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ABSTRACT: The microstructure of cold-crystallized poly(ether—ether—ketone)/poly(ether—imide) (PEEK/
PEI) blends has been investigated by a combination of wide- and small- angle X-ray scattering (SAXS),
dielectric spectroscopy, and transmission electron microscopy. Both SAXS and dielectric spectroscopy
indicate that most PEI is excluded from interlamellar regions and segregates essentially into interfibrillar
regions upon crystallization. Interlamellar inclusion was found to be limited to low PEI levels.
Transmission electron microscopy (TEM) observations on stained thin sections from bulk samples confirm
these conclusions. The restricted character of the interlamellar inclusion of PEI is probably due to a
more ordered structure of noncrystalline regions near PEEK crystal surfaces. In addition, our results
on PEEKI/PEI blends corroborate the model of cold-crystallized pure PEEK which consists of thin lamellar
crystals separated by thicker noncrystalline interlayers that are grouped into stacks of limited coherence
and uniformly fill the entire sample volume without any separate amorphous pockets or gaps.

1. Introduction

Poly(ether—ether—ketone) (PEEK)! is a typical aro-
matic semicrystalline polymer which is comprised of a
fully para-aromatic backbone arrangement. It is noted
for high performance properties among which are excel-
lent thermal and chemical stability, the absence of
polymorphic transitions, and an extremely large tem-
perature interval of crystallization. The semicrystalline
microstructure of PEEK has been much discussed
recently, owing to a difference between authors in the
interpretation of the small-angle X-ray scattering (SAXS)
results for this polymer.23 This problem affects directly
the interpretation of the much-debated multiple endo-
thermic behavior exhibited by isothermally crystallized
PEEK.2-11

In short, the proposed microstructural models can be
divided into two groups. The first model is in essence
a three-phase model, wherein thick lamellar crystals
(about 70—120 A) separated by thinner amorphous
interlayers (about 30—40 A) pack into stacks of finite
size, these stacks being separated by large purely
amorphous PEEK regions.®11-13 The large amorphous
gaps represent a significant fraction of the polymer (up
to 50% according to this model). Different variants of
this model have been presented; we refer the reader to
ref 3 for details. These models are often referred as
“finite stack models”;® however, we will call them
“heterogeneous models” herein.

The second model is primarily a two-phase model,
wherein the sample is homogeneously filled with stacks
of thin lamellae alternating with thicker amorphous
interlayers.2414-16 This model has been called by its
opponents as an “infinite stack model”,® because no large
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amorphous gaps are considered to exist in the crystal-
lized polymer. However, the rapid loss of correlation
in the positions of lamellae as a function of their
distance leads to an effective cutoff length for coherent
scattering, so that the word “infinite” becomes mislead-
ing. Hence we will designate this model as “homoge-
neous model”. This model has been successfully used
to explain synchrotron X-ray scattering data obtained
during complex thermal treatments on various PEEK
samples,21516 as well as to correlate the variations of
the glass transition of PEEK with the thickness of
amorphous interlayers.4

Previously, we have presented arguments in favor of
the homogeneous model.2 We also suggested that large
differences in the thermal treatments of investigated
samples could be the reason for the disagreement
between the proposed models.2 In this regard, recent
studies by Fougnies et al.’>16 tend to indicate that the
applicability of heterogeneous models is restricted to
samples melt-crystallized near 340 °C, in the vicinity
of the main melting endotherm of PEEK. It is interest-
ing to note that the proponents of the heterogeneous
models have precisely devoted their efforts to samples
melt-crystallized at rather high temperatures, usually
above 300 °C, in a temperature range of little practical
relevance. At these elevated temperatures, the chemical
nature of PEEK samples could become more heteroge-
neous due to slow degradation, which may then be the
reason for the presence of amorphous gaps.

Therefore, the first aim of the present paper is to
definitively test the validity of the homogeneous model
of lamellar microstructure for PEEK samples crystal-
lized below 300 °C. This will be achieved by taking
advantage of the characteristics of PEEK/poly(ether—
imide) (PEI)! blends. These blends belong to the class
of semicrystalline/amorphous miscible polymer blends.
These blends are made of two polymers miscible in the
amorphous melt state; upon cooling from the melt or
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heating from the supercooled glass, one of the compo-
nent (PEEK) crystallizes, thereby rejecting the other
noncrystallizable component (PEI) into amorphous re-
gions. Since the different microstructural models differ
strongly in the way amorphous PEEK is distributed in
the semicrystalline structure, the ability to probe these
regions through the characteristics of PEI provides a
very powerful tool to resolve the problem. In our
investigation, we obtained a diverse set of experimental
results on PEEK/PEI blends, using transmission elec-
tron microscopy (TEM), wide- and small-angle X-ray
scattering (WAXS and SAXS), and dielectric spectros-
copy.

For semicrystalline/amorphous miscible polymer
blends, the rejection of the noncrystallizable component
upon crystallization can a priori occur in three modes:
17 (1) interlamellar, where it is located in the amorphous
regions between lamellar crystals; (2) interfibrillar,
where it is located between bundles of lamellae (or
fibrils) inside the spherulites; (3) interspherulitic, where
it is excluded from the spherulites, giving rise to a
morphology consisting in spherulites dispersed in a sea
of the noncrystallizable component. It is difficult to
predict the mode of segregation for a given blend. The
use of a kinetic parameter has been proposed,!8 but this
phenomenological theory has not yet been completely
validated. In this regard, PEEK/PEI blends have
already been investigated in the literature.’219-26 poly-
(ether—imide) has been reported to segregate only
interfibrillarly or interspherulitically upon crystalliza-
tion of PEEK.1219.2024 However, we have shown in a
preliminary report?® the occurrence of partial PEI
interlamellar inclusion for cold-crystallized blends, and
this has been corroborated by recent dielectric relax-
ation studies for melt-crystallized blends by Bristow and
Kalika.?> A second aim of this paper is thus to clarify
the mode of segregation of PEI in the blends, using
results obtained by different techniques on identical
bulk samples, to obtain a consistent picture.

