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ABSTRACT: Many high-performance fibers exhibit radial anisotropy or a-skiore morphology. This influences

their mechanical properties, affects the interfacial characteristics of composite systems, and needs consideration
when interpreting results collected using localized probing techniques. This study reports on the direct observation
of crystallographic texture and rotational disorder within a single high-performance fiber. This is possible using

a microfocused X-ray beam to obtain diffraction patterns along the fiber axis. This enables radial anisotropy to
be investigated without the need for modeling. The results indicate that the high-performance fiber studied exhibits
a rotationally disordered skin and core, with preferred orientation extending throughout the fiber. Variations in
the skin’s width and core position are taken as evidence of heterogeneous coagulation. The experimental results
can be explained by a fiber formation model in which oriented crystalline domains extend inward, toward the
fiber center. These results allow a number of findings from previous model-based studies to be validated.

1. Introduction a choice of focusing optics which provide beam dimensions of
500 nm or lesd%1L13To put this in perspective, only a few
important, yet often neglected subject. This is surprising ﬁgars ago mos&XRrE]) studlgiﬁnl\}lploye?]_lx-rag be?]ms hsvmg
considering that radial anisotropy, or so-called “skaore” lameters greater t angan.>>*Meanwhile, there have been
similar advances in detector technology. Consequently, two-

morphology, is known to influence mechanical propettiés . ional ¢ hiah
and can alter the interfacial characteristics of composite systemsdimensional (2D) raster scans can now be performed at higher

This subject’s relative neglect can be attributed to difficulties Spat'?l resolutltf)r;]_s ﬁlnd covering larger areas. In addition, the
in the assessment of microstructural variations in such small development of highly automated data treatment software now

sample volumes (typically 15 «m). For example, while optical aIIovys thousands of diffraction patterns to be anglyz_ed in a
microscopy is readily accessible, it is only of limited use on '€latively short time frame2*®Because of the combination of
these length scales. Many microstructural features lie well tN€Se developmenisXRD has now become a more applicable

beyond its resolving limit. Most studies have therefore employed @nd Practical tool than ever before.
atomic or interfacial force microscopy (AFM and IFNIS, Virtually all precedinguXRD studies of single fibers have
scanning electron microscopy (SEM), or electron diffraction been carried out in a “standard” fiber diffraction geometry (with
(ED) techniqueg:® However, these methods are also limited the fiber perpendicular to the incoming beam). In this geometry,
by the requirement of using only thinly sectioned and/or radial anisotropy can be investigated by comparing diffraction
conductively coated samples. This risks the introduction of patterns collected at different positions across the fiber’s width.
artificial texture and other local dama§eSuch artifacts can ~ Those diffraction patterns collected at the very edge of the fiber
compromise microstructural studies as they tend to rely upon represent the morphology of the skin region. Meanwhile, those
extrapolating highly localized information to bulk length scales. patterns collected at the fiber's center contain both a skin and
In addition, ED studies can be technically challenging for soft- core contribution (from which the skin can either be subtracted
condensed matter because of its susceptibility to beam dafmage.or neglected, depending upon its thickness). In this way it is
As an alternative, several studies have successfully employedpossible to probe skincore morphological variations within a
microfocus X-ray diffraction 4XRD) to study skir-core single fiber. However, a considerable limitation of this geometry
morphology and other microscopic structural features in single is the lack of information regarding a scattering element'’s
fibers®12 This requires an X-ray beam which is considerably position along the beam axis. Thus, variations which arise
smaller than a single fiber's diameter. Such beams, having between diffraction patterns can only be related in general terms
micrometer and sub-micrometer dimensions, are routinely to the fiber's internal structure. Modeling, although complicated,
available at specialist synchrotron radiation (SR) facility beam- can provide a way of overcoming this limitation. However, it
lines13 uXRD offers a unique combination of advantages for requires many assumptions to “project” the information obtained
studying the internal morphology of single fibers. It can access in transmission onto a model of the fiber's cross section. As
structural information spanning a range of different length scales, many of these assumptions have yet to be experimentally
without the need for sample sectioning and while causing validated, it is difficult to impartially assess the accuracy of
negligible beam damage to most high-performance polymers. such models.
For such studies, beam size is a critical parameter. It dictates  This study reports on aXRD experiment of a single high-
the spatial resolution for scanning experiments and defines theperformance fiber carried out using a 500 nm X-ray beam.
degree of morphological averaging at each scan position. ynjike previous studie;!2 this experiment employs a novel
Recent advances in beamline instrumentation have resulted inpn-axis geometry coupled with high-resolution 2D scanning
diffractometry. This technique allows the fiber’s cross-sectional
* Corresponding author. E-mail: rdavies@estf.fr. microstructure to be spatially resolved directly, eliminating the

