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ABSTRACT: The thin film crystalline morphology of poly(aryl ether ketone ketone) having all p-phenylene
linkages [PEEK(T)] has been investigated via transmission electron microscopy (TEM) and electron
diffraction (ED) experiments. PEKK(T) samples isothermally crystallized from both the melt and the
quenched glassy state over a temperature range of 160—360 °C have been examined, and two polymorphs
(form I and form II) have been found. At low supercoolings, micrometer-size faceted single lamellar crystals
can be found either from the melt or from the glassy state for both forms I and II. On the basis of ED
results obtained from the single lamellar crystals, the c-axis in both forms is not perpendicular to the
substrate. This leads to different single crystal shapes observed experimentally. Chain folding along
the a-axis is recognized on the basis of the evidence from polymer decoration and lamellar microdefor-
mation experiments. With decreasing crystallization temperature, spherulitic texture becomes dominant
and an edge-on type of narrow ribbon-like lamellar orientation in the spherulites is increasingly distorted.
The morphology of PEKK(T) obtained via solvent-induced crystallization by methylene chloride shows

very small crystallites having a size less than 50 nm in three dimensions.

Introduction

Poly(aryl ether ketone ketone)s (PEKKSs) are the most
common members of a new class of high-temperature,
high-performance engineering thermoplastics possess-
ing high potential in structural composite, fire retardent
materials, and other specific applications. Their useful
properties include high melting and glass transition
temperatures, a wide range of attainable crystallinities,
good chemical resistance, and low flammability. These
properties are combined with good processability which
allows them to be shaped into various forms such as
molded parts, fibers, films, and coatings. Since these
desirable macroscopic properties are directly related to
the microscopic structure and morphology of each
particular sample, we have recently initiated a series
of detailed studies of the crystal structure and morphol-
ogy of PEKKs. This work has been concerned with the
examination of structure and structural changes with
various crystallization conditions!~2 and the determi-
nation of thin film morphological characteristics of the
samples.

The crystalline morphology of the polymer is depend-
ent on molecular weight, crystallization temperature
(more precisely, supercooling), time, and preparation
scheme. We have found that PEKK having all p-
phenylene linkages [PEKK(T)] is an ideal candidate for
the study of morphology under different crystallization
conditions because PEKK(T) can be isothermally crys-
tallized over a wide temperature range (ca. 200 °C). This
is combined with the fact that the maximum crystal-
lization rate of the polymer is slow enough to allow it
to be quenched to temperatures below its glass transi-
tion temperature before crystallization occurs.
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PEKK(T) shows polymorphism in its crystal structure,
depending upon the crystallization conditions and crys-
tallization methods.}*~8 The form I structure has a two-
chain orthorhombic lattice with dimensions of a = 0.767
nm, b = 0.606 nm, and ¢ = 1.008 nm which can be found
when the samples are crystallized from the melt at low
supercoolings. On the other hand, a two-chain orthor-
hombic lattice with dimensions of ¢ = 0.417 nm, b =
1.134 nm, and ¢ = 1.008 nm can be obtained via solvent-
induced crystallization and cold crystallization from the
glassy state and has been assigned as the form II
structure 146

In this paper, we report our attempt to study the
polycrystalline morphological dependence on crystal-
lization methods and temperature via transmission
electron microscopy (TEM) and electron diffraction (ED)
experiments on PEKK(T) single crystals of both forms.
The observed single crystal shapes can be explained by
tilting of the c-axis in those crystals. The study in
chain-folding behavior of PEKK crystals is carried out
via polymer decoration and microdeformation methods.

Experimental Section

Materials and Samples. Developmental grade PEKK(T)
with all p-phenylene linkages was prepared from diphenyl
ether and terephthalic acid in a two-step process by DuPont.
Its chemical structure is

~O-—O——~0—<-

The number-average molecular weight of the samples is
around 10 000 and the polydispersity is 3.

