Macromolecules 1997, 30, 1033—1037

1033
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ABSTRACT: Itis shown that wide-angle X-ray scattering patterns can be obtained from single polymeric
fibers with a 2 um synchrotron radiation beam in a few seconds per pattern. Preferred orientation was
observed for an ultrahigh molecular weight polyethylene fiber where orthorhombic plus monoclinic phases
were found to coexist in the outer parts of the fiber. For a poly(p-phenyleneterephthalamide) fiber (Kevlar
49) the radial sheet model was verified, but an important texture appears to be present.

Introduction

X-ray beam sizes down to the micron range and
smaller have been demonstrated with glass capillary
optics at synchrotron radiation (SR) sources.>? The high
monochromatic flux which can be obtained at an undu-
lator beam3# can be used for wide angle X-ray scattering
(WAXS) experiments on single polymeric fibers with
diameters down to a few microns in a few seconds per
image. In contrast to single fiber SR experiments with
a beam larger than the sample diameter,>6 scanning
experiments become thus feasible. Microdiffraction
laboratory WAXS experiments on single fibers require
for comparison a few hours per pattern.” As compared
to transmission electron diffraction (TEM), which re-
quires even thinner samples and special preparation
techniques which may introduce artifacts, no special
treatment is required for WAXS experiments and
samples can be kept in air. In addition, model calcula-
tions based on kinematic scattering theory are straight-
forward. These points are demonstrated in this article
for ultrahigh molecular weight (UHMW) polyethylene
(Dyneema) and poly(p-phenyleneterephthalamide) (Kev-
lar 49) fibers.

Experimental Section

UHMW polyethylene and Kevlar 49 fibers were obtained
from Goodfellow Cambridge Ltd. The molecular weight was
determined for polyethylene as My, = 1.4 x 106. Individual
fibers were selected under a microscope and glued to 1 mm
diameter electron microscopy apertures. Prior to experiments,
individual fibers were imaged by a scanning electron micro-
scope (SEM) after shadowing with gold.

Synchrotron radiation experiments were performed at the
microfocus beamline of the European Synchrotron Radiation
Facility (ESRF).® The experimental setup is shown in Figure
1. A monochromatic X-ray beam of 0.96 A with a flux of ~10°
photons/s at 100 mA ring current was obtained by a combina-
tion of a Si-111 monochromator, ellipsoidal mirror, and tapered
glass capillary. The beam size was determined to be about 2
um (full width) at the capillary exit by scanning a knife edge
into the beam and recording the intensity with a photodiode.
Figure 2 shows the relative intensity as a function of the
position of the knife edge. The fit corresponds to a 2 um
diameter disk with rounded edges. Several experiments were
also performed with a 10 um platinum aperture at the exit of
the capillary in order to reduce background scattering from
the capillary.® Due to the larger distance of the sample from
the capillary exit, the beam size at the sample position was
~5 um in this case. For unit cell determination on single
fibers, complimentary experiments were performed with a 30
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Figure 1. Experimental setup of the microfocus wide-angle
X-ray scattering experiment. Motorization of components is
indicated schematically by arrows.
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Figure 2. Determination of the beam profile by scanning a
knife edge through the beam. Intensity is scaled to 1 for the
knife edge out of the beam.

um beam from a collimator at 1 = 0.6889 A. The flux was in
this case ~10% photons/s.

The sample holder was fixed on a goniometer head and the
fiber axis was aligned optically in the horizontal plane. For
scanning experiments with the 2 yum beam, goniometer head
and sample could be translated into two orthogonal directions
with an absolute accuracy of <1 um. A 300 um diameter
beamstop was placed at ~10 mm from the sample. A Photo-
nics Science LA detector with video readout and on-line
digitization and integration by a Synoptics Sprynt board was
used for data collection.’® The sample to detector distance was
~100 mm. Fibers were aligned in the X-ray beam by watching
the appearance of the diffraction pattern in real time on a video
screen while the sample was translated through the beam.
Typical integration times per WAXS pattern were 8 s. Experi-
ments were performed by selecting discrete positions across a
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Figure 3. (a) Scanning electron microscopy (SEM) image of
a polyethylene fiber. (b) WAXS pattern of a polyethylene fiber
(logarithmic scale); the fiber axis is vertical.

fiber but also in the scanning mode. WAXS patterns were not
modified during data collection which suggests that radiation
damage was negligable. For experiments with the 30 um
beam, the goniometer head with sample was placed on a
K-goniometer. The fiber was aligned with the help of a long
distance microscope. For data collection, a 300 mm MAR
research image plate system was used. The distance sample
to detector was 378 mm. Diffraction patterns were calibrated
by an Al,O; standard. For data display and data reduction
the software package FIT2D was used.'*