The internal morphology of high-performance fibers is an
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Figure 1. Micrograph from the ID13 beamline microscope {0bjective) showing a 408m length of PBO fiber attached to the end of a pulled
capillary.
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Figure 2. Annotated schematic showing experimental geometry for on-axis diffraction (note that diagram contents are not shown to scale).

need for modeling. This approach provides a new level of insight process, preparation of the as-spun (AS) variety of PBO is complete.
into skin—core morphology and crystallographic texturing within ~ This is the variety used in this present study and has been selected
single high-performance fibers. In addition, it allows the due to its more pronounced skigore morphology compared to
accuracy of several existing fiber morphology models, which the heat-treated high-modulus fiber (HM)its diameter is reported
have yet to be experimentally validated, to be assessed. Inas 12.3um.'®

combination with existing information about the fiber manu- Preparation of a PBO sample foKRD involved cutting short

facturing process, the origins of various morphological features lengths of PBO fibers (eactv400 um in length) from a bundle

can also be inferred. containing several hundred using a razor blade. A microscope was
used to select the least damaged fiber segment. This was then

2. Experimental Section attached to the end of a pulled capillary (perpendicularly), using a

2.1. Materials. The high-performance fiber polg{phenylene small amount of paraffin wax. The caplllar.y hold[ng the fiber was
benzobisoxazole) (or PBO) is investigated in this study. This fiber Mounted on a magnetic base compatible with the beamline
type is manufactured by Toyobo (Japan) under the trade name™Microgoniometer. The use of a 40t length of fiber was carefully
Zylon. PBO belongs to a class of materials known as rigid rods considered. On one hand, it is necessary to use a relatively long
due to their common structure of highly extended, highly oriented !ength to minimize the scattering contribution from the damaged
molecular chains. This, in combination with a high degree of ends. However, on the other hand, the length should not be so great
crystallinity, is responsible for the fiber's remarkable mechanical that the fiber bends under its own weight. For PBO, which is a
properties” PBO is produced using a dry-jet wet-spinning method so-called rigid rod, 40@xm was found to be a good compromise
in which the fiber is extruded from the nematic dope, through an between these two considerations. A micrograph of the PBO fiber
air gap, and coagulated in an aqueous solution. After a drying length prepared for this study is shown in Figure 1.
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Figure 3. A composite image reflecting the real-space scan position where each diffraction pattern was obtained. Two regions are shown in greater
detail to illustrate the appearance of individual patterns within the context of the larger scan region.

2.2. Scanning X-ray Diffractometry. ScanninguXRD was tw[h | Dela
carried out at ID13, the microfocus beamline of the European g LE
Synchrotron Radiation Facility (ESRF). The beamline was config- 50 A [
ured with a monochromatic bearh £ 0.098 nm). The beam was am
focused using a pair of crossed, short focal length Kirkpatrick Baez 300 \ )

200 =

mirrors. This provided a beam spot size at the focal position of
approximately 500x 500 nn?. The addition of a final aperture
incorporating an ionization chamber enabled the exposure to be
adjusted to account for fluctuations in beam brilliance. Data
collection was performed using a 16-bit MARCCD detector with
an average pixel size of 79 79 um?. Figure 2 shows a schematic
of the experimental geometry used for data collection in which the
aforementioned beamline elements are annotated.