The third aim of this paper logically follows the
finding of the second objective: it is to get information
on the nature of PEEK noncrystalline amorphous in-
terlamellar regions from the miscibility characteristics
of PEI in these regions. For some other semicrystalline
blends, it has indeed been shown that the noncrystal-
lizable polymer is rejected not only from the crystals of
the crystallizing polymer but also from an interphase
region at the surface of the crystals.2”?8 Theoretical
considerations have rationalized the concept of compo-
sitional interphase in term of a balance between the
interaction energy due to the contacts between the two
components (interaction parameter y), and the “urgent”
need to dissipate the order of the polymer segments
emerging from the crystal surfaces.?® The picture was
further refined®® by incorporating terms taking into
account the tight-fold energy (E,). These studies predict
the existence at the crystal surface of a transition region
in which the crystalline order progressively dissipates,
which is in agreement with a series of experimental
findings by Mandelkern et al.3! The thickness of this
partially ordered interphase mainly depends on E,, for
example. The theory also predicts the existence of a
compositional interphase whose thickness depends on
x and E,.

Experimental Section

Polymer Samples. PEEK powder (Victrex 150P) was
received from ICIl. Molecular masses determined by size
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exclusion chromatography are 10 300 for M, and 26 800 for
My, respectively.3233 PEI powder (Ultem 1000) was supplied
by General Electric. The molecular mass of PEI has been
reported to be 14 000 for M,.** The powders were dried
overnight at 150 °C under vacuum before processing.

Blends. The polymers were mixed for 10 min in the molten
state in a Brabender mixer operated at 380 °C under a
nitrogen atmosphere. The pellets were compression-molded
at 400 °C for 10 min in vacuum bags, to obtain films of about
400 um thickness. These conditions were selected in order to
avoid branching of the PEEK polymer during processing, as
detailed elsewhere.®? The films were directly quenched from
400 °C into water at room temperature. The quenched films
were transparent with no voids. Wide-angle X-ray diffraction
patterns showed no trace of crystallinity in these films; we
also confirmed the absence of preferential orientation in the
samples, by taking X-ray photographs for three different
orientations of the sheets in the beam. The films were
crystallized for 9.5 h by placing them in a nitrogen-filled oven
previously set at the desired temperature T. in the range of
200—280 °C. The temperature stability of the oven was
measured to be +3 °C.

Wide-Angle X-ray Scattering. Wide-angle X-ray patterns
of the amorphous and annealed sheets were taken in reflection
between 5 and 100° (260) with a Siemens diffractom-
eter mounted on a rotating anode generator (Cu Ka). The
photons were discriminated by energy (cooled semiconductor
detector). The settings of the discrimination window allowed
the detection of the coherently scattered radiation, and all the
incoherently scattered (Compton) radiation in the angular
range of our experiments. The spectra were corrected for
absorption and geometric effects and then scaled to absolute
units as described elsewhere.® After subtraction of the
incoherent scattering, the data were used to compute absolute
values of crystallinity by using Ruland’s method.®® The
method requires one to separate crystalline peaks from the
amorphous halo in the spectra of the semicrystalline samples.
Above s = (2 sin 0)/A = 0.3 A~! (with 1 the X-ray wavelength
and 26 the diffraction angle), the scattering of the pure
amorphous samples was used as a basis to perform this
separation, using Vonk’s procedure;®” below this s value, the
data were fit to a combination of Pearsons type VII distribu-
tions of third order® representing the crystalline peaks and a
sum of broad Gaussians representing the amorphous halo. This
treatment is necessary because the amorphous halos of semi-
crystalline samples and of pure amorphous samples are quite
different in the low s range. Typical computed amorphous
halos are shown in Figure 1. We adapted Ruland’s equations
for our case where the composition of the amorphous regions
differs from that of the crystals (the correction is rather small,
given the similarity of the average mass per atom for PEEK
and PEI). The analysis also requires a disorder factor (D(s)
as defined in ref 36) which depends on the kind of distortions
existing in the crystals. Given the strong variations of crystal
density with annealing conditions,?>3° we selected the expres-
sion pertaining to a dominance of distortions of the second kind
(paracrystallinity)

2 exp(—ks?)

PE= 1 + exp(—ks?)’

@)

where k is a parameter proportional to the average width of
the distributions of interplanar distances in the crystal
(smaller Kk's correspond to decreasing disorder). Finally,
instead of using the parabolic approximation of Vonk®’ to fit
the processed data, we used exact theoretical expressions.

Small-Angle X-ray Scattering. Measurements were per-
formed on beamline 1-4 at the Stanford Synchrotron Radiation
Laboratory (SSRL). The data were corrected for parasitic
scattering and normalized to unit incident intensity and unit
effective thickness.*! No desmearing was performed, given the
high collimation of the beam and its very small cross-section.
Other corrections are indicated where appropriate.
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Figure 1. Wide-angle X-ray patterns of PEEK/PEI blends
annealed for 9.5 h at 280 °C, with PEI content, from bottom
to top of 0, 10, 20, 40, 60, and 80 wt %. The amorphous halos
computed for the Ruland analysis are also shown in this figure
(the curves are displaced vertically for clarity).

Transmission Electron Microscopy (TEM). Ultrathin
sections of bulk specimens (approximately 50—100 nm thick)
were obtained at room temperature using a Reichert FCS
microtome fitted with a diamond knife. The staining solution
was prepared by dissolving 0.1 g of ruthenium trichloride
hydrate (Janssen Chimica) in 5.0 mL of 27.3% aqueous sodium
hypochlorite (Aldrich). The mixture was used immediately
after the preparation as it deteriorates with time. The
microtomed sections, supported on 400 mesh TEM grids, were
exposed to the vapors of the ruthenium/hypochlorite mixture
in a desiccator containing several milliliters of solution for
different periods depending on the sample. These conditions
ensure a rapid staining of the PEEK fraction while leaving
virtually unaffected PEI-rich regions. PEEK thus appears
black in our TEM micrographs, while PEI is white. Stained
and unstained sections were observed in a Philips EM 301
transmission electron microscope operating at 80 kV. More
experimental details can be found in ref 42.

