temperature reaches 305◦C, the
intensity on the highs side decreases. As temperature
increases, the Bragg maximum shifts to lowers.

3.2. Dual stage crystallization—high
temperature to low

The DSC endothermic heat flows vs. temperature af-
ter four “high-to-low” thermal treatments is presented
in Fig. 4a and b for PEEK and 80/20 blend, respec-
tively. All the samples were crystallized at 310◦C, but
the times varied. Samples were held at 310◦C for 0 min.
(curve a), 3 min. (curve b), 10 min. (curve c), and
30 min. (curve d), followed by cooling to 295◦C, and
holding there for 15 min. After this second stage of
treatment, the sample was jumped to 280◦C, in order to
resolve the lowest endotherm during subsequent DSC
scanning to 360◦C. When the sample receives only
treatment at 295◦C (0 min. at 310◦C, curve a) dual en-
dotherms are observed. Increasing the time of treatment
at 310◦C results in development of a middle endotherm,
and a decrease of the area of the lowest endotherm with
increased holding time at 310◦C. The lowest endotherm
of the triplet is the weakest, and can barely be seen in
the blend, Fig. 4b. In both blend and homopolymer the
lowest endotherm is largest when there is no pretreat-
ment at 310◦C, and decreases as the holding time at
310◦C increases.

The middle endotherm, which arises only after treat-
ment at 310◦C, increases in area as the holding time at
310◦C increases. The main melting endotherm, which
peaks at about 340◦C, is almost constant with crystal-
lization time at 310◦C. Melting is completed by 350◦C.
The location, shape, and total area of the small en-
dotherms depend on the sample’s prior thermal history,
specifically on the isothermal holding times, given that
all other parameters are held constant. In addition to
the formation of the most perfect crystals (forming the
high melting endotherm), we also observe the develop-
ment of the less perfect populations of crystals during
isothermal periods, which gives the melting peaks with
lower melting temperature.

3.3. Structural parameters from SAXS
Fig. 5a–d shows the structural parameters,L and lc,
vs. time for PEEK homopolymer, determined byK (z).
The treatment shown is “low-to-high” and the following
symbols pertain to all sections of the figure. The sam-
ples have 10 min at 280◦C, followed by: 0 min. at 295◦C
(open circles), 1 min. at 295◦C (crosses), 3.5 min. at
295◦C (stars), and 10 min. at 295◦C (solid line). The
sample treated with no second stage treatment (open cir-
cles) actually had only 9 min. at 280◦C (due to human
error), and the first two data points shown are represen-
tative of non-isothermal cooling to 280◦C, followed by
9 min. isothermal period. After the isothermal period,
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TABLE I I DSC crystallinity, fc, and structural parameters from SAXS for PEEK and PEEK/PEI blends comparing two thermal treatments

Thermal fca Lb lcb χc
c Qi

d

PEEK/PEI treatment (±0.01) (nm±0.15) (nm±.02) (±0.01) (arb.)

100/0 310◦C, 30 min.+ 0.41 21.4 8.8 0.41 9.25
295◦C, 15 min.

100/0 280◦C, 10 min.+ 0.37 20.3 7.6 0.38 8.97
295◦C, 3.5 min.

80/20 310◦C, 30 min.+ 0.40 21.1 8.4 0.40 1.5
295◦C, 15 min.

80/20 280◦C, 10 min.+ 0.34 20.3 7.1 0.35 1.2
295◦C, 3.5 min.

a Mass fraction, determined by DSC from: (total endothermic area)/(130 J/g) [1].
b Determined from the correlation function (see Fig. 3b).
c Linear stack crystallinity,χc= lc/L.
d Determined from the correlation function (see Fig. 3b). SAXS intensity is not placed on an absolute scale, so the values ofQi are relative. The third
figure (underlined) is not significant, but is included to show the range.

this sample was directly heated to melt it. The other
samples experience a heating ramp between the 280◦C
and 295◦C stages, isothermal period at 295◦C, and fi-
nally a second heating ramp to melt the sample. The
heating ramp between stages is marked on the plot.