PEKK(T) thin films with a thickness ranging from 0.01 to
0.1 um were prepared for TEM observations by casting a 0.1%
(w/w) PEKK(T)—pentafluorophenol (PFP) solution onto carbon-
coated glass slides. The solvent was evaporated in a vacuum
oven, and the films were then stripped, floated onto the water
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surface, and recovered using nickel grids. First, the samples
were heated to ca. 20 °C above their equilibrium melting
temperature (410 °C for PEKK(T)®) for several minutes under
a dry nitrogen atmosphere. Then they were either quenched
into liquid nitrogen to generate amorphous glassy films for
the purpose of cold crystallization or rapidly cooled to a preset
temperature for melt-crystallization experiments. For solvent-
induced crystallization, the amorphous glassy films were
exposed at room temperature in methylene chloride for 1 week.
The PEKK(T) thin films were also shadowed by Pt and coated
with carbon for TEM observations. For wide angle X-ray
diffraction (WAXD) measurements, PEKK(T) films having a
thickness of about 0.1 mm were prepared by solution casting
2% PEKK-PFP (w/w) at 80 °C. The solvent was then
evaporated in a vacuum oven. The same thermal and crystal-
lization procedures were applied to the samples as described
earlier.

For the polymer decoration experiments, polyethylene (PE)
was vaporized by heating under vacuum (typically, 1074-1075
Torr) and then crystallized on the fold surface of PEKK(T)
single lamellar crystals. In this process, thermally induced
chain scission on PE occurs. During highly anisotropic
decorating the PE crystal rods become oriented parallel to the
fold direction on the PEKK(T) single crystals.”® The number-
average molecular weight of PE in this experiment is around
10 000, and the polydispersity is 1.1 before the chain scission.
After decoration, the samples were shadowed by Pt and coated
with carbon. They were then stripped, floated onto the water
surface, and recovered using nickel grids for TEM observa-
tions.

For the microdeformation experiments, PEKK(T) thin films
were also prepared by following the same procedure described
previously. The samples were crystallized from the melt or
the glassy state at low supercoolings (high crystallization
temperatures) in order to obtain single lamellar crystals. They
were stripped, floated onto the water surface, and recovered
using Mylar films. The microdeformation of the PEKK(T)
crystals was achieved through a uniaxial plastic deformation
of Mylar substrate. A typical elongation is around 35%. After
deformation, the samples were shadowed by Pt (the direction
of shadowing was perpendicular to the drawing direction) and
coated with carbon. The samples were then stripped by poly-
(acrylic acid) (PAA), floated onto the water surface to dissolve
PAA, and recovered using copper grids for TEM observations.

Instrumentation and Experiments. PEKK(T) crystal-
line morphology and ED patterns were observed via a JEOL
(1200 EX IT) TEM using an accelerating voltage of 120 kV. A
tilting stage was also used in ED experiments to determine
the three-dimensional crystal unit cells. Calibration of the ED
spacings was carried out using Au and TICI in a d-spacing
range smaller than 0.384 nm, which is the largest spacing for
TICl. Spacing values greater than 0.384 nm were calibrated
by doubling the d-spacings of those reflections on the basis of
their first-order reflections.

Reflection WAXD experiments were conducted through a
Rigaku 12 kW rotating-anode generator (Cu Ka) with diffrac-
tometer. The X-ray beam was monochromatized using a
graphite crystal. The 26 angle region ranges between 5 and
35° with a scanning rate of 2°/min. The diffraction peak
positions and widths observed from WAXD experiments were
carefully calibrated through silicon crystals with known crystal
sizes. A custom-built hot stage was set up on the diffracto-
meter. The temperature control is better than £1.5 °C in the
temperature range for this study. The scans were conducted
at each isothermal crystallization temperature after complete
crystallization of the PEKK(T) samples.