Dielectric Spectroscopy. Guarded measurements were
performed at seven frequencies between 200 Hz and 100 kHz
with a Hewlett-Packard HP4274A bridge. The gold electrodes
were vacuum deposited with a patterned mask. The samples
were sandwiched between insulated copper plates to ensure
lateral homogeneity of temperature. Temperature was meas-
ured with a thin thermocouple located on the sample outside
the measuring electrodes. Samples were first dried in the
dielectric cell at 100 °C (below Tg) for 3 h, cooled, and then
heated at 2 °C/min between 50 and 280 °C. The data were
corrected for ionic conduction above the glass transition of the
dominant amorphous regions.

For amorphous samples, the permittivity was fit to the
Havriliak—Negami relationship,* using all data points in the
o-relaxation temperature range below the temperature of
crystallization

€(T,w) —ig(T,w) =
eu(T) + (x(T) = €y(T)) (1 + [iwry(M]H ™ (2)

with w the angular frequency, 7o the central dielectric relax-
ation time, oo and 3 two phenomenological shape parameters,
and eg and ¢y the relaxed (w = 0) and unrelaxed (w = ) values
of ¢, respectively. The temperature dependence of €y, a and
f, was approximated by a linear relationship, that of eg — €y
by a T relationship in accordance with theoretical predic-
tions** (which are valid if the dipolar correlation factor does
not vary much in the temperature range of the fit), and that
of 70 by a Williams—Landel—Ferry law.*®
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Figure 2. Evolution with PEI content of parameters charac-
teristic of the starting amorphous PEEK/PEI blends. (a) Glass
transition temperature by DSC (®) and dielectric Ty (O), where
To is the temperature at which the central relaxation time (7o)
equals 1 s (eq 2). The lines are fits to the Fox equation. (b)
Havriliak—Negami shape parameters at Ty (eq 2), denoted by
W for a and by O for . (c) Specific volume. The dashed line
represents a simple linear rule of mixture.

Density. Measurements were performed with a density
gradient column (water/NaBr). Three measurements were
performed for each sample.

Differential Scanning Calorimetry (DSC). Measure-
ments were performed at 10 °C/min in a “Thermal Analysis”
calorimeter calibrated with indium and zinc.

Results

Quenched Amorphous Samples. We checked the
miscibility of PEEK and PEI in amorphous samples by
dielectric spectroscopy, densitometry and DSC. As
reported by others,1219-23 the blends exhibit a single
glass transition by DSC (Figure 2a). Dielectric data in
the a-relaxation range are well represented by Havril-
iak—Negami relationships,*® provided the temperature
dependence of the limiting dielectric constants and of
the central relaxation time are taken into account (see
Experimental Section). This analysis reveals a slight
broadening of the relaxation curves, culminating for
30% added PEI, probably due to concentration fluctua-
tions of small amplitude as reported by others for
similar systems*6 (Figure 2b). The evolution of specific
volume with blend composition departs slightly from
linearity as noticed by others?® (Figure 2c). This
departure from a simple rule of mixture results either
from a favorable energetic interaction between PEEK
and PEI segments or from an improved spatial arrange-
ment of PEEK and PEI chains in the blends, which
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Figure 3. Evolution with PEI content of the crystallinity by
weight for blends annealed for 9.5 h at T, = 280 (@), 240 (O),
and 200 °C (m).

reduces the free volume of the blend as compared to the
separate homopolymers. In all cases, this leads to a
slightly negative interaction parameter between PEEK
and PEI. However, no attempt to quantify the interac-
tion parameter was performed in the present study: the
melting—recrystallization process occurring upon heat-
ing cold-crystallized PEEK? prevents us from perform-
ing a reliable Nishi—Wang*’ type of analysis.*®

Annealed Samples. Crystallinity. The WAXS-
determined crystallinity of the samples decreases lin-
early with PEI content for all annealing temperatures
(Figure 3). The crystalline density and paracrystalline
disorder were found to be strongly dependent on tem-
perature, as is well-known for pure PEEK,23° and were
only marginally affected by PEI presence. PEI thus
mainly acts as a diluent with respect to PEEK crystal-
linity and crystal quality.

Morphology. The morphology of thin solution-cast
and annealed films was first examined by polarized
optical microscopy. Spherulites became larger and less
compact with increasing amounts of PEI, and finally,
above 40% (T, = 280 °C) or 60% PEI (T, = 240 °C), they
were found to be separated by large uncrystallized
regions, suggesting interspherulitic segregation. These
observations are similar to those reported by Hudson
et al. on thin solution-cast films.2°

Figure 4 presents TEM pictures of stained thin
sections cut from bulk samples containing 60% and 80%
of PEI annealed at 280 °C. PEEK-rich regions appear
darker in these images.*? For blends containing 60%
of PEI (Figure 4a), no interspherulitic uncrystallized
regions can be observed. White zones in the spherulites
indicate copious interfibrillar segregation of PEI: spher-
ulites appear relatively open. When PEEK content is
decreased further to 20%, the spherulites become ex-
tremely open (Figure 4b). For these 20/80 PEEK/PEI
blends, the openness and fineness of the spherulites
allows to examine by TEM the spherulitic features down
to the lamellar scale, especially at the outer boundary
of spherulites.*? Figure 4c and Figure 5 present large
magnifications of lamellar stacks and isolated lamellae
found in the 20/80 PEEK/PEI blend annealed at 280 °C.
It is evident from these images that most lamellae tend
to be grouped in stacks. However, at the spherulitic
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Figure 4. TEM micrographs of stained microtomes of cold-
crystallized PEI-rich PEEK/PEI blends. PEEK appears black
in these pictures. Key: (a) 40/60 PEEK/PEI blend isothermally
crystallized for 9.5 h at 280 °C, scale bar 3.0 um, (b) 20/80
PEEK/PEI blend isothermally crystallized for 9.5 h at 280 °C,
scale bar 5.0 um; (c) larger scale magnification of the rectan-
gular area indicated in Figure 4b, scale bar 1.0 um. Arrows
indicate (A) an isolated lamella at the spherulitic periphery,
(B) a short stack of parallel lamellae separated by PEI-rich
zones at the spherulitic periphery, and (C) stacks of closely
packed lamellae as found profusely inside spherulites and
occasionally at their periphery. The absence of significant
amounts of interlamellar PEI in these stacks results in them
appearing as large black regions in the stained blends.