The capillary (supporting the fiber) was mounted at the X-ray
beam'’s focal position, on two perpendicular microgoniometers and Azimuthal angle (%)
a rotatlon_ stag_e. Initially the flb&:l’ was aligned ylsually to the X-ray Figure 4. Demonstration of the integration regions used for generating
beam axis using the beamline’s sample environment microscope;imythal scattering profiles from a typical PBO on-axis diffraction

(which is mounted on-axis with the X-ray beam). The fiber's pattern. The final function fits are also shown, as used for parameter
alignment was then fine-tuned by assessing diffraction pattern determination.

symmetry. An iterative alignment process allowed the fiber to be

aligned to within 0.25 from the beam axis (estimated). For data metric nature of azimuthal profiles, the use of a common half-
collection, diffraction patterns were generated using a 2D raster width at half-maximum (HWHM) parameter across both hemi-
scan to cover the region containing the fiber. This wagi24along spheres, and spread-estimate fitting over the entiré 8gnuthal
both axes with a 400 nm step size between adjacent patterns. Thegange. Figure 4 shows an example of two Gaussian functions fitted
resulting “mesh” therefore contained 3721 individual diffraction to each of the azimuthal profiles generated from a typical on-axis
patterns, each collected using an exposure time bt (although  diffraction pattern. The excellent correlation between the fitted

individual times varied slightly with fluctuations in beam brilliance).  function and experimental data demonstrates model applicability.
A composite image showing the central region of each diffraction

pattern obtained at each scan position is shown in Figure 3. The 3. Results

outline of the fiber is clearly visible from the variation in scattering Several on-axis diffraction patterns have already been shown
intensity. Two regions, each containing nine individual patterns, everalon-axis action patterns have aiready been sho

are shown in Figure 3 in greater detail. This illustrates the N Figures 3 and 4.In each case they are characterized by two
appearance of individual patterns within the context of the larger Strong “rings”, both of which are azimuthally anisotropic. These
scan region. Note that although the scan range wasn24long scattering contributions arise from crystal planes which have
both axes, only the scan region containing the fiber is shown in an average alignment that is close to parallel with the fiber axis.
Figure 3, in common with all others figures presented in this study. They would therefore appear as “equatorial” reflections in the
2.3. Analysis.Diffraction pattern analysis and visualization were  standard fiber diffraction geometry (with the fiber perpendicular
carried out using the Fit2D software applicaidin combination to the incoming beam). The reflection closest to the beam center
with specialist data reduction and automated batch-analysis soft-can be indexed as the 200 reflection while the second “ring”
ware!16 Each diffraction pattern was background subtracted and gntains a contribution from both the 010 aridZeflection<®
radially ir]tegrated to produce azimuthal scattering profiles covering These latter reflections appear indistinguishable due to their
a 360 azimuthal range. These were generated around the two rad'alclose proximity and rather diffuse radial profile on the detector.

positions containing the greatest scattering contributions. The Th . tteri tributi in Ei 3 and 4
integration regions and the resulting azimuthal profiles are shown € on-axis scatlering contributions in Figures > an can

in Figure 4 for a typical diffraction pattern collected on-axis. The D€ interpreted using the Ewald construction. Given an ideal fiber
fully automatic, batch-processing algorithm used for analysis Orientation, all PBChkO reciprocal lattice points will lie on a
includes several specialized features for fitting azimuthal diffraction plane tangential to the Ewald sphere’s surface when [001] is
datal® These include accommodating the wraparound and asym- along the beam axis. Diffraction fronhK0) crystal planes is

0 50 100 150 200 250 300 350
Azimuthal angle (°)
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Figure 5. Schematic representation of the Ewald construction corre- E [RE | L Bl
sponding to the on-axis diffraction geometry for PBO. = 0.0um Hiih soiiie,
[ TN 2
therefore precluded as no point on this plane will intersect with § ninning P
the surface of the Ewald sphere. On this basis, the diffraction ¢ 3 g um A =
patterns in Figures 3 and 4 demonstrate a distribution in PBO g ’ RN
crystalline domain orientation with respect to the beam axis. ¢ 3
Such a distribution in real space corresponds to an identical
distribution within the Ewald construction (replicated as a -7.8 ym
rotation of the reciprocal lattice about its origin). Although this 78 um -3.9ym 0.0pm 3.9um 7.8 pm
is sufficient for 200, 010, and1® reciprocal lattice points to . .
intersect with the surface of the Ewald sphere during on-axis Scan position (x-axis)

