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By mapping the small-angle X-ray scattering (SAXS) from a looped poly-(para-phenylene terephtalamide) (aramid, PPTA) ﬁlament using a synchrotron X-ray microbeam, we investigate the effects of
axially compressive and tensile strain on internal ﬁbrillar structures. Unique observations of oscillations
in the highly anisotropic SAXS patterns indicate a regular internal structure. Upon increase of the applied
compressive strain, a signiﬁcant decrease in oscillation frequency is observed in the scattering pattern.
With an increase in imposed tensile strain an increase in oscillation frequency in the scattering pattern is
observed. One model capable of describing the intensity is a model of stacked cylinders. These cylinders
could be part of the ﬁbrillar structure present in the PPTA ﬁbres, which consist of cylinder- to tape-like
objects, the presence of which is supported by SEM images. One hypothetical physical interpretation
presented here for the appearance of a regular internal structure is the occurrence of ﬁbrillar separation
in regions undergoing axially compressive strain, and the appearance of strain relief/slip planes between
packs of ﬁbrils in regions undergoing tensile strain. Compaction of these packs upon increase of tensile
strain could increase the repetition distance in the structure as multiple packs combine to form a single
pack.
Ó 2010 Elsevier Ltd. All rights reserved.

Keywords:
PPTA
SAXS
Strain

1. Introduction
High-performance ﬁbres are produced by extruding polymer
into a large number of polymer ﬁlaments, thus forming ﬁbre yarns.
It is well known that during this process, nanostructures tend to
form within the individual ﬁlaments (the diameter of one ﬁlament
is approximately 12 mm) [1]. Investigations show a strong correlation between the properties of the nanostructure and the physical
properties of the ﬁbres [2e4]. High-performance polymer ﬁbres,
such as poly-(para-phenylene terephtalamide) (PPTA) ﬁbres,
commercialized as Twaron and Kevlar (trademarks of Teijin Aramid
and DuPont, respectively), are examples of ﬁbres exhibiting such
a nanostructure in its constituent ﬁlaments [4]. One of the nanostructural building blocks is the ﬁbril. In aramid ﬁlaments, ﬁbrils
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are elements that pack into superstructures, sometimes referred to
as “macroﬁbrils”. Each of the ﬁbrils, in turn, consists of a large
amount of “microﬁbrils” [5].
In addition to this structure there is considerable evidence for the
presence of a nanoporous structure in the ﬁlaments [1,4,6e9].
Firstly, there is the difference between the crystalline density of
PPTA (1.48 g cm3) and the macroscopic density of the material
(which ranges from 1.45 to 1.47, depending on the production
process [1,4,10]). The absence of an amorphous diffraction signal
indicates that little or no amorphous PPTA is present, so that the
reduced density is likely to be due to about 5 vol% of voids.
Furthermore, direct observations of a porous structure have been
obtained through transmission electron microscopy by (amongst
others) Dobb et al. [11]. In other investigations the moisture uptake
in the ﬁlaments is analysed. The moisture is partially transported
through and stored in a void structure [8,6]. Finally, the presence of
a strong Small-angle X-ray Scattering (SAXS) signal strongly
supports the presence of voids, especially since it is dependent on
the moisture content [11,8]. The void structure appears analogous to
that found in carbon ﬁbres [12], although it exhibits a lower aspect
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ratio [1]. An alternative explanation for the existence of the SAXS
signal is that this signal could also originate from an amorphous
phase instead of a void structure [13,14]. Ran et al. [13] reached this
conclusion partially since they did not observe a change in the SAXS
pattern when subjecting PPTA ﬁbres to moisture. In view of the
investigations referred to above, it is at present commonly accepted
that a void system is present in the ﬁbres.
Small-Angle X-ray Scattering (SAXS) is well suited to characterise
structures ranging from approximately 1 nme1 mm, the results of
which are invaluable for establishing structureeproperty relationships. Microfocused X-ray sources, such as the cSAXS beamline at the
Swiss Light Source, allow local probing of the structure inside single
ﬁlaments. The ﬁlament diameter of the Twaron studied in this work
is typically around 12 mm, and the cSAXS beamline has a beam with
a cross-section of 4 microns in the smallest dimension, thus allowing
the local ﬁbrillar structure to be probed.
Local probing is particularly valuable when the ﬁlament is
exposed to local perturbations, such as bending or stretching.
Understanding the ﬁlament structural response to bending is
essential to the successful use of ﬁbres in applications, as bending
causes compressive, shear and tensile forces in the ﬁlaments which
eventually leads to failure (cf. Fig. 1). In aramid high-performance
polymers the compressive stress at failure is about 20% of the
tensile stress at failure.
Bending failure modes of ﬁlaments can generally be classiﬁed
into tensile failure and kink band formation. Tensile failure occurs
with brittle ﬁbres such as glass ﬁbres and carbon ﬁbres, whereas
kink band formation occurs mainly in polymer ﬁbres [15]. The latter
bending failure mode may be due to Euler buckling, which is
expressed as kinks on the surface of the ﬁlament, starting from the
compressed area of the ﬁlaments [16,17]. Raman spectroscopy has
shown that at these kink bands, the strain in the ﬁbre is reduced [18].
One method to control bending is to force the ﬁlament into
a loop, a method known as the “elastica loop test” (cf. Fig. 1) [15].
The strain in the sample can then be calculated from the radius of
curvature, which is smallest at the apex of the loop, corresponding
to the highest strain. In elastic deformation, the zero-strain point
occupies the centre of the ﬁlament, but will shift as soon as nonelastic deformation takes place. A similar recent experiment shows
that bending (of carbon ﬁbres) introduces a strain in the sample,
with the zero-strain point close to, but not necessarily exactly at the
centre of the ﬁlament [19].
In the present study, microfocused SAXS was used for in-situ
monitoring of loop deformation, using the elastica loop test with
a custom-made “loop device”. From the scattering pattern we were
able to establish the evolution of ﬁbrillar separation in regions with
an imposed axially compressive strain, and ﬁbrillar compaction in
regions with an imposed tensile strain.