boundaries, it is not a rare event to detect isolated
lamellae (arrows A and B in Figure 4c). Large PEI
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stained microtome of 20/80 PEEK/PEI blend cold-crystallized
for 9.5 h at 280 °C. PEEK appears black in these pictures.
Scale bar: 0.25 um.

regions separate the spherulite fibrils (lamellar stacks);
however, spherulites are almost adjacent and inter-
spherulitic segregation is minor (Figure 4b). This is
quite different from what we concluded from the ex-
amination of solution-cast films by optical microscopy
(see ref 20 and above), most probably due to differences
in nucleation density and chain mobility, reduced
dimensionality, or even possible orientation effects
induced by the substrates in thin films. Anyway, this
indicates that one should be very prudent when trying
to extrapolate morphologies observed on thin solution-
cast films to bulk samples.

TEM observations on stained microtomes from blends
richer in PEEK (at least 60% of PEEK) showed only
rather dark and vague images.*? Spherulites could still
be clearly detected; however, the internal features of the
spherulites could not be well resolved. No interspheru-
litic segregation occurs for such PEEK-rich blends upon
annealing at 240 or 280 °C. For samples annealed at
200 °C, the situation is more difficult to analyze, because
the annealing temperature is below the glass transition
temperature of PEIl. Consequently, kinetic effects (mo-
bility) strongly interfere with crystallization, preventing
in some instances full crystallization to occur.*® The
absence of white regions in stained microtomes of blends
containing at least 60% of PEEK indicates that no large
region consisting of pure PEI exists in these samples.
However, very small regions strongly enriched in PEI
could be detected in the 60/40 PEEK/PEI blend by
another method. Unstained microtomes were exposed
for a short time to methylene chloride, a good solvent
for PEI. Upon observation by TEM, numerous pinholes
were detected in the microtome, due to the dissolution
of PEI in PEl-rich regions (Figure 6a). The same
treatment was applied to other samples annealed at 280
°C: blends richer in PEEK were not affected by exposure
to CH,Cl,, while the 20/80 PEEK/PEI blend fell into
dust, in agreement with the existence of small amounts
of interspherulitic PEI in this sample. The 40/60 PEEK/
PEI blend after exposure to CH,CI; is shown in Figure
6b. Large gaps are observed in the microtome, corre-
sponding to the white interfibrillar regions detected on
the stained microtomes (Figure 4a).

From our TEM pictures, it is seen that interfibrillar
PEI segregation is dominant even in the blends of small
PEI contents. At the very periphery, the spherulites
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Figure 6. TEM micrographs of unstained microtomes after
exposure to CH3Cl,. Pinholes in the films are due to the
dissolution of PEI by CHCl,, and thus appear white in the
pictures. Key: (a) 60/40 PEEK/PEI blend annealed for 9.5 h
at 280 °C, scale bar 3.0 um; (b) 40/60 PEEK/PEI blend
annealed for 9.5 h at 280 °C, scale bar 3.0 um.

are so finely open that isolated lamellae (arrow A in
Figure 4c), or parallel lamellae separated by a whiter
PEI-rich zone (arrow B in Figure 4c), are sometimes
apparent. In these conditions, “interlamellar” inclusion
of PEI thus occurs, albeit in a rather restricted amount.
However, most lamellae tend to lie in relatively closed
stacks (arrows C in Figure 4c), consistent with the
previous findings of Lovinger et al.5° for thin films of
pure PEEK.

Small-Angle X-ray Scattering. Since TEM does
not allow to decide on the characteristics of segregation
for PEEK-rich blends, we have measured the SAXS for
our samples. The parasitic-corrected data are shown
in Figure 7, in bilogarithmic form. The amorphous
samples (Figure 7a) exhibit a strong central scattering,
which can be described in our experimental range by a
s* power law with an exponent oo = —3.0 + 0.2 (over
2—3 decades of intensity). The background due to
thermal density fluctuations dominates the signal from
s =0.01 A~1. The existence of a strong central scatter-
ing in amorphous polymers is well-known and is usually
ascribed to impurities or other macroscopic inhomoge-
neities. More surprising is the value for the exponent
of the power law, since the apparent value of a is
expected to be —4 or lower for nonfractal scatterers,
while oo = —3 is not possible theoretically for fractal
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Figure 7. Small-angle X-ray scattering patterns of PEEK/
PEI blends. Key: (a) amorphous samples (PEI fraction, from
top to bottom: 0, 0.1, 0.2, 0.4, 0.6, 0.8, 1); (b) samples annealed
at 200 °C for 9.5 h (PEI fraction, from top to bottom: 0, 0.05,
0.1, 0.2, 0.4); (c) samples annealed at 240 °C for 9.5 h (PEI
fraction, from top to bottom: 0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8); (d)
samples annealed at 280 °C for 9.5 h. (PEI fraction, from top
to bottom: 0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8). The traces have been
displaced vertically for clarity.

scatterers.®! This point is, however, outside the scope
of the present paper.

Upon annealing, a broad reflection peak appears in
the SAXS plots (Figure 7b—d). The results at very low
angles are still dominated by a power law with an
exponent near —3, which is clearly reminiscent of the
scattering from the pure amorphous samples. At large
angles, the scattering is again well-described by a s#
power law, with f close to —4 in accordance with Porod’s
law for smooth scatterers.>? Between these two regions,
the scattering reflects the interferences between the
X-ray wave scattered at the interfaces of the lamellar
structures. For the largest angles, the scattering is
dominated by the signal arising from thermal density
fluctuations (TDF) in the amorphous regions.