diffraction, PBO nevertheless has a high degree of axial domain Figure 6. Vector plots showing the mean azimuthal orientation of (a)
orientation. As such, the observed reflection intensities will (010)/(2L0) and (b) (200) crystal planes at each scan position within
exhibit a strong dependence upon reciprocal scattering vectorthe fiber cross section.
length since this length dictates the distance from the rh&@n by calculating this azimuthal maximum for each scan position,
lattice point to the Ewald sphere’s surface. As this distance it is possible to deduce mean crystal plane orientation and then
increases, the observed reflection intensity will decrease as therelate this to the fiber's cross-sectional geometry. These
deviation from the distribution mean corresponds to fewer relationships are shown in Figure 6 for the (01Q)Rand (200)
diffracting crystalline domains. Consequently, the outer “ring” crystal planes. Fixed length vectors are used to indicate
in Figures 3 and 4 is dominated by scattering from (010) crystal azimuthal orientation in the detector plane, as derived from each
planes rather than {®) (due to its longer reciprocal scattering pattern in the scan. ~
vector). To clarify this, Figure 5 shows a schematic of the Ewald  Figure 6 shows that, on average, (01002 crystal planes
construction representing the on-axis diffraction of PBO. are radially oriented with respect to the fiber axis while (200)
The azimuthal anisotropy in Figures 3 and 4 reflects a crystal planes are aligned azimuthally. This therefore indicates
preferred orientation of crystal planes within the fiber. This a fiber-scale crystallographic texture in which theaxis is
common crystal plane orientation must exist over length scalesoriented radially. It is important to note that this only refers to
that are greater than the beam diameter for these features to béhe averageorientation of all contributing crystalline domains
so clearly visible. This demonstrates the value of utilizing sub- within the illuminated gauge volume. Therefore, it does not
micrometer X-ray beams as a larger bea1@x«m) would be necessarily mean that tleeaxis is strictly radial for individual
unable to resolve any preferred orientation whatsoever. An domains given an idealized crystallographic texture (i.e., without
isotropic small-angle scattering contribution is also visible the influence of domain misorientation). For example, it is also
around the beamstop in Figures 3 and 4. This corresponds topossible that the-axis is systematically offset from the radial
scattering from the fiber’s capillary-like microvoid and fibrillar ~ direction by a relatively small angle. This offset, when coupled
structurez? with axial symmetry and convoluted with the distribution in
3.1. Crystallographic Texture. From eachhkO reflection crystalline domain orientation, may still result in the largest
within each diffraction pattern, an azimuthal position of fraction of those domains being aligned with theiaxes
maximum scattering intensity can be deduced by model fitting. radially.
This azimuthal angle will be perpendicular (in the detector plane)  This effect can be observed directly in the relationship
to the mean orientation ohk0) crystal planes. Consequently, between the (200) and (010)4@) crystal plane orientations.
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According to the PBO unit cell, the internal angle petween Although the general term “rotational disorder” is used in
the (200) and (010) crystal planes is 10128Assuming a given this study in reference to azimuthal broadening, there are actually
unit cell direction is always strictly radial, the oblique angle  two contributions which need to be considered. The first can
must result in at least one of the scattering profiles being be referred to as “direct” rotational disorder in the sense that it
azimuthally split. For example, if [010] is radially aligned about represents a distribution in the degree of preferred orientation
the fiber axis, [100] will appear perpendicular to [010] on the (i.e., crystalline domains have a certain freedom to rotate about
detector azimuth and as a doublet having an azimuthal split of the fiber axis). This translates directly into a similar distribution
+11.3. However, the azimuthal profiles in Figure 4 show no over the azimuthal intensity profile fdnkO reflections. The
azimuthal split in either series. This demonstrates how domain second contribution is an indirect effect related to the distribution
misorientation averages out crystallographic texture such thatin axial domain orientation (i.e., a misorientation between [001]
only mean orientations can be determined. Thus, Figure 6 only for crystalline domains and the fiber axis). This arises because
demonstrates that the-axis is, on average, radially aligned. the diffracting planes are not quite parallel to the fiber axis. In
This does not necessarily mean that &haxis is strictly radial the Ewald construction this second contribution can be attributed
within the idealized structure of PBO. to the fact that reciprocal lattice rotations normal to the [001]/