Fig. 1. a) The elastica loop experiment, and b) the apex (top) of the loop, where regions
under stress are indicated. The size of the shaded areas corresponds to the size of the
X-ray beam available at the cSAXS beamline, showing that three to ﬁve non-overlapping measurements can be made across the ﬁlament diameter.

desiccant. The samples were handled carefully to ensure no damage
prior to the bending experiments.
2.2. Scanning electron microscopy
Scanning Electron Microscopy (SEM) experiments were performed at the Center for Electron Nanoscopy at the Technical
University of Denmark (DTU), using a FEI Quanta 200F, operated
with an electron acceleration voltage of 2 keV, a spot size of 2.0 nm,
and a working distance of 4.5 mm.
2.3. SAXS measurements
The SAXS experiments were carried out at the coherent SAXS
(cSAXS, X12SA) beamline of the Swiss Light Source, using a monochromatic beam with a wavelength of 0.100 nm. The scattered
X-rays were collected using a two-dimensional detector, speciﬁcally a Pilatus 2 M, with a pixel size of 172  172 mm2 and a total of
1461  1560 pixels [20]. The detector area consists of 24 rectangular
modules, mounted in a 3  8 arrangement, with small gaps
between the modules. This detector was pivotal to the success of
the experiment, as it has no electronic (background) noise and
a pixel-limited point spread function. Typical exposure times were
1 s per frame, with a read-out time of 5 ms. A 7 m helium-ﬁlled
ﬂight-tube spanned the ﬂight path between the sample and the
detector. The sample was kept in air during the measurements.
Alignment was facilitated by a remotely controlled optical microscope, which was also used to monitor and measure the loop width
and height. The beam was focused using the second monochromator crystal and a Rhodium-coated mirror to a rectangular
cross-section of 20  4 mm2 (h  v, FWHM) at the sample position.
The PPTA ﬁlaments were sequentially measured with the ﬁlament
axis oriented parallel to the main axis of the (20 mm wide) crosssection of the focused beam (as visualized in Fig. 1).