To allow for an easier comparison of the broad
reflection peaks for the different samples, we have
subtracted the TDF scattering from the SAXS (ap-
proximated by a constant), subtracted the s—2 power law
dominating the scattering at very low angles, and
normalized the SAXS by the PEEK content. The results
of this treatment are displayed in Figure 8a for the
samples annealed at 280 °C (other annealing temper-
atures give similar curves and are not reproduced here).
The normalized SAXS fall on a single master curve
between s = 0.009 and 0.02 A~1 (Porod’s range), from
which two pieces of information can be obtained. First,
density transition layers at the surface of the lamellae
are identical for all samples, independent of PEI con-
tent. Second, the crystal (lamellar) thickness is rather
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Figure 8. (a) Corrected SAXS patterns for PEEK/PEI blends
annealed at 280 °C for 9.5 h. The curves have been normalized
by PEEK content (curve number/PEI fraction: 1/0; 2/0.1; 3/0.2;
4/0.4; 5/0.6; 6/0.8). (b) Typical one-dimensional correlation
functions computed from the SAXS intensity, shown for
samples annealed for 9.5 h. at 280 °C. Continuous line: pure
PEEK; dashed line: PEEK/PEI 80/20; dashed—dotted line:
PEEK/PEI 60/40).

constant from sample to sample. Indeed, the scattered
intensity in Porod’s range is proportional to the total
surface of interfaces (S) in the illuminated sample;52
other proportionality factors are constant, neglecting the
extremely small difference of electron density between
pure PEI and amorphous PEEK. The existence of a
master curve after normalization by PEEK content thus
indicates that S is proportional to PEEK content (¢pgek)

S = K¢peek (3

where K is a constant. Moreover, the volume crystal-
linity can be written as

g, = SLJ2V = (K/2V)gpeerL, (@)

with V the illuminated sample volume and L. the
average lamellar thickness. Since crystallinity is ex-
perimentally found to be proportional to ¢peek (Figure
3), it follows that L. must be rather constant whatever
the PEI content (here we have neglected the very small
differences between crystallinity by weight and by
volume). Thus, from these very general observations,
we may safely conclude that the lamellar crystals are
similar in thickness within experimental precision for
all the blends annealed at a given temperature. The
only requirement for this conclusion to be valid is that
the scatterers be of lamellar nature, which is clearly
confirmed by TEM. In particular, this conclusion is
valid whatever the details of the spatial distribution of
lamellae.

Furthermore, significant differences among the nor-
malized scattering data for the blends are observed
between s = 0.003 and 0.007 A~1, i.e., on the low-angle
side of the broad reflection. Itis important to note that
these differences can already be observed on the uncor-
rected data (Figure 7d), which indicates that they do
not result from the corrections applied to the data. As
PEI content is increased in the blends, the scattering
increases in this s range, with a parallel shift of the
reflection maximum to lower angles. Since crystals
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have been demonstrated to be constant in thickness, the
excess scattering at low angles must be related to the
development of regions of increasing size separating
crystalline lamellae, as the PEI content increases.

To go a step further, we have computed the one-
dimensional correlation functions from the SAXS data,
i.e., the normalized Fourier transform of the Lorentz-
corrected scattered intensity: s> was used as Lorentz
factor, since the systems are clearly lamellar (TEM) and
isotropic (see Experimental Section). Extrapolation to
large angles was performed using scaling laws, but their
effect was found to be of minor importance to the
resulting correlation functions. The correlation func-
tions (y(r)) were analyzed in a conventional way,5354
using the following relationships:

Pein(1 — dciin)l = 1o ()
La = (1 - ¢c,|in)|— (6)
Lc = ¢c,|inL (7)

Here L is the long spacing determined from the first
subsidiary maximum of the correlation function, and ro
is the first intercept of the correlation function with the
line y(r) = 0. L, denotes the average thickness of the
interlamellar amorphous regions, L. denotes the aver-
age crystal thickness, and ¢ in is the linear crystallinity,
i.e., the ratio L/L. Equation 5 provides two possible
values for ¢ in, Whose sum equals 1, in accordance with
Babinet's reciprocity theorem. We have selected the
smaller of these values as ¢ in, following the homoge-
neous model for the lamellar structure of pure PEEK;
the reverse selection would correspond to the hetero-
geneous model. The linear crystallinity of pure PEEK
samples was thus found to be 0.27 + 0.01, in reasonable
agreement with the WAXS-determined crystallinity
(Figure 3), consistent with the homogeneous model of
PEEK microstructure.

For the annealing temperature of 200 °C, no depend-
ence of the long period with PEI content was detected.
These data are not discussed further in this paper, as
they may be strongly dependent on kinetic effects, due
to the close proximity of the annealing temperature with
the glass transition of pure PEL.*° The evolution of the
SAXS-derived structural parameters with PEI content
is reported in Figure 9, for annealing temperatures of
240 and 280 °C. The correlation functions for the 80%
PEI samples could not be computed, because the small
amount of the SAXS intensity originating from the
semicrystalline lamellar stacks, as compared to other
sources of scattering, did not allow us to perform a
reliable computation of y(r) for these samples. The
average distance between the centers of neighboring
lamellae (i.e., the long period, L) first increases with PEI
addition, but beyond 20% added PEI, it remains con-
stant. The lamellar thickness L. is independent of PEI
content, in agreement with our conclusion discussed in
the previous section. The thickness of the interlamellar
amorphous region behaves similarly to the long period,
first increasing with PEI addition and then saturating
beyond 20% added PEI. The limited extent of the
variations of L and L, requires one to exercise caution
when discussing the SAXS results. In this respect, it
should first be noted that we have previously reported
qualitatively similar results,?6 with the long period
taken as the distance corresponding to the maximum
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Figure 9. Evolution of the long period (L), the average
thickness of the interlamellar regions (L.), and the average
thickness of the crystalline lamellae (L¢) with PEI content.
Dashed lines present the evolution of L, expected for complete
interlamellar PEI segregation. (@, blends annealed at 280 °C
for 9.5 h; O, blends annealed at 240 °C for 9.5 h).

of the Lorentz-corrected SAXS intensity, and with L,
and L. computed from fits of the general paracrystalline
model®® to the SAXS data. Second, it is interesting to
remark that a small increase of long period with PEI
addition was also detected by others,?2 although not
considered to be significant at that time. The repro-
ductibility of these results in the present work indicates
that this variation may be considered to be real, despite
being of limited extent. This conclusion is also sup-
ported by the dielectric results to be presented shortly.