Results and Discussion

Polycrystalline Morphological Dependence on
Crystallization Methods and Temperature. Figure
1 shows polymorphism of PEKK(T) havig all p-phe-
nylene linkages obtained via different crystallization
conditions and methods based on our WAXD observa-
tions.! It is evident that in certain temperature ranges
of the melt and cold crystallizations both forms exist.
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Figure 1. Phase formation maps of both form I (open squares)
and form I1 (filled circles) at different temperatures from the
melt, the glassy state, and solvent-induced crystallization.

For example, PEKK(T) samples crystallized from the
melt exhibit a major formation on form I in the whole
temperature range. However, a very minor population
of the form II structure can be detected between Tz and
280 °C. On the other hand, the cold crystallization of
PEKK(T) samples produces a major population of the
form II structure at least up to 310 °C, although a very
minor portion of the form I structure can also be found
down to 240 °C. Above 310 °C, the ability of growing
the form I structure is significantly enhanced.! It is
known that form I is thermodynamically more stable
than form II. The formation mechanisms of these two
forms are not fully understood at this moment. We
speculate that the ability to develop each of the form
structures may be closely associated with the nucleation
process and chain mobility during the crystallization.l$

For melt-crystallized PEKK(T) in a wide crystalliza-
tion temperature range between 160 and 360 °C,
spherulitic morphology can usually be observed. At
high supercoolings near the glass transition tempera-
ture, the nucleation density is relatively high and the
crystal growth rate is mainly affected by the transport
term due to a low chain mobility. Both effects lead to a
random orientation, which deviates away from the edge-
on lamellar orientation.® A typical morphology is shown
in Figure 2 for PEKK(T) crystallized from the melt at
180 °C for 2 h. Poorly defined, indistinct lamellar layers
with diffuse spherulitic boundaries have been found. An
ED pattern is also included in this figure to study the
crystal orientation in the spherulite. As analyzed by
Lovinger et al., the b-axis is along the radial direction
of the spherulitic growth.? However, the c-axis is not
exactly parallel to the film surface, as is required by
the edge-on type of lamellae. When the supercooling is
reduced, the size of the spherulites becomes increasingly
larger. For example, in the case of PEKK(T) crystallized
at 310 °C from the melt for 60 min (Figure 3), the size
of spherulites is ca. 12 um on average due to the
decreasing nucleation density and enhanced molecular
mobility. A 38°-tilted ED pattern was taken from the
layers of lamellae in the spherulite (included in Figure
3) consisting of the 710 and 111 reflections. This
suggests that PEKK(T) thin films crystallized at high
temperatures do not change the spherulitic growth
orientation along the b-axis which is in the radial
direction of the spherulites. The c-axis (chain direction
in molecules) is tangential to the plane of the film, and
the ag-axis is tangential normal to the spherulitic plane,
indicating that edge-on growth is preferred.
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Figure 2. TEM observations of PEKK(T) spherulitic crystals
grown from the melt at 180 °C for 2 h. An ED pattern is also
included which is taken from the circled area in the figure and
shown in correct orientation.

Figure 3. TEM observations of PEKK(T) spherulitic crystals
grown from the melt at 310 °C for 60 min. The ED pattern
originates from the circled area with a 38°-tilted angle and is
shown in correct orientation.

On the basis of the spherulitic model in poly(aryl
ether ether ketone) (PEEK) thin film first proposed by
Lovinger et al.® our ED results indicate that the
spherulitic morphology in the PEKK(T) thin film also
possesses a cylindrical arrangement at low supercool-
ings. When the supercooling is increased, these lamel-
lar crystals become increasingly disordered in the
cylindrical arrangement of the spherulites (i.e., a more
random lamellar orientation by changing the angle
between the c-axis and the film surface away from 0°),
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Figure 4. TEM observations of PEKK(T) spherulitic crystals
grown from the glassy state at 310 °C for 60 min. The ED
pattern originates from the circled area of the spherulite and
is shown in correct orientation.

while the b-axis remains radial. Therefore, a rough
surface texture for the spherulitic morphology is ob-
served (Figure 2) as compared with the smooth surface
texture on the spherulitic morphology crystallized at low
supercoolings (Figure 3).