Fig. 5a showsL vs. time with all treatments super-
imposed, while b shows theL curves each separated by
∼1 nm for clarity. The superimposed curves show that
run-to-run variability was small (maximally .3 nm out
of∼20 nm). Long period decreases during the isother-
mal holding time at 280◦C. During the heating ramp
from 280◦C–295◦C, L increases by about 1 nm. Dur-
ing holding at 295◦C, L decreases very slightly. Upon
subsequent heating to melt the sample,L increases in
roughly two stages of differing slope. The change in
slope to steeply rising occurs at about 335◦C, just at the
beginning of the major endotherm. When the tempera-
ture increases to 350◦C, a Bragg peak can no longer be
observed, and no long period can be calculated.

Fig. 5c and d shows lamellar thickness (crystal thick-
ness) vs. time with all data superimposed (Fig. 5c) or
separated for clarity by∼0.2 nm (Fig. 5d). Among the
four runs, the variability inlc during initial equilibration
at 280◦C is 0.05–0.1 nm. During the isothermal periods,
and heating, variability is about .025 nm. The trends in
lc are similar, prior to final heating, to those seen for
L. Viz., lc decreases during the isothermal holding pe-
riod at the first stage, increases (by∼0.1 nm) during
heating from 280◦C to 295◦C, holds nearly steady dur-
ing annealing at 295◦C, then increases again during the
first part of heating to melt the sample. The important
difference in behavior betweenL and lc is that L in-
creases with continuously increasing slope throughout
the melting, with steepest increase coming at the high-
est temperatures.lc on the other hand, increases in the
temperature range from 295–340◦C, and then flattens
as temperature increases further.

Fig. 6a and b shows the structural parameters,L
and lc, vs. time for PEEK homopolymer. The treat-
ment shown is “high-to-low” and samples have vari-
able holding times at the first stage temperature, 310◦C.
The following symbols pertain to all sections of the fig-
ure: treatment times at 310◦C are 0 min. (open circles),
3 min. (crosses), 10 min. (stars), and 30 min. (dots).
After the first stage, the samples were cooled to 295◦C,

held for 15 min., and then heated through melting. An
arrow marks the start of the isothermal holding period
at 295◦C on each curve of Fig. 6a (long period,L) and
b (crystal thickness,lc).

Fig. 6a showsL vs. time with curves separated for
clarity. The numerical scale on the ordinate is correct
only for the sample (open circles) with no holding time
at 310◦C. Considering this sample first, we see thatL
decreases steadily during cooling to 295◦C, and reaches
about 21.8 nm before it starts increasing during final
heating. The other three samples, with variable hold-
ing times at 310◦C have several features in common.
L drops steeply at first and then more slowly during
the holding time at 310◦C. The non-isothermal cool-
ing to 295◦C results in a step decrease in eitherL or
lc, just to the left of the arrow marking the arrival at
295◦C. During the isothermal treatment at 295◦C, L
continues to decrease a little and then increases during
final heating. As temperature increases from 295◦C, L
monotonically increases. The steepest increase occurs
during the melting within the major endotherm. One of
the curves, holding time at 310◦C of 10 min. (stars),
stops at a temperature of 325◦C, while the others con-
tinue entirely through melting.