The increase of L, with PEI addition suggests partial
interlamellar PEI inclusion. The extent of interlamellar
inclusion is, however, quite small. Below 20% added
PEI, the increase of Ly with PEI is only 30% of the
expected value for full interlamellar inclusion; for larger
PEI contents, this proportion decreases dramatically,
as indicated by the departures from the calculated
values for complete interlamellar inclusion (dashed lines
in Figure 9). Comparison of correlation functions
reveals that not only does the addition of PEI shift the
first correlation maximum but also the distribution of
interlamellar distances becomes less symmetric, with
a broadening toward larger distances (Figure 8b). This
suggests that the remaining PEI may tend to ac-
cumulate in regions of larger size, which could be
considered as precursors to interfibrillar spaces. The
size of these regions must, however, be still quite
restricted for samples containing less than 60% PEI,
since TEM failed to disclose the presence of pure PEI
regions in these samples.

Dielectric Spectroscopy. The evolution of the
imaginary part of the dielectric permittivity with tem-
perature is displayed in Figure 10a, for samples an-
nealed at 280 °C (4 kHz). For these samples, no
structural changes occur upon heating to 280 °C;?
consequently, the features observed in Figure 10a are
representative of the starting materials (this would not
be the case for samples annealed at lower tempera-
tures). Starting from pure PEEK, the addition of PEI
first moves the a-relaxation to higher temperatures,
while broadening the relaxation. Then, starting from
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Figure 10. (a) Dielectric loss of PEEK/PEI blends annealed
at 280 °C for 9.5 h vs temperature (test frequency: 4 kHz).
The curves have been displaced vertically for clarity. PEI
weight fraction, from bottom to top: 0, 0.1, 0.2, 0.4, 0.6, 0.8.
The top curve corresponds to pure PEI (not annealed). (b)
Evolution with PEI content of the temperature locations of the
dielectric relaxation submaxima of PEEK/PEI blends annealed
at 280 °C for 9.5 h (test frequency: 4 kHz). Key: (M) the lower
temperature; (d) the upper temperature. The dashed line is
the corresponding result for quenched amorphous samples
under the same conditions.

20% added PEI, a second relaxation peak centered near
250 °C progressively develops, eventually becoming the
main feature of the curve. To increase the accuracy in
locating the dielectric submaxima, these were deter-
mined from the minima of the second derivative of the
€i(T) curves. Such a procedure is often used by spec-
troscopists to artificially enhance resolution.>® Results
are presented in Figure 10b. The temperature location
of the first relaxation increases with PEI content, then
saturates at about 200 °C above 20% PEI. The second
relaxation is difficult to separate below 40% PEI; its
temperature location slightly increases with PEI content
and saturates around 250 °C, the relaxation tempera-
ture of pure PEI. These results are similar to those
reported recently by others,?> and bear much resem-
blance with what was reported earlier for blends of poly-
(butylene terephthalate) and poly(arylate) (PBT/PAr).57

Discussion

Mode of Segregation and Attribution of the
Relaxations. It is customary to distinguish in semi-
crystalline blends three amorphous regions: interlamel-
lar regions, interfibrillar regions, and interspherulitic
regions. However, as pointed out previously, the dis-
tinction between interlamellar and interfibrillar regions
is lacking clarity for very open spherulites such as those
obtained for the 20/80 PEEK/PEI blend: fibrils become
thinner from the center to the periphery of the spheru-
lite, eventually giving rise to isolated lamellae at the
border of the spherulites. Moreover, for such open
spherulites, the differences between interfibrillar and
interspherulitic regions are minor. This is because the
openness of the spherulites implies that interspherulitic
regions are contiguous with interfibrillar regions; con-
sequently, both regions will have similar compositions
and relaxation spectra, except for the small portion of
interfibrillar regions directly adjacent to PEEK crystals.
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This explains why no new relaxation appears on passing
from the blend containing 60% PEI, with no inter-
spherulitic segregation, to the blend containing 80%
PEI, where a small amount of interspherulitic segrega-
tion occurs. Nevertheless, the distinction between in-
terspherulitic and interfibrillar PEI is still of practical
interest, because the macroscopic behavior of these
samples can be quite different. For instance, upon
immersion in methylene chloride, the 20/80 PEEK/PEI
blend annealed at 280 °C fragments into dust, while the
40/60 PEEK/PEI blend preserves its integrity owing to
the numerous interspherulitic contacts existing in this
sample.

For blends containing less than 80% PEI, TEM shows
the absence of interspherulitic segregation. SAXS also
indicates that most PEI is excluded from interlamellar
regions. Thus, at the end of the crystallization process,
PEI is essentially located in interfibrillar regions, with
a small fraction of PEI remaining in the interlamellar
regions as suggested by SAXS. Interfibrillar regions do
not contribute much to the SAXS signal, first because
their sizes may be too large in comparison with the
lowest s value of our experimental range and second
because their electron density is only slightly different
from the average electron density of the lamellar stacks
(fibrils). Nevertheless, their presence is partly respon-
sible for the excess scattering detected for the blends
between s = 0.003 and 0.007 A-1, corresponding to
distances of 150—350 A.

We can thus sum up our observations in the following
way. Below 20% added PEI, the addition of PEI results
in a slight increase of L, due to limited interlamellar
inclusion, and in the development of larger amorphous
regions which are enriched in PEI and separate stacks
of more closely grouped lamellae. These larger regions
are nascent interfibrillar regions that are still restricted
in their size; therefore, PEI is always mixed in these
regions with amorphous PEEK segments attached to
neighboring crystals, as revealed by the absence of
relaxation due to pure PEI regions and also by the
absence of white regions in stained TEM samples. In
this range of PEI content, the first dielectric subrelax-
ation moves progressively to higher temperatures,
consistent with the evolution of L. This relaxation
originates essentially from interlamellar regions and
nascent interfibrillar regions. However, the relaxation
broadens significantly toward higher temperatures with
PEI addition, indicating that interfibrillar regions of
larger sizes and of richer PEI content progressively
develop.