2. Experimental
2.1. Sample preparation
The sample consists of a ﬁlament of as spun poly-(para-phenylene terephtalamide) (PPTA, a precursor to commercially available Twaron), 12 mm in diameter, spun from a liquid crystalline
solution of PPTA in sulfuric acid. The ﬁlaments have not undergone
a heat treatment procedure after the washing and drying steps. The
heat treatment procedure is commonly applied to commercially
available ﬁlaments to optimize the physical properties.
All samples for the SAXS studies were prepared one week before
the scattering experiments, and allowed to dry in vacuum before
transportation to the SAXS beamline in a box kept dry with silica gel.
Upon arrival at the synchrotron, the samples were subjected to
a further 12 h of vacuum drying before being stored in a box with

Fig. 2. The elastica loop contained within the microchannel device is shown in a), with
the loop height h, “notch” and “nose” structures indicated (the ﬁlament thickness is
exaggerated for clarity). b) shows the loop device as installed at the SLS, mounted on
the motorized stretching device. The inset in b) shows the ﬁlament cross-over point
contained in between the “notch” and “nose” structure of the microchannel device.
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Fig. 3. A selected region of the total detector output on a logarithmic intensity scale for two measurements through the looped PPTA ﬁlament, showing the highly anisotropic
scattering pattern, the beamstop and the gaps between the detector modules. The main axis of the scattering pattern on the left is vertical (j ¼ 90 ), indicating that the
measurement was done on a horizontal part (top) of the looped ﬁlament, whereas the measurement on the right was performed slightly offset from the apex of the loop.
Oscillations in intensity are visible in the insets.

The measurements were carried out as mesh scans, where
sequential exposures were made after small translations of the
sample (typically about 25 microns horizontally, and 5 microns
vertically), thus obtaining a “map” of the scattering from different
parts of the ﬁlament. For each iteration, the loop diameter was
reduced, its new size and shape determined by on-line optical
microscopy and a new SAXS map was measured. The full duration of
all the measurements on one ﬁlament typically lasted several hours.
2.4. Loop device
For the bending experiments, a custom sample holder was made
to meet two criteria: the ﬁlament should be kept in a size adjustable loop, and the ﬁlament should be accessible for X-ray transmission measurements. A microchannel device to guide the
ﬁlament and contain the cross-over point was constructed out of
sandwiched poly(methyl methacrylate) (PMMA) plates. The bottom
plate contains a structure shown in Fig. 2 (inset) embossed using
a CO2 laser, with a channel depth of approximately 100 microns.
The top piece was subsequently attached to the bottom plate by
curing under load at 90  C for 30 min.

When loading the microchannel device with the ﬁlament, care
was taken not to damage the ﬁlament section that was to be
measured. Both ends of the ﬁlaments were clamped to a spindle
with reversed threads, designed to pull the ﬁlament ends apart at
equal speed. This increases the strain in the whole loop, and in
particular at the apex where the radius of curvature is the smallest.
The spindle is driven by a stepper motor, and the sample holder was
proven to operate reliably and reproducibly. The clamps and
mounted ﬁlament are visible in Fig. 2. During the experiment the
cross-over point of the ﬁlament is kept in position by the small
“notch” and “nose” structures. The ﬁlament moves without visible
effort through the device, i.e. no “jumps” or other sudden motions
are observed during operation, indicating a smooth motion of the
ﬁlament through the device.
2.5. Data reduction
All data reduction is performed using custom-built functions in
the Matlab environment. The detector pixels are indexed in terms
of momentum transfer q and angle j, where q is deﬁned as
q ¼ l14p sin q with l the wavelength, and 2q the scattering angle.

Fig. 4. 1D scattering plot obtained from the compressive side of a 7.70 mm high loop (intermittent line with data points indicated), ﬁtted to: a) a cylinder scattering function
(continuous line) of a single, perfectly oriented cylinder with a radius of 184.8 nm, and b) the scattered intensity of packed cylinders (continuous line) for cylinders with a spacing of
369.6 nm. The two gaps in the data set originate from the beamstop (centre gap) and a gap between detector modules (left-hand gap).
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Fig. 5. Maps of the scatterer spacings generated from the SAXS data. The horizontal and vertical axis units are in millimeters, colour axis units depict the spacing (in nm) between
the cylinder centres that was used to ﬁt the oscillations in the extracted 1D plot. The blue colour indicates regions where no clear oscillations were seen. The green line, halfway
between the top and bottom of the ﬁlament, indicates the separation boundary between regions of compressive and tensile strain. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)