Fig. 6b shows the same treatments forlc, with curves
vertically displaced by about .2 nm. Scaling is correct
only for the sample having no holding time at 310◦C
(open circles). For the sample which received no hold-
ing time at 310◦C, crystal thickness decreases during
the cooling to 295◦C, and continues decreasing but
with reduced slope during the 15 min. holding time at
295◦C. During heating to melt the sample,lc increases
to a maximum value and then levels off and decreases.
For the other three samples having variable holding
times at the first stage, crystal thickness decreases
during the isothermal treatment at 310◦C. Cooling
to 295◦C results in further decrease inlc. Holding
at 295◦C for 15 min. also causeslc to decrease. The
amount of the decrease inlc at 295◦C is affected by the
amount of time at 310◦C: the longer the holding time
in the first stage, the smaller is the decrease inlc during
the second stage. Immediately upon the start of heat-
ing, lc begins to increase, but with decreasing slope.
When the temperature reaches 340◦C, lc begins to
decrease.
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(a)

(b)

Figure 4 DSC endothermic heat flow vs. temperature for samples treated at 310◦C for 0 min. (curve a), 3 min. (curve b), 10 min. (curve c) and 30 min.
(curve d), followed by treatment at 295◦C for 15 min. (a) PEEK; (b) 80/20 PEEK/PEI.

Fig. 7a–d shows the SAXS determined structural
parameters for the 80/20 PEEK/PEI blend. Overall,
the data for the blend samples was noisier than for
the homopolymer, due to reduced scattered intensity
in the blend. Curves are displaced vertically for clar-
ity, and the upper curve (open circles) in each plot
scales to the ordinate axis. Fig. 7a and b shows long
period and crystal thickness, respectively, vs. time dur-
ing dual stage “low-to-high” treatment. In Fig. 7a and
b, the upper curves (open circles) show the treatment

where the sample was held isothermally at 280◦C and
then melted. The lower curve (stars) shows the sample
treated for 10 min. at 280◦C followed by 3.5 min. at
295◦C. The overall trends are the same in the blend as
in the homopolymer:L and lc both decrease slightly
during holding at 280◦C, and increase as temperature
increases. For the sample treated at 295◦C for 3.5 min,
L and lc both decrease again during the isothermal
holding period at 295◦C, and then increase immedi-
ately as the temperature increases during melting.L
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(a)

(b)

(c)

(d)

Figure 5 PEEK structural parameters for “low-to-high” two-stage melt treatment. Isothermal at 280◦C followed by heat treatment at 295◦C for:
0 min. (open circles), 1 min. (crosses), 3.5 min. (stars), and 10 min. (solid line), followed immediately by heating to melt the sample. (a) Long period
vs. time; (b) Long period vs. time, with curves displaced vertically; (c) Lamella thickness vs. time; and (d) Lamella thickness vs. time, with curves
displaced vertically. The arrows mark the end of the second isothermal period.

increases throughout melting, and the slope increases
as temperature goes above 338◦C.

Fig. 7c and d showsL andlc, respectively, after treat-
ment at 310◦C for 0 min (open circles), 3 min (crosses),
10 min (stars) or 30 min (dots). Samples were cooled
from 310◦C, and the arrow on each curve shows the
arrival at 295◦C. L and lc both decrease during the
isothermal periods, and during cooling to 295◦C. Then
L increases dramatically throughout the melting range,
while lc first increases, then levels off or decreases
slightly.

The linear stack crystallinity,χc, is shown in Fig. 8a
and c for PEEK and Fig. 8b and d for the blend. Once
again for clarity the curves have been displaced upwards
vertically from a reference curve (open circles). An ar-
row marks the end of the isothermal period at 295◦C.
For the “low-to-high” treatments (Fig. 8a and b) the
first stage treatment is the same for all curves, and the
vertically shifted curves superimpose exactly on the
reference curve during the first 10 minutes at 280◦C.

Crystallinity is relatively constant during the isothermal
period at 280◦C, increases very slowly during both heat-
ing to 295◦C and holding at 295◦C, then declines slowly
as temperature increases from 295◦C. The decrease is
gentle up to 325◦C, but crystallinity decreases rapidly
as temperature increases through the upper melting en-
dotherm region.