Above 20% added PEI, the amount of PEI included
in the interlamellar regions saturates, as indicated by
the location of the first dielectric relaxation subpeak and
the value of L,. The remaining added PEI then ac-
cumulates entirely in the interfibrillar regions, thereby
increasing their average size and allowing regions of
pure PEI to occur in the samples. These regions are
clearly detected by the appearance of the second sub-
relaxation and by the TEM appearance of white regions
in stained microtomed cuts or holes in unstained cuts
washed by methylene chloride.

From this analysis, we conclude that the dielectric
relaxation subpeak located at the higher temperature
corresponds to the relaxation of regions containing
almost pure PEI. It originates from portions of inter-
fibrillar spaces sufficiently away from PEEK crystals,
so that no PEEK amorphous segments attached to a
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crystal (loose loops, dangling chains, ...) may be present.
For the blend containing 80% PEI, this relaxation also
originates from interspherulitic regions. In contrast, the
first relaxation subpeak originates from noncrystalline
regions located close to PEEK crystals. Interlamellar
regions obviously make a significant contribution to this
relaxation, but portions of interfibrillar spaces near
crystal surfaces may also contribute to this relaxation.
This explains why this relaxation is the only one to be
detected when nascent interfibrillar spaces exist in the
samples. This interpretation is compatible with the
ideas proposed some time ago by ourselves?6 and, more
recently, by Bristow and Kalika.?®

Homogeneous vs Heterogeneous Models of PEEK
Lamellar Microstructure. We return briefly to the
problem of selecting one of the two solutions of eq 5 to
¢clin, 1.€., 10 the question of homogeneous vs heteroge-
neous models in describing the lamellar microstructure
of pure PEEK. Our selection of the smallest value for
¢e.in is logical, since it leads to constant crystal thickness
and to an increase of the amorphous interlayer thick-
ness with PEI addition, as expected for interlamellar
inclusion. The reverse attribution would in our case
lead to a constant thickness of the amorphous interlayer
and to an increase of crystal thickness with PEI content.
Such a picture would be difficult to reconcile, consider-
ing the high degree of supercooling of our samples (the
thermodynamic melting temperature of PEEK is re-
ported to be 395 °C58 or 389 °C®) and the fact that PEEK/
PEI blends exhibit small or negligible melting point
depression.121959 Moreover, our selection is supported
by dielectric results, which show an excellent correlation
between the evolution with PEI content of the temper-
ature location of the first glass subrelaxation, associated
to interlamellar regions, and the evolution of the thick-
ness of the amorphous interlayer (compare Figure 9
with Figure 10b). Furthermore, it becomes even more
difficult to understand the appearance of nearly pure
PEI regions in terms of the heterogeneous model, since
PEI should remain miscible with noncrystalline PEEK
in the proposed large amorphous gaps.

Finally, it is possible to obtain an estimation for the
lamellar thickness from TEM images of the most dilute
blends (Figure 5). Obviously, only lamellae having their
normals lying in the plane of the images will be suited
for such an estimation. These lamellae are also the
most contrasted and appear as the thinnest. Moreover,
since both amorphous and crystalline PEEK are readily
stained by the staining agent,*? only isolated PEEK
lamellae surrounded by large amounts of PEI can be
resolved in our TEM pictures. Such lamellae exclu-
sively appear in PEl-rich blends.*2 We have scanned
the TEM images of such dilute blends and established
an average profile for the photographic optical density
of such lamellae (Figure 11). This profile was obtained
by averaging measurements performed on different
lamellae, corresponding to a total length of about 200
nm. The profile can be represented by a Gaussian
having 2.2 nm as standard deviation (full width at half-
maximum, FWHM, of 5.0 nm). It is obvious that the
FWHM of the Gaussian represents an upper bound for
the lamellar thickness. Our estimation of lamellar
thickness from the SAXS correlation function for the
blends annealed at 280 °C amounts to about 3.0 nm,
while heterogeneous models would correspond to lamel-
lar thicknesses on the order of 8.5 nm, well above the
upper bound provided by TEM. Since crystal thick-
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Figure 11. Average profile for the TEM photographical
optical density of the best-contrasted lamellae obtained on
stained microtomes of the blend PEEK/PEI 20/80 annealed for
9.5 h. at 280 °C. The continuous line is a Gaussian fit to the
data (standard deviation: 2.2 nm).

nesses as obtained from SAXS correlation functions are
probably slightly underestimated,? it is clear that our
selection of the smaller value for ¢cn in eq 5 is more
consistent with our results obtained in direct space and
relaxation space.

One could object that the isolated lamellae observed
by TEM are not representative of the lamellae grouped
into stacks that are responsible for the SAXS signal.
However, a qualitative examination of TEM micro-
graphs of Lovinger et al.?® on PEEK/PEI thin films,
where stacks of lamellae can be seen with emerging
isolated lamellae at their tips, does not indicate any
significant difference between isolated lamellae at the
tips of stacks and lamellae further inside the stacks.
Hence, we may safely conclude that our comparison
between TEM and SAXS is warranted. The reasonable
agreement found between TEM and SAXS validates the
homogeneous model for the lamellar microstructure of
pure PEEK cold-crystallized below 300 °C and invali-
dates the heterogeneous models discussed in the litera-
ture31213 for pure PEEK. For PEEK/PEI blends, the
presence of interfibrillar PEIl-rich regions evidently
results in a heterogeneous microstructure; however, the
volume fraction of interfibrillar spaces tends to zero with
decreasing PEI dilution.

Given such low values of lamellar thickness, one
would expect a substantial reduction of the melting
temperature (Tn) of the samples as compared to the
melting temperature of the hypothetical extended chain
infinite crystal (T°). We have computed T, for 30
A-thick crystals by the Gibbs—Thomson equation, using
thermodynamic parameters (melting enthalpy, planar
surface energy of lamellae, and T°) published in the
literature.558 The computed melting temperatures are
located between 275 and 310 °C, depending on the
selected thermodynamic parameters. These values
compare well with the temperature locations of the first
melting endotherm of PEEK and PEEK/PEI samples
(290—300 °C), consistent again with the homogeneous
model of PEEK microstructure.