The crystallographic texture shown in Figure 6 has been [NkO] plane originate from a point which is not directly on the
reported previously from highly localized electron diffraction Ewald sphere’s surface. Consequently, any distribution in
studiest?22 More recently, X-ray diffraction has also inferred domain orientation along this plane is projected onto the Ewald
this morphology! which is shared by the polg{phenylene sphere’s surface as an arc whose azimuthal width is dependent
phthalamide) (or PPTA) high-performance fil§éf. This type upon the degree of axial orientation. While both contributions
of preferred orientation can be described using an idealized Will influence the azimuthal profiles observed on-axis, this latter
model of radial fibrillar texture (RFTY-2! This reflects the fact ~ €ffect will be relatively insignificant in the case of PBO due to
that, although the fiber’s structure consists of a fibrillar network, its high degree of axial crystalline domain orientation. This is
crystalline domains within fibrils follow a macroscopic orienta- directly evident from the broad azimuthal profiles shown in
tion over fiber—rather than fibrillar-length scales. The idealized ~ Figure 4. This demonstrates that azimuthal broadening must be
RFT model relies heavily upon assumptions of fiber symmetry dominated by “direct” rotational disorder rather than the indirect
and the extrapolation of single, highly localized measurements influence of axial domain misorientaion.
to represent bulk microstructure. The fact that Figure 6 confirms  Figure 7 shows an interpolated plot in which the azimuthal
the existence of RFT over a fiber length scale is significant. HWHM parameter calculated from each diffraction pattern is
This validates the RFT model's application to a number of positioned according to the scan area. All HWHM values have
different fiber types, including PBO and PPTA. This has hitherto been averaged between the 200 and Ql@f2flections in order
only been inferred indirectly. to decrease fitting errors. As the angular relationships between

While this study demonstrates the existence of preferred (200), (010), and (20) crystal planes are fixed according to
crystallographic orientation corresponding to the RFT model, unit cell geometry, averaging can be justified. In addition,
this is not the first time that radial structures have been averaging is further supported by the similarity found in
directly observed over fiber length scales. Hagege et al. azimuthal HWHM between the two data series during model
employed optical and dark-field electron microscopy to study fitting. This latter point is in itself significant as the combined
ultrathin PPTA fiber cross sectiof%24Radial bands appearing  010/210 reflection is expected to be azimuthally broader than
on the dark-field image were interpreted as a pleated-sheetthat of the 200 reflection. This is partly due to the oblique angle
microstructure, with individual 15 nm crystallites also (y) of the PBO unit cell, but also because of the internal angle
visible 23 This interpretation was largely based upon the results between [010] and [20]. As this difference in HWHM is not
of a previous electron diffraction studywhile their experi- observed experimentally, PBO may have an idealized crystal-
mental results clearly reveal a radial structure in PPTA, the lographic structure in which (010) is slightly offset in its radial
information obtained is on a different length scale from that alignment about the fiber axis. However, as the 010/2
reported in this study. For this reason, fiber scale crystallographic scattering profile is dominated by the 010 contribution (due to
texture corresponding to the RFT model could not be its shorter reciprocal scattering vector), this interpretation is
observed. As well as this difference in the type of information entire speculative.