In the “high-to-low” treatments (Fig. 8c and d) av-
erage linear stack crystallinity increases rapidly during
the first minute at 310◦C for both homopolymer and
blend. Crystallinity increases slightly throughout the
isothermal period at 310◦C. No change in crystallinity
was seen during cooling to 295◦C, and only a very slight
increase was observed during the second stage isother-
mal period at 295◦C. As shown in Table II, degree of
crystallinity is 0.41 for PEEK and 0.40 for the blend at
the end of the treatment sequence: 30 min. isothermal
period at 310◦C followed by 15 min. at 295◦C. Crys-
tallinity during final heating from 295◦C followed the
same trends as in the “low-to-high” thermal treatment.
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Figure 6 PEEK structural parameters for “high-to-low” two-stage melt
treatment. Isothermal at 310◦C for: 0 min. (open circles), 3 min. (crosses),
10 min. (stars), and 30 min. (dots), followed by heat treatment at 295◦C
for 15 min., and then heating to melt the sample. The arrows mark the
start of the second stage isothermal treatment at 295◦C. (a) Long period
vs. time with curves displaced vertically; (b) Lamella thickness vs. time
with curves displaced vertically.

4. Discussion
As shown in Fig. 3a, the intensity scattered by the blends
is quite a bit smaller than that from the homopolymer.
The difference in integrated areas is about a factor of
five in this study. The integrated area is also called the
scattering invariant,Q, and is given by [30]:

Q =
∫ ∞

0
4πs2Icorr ds= χsχc(1− χc)(ρc− ρa)2 (3)

The integral is related to the spherulite filling fraction,
χs, the linear stack crystallinity,χc, and the square of
the difference in electron density between the crystals,
ρc, and the amorphous phase,ρa. From Table II, the
linear crystallinity,χc, in these samples is not suffi-
ciently different to account for the very large differ-
ences inQ. Also from electron microscopy of blends
of this composition [23, 24, 27], spherulites fill up the
available volume completely so thatχs is unity. Reduc-
tion in intensity in the blend is a result of a reduction in
the electron density difference (i.e., scattering contrast)

between the crystalline phase due to thermal expansion
effects and mixing of interlamellar PEI.

4.1. Low-to-high thermal treatment
Our group has previously [16, 17] used thermal analysis
to study effects of two-stage melt crystallization on the
multiple melting of poly(phenylene sulfide). We pro-
posed a model to explain multiple melting endotherms
in PPS, treated according to one- or two-stage melt
or cold crystallization [16, 17]. The key feature of this
model is that multiple endotherms arise from different
causes, depending upon the nature of the crystallization
history. After crystallization from the glass at high un-
dercooling (so-called “cold” crystallization), multiple
endotherms are due to reorganization and/or recrystal-
lization of imperfect crystals formed at low tempera-
ture. On the other hand, after melt crystallization at
low undercooling, crystal morphology dominates the
appearance of the melting endotherms. In other words,
multiple distinct crystal populations, characterized by
different levels of crystal perfection, are formed by the
melt crystallization, leading to observation of multiple
melting [16, 17].

Validity of the reorganization/recrystallization model
for cold crystallization has been demonstrated for
PEEK polymer through recent SAXS and DSC studies
of heating or annealing of quenched PEEK [4, 14, 29].
Not as much work has been done on melt crystallization
and the present work addresses the dual-stage thermal
treatment uniquely, by considering both “low-to-high”
and “high-to-low” temperature sequences.

From the DSC melting behavior (Fig. 2a and b)
dual endotherms are always observed after two-stage
melt crystallization from “low-to-high” temperature.
The second stage treatment at 295◦C, being at a tem-
perature higher than that of the first stage minor en-
dotherm, “erases” the first minor endotherm. In its place
there appears a second, larger minor endotherm at still
higher temperature, about 5–8 degrees above 295◦C.
The longer the holding time at 295◦C, the larger is the
area of the minor endotherm. The area and peak posi-
tion of the major endotherm are nearly unaffected by
the second stage thermal treatment. Similar behavior is
seen for PEEK and for the 80/20 PEEK/PEI blend.