Results and Discussion

UHMW Polyethylene: An SEM image of a ~20 um
thick polyethylene fiber is shown in Figure 3a. A WAXS
pattern, recorded with the 30 um beam, corresponds
principally to the fiber diffraction pattern of orthorhom-
bic polyethylene (Figure 3b).”12 The peak count rate
of the strongest reflection (110) is about 2500 counts/s.
The unit cell was determined as a = 7.38(1) A, b = 4.96-
(3) A, c=2.57(2) A. No evidence for a texture was found
as the pattern was not modified upon rotating the
sample around the fiber axis. Depending on the rotation
up to two weak equatorial reflections of a further phase
were observed with d values of d = 4.68 A and d = 3.92
A. These are compatible with the (010)%(100)t reflec-
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Figure 4. Part of the equatorial pattern of the polyethylene
fiber (logarithmic scale; cut at 10% of maximum intensity in
order to show weak intensities); right column, experimental
pattern; middle column, fitted pattern; lower column, differ-
ence pattern.
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Figure 5. (a) Composite equatorial WAXS patterns obtained
in the radial direction from a polyethylene fiber with a 5 um
beam. Individual pattern recorded in 8 s; step increment, 1um;
the fiber axis is horizontal. (b)Variation of integrated intensity
of orthorhombic (°) and monoclinic (™) polyethylene reflections
for 1 um steps radially across the fiber with a 2 um beam. Solid
lines are guide lines for the eye (also for the following figures).

tions of a triclinic!® or the (001)™/(200)™ reflections of a
monoclinic phase.’* In the subsequent text, these
reflections will be assigned to the more refined mono-
clinic phase model. Figure 4 shows part of the mea-
sured equatorial pattern, the pattern obtained by fitting
2D Gaussian profiles and a polynomial background to
the peaks and the difference pattern. It is evident that
azimuthal broadening due to chain disorder and an
amorphous halo due to amorphous zones!® are not
properly taken into account by this model.

Figure 5a shows a composite of equatorial WAXS
patterns which were obtained by scanning the fiber
through the 5 yum beam with a step width of 1 um in
order to allow for oversampling. All patterns show the
(120)°/(200)° reflections while the (001)™ reflection ap-
pears only at the outer side of the fiber. There is,
however, evidence for weak scattering at the (001)™
position across a larger range of sample diameter. This
may be due to a band of monoclinic phase extending
around the circumference of the fiber, although some
bulk contribution or diffuse scattering from disordered
chains cannot be excluded. A difference in volume
fractions of both phases should also be reflected in a
difference of the radial reflection line width. Indeed one
finds for the equatorial reflections As ~ 2A~1 fwhm (full
width at half-maximum) (s = 1/d) for the orthorhombic
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Figure 6. Pseudo-3D plot of (001)™ intensity in the direction
of the fiber axis. Step increments, 1 um across the fiber and
20 um along the fiber axis.

phase and As ~ 4A-! fwhm for the monoclinic phase.
Figure 5b shows the variation of integrated intensities
for these three reflections when stepping radially across
the fiber with the 2 um beam. The apparent fiber
diameter of about 20 um corresponds to SEM results.
The extension of the monoclinic phase into the direction
of the fiber axis was determined by a series of radial
scans with an increment of 20 um along the fiber axis.
A pseudo 3D plot of (001)™ intensity suggests the
presence of at least two separate blocks within the 400
um scanned (Figure 6). The present data do not allow,
however, derivation of a model for a 3D distribution of
blocks. This will require mapping of the distribution
of the orthorhombic and monoclinic phases for different
rotation angles around the fiber axis. Work along this
line is in progress.

The transformation of orthorhombic into monoclinic
polyethylene is due to plastic deformation.’® Crystalline
blocks of orthorhombic and “triclinic” phases have been
observed in transmission electron diffraction (TEM)
experiments on ultradrawn polyethylene foils of <1 um
thickness.1617 Preferred orientation effects of orthor-
hombic crystalline blocks were also observed by TEM.6
In contrast, a fiber texture was observed with the 30
um X-ray beam (see above). The observed intensity
ratio l110/l200 = 2.8 is in reasonable agreement with the
calculated ratio of li10/l200 = 3.1 for orthorhombic
polyethylenel218 given the difficulty of separating the
amorphous halo from the reflections. The variation of
the l110/l200 ratio across the fiber (Figure 5b) observed
for the 2 um beam suggests, however, that the fiber is
composed out of at least two blocks which differ in
preferred orientation. This implies that the size of the
domain blocks is on the level of the 2 um beam but must
be smaller than 30 um. These results suggest also that
110 planes of orthorhombic polyethylene and 001 planes
of monoclinic polyethylene have a similar orientation
which may explain why the change of (001)™ and (110)°
reflections appears to be correlated. A more detailed
analysis of orientation effects will require to determine
the texture across the fiber.

Kevlar 49. An SEM image of a ~12 um thick Kevlar
49 fiber is shown in Figure 7a. Figure 7b shows a
WAXS pattern recorded with a 30 um beam. The peak
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Figure 7. (a) SEM image of Kevlar 49 fiber. (b) WAXS pattern
of Kevlar 49 fiber (logarithmic scale); the fiber axis is vertical.

count rate for the strongest reflection (200) is about 4600
counts/s. The sample corresponds to the Northolt
polymorph?® with a unit cell of a = 7.86(1)A, b = 5.14-
(6) A, c = 13.03(3)A, y = 90°. As for polyethylene, no
texture was observed when rotating the sample around
the fiber axis.