Structure of Interlamellar Regions: Interlamel-
lar vs Interfibrillar Segregation. Interspherulitic
segregation is usually interpreted as arising from a
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large diffusion coefficient for the noncrystallizable di-
luent combined with a comparatively slow radial growth
rate of the spherulite. Keith and Padden?!® have trans-
lated this notion into a semiquantitative model, in which
a central role is played by the parameter 6 = D/G, with
D. the mutual diffusion coefficient of the diluent in the
melt and G the radial growth rate of the spherulite. It
has been sometimes considered that ¢ defines the scale
of segregation, interlamellar segregation occurring for
0's on the order of the average interlamellar distance
and interspherulitic segregation for ¢'s on the order of
a spherulite radius, for example.’2 In this regard, it
should be noted that the original work of Keith and
Padden?® actually concentrated on large-scale spheru-
litic features detected by optical microscopy, which
limits the relevance of 6 to the supralamellar scale as
acknowledged by Keith and Padden themselves. The
inadequacy of relating 6 to lamellar-scale features was
clearly stated again years later by Bassett®® in a review
of his TEM works on polymer microstructure. There-
fore, although 6 may be relevant to predict interfibrillar
vs interspherulitic segregation, its use to predict inter-
lamellar segregation is much less warranted.

In the case of pure PEEK, TEM photographs of
Lovinger et al.%0 indicate a clear trend of lamellae to
grow more or less closely together, instead of randomly
over space. Therefore, in the case of PEEK/PEI blends,
the disfavored interlamellar inclusion of PEI is most
likely due to this tendency of lamellae to prefer a close
parallel growth. Such a tendency is by no means limited
to PEEK; similar observations have been made for other
polymers as well.6%61 The origin of this trend most
probably lies in the structure of the noncrystalline
regions at the vicinity of a crystal surface, which favors
the growth of a close parallel lamella. In this regard,
it is probably significant that all aromatic semicrystal-
line polymers studied to date tolerate only a limited
amount of interlamellar segregation (PBT in PBT/PAr
blends,>” PEEK in PEEK/PEI blends, and poly(ethylene
terephthalate) in PET/PEI blends®?), while full inter-
lamellar segregation is a frequent occurrence for sem-
icrystalline blends made of more flexible polymers (see
Table 1 in ref 63 for a review). This specific behavior
is thus probably related to the increased stiffness of
aromatic chains. Although the role of kinetic factors
(aromatic polymers usually are slow crystallizers) can-
not be fully ruled out, the fact that PEI inclusion reaches
a plateau with increasing bulk PEI content indicates
that kinetic considerations are not the major factor.
That is, the discontinuous character of PEI inclusion is
difficult to reconcile with kinetic parameters such as
crystal growth rate and PEI diffusion, which are con-
tinuously varying functions of bulk PEI content.

These observations suggest that the nature of non-
crystalline segments in interlamellar regions of semi-
crystalline PEEK is quite different from that of the fully
disordered bulk amorphous PEEK. In some way, it may
be more akin to a relatively disordered liquid crystalline
phase. In this context, it is of interest to note the
similarity in mixing behavior between PEI in PEEK
interlamellar regions on one hand, to the flexible
polymer components in liquid crystals on the other
hand. For example, both theory%* and experiments®®
show a nearly complete exclusion of random-coiled
flexible polymers in the nematic solution of rodlike
polymers, despite very favorable mixing exchange ener-
gies. In this regard, the general problem of the struc-
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ture of noncrystalline regions in the vicinity of lamellar
crystals, the dissipation of crystalline order in particu-
lar, offers challenging opportunities for further research.

Conclusion

A consistent picture for the morphology of PEEK/PEI
blends has been obtained by combining the results of
investigations by WAXS, SAXS, dielectric spectroscopy,
and TEM experiments. Below 20% added PEI, the
addition of PEI results in an increase of the thickness
of the interlamellar amorphous regions (L,), due to
partial PEI interlamellar segregation, and in the de-
velopment of nascent interfibrillar regions. In this
range of PEI content, the dielectric a-relaxation moves
progressively to higher temperatures, consistent with
the evolution of L,. This relaxation originates from
regions adjacent to PEEK crystals, mainly interlamellar
regions but also portions of interfibrillar spaces at
crystal surfaces. The relaxation broadens significantly
toward higher temperatures with PEI addition, indicat-
ing that PEl-enriched interfibrillar regions of larger size
progressively develop.

Above 20% added PEI, the amount of PEI included
in the interlamellar regions saturates. Simultaneously,
the a-relaxation peak splits in two subpeaks. The first
subpeak still mostly corresponds to the relaxation of
interlamellar regions (the evolution of its temperature
location follows closely the behavior of L;). The second
subpeak develops progressively at higher temperature,
corresponding to the relaxation of nearly pure PEI
regions created by the accumulation of this polymer in
interfibrillar regions. For the 20/80 PEEK/PEI blend,
interspherulitic regions of pure PEI also occur. TEM
observations on stained thin sections from bulk samples
confirm these conclusions.

We have also pointed out that the restricted character
of the PEI interlamellar inclusion indicates a clear
preference of lamellae to grow tightly packed together.
We have suggested that this result is related to the
structure of the noncrystalline regions near crystal
surfaces and that the reduced flexibility of the chains
could be a factor promoting this behavior in aromatic
semicrystalline polymers.

Finally, we have presented related experimental
evidences which clearly demonstrate the validity of
homogeneous models in representing the lamellar mi-
crostructure of pure PEEK crystallized below 300 °C.
Such PEEK samples comprise thin lamellar crystals
separated by a thicker amorphous interlayer, grouped
into stacks of limited coherence and homogeneously
filling all the sample volume. This validates our previ-
ous interpretation of the SAXS results for PEEK
samples subjected to various thermal treatments.? It
also confirms the previous finding that the variation of
the glass transition temperature of semicrystalline
PEEK is correlated to the thickness of amorphous
interlayers.14
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