Spherulitic morphology consisting of narrow ribbon-
like lamellae can also be observed in PEKK(T) crystal-
lized from the glassy state at 310 °C for 60 min (Figure
4). The average size of the spherulites is ca. 0.5 um.
An ED pattern is also included in Figure 4. On the basis
of the relationship between the 020 reflection of form
IT and the lamellar orientation in the spherulites, we
conclude that the b-axis of the unit cell in form II is
also radial as in the form I spherulites. In general,
however, the size of spherulites crystallized from the
glassy state is smaller than that from the melt and a
more random lamellar orientation of the c-axis with
respect to the film surface is observed in cold crystal-
lization.

Methylene chloride can strongly interact with PEKK-
(T) and induce significant swelling. The absorbed
solvent plasticizes the amorphous PEKK(T) to a level
at which the transformation of the amorphous phase
to the lower free energy crystals is favored. This
phenomenon is known as solvent-induced crystalliza-
tion. The TEM observations of the crystal morphology
via solvent-induced crystallization is shown in Figure
5. Very small crystallites with a typical size of less than
50 nm in three dimensions are observed. Unlike
crystals grown from the melt or the glassy state, no
narrow ribbon-like lamellae can be found in this case.
As a result, we speculate that nucleation is strongly
dominant during this crystallization and molecular
mobility is very limited. An ED pattern obtained from
this kind of morphology only shows reflection rings
(Figure 5). This reveals the small crystallite sizes as
well as random orientation of the crystals in this
solvent-induced crystallization process.
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Figure 5. TEM observations of PEKK(T) crystals obtained
via solvent-induced crystallization. An ED pattern originating
from the circled area in the figure is also included.
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Figure 6. TEM observations of PEKK(T) form I single
lamellar morphology grown from the melt at 360 °C for 20 h.
Untilted and 60°-tilted ED patterns originating from the
circled area of the micrograph are shown in correct orientation,
and they are along the [111] and [00l] zones, respectively.

Single Lamellar Crystals of Both Forms. At a
high crystallization temperature of 360 °C, micrometer-
size single lamellar crystals with faceted linear edges
can be observed in the PEKK(T) thin film samples, as
shown in Figure 6. Furthermore, the single crystals
exhibit a lozenge shape. In all the cases, only a part of
the lamellar crystals can be seen on the sample surfaces.
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Figure 7. TEM observations of PEKK(T) form II single
lamellar morphology grown from the glassy state at 360 °C
for 20 h. The ED pattern originates from the circled area of
the micrograph and is shown in correct orientation.

The ED pattern of the single lamellar crystals indicates
the form I unit cell (included in Figure 6). The electron
beam is parallel to the [111] zone since 110 and 211
reflections are observed. This indicates that the c-axis
of the lamellar crystals is not parallel to the electron
beam. After a tilting angle of ca. 60°, an ED pattern
with the [00[] zone can be found (also included in Figure
6). A similar observation of such tilting of the molecular
chains to the lamellar normal in the PEEK crystals has
been recently reported by Lovinger et al.l® Interest-
ingly, micrometer-size faceted single crystals can also
be found in form II as the sample crystallized from the
glassy state at 360 °C (Figure 7). However, the single
crystal shape in this case is symmetric. An ED pattern
of the single crystals is also included in Figure 7, and it
only shows b-axis reflections of 020 and 040. Similar
to the form I single crystals, the c-axis of form II single
crystals is also not parallel to the electron beam.
Through the tilting stage, ED patterns along the [00l]
zone can be obtained. A roughly estimated 40 & 5° of
molecular inclination to the substrate normal along the
b-axis can be found.