Scanning experiments were performed in the same
way as for polyethylene. A composite picture recorded
with the 5 um beam at 1 um distance across the fiber is
shown in Figure 8a. Besides the (110)/(200) reflections
an equatorial streak—assumed to be due to scattering
from voids?® or crystallites in the fiber?'—is visible.
Figure 8b shows a plot of integrated intensities of both
reflections this time for the 2 um beam. The extension
of scattering corresponds reasonably well to the dimen-
sion of the fiber determined by SEM.

For the sake of model calculation, two opposite,
idealized models will be considered (Figure 9). Both
models assume radially arranged, hydrogen-bonded
sheets. The FTM (fiber texture model) assumes that
the fiber is composed out of fibrils where in each fibril
the sheets are radially oriented. The size of a fibril is
assumed to be smaller than the 2 um beam. Scattering
with the 2 um or the 30 um beam should show the same
fiber texture pattern. For the 2 um beam, reflection
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Figure 8. (a) Composite equatorial WAXS patterns of Kevlar
49 fiber with a 5 um beam and 1 um steps across the fiber.
Due to overlapping patterns, the (006) reflection is only
partially visible. (b) Variation of integrated intensities (2o,
l110) of Kevlar 49 for 1 um steps in the radial direction across
the fiber with a 2 yum beam.

FTM model

POM model

Figure 9. Looking down the fiber axis for two idealized
models of a Kevlar fiber.

intensities should be proportional to the area of the fiber
covered by the beam at a particular position of the fiber
in the beam. The POM (preferred orientation model)
is based on TEM data which suggest a continuous
rotation of sheets of cells around a central axis of the
fiber with b-axes oriented in radial direction.22 In this
case the 2 um beam should result in local variations of
relative reflection intensities due to preferred orienta-
tion effects. Figure 10 shows the scattering geometry
based on this idealized model with solid lines corre-
sponding to maximum (200) and (110) scattering. a-val-
ues are defined clockwise relative to the direct beam
direction (oo = 0). The intensity of the (200) reflection
will be maximized at o = £0@300 and a = 180 + Ozq
where @z = 7.0° at 1 = 0.96 A. Maximum (110)
intensity will be obtained for o = +(®200/110 — ©110) and
o =180 %+ (P2g01110 — P110) Where the interplanar angle
® =56.8° and ©110 = 6.4°. This allows modeling of the
scattering by determining the “illuminated” length of
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Figure 10. Geometry for scattering according to idealized
radial orientation of b-axes around the fiber axis for POM.
Solid lines correspond to orientation of b-axes for maximum
scattering of (200) and (110) reflections. Scattering will depend
on the “illuminated” length of each line by the 2 um beam
(shown as thick lines).

each line as a function of the beam position on the
sample.

Figure 1l1a shows the variation of the illuminated
area for FTM and Figure 11b the magnitude of the
length of each line covered by the beam for POM
multiplied by reflection multiplicities and structure
factors of (110) and (200) reflections assuming a pseu-
doorthorhombic cell.® A comparison between experi-
mental and calculated data favors POM, particularly
in view of the (200) reflection. Itis intereresting to note
that l,00 > l110 for the central part and Iy < l110 for
the outer part of the fiber was also observed by TEM.23
X-ray microdiffraction data suggest in addition that
(200) scattering is distributed over a larger zone of the
fiber as compared to the model indicated in Figure 8.
This implies that the idealized b-axes orientation does
not hold, which may be due to the the presence of
crystalline blocks with an orientation distribution around
the fiber axis. An imperfect microcrystalline structure
has also been derived from other measurements.?> No
information on the pleated sheet structure?® was ob-
tained at this level of beam size. Smaller beam sizes,
available at present for example with X-ray wave
guides?4?5 in one direction and possibly with a new
generation of glass capillaries, will be of interest in this
context.

Conclusions

It is technically possible to record spatially resolved
WAXS patterns from single polymeric fibers down to
~10 um thickness with a few microns beam in a few
seconds per pattern. This opens new possibilities for
in-situ experiments but also for the study of smaller
samples. Low-angle scattering patterns can be obtained
in the same way but are limited in resolution by the
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Figure 11. (a) Scattering as a function of the position of a 2
um beam on the fiber for a model of fiber texture (FTM; see
the text). Calculated values scaled to 1 at maximum. (b)
Scattering as a function of the radial position of a 2 um beam
on the fiber for POM. Optimum orientation of b-axes for (110)
and (200) scattering assumed (see Figure 10). Calculated
values have been scaled according to relative intensitiy and
multiplicity and scaled to 1 at a maximum of (200) scattering.

divergence of the focused beam.* Development has,
however, just started in this area.
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