SAXS results (Fig. 3c) for the “low-to-high” treat-
ment show that there is a small, but reproducible,
change in intensity at highers (referring to crystals
having smaller average long periods). As the holding
time during the first stage increases, intensity grows in
a shoulder at highers. Upon heating from 280◦C to
295◦C, through the first minor endotherm, the shoulder
intensity drops, and then rises again during the second
stage isothermal holding at 295◦C. These small changes
in SAXS intensity combined with the DSC endothermic
behavior allow the conclusion that the minor endotherm
represents melting of a population of less perfect crys-
tals, which recrystallize and are able to become more
perfected during the second stage holding time.

Fig. 3c shows that the long period of the crystals, cor-
responding to the characteristic melting endotherm for
PEEK at 345◦C, form in the first stages of the period
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Figure 7 PEEK/PEI structural parameters for two-stage melt treatment: (a) Long period vs. time with curves displaced vertically; (b) Lamella thickness
vs. time with curves displaced vertically. For (a) and (b): Isothermal at 280◦C for 10 min., then 0 min. at 295◦C (open circles) and 3.5 min. at 295◦C
(stars) followed by heating to melt. The arrows on Fig. 7a and b mark the end of the second stage isothermal treatment at 295◦C. (c) Long period vs.
time with curves displaced vertically; (c) Lamella thickness vs. time with curves displaced vertically. For (c) and (d): Isothermal at 310◦C for 0 min.
(open circles), 3 min. (crosses), 10 min. (stars) and 30 min. (dots), followed by 15 min. at 295◦C and heating to melt. The arrows on Fig. 7c and d
mark the start of the second stage isothermal treatment at 295◦C.

prior to equilibration at 280◦C, and then the second
population with lower long period (intensity at highers)
starts to form. One possible explanation is that the main
population of the crystals melting at 345◦C is forming in
an unconstrained molten environment during cooling to
280◦C, and is independent of the temperature at which
the crystals are formed. Once these crystals are formed,
the second population corresponding to the given crys-
tallization temperature, grows in a highly constrained
environment, creating crystals which are less perfect
and melt at lower temperature.

Perfection of crystals is seen as an increase of the
intensity of the population scattering at highers, while
the intensity of the population scattering at lowers
stays constant. During heating from below to above
the minor endotherm, we see rapid decrease of the in-
tensity of the X-ray scattering corresponding to the
population of crystals scattering in the shoulder. An-
other important observation is that after the sample is
annealed at 295◦C, the shoulder intensity is progres-

sively restored (Fig. 3c). The population scattering at
highers remains longer before it disappears in the sam-
ple treated to the second stage of melt crystallization,
compare to the sample crystallized with a single stage.
This could be interpreted as an effect of continued per-
fection of the less perfect population, also reflected in
the increased melting temperature of the smaller en-
dotherm as the holding time at 295◦C increases. In the
corresponding DSC scans (Fig. 2) we see a shift in the
peak temperature and increase in area of the lower melt-
ing endotherm with an increase of the annealing time
at 295◦C.

Not all of the increase in long period seen in the non-
isothermal stage (for example, heating from 280◦C to
295◦C) can be ascribed to thermal expansion effects.
Most of the increase inL seen during heating through
the minor endotherm is due to melting of the imper-
fect population of crystals. The measured increase in
L between 280◦C and 295◦C is about 1 nm (Fig. 5a).
The change in long period,1L, can be written in terms
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Figure 8 Linear stack crystallinity vs. time for various treatments. Isothermal at 280◦C followed by heat treatment at 295◦C for: 0 min. (open circles),
1 min. (crosses), 3.5 min. (stars), and 10 min. (dots), followed immediately by heating to melt the sample: (a) PEEK (b) 80/20 PEEK/PEI blend.
Isothermal at 310◦C for: 0 min. (open circles), 3 min. (crosses), 10 min. (stars), and 30 min. (dots), followed by heat treatment at 295◦C for 15 min.,
and then heating to melt the sample: (c) PEEK (d) 80/20 PEEK/PEI blend. The arrows on Fig. 8a and b mark the end, and on Fig. 8c and d the start
of the second stage isothermal treatment at 295◦C.