To investigate the relationship between the unit cell
orientation and the shape observed in the single crys-.
tals, we have carried out detailed crystallographic
analysis for the single lamellar crystal orientation in
these samples. On the basis of the ED results shown
in Figure 6, the observed [111] zone indicates that the
angle between the electron beam (which is perpendicu-
lar to the substrate) and the c-axis is 65° (this angle is
redetermined compared with that previously reported).!
The rotating axis is found to be along the 110 direction.
If one views the single crystal parallel to the c-axis, the
edge planes should thus be {310} planes, as shown in
Figure 8a. The two angles formed by the faceted edges
are 134.2 and 45.8°, respectively. After the 65° rotation
along the 110 direction, the projections of the a- and
b-axes in the unit cell are as shown in Figure 8b. The
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Figure 8. Set of schematic illustrations of PEKK(T) form I
single lamellar orientation: (a) viewing direction parallel to
the c-axis; (b) projections of a- and b-axes after rotation along
[110] for 65°; (c) expected single crystal shape that should be
observed experimentally.

o’-axis length is thus 0.635 nm and that of the b’-axis
is 0.426 nm. The value of x = 0.201 nm is the distance
between the corner of the unit cell and the (110) plane.
This rotation leads to the /111] zone, and the single
crystal should possess the shape of Figure 8c. The
projections of these two angles formed by the faceted
edges are thus 136.2 and 43.8°, respectively. Indeed,
the experimentally observed single lamellar crystals fit
well as these predicted ones. The asymmetrical shape
of the single crystals shown in Figure 8c is difficult to
observe in TEM results since only a part of the single
crystals can be seen (see Figure 6 as well as Figure 4
in ref 1). This may also be an indication that the
lamellar fold surface normal is not perpendicular to the
substrate. Similar analysis can also be conducted for
the form II single crystals. Figure 9a illustrates the
form II single crystal when the viewing direction is
parallel to the c-axis. On the basis of the ED pattern
in Figure 7, the faceted edge planes are {120} planes
and the two angles between the edge planes are 107.3
and 72.7°, respectively. Since the rotating axis is along
the b-axis and the rotating angle is 40°, Figure 9b
indicated that the a’-axis is 0.319 nm after the rotation.
This leads to an expected symmetric single crystal with
two angles of 121.3 and 58.7°, as shown in Figure 9c.
Again, it fits our experimental observation, as shown
in Figure 7.

Chain-Folding Behavior of PEKK(T) Crystals.
In order to study the chain-folding behavior of PEKK-
(T) lamellar crystals, polymer decoration on the fold
surface of PEKK(T) single crystals has been conducted.
The method based on the vaporization and condensa-
tion—crystallization of polymer fragments (for example,
PE) as decorating materials was first proposed by
Wittmann and Lotz in the early 1980s to study the
single crystal surface topography of polymers.”® On the
basis of the orientation of elongated crystal rods on the
surface of polymer single crystals, preferential orienta-
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Figure 9. Set of schematic illustrations of PEKK(T) form II
single lamellar orientation: (a) viewing direction parallel to
the c-axis; (b) projections of the a-axis after the rotation along
the b-axis for 40°; (c) expected single crystal shape that should
be observed experimentally.

tion of polymer folding can be determined. Figure 10
shows a TEM micrograph of PEKK(T) form I single
crystals after PE decoration (the single crystals have
been bounded by solid lines). It is interesting to ocbserve
that the narrow rod PE crystals tend to orient along
the b-axis direction of the single crystals. No indication
of the sectorization for this single crystal is observed.
On the basis of the orientation of PE crystal rods, we
suggest that the fold orientation of the single crystals
is along the a-axis direction, which is perpendicular to
the crystal growth direction. However, we cannot obtain
PE crystal diffraction from the decorated PEKK(T)
single crystals regardless of substantial effort. This may
be attributed to the titled lamellar surface of the PEKK-
(T) with respect to the c-axis. Therefore, the 110 and/
or 200 electron diffractions that are commonly observed
in PE single crystals cannot be observed. Similar to
PEKK(T) form I single crystals, the narrow rod PE
crystals tend to orient along the b-axis direction for
PEKK(T) form II single crystals, as shown in Figure 11.
This suggests form I and form II crystals may possess
the same fold orientation (i.e., along the a-axis direc-
tion). It is known that the lateral growth shape
observed in a single lamellar crystal should be bounded
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Figure 10. TEM micrograph of PEKK(T) form I single
lamellar crystals decorated with PE vapor.