provided, on-axis microdiffraction has several key advantages Figure 7 shows that the fiber exhibits a higher degree of
over other microscopy techniques for such studies. For rotational disorder at its center and edges. This is consistent
example, the preparation of thin fiber cross sections for electron with disordered core and skin regions, separated by a more
diffraction and optical microscopy is extremely difficult. Dobb  ordered intermediate layer. A higher degree of rotational disorder
etal. note the risk of distorting embedded samples during cutting in the fiber skin region is in general agreement with several
while Hagege et al. report some folding of the ultrathin previous studies. For example, Roth et al. include this feature
sectiong.23By contrast, the microdiffraction technique does not i their model of rotational disorder in PPTA while other
require particularly thin samples which makes embedded stydies have reported the skin of PPTA to be almost amorghous.
unnecessary. A more disordered/misoriented fiber skin is also reported for
3.2. Rotational Disorder. If the azimuthal maximum of a  the PBO fiber type, derived both from modelthAgnd direct
scattering profile represents the average orientation of crystalobservatiort? Another interesting feature in Figure 7 is the
planes, then its azimuthal width (or HWHM) provides a direct variability in the skin’s degree of rotational disorder and its
measure of the degree of alignment. This can be explained inchanging thickness around the fiber's circumference. This
terms of an increase in the azimuthal angular width correspond-observation has been predicted by PPTA fiber modeling which
ing to an increase in the angular distribution of crystal planes requires a skin of varying thickness to account for intensity
iluminated by the X-ray beam. In this sense it can be considered variations across a single fib¥rIn addition, differences in the
as a measure of rotational disorder with respect to perfect degree of axial crystalline domain orientation are reported across
orientation. the same PBO fiber widtl. Such a result has important



Macromolecules, Vol. 40, No. 14, 2007 Single Fiber On-Axis Scanning Diffractometry5043

10.2 ym 55.0 ?

o

o

0 @
é 51 um/ 528 g
L N,
~ 3
c c
o —
= 0.0 ym 50.5 n:;'
g —
2 3
o

c —=
© -51pum 483 T
O -
? s
XL

-10.2 um! 46.0 go

40.2pm -54pm 00pm 5ipm  10.2pm
Scan position (x-axis)

Figure 7. Interpolated area plot showing the average azimuthal HWHM calculated at each scan position on the fiber cross section.
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Figure 8. Comparison of diffraction patterns obtained (a) in fiber core region (representing a high HWHM) and (b) equidistant between the skin
and core (representing a low HWHM).

implications for experimental techniques such as micro-Raman types!®!! It has also been inferred fromXRD studies
spectroscopy and AFM which are highly localized and surface performed using standard fiber diffraction geométt§yThe fact
sensitive. that this feature can now be validated by direct on-axis
The region around the geometric center of the fiber in Figure observation and without the need for model assumptions is
7 can be designated the fiber core. In similarity with the fiber significant.
skin, this region also exhibits a higher degree of rotational = Another model-predicted feature which is confirmed experi-
disorder. Indeed, the degree of rotational disorder in the core ismentally in Figure 7 is core asymmetry. Indeed, not only is the
sufficiently high that scattering from both reflections becomes core region slightly asymmetric, but it is also offset from the
almost completely isotropic. This is shown in Figure 8 where geometric fiber center. An off-center core has been previously
one diffraction pattern obtained from the fiber core is compared observed from the electron microscopy of thin PPTA fiber
against another collected from within the intermediate region. sections (although in this case it was not mentioned within the
A more disordered or misoriented fiber core features in several study itself but is nevertheless apparent within the published
existing structural models for both the PPTA and PBO fiber micrographs¥? It also features in several recent models for high-
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Figure 9. Relationship between rotational disorder and average local orientation for the (010) and (200) crystal planes (overplotted using red and
blue lines, respectively).