of the change in temperature,1T , the long period at
T = 0, L(0), and the thermal expansion coefficient of
the long period [35] as:

1L = 1T L(0)αz ∼ 0.1 nm (4)

The calculation uses1T = 15◦C and αz= 4.3×
10−4/◦C [35]. Since we do not knowL(0), we replace
that quantity with L(280◦C)∼20 nm (from present
data), which is surely larger. This results in a maxi-
mal estimate for the expected change inL caused by
thermal expansion (or contraction) during heating (or
cooling) between 280◦C and 295◦C. The actual mea-
sured change inL over this temperature interval is ten
times greater than can be attributed to thermal expan-
sion effects.

Similar trends after the “low-to-high” temperature
treatment are observed for the blend (Fig. 7a and b) as
for the pure PEEK. The blend long period and crystal
thickness are smaller than for PEEK. This leads us to
the idea that the amorphous PEI is located in-between
the lamellae for our conditions of treatment, rather than
in the interspherulitic or interfibrillar spaces, which is

consistent with the observations of others [12, 27]. Also
at the end of the isothermal period, the linear stack
crystallinity,χc, shows only slightly higher value than
fc, the crystallinity derived from the DSC scans (see
Table II). This supports our view that for our crystalliza-
tion conditions there are no large amorphous pockets
left outside the crystalline regions. In this respect we
confirm the homogeneous model [27] in which crys-
tal lamellae grow as space filling stacks. In agreement
with the homogeneous model and the result that the
crystallinity of all of our samples is less than 50%,
we assign the smaller length aslc. When we have the
low-to-high isothermal period sequence, the small pop-
ulation of crystals, after melting at the small melting
endotherm, re-crystallizes after this and forms a higher
temperature melting population with slightly larger av-
erage lamellar thickness.

4.2. High-to-low thermal treatment
As the first stage holding time at 310◦C increases, the
area of the middle small peak increases (Fig. 4a) and its
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melting temperature slightly increases. This indicates
that a greater amount of material crystallizes during
the 310◦C isotherm, as the isothermal holding time in-
creases. This is seen also in Fig. 8c, showing the slow
but steady rise inχc during holding at 310◦C. At the
same time the material left to crystallize at 295◦C is
less and less with the increase of the first holding time.
The effect of the 295◦C treatment is to form a third,
least perfect population of crystals melting in the low-
est of the three endotherms seen in Fig. 4a. The size of
this endothermdecreasesas the first stage holding time
increases. After dual stage crystallization withT1> T2,
the amount of space remaining for additional crystal
growth atT2 depends upon the holding time atT1. The
long period of crystals formed atT2 is smaller than that
formed atT1 (Fig. 6a) due to growth in a now-restricted
geometry.

Both L and lc decrease during isothermal holding
at 310◦C, cooling to 295◦C, and isothermal holding
at 295◦C. The size of the decrease during cooling is
larger than can be accounted for by thermal contraction
effects, but the change occurs with a constantlc/L value
(constant linear stack crystallinity,χc). Thus, additional
crystals forming in the restricted spaces slightly reduce
both the average long period and lamellar thickness but
do not increase the linear stack crystallinity.

During the 295◦C stage of the low-to-high treat-
mentχc increases, but during the 295◦C stage of the
high-to-low treatment changes inχc are within the
noise of the data. Heating from 280◦C to 295◦C melts
some imperfect crystals, that crystallize once again at
295◦C with higherlc/L value. However, cooling from
310◦C to 295◦C causes additional crystal growth in
a restricted geometry. The longer the holding time at
310◦C, the less space available for additional crystals.
After the high-to-low treatment it is much more diffi-
cult for the population of crystals formed at the lower
annealing temperature to re-crystallize after it melts at
the lowest endotherm. All of the material crystalliz-
able at 310◦C was already crystalline and the rest that
was crystallized afterwards at 295◦C was not previously
crystallizable at 310◦C.