Lt =% 4

Figure 11. TEM micrograph of PEKK(T) form II single
lamellar crystals decorated with PE vapor.

by the slowest growing planes. Nevertheless, how to
accommodate this folding direction to the formation of
the {310} or {120} edge planes in both forms needs
further investigation.

Microdeformation in PEKK(T) single lamellar crystals
is also examined to identify the folding behavior. Figure
12 shows a typical TEM micrograph of a deformed
PEKK(T) form I single crystal in which the direction of
imposed strain is along the b-axis of the single crystal.
Periodically separated transverse microcracks which are
aligned along the a-axis direction develop a response

Macromolecules, Vol. 28, No. 26, 1995

Figure 12. TEM micrograph of microdeformation of PEKK-
(T) form I single lamellar crystals under an elongation of 35%
along the arrow direction. The direction of deformation is
along the b-axis.

AT 0 . A T N
Figure 13. TEM micrograph of microdeformation of PEKK-
(T) form I single lamellar crystals under an elongation of 35%
along the arrow direction. The direction of deformation is
along the a-axis.
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to the imposed strain and can be observed for the single
crystal. Furthermore, no microfibril has been found
within the microcracks. It may thus be an indication
that the fold orientation is not along the b-axis direction.
On the other hand, no microcrack can be found when
the direction of imposed strain is along the a-axis of the
single crystal, as shown in Figure 13. This manifests
that deformation for PEKK(T) single crystals is much
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Figure 14. Unit cell dimension changes with temperature
for form I crystals along the a-axis (a) and b-axis (b).

easier along the b-axis direction than along the q¢-axis.
In fact, over 100 electron micrographs have been taken
and, regardless of the percentage of the elongation, the
crystals cannot be deformed along the a-axis. Although
poor adhesion between the Mylar film surfaces and
crystal fold surfaces may exist, the anisotropic response
to the imposed strain supports the conclusion of the
a-axis fold orientation for PEKK(T) crystals determined
via the polymer decoration method. It is known that a
lattice strain can be introduced via the chain fold
orientation. Thermal expansion along the fold direction
must thus be greater than that in other directions due
to the lattice strain, particularly in a relatively rigid
polymer such as PEKK(T). The temperature depen-
dence of the unit cell dimensions for PEKK(T) form I
crystals has been determined via WAXD experiments
and is shown in Figure 14. A slightly dimensional
increase with temperature along the b-axis is found.
However, the g-axis dimension is relatively sensitive to
temperature. The linear coefficient of thermal expan-
sion along the a-axis is about 3 times higher than that
of the b-axis. Similar results can also be found in
PEKK(T) form II crystals (Figure 15).

Conclusions

The thin film crystalline morphology of PEKK(T) is
strongly dependent on the crystallization conditions and
methods. At low supercoolings, micrometer-size faceted
single lamellar crystals can be grown either from the
melt or from the glassy state. The {310} and {120}
planes are the faceted edge planes for form I and form
I1, respectively. Relationships between the tilting c-axis
and single crystal shape have been established on the
basis of the crystallographic analyses. The morphology
of PEKK(T) crystals crystallized via solvent-induced
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Figure 15. Unit cell dimension changes with temperature
for form II crystals along the a-axis (a) and b-axis (b).

crystallization by methylene chloride does not show
narrow ribbon-like lamellae, and the crystallite size is
smaller than 50 nm. The folding behavior for PEKK-
(T) crystals is studied through polymer decoration
experiments. The fold orientation is determined to be
along the a-axis direction of PEKK(T) single crystals.
The microdeformation method provides indirect but
consistent results with this fold orientation. The q-axis
dimension is more sensifive to temperature than the
b-axis dimension. One of the reasons is due to the
lattice strain along the folding direction.
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