performance fiber structuf®! Roth et al. proposed this for  on-axis reflections which are azimuthally anisotropic. This is
PPTA fibers!® while a similar model is reported for the PBO  highly significant because there is considerable evidence in
fiber typell Core asymmetry was also incorporated into this Figure 6 that preferred orientation develops throughout the fiber
latter model! a feature which can now be fully justified. The from the initial orientation within the fiber skin. For example,
region of increased rotational disorder near to the center of thethere is no specific point at the geometric center of the fiber
fiber is designated the fiber core due to its position and size. from which a radial fiber texture appears to originate. Further-
However, there is also a second region in Figure 7 which sharesmore, crystal plane orientation seems to follow the fiber’s local
a similar structure but is offset by5 um. On the basis of the = geometry most closely at its edge. These features are consistent
structural similarity between these two regions (individual with a preferred orientation which grows inward toward the
diffraction patterns at both positions show relatively isotropic center of the fiber. On the basis of Figure 6 and unit cell
scattering), this smaller region of increased rotational disorder geometry, the skin region must form stacks of face-on PBO
can be interpreted as a secondary, smaller core-type feature. molecules during coagulation which are almost normal to the
3.3. Fiber Formation. The crystallographic texture and fiber's edge. This corresponds to initial molecular organization
rotational disorder results reported in this study contain a numberalong the [010] direction of the PBO unit cell. Subsequent
of interesting features. However, to discuss these features indomain growth inside the fiber would correspond to organization
greater detail requires an understanding of their structural along the [100] direction. With this in mind, this hypothesis is
origins. Although this fiber was not spun in situ, the experi- supported by a previous WAXS study of PBO coagulafo??.
mental results nevertheless provide a number of clues from Ran et alreport only the 010 reflection to appear during initial
which these origins can be inferred. When coupled with the coagulation of the fiber skin. This is interpreted as molecular
results of previous studies, it allows the process of fiber stacks forming containing face-on PBO moleci#e¥ A delay
formation to be investigated, albeit indirectly. For example, it is also reported in the appearance of the 200 refleéféHT his
is possible to hypothesize that rotational disorder in the fiber would correspond to organization in the [100] direction which
skin occurs due to its rapid coagulation. This leaves little time would be expected if diffusion causes the coagulation rate to
for local reorganization, resulting in a lower degree of crystal- slow following the skin’s initial formatiorf®
linity and a higher level of disorder. The idea that disorder can  After initial coagulation of the fiber skin, its radial arrange-
be “frozen in” has been generically proposed in the PPTA model ment of (010) crystal planes acts as a template from which
by Rao et af® In addition, Ran et al. report that coagulation is  crystallographic texture extends to the interior of the fiber. Thus,
initially limited to the fiber skin region and occurs within 300  with a slowing coagulation rate due to diffusion, the existing
ms?2® Within the intermediate layer beyond the skin there is a crystalline domains grow toward the fiber core. At the same
lower degree of rotational disorder. This may reflect the time as this crystallographic structure develops, the fiber's
coagulation rate being slowed by diffusion inside the fiber, morphological structure of fibrils and microvoids forms due to
allowing more time for local reorganization. This idea is in the volume reduction following solvent removal. This has been
agreement with a study by Kitagawa et al. which reports a demonstrated experimentally through the simultaneous appear-
negative correlation between fiber homogeneity and coagulationance of WAXS and SAXS during PBO coagulati#The fact
rate?’ that crystallographic and fibrillar structural development occurs
While the fiber skin region may have a higher degree of simultaneously explains how local orientation is able to persist
rotational disorder, it still exhibits preferred orientation with between adjacent fibrils. This cannot be readily explained if
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Figure 10. Schematic representation of an idealized PBO fiber formation model which can explain the fiber's internal structure observed
experimentally.

domain boundaries form prior to coagulation, as has been skin—core morphology may vary significantly around a single
proposed previously. fiber, similar to the reported variations in fiber diameter.

A consequence of this model for crystallographic texture  The presented hypothesis for PBO fiber formation is shown
development should be the formation of extended domains schematically and idealized in Figure 10. The three main stages
sharing a common crystallographic orientation. Such features responsible for the development of the skirore structures
can be observed in Figure 6 as regions in which crystal plane pbserved experimentally in this study are shown. These are (left)
orientation does not exhibit a constant angular rotation about the rapid formation of a radially oriented fiber skin, (center)
the center of the fiber. Domain boundaries are also apparentthe inward growth of crystalline domains and the creation of

where different crystallographic orientations converge. These domain boundaries, and (right) the development of a disordered
are characterized by an increased azimuthal HWHM due to the core Corresponding to the position of domain convergence.

simultaneous measurement of two different crystallographic
orientations at the domain boundaries. To help clarify these 4. Conclusions

features, Figure 9 shows the different elements from Figures 6 o
and 7 combined together into a single plot. The increased The present study demonstrates the value of utilizing sub-