4.3. Final melting
During the final melting sequence the lamellar thick-
ness,lc, first increases with nearly constant slope, and
then rolls off (Figs. 5c and d, 6b and 7d). The increase
begins immediately upon heating from the second stage
treatment temperature. The initial increase is consistent
with the progressive melting of the thinnest lamellae in
the sample, which causes the average lamellar thick-
ness steadily to increase. As the temperature increases
to 325◦C, within the major melting endotherm,L andlc
increase together. From 325◦C to 340◦C (the location
of the major endotherm’s peak), the DSC crystallinity
is rapidly changing as crystals melt. By 340◦C, less
than half the original crystals remain in the sample.
The linear stack crystallinity changes only a little in
this temperature range:χc decreases from about 0.375
at 320◦C to 0.35 at 340◦C. Spherulites no longer fill the
available volume and large regions devoid of crystals

now are formed as temperature increases. The change
in χs is the major contributor to the decrease in area
under the scattering curves (Fig. 3c) above 345◦C.

At temperatures above 340◦C, we have remaining in
the sample only the thickest, most perfected lamellae.
During the last few minutes of melting, from 340◦C to
345◦C, the long period increases most steeply and the
lamellar thickness rolls off. This roll-off is due to sur-
face melting of these lamellae, which begins to reduce
the average lamellar thickness. Eventually, the average
lamellar thickness must decrease to zero, and we see a
hint of this in the roll-off. However, above 345◦C, there
are only a few percent of crystals remaining in the sam-
ple, and the noise level is to too large for any structural
parameters to be determined.

5. Conclusion
Small angle synchrotron X-ray scattering is an impor-
tant tool for the study of real-time structure develop-
ment in semicrystalline polymers. Changes in structural
parameters such as long periodicity, lamellar thickness
and linear crystallinity allow better understanding of
primary and secondary crystallization processes which
contribute to the dual, and even triple, endothermic re-
sponse seen in PEEK polymer. Here, we used dual stage
melt crystallization of PEEK and its 80/20 blend with
PEI to study structure formation when crystals grow
in an environment restricted by the existence of other
crystals formed during the first stage of treatment.

During two-stage melt crystallization, dual popu-
lations of crystals form during the first stage regard-
less whether the treatment conditions are a low-to-high
or high-to-low temperature sequence. During the first
stage, the average long period and crystal thickness de-
crease, while linear stack crystallinity increases, with
an increase in holding time.

In the low-to-high temperature sequence, heating to
the second stage melts a population of least perfect
crystals. A small intensity shoulder at highs decreases
upon heating through the lower of the two endotherms,
while the average long period, crystal thickness, and lin-
ear stack crystallinity all increase. During the holding
at the second stage, additional crystals form. Scattered
intensity increases in the highs shoulder, and average
long period and crystal thickness decrease as some of
the now-molten material recrystallizes.

In the high-to-low temperature sequence, cooling to,
and holding at, the second stage causes the average
long period and crystal thickness to decrease. Holding
at the second stage causes an additional third popula-
tion of crystals to grow, creating a third endotherm. As
the first stage holding time increases, the middle small
endotherm increases in area while the lowest small en-
dotherm decreases. The amount of the crystals formed
during the second stage decreases as the space available
for their growth decreases.

During the melting sequence, the average long period
increases steadily, gently at first and then with steep
slope as temperature rises to the location of the peak
in the major endotherm. The average crystal thickness
also first increases, as the least perfect, thinnest crystals
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melt. Eventually, the crystal thickness levels off and
begins to decline with increasing temperature. We sug-
gest that melting of the thickest, most perfect crystals
occurs from the surfaces accounting for the roll-off and
decrease inlc.
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