HWHM is clearly visible where different crystallographic ~Micrometer X-ray beams for probing the crystallographic
orientations converge. It should be noted that the local points Structure and microscopic morphology of high-performance
in Figure 9 at which average crystal plane orientations are no fIP€rs. The novel on-axis collection geometry provides a means
longer perpendicular reflect fitting inaccuracies. This occurs at Of 3SSessing various parameters which cannot be determined
points where the scattering pattern is almost isotropic and USId the standard fiber diffraction geometry, many of which
can therefore no longer be accurately fitted using Gaussian @€ @lso difficult to monitor using other experimental methods.
functions. This approach eliminates the need for model assumptions such
So far, fiber formation has only been discussed in terms of @S fiber symmetry, while providing spatially resolved informa-
the skin region and its role in initiating a fiber-scale preferred 1o Which does not require the extrapolation of individual
orientation. However, the hypothesis of domain growth which measurements to bulk length scales. As a result, existing models

explains crystallographic texture development can also explain of skin—core r_norph_ology can be quantitatively assessed and
the appearance of the fiber core. Figure 9 reveals that the core€W features investigated.

corresponds to the location at which multiple crystalline domains ~ The radial fibrillar texture model of fiber-scale crystal-
converge. However, unlike a domain boundary where two lographic orientation is found to match the experimental results
similar crystallographic orientations meet, the core region marks obtained for PBO. Thus, (010) crystal planes have an average
the convergence of multiple orientations. Thus, the increased alignment which is approximately radial about the fiber axis. It
azimuthal HWHM can be exp|ained in terms of a number of can be hypOthESized that this radial Crystallographic texture
crystallographic orientations simultaneously illuminated by the originates from local orientation in the fiber skin during
X-ray beam. In addition to this, it is also possible that local coagulation. This forms a template for subsequent domain
constraints to chain mobility contribute to the higher degree of growth extending throughout the fiber. Variations in the angular
rotational disorder in the core. This may be expected in the final distribution of crystal planes illuminated by the X-ray beam
stages of coagulation when the core region is already constrainec@gree with this hypothesis. Where different orientations con-
by immobile material. A consequence of this hypothesis is that verge, domain boundaries can be identified by their increased
the position and shape of the fiber core will be defined by the degree of rotational disorder. The fiber's microvoid and fibrillar
location at which the converging domains meet and the mannermorphology evolves simultaneously with the development of
of their intersection. An off-center or asymmetric core, as in Preferred orientation. This explains how local crystallographic
Figure 9, may reflect heterogeneous coagulation and variationstexture can persist between adjacent fibrils.

in the rate of domain growth. This hypothesis can also explain  The skin—core structure of an as-spun PBO fiber consists of
the rotationally disordered region, positione8 um to the right an intermediate layer positioned between more disordered skin
of the main core. This secondary core is also located at the pointand core regions. Rotational disorder in the fiber skin can be
at which multiple domains meet. This implies such features attributed to its rapid coagulation which limits structural
could occur wherever several domains intersect. In addition, reorganization. Meanwhile, the intermediate layer coagulates
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at a slower rate due to diffusion effects in the coagulation bath. (11) Davies, R. J.; Burghammer, M.; Riekel, i@acromolecule2005 38,
The disordered fiber core can be attributed to converging _ 3364-3370. _ ,
crystalline domains and limited chain mobility. The position 2 2'30%’5'8?2 R7'6%j787ulrghammer' M.; Riekel, €. Synchrotron Radiat.
and shape of the fiber core are therefore dictated by coagulation(;3) Riekel, C.: Davies, R. Zurr. Opin. Colloid Interface Sci2005 9,
homogeneity. In this study, heterogeneous coagulation can 396-403.

explain variations in the thickness of the fiber skin and a core (14) Davies, R. J.; Montes-Moran, M. A.; Riekel, C.; Young, Rl.Mater.
which is neither geometrically centered nor symmetrical. The Sci. 2003 38, 2105-2115.

. . . - (15) Davies, R. JJ. Appl. Crystallogr.2006 39, 262—266.
existence of a second region sharing a similar structure to the(16) Davies, R. JJ. Appl. Crystallogr 2006 39, 267-272.

fiber core suggests that multiple core-type features are possible(17) itagawa, T.; Murase, H.; Yabuki, Ki. Polym. Sci., Part B: Polym.

within a single fiber. Phys.1998 36, 39-48.
(18) Da_vies, R. J.; Montes-Moran, M. A.; Riekel, C.; Young, Rl. Mater.
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