j is the polar angle in the detector plane. As the scattering is
conﬁned to a sharp line of oscillations on the detector, cf. Fig. 3,
a line is extracted along a direction of j of maximum scattered
intensity using a Bresenham line extraction algorithm.
A least squares minimization function is used for the ﬁtting,
with logarithms of the intensities to increase the relative weight of
the low intensity data points. Information on the characteristic
lengths in the structure is extracted by ﬁtting the data with a model
of inﬁnitely long, stacked cylinders (or aligned ellipsoidal tapes).
Details of this can be found in Appendix A.
3. Results and discussion
The SAXS scattering patterns obtained from looped as spun
PPTA samples show pronounced periodic intensity oscillations at
most measuring points, indicating the presence of relatively
monodisperse objects and/or a periodic structure in the ﬁlament
(see, for example, Fig. 4). These oscillations are not commonly
observed in straight, unstrained ﬁlaments (not shown), nor are they
seen in looped heat-treated samples (i.e. ﬁlaments of commercially
available Twaron, to which the as spun, non heat-treated material

can be considered as a precursor). Heat treatment affects the
crystallite size in PPTA [21], and may be related to the disappearance of oscillations in the structure.
Observation of these oscillations was unexpected, but the
following consideration of instrumental sources or other artefacts
gives us conﬁdence that the scattering originates from the sample.
The orientation of the streak-shaped scattering pattern being
perpendicular to the ﬁbre axis indicates that the scattering originates from the sample. The periodicity is furthermore indicative of
a structure at least an order of magnitude smaller than the beam
dimension and correlation volume, and two orders of magnitude
smaller than the dimension of the sample, making surface scattering
effects unlikely. A well-deﬁned skin layer could also cause oscillations to appear, however, this would scatter as an isolated lamellar
structure and be visible only when illuminating the edges of the
ﬁlament, and not when measuring through the core of the ﬁlament.
The period of the oscillations indicates a structure with a characteristic dimension of approximately 100e600 nm. The high
anisotropy indicates almost inﬁnitely long objects in the ﬁbre
direction. The intensity decay follows a q3 slope, which suggests
a cylindrical structure. The presence of crack formation or local

Table 1
Tabulation of the loop parameter and ﬁtting results.
Loop height
(mm)

Radius of
curvature (mm)

Max.
Strain (%)

Comp. side mean
spacing (nm)

Comp. side
std. dev.

Tensile side mean
spacing (nm)

Tensile side
std. dev.

7.70
6.00
3.92
2.93

2.97
2.27
1.43
1.05

0.40
0.53
0.84
1.10

366
282
252
167

127
302
270
236

562
838
1144
900

81
290
312
308
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Fig. 6. Size histograms for the compressive (dark) and tensile (white) sections of the loops.

ﬁbril failure in the samples could result in isolated cylinder-shaped
voids, but a ﬁt of the data to the form factor of a single cylinder [22],
however, shows an offset of the oscillations (Fig. 4), whilst the
period matches. Attempts to ﬁt scattering functions of other isolated shapes within the superellipsoid family also did not result in
a satisfactory agreement.
The simplest possible model that approaches the scattering
behaviour found in the sample is a model consisting of stacked
cylinders (stacked in the direction perpendicular to the beam in the
plane of bending). The stacking introduces Bragg scattering at
positions that coincide with the oscillation positions in the scattering pattern. This packing has a periodicity identical to the

diameter of the cylindrical scatterers, while the cylinder form factor
ensures a q3 dependency of the intensity. This model is shown
compared to the data in Fig. 4. The important factors effecting the
oscillations in intensity are not the size of the scatterers but the
periodicity and shape of the scatterers. In other words, the scattering proﬁles should be roughly cylindrical in shape, do not need
to be monodisperse, but their centres should be positioned at
regular intervals. It is this spacing that determines the period of the
oscillations, and the shape determines the slope. Additionally, the
shape does not need to be cylindrical with a circular cross-section,
but can also have an ellipsoidal cross-section (i.e. tape-like objects),
which will result in the same scattering pattern as long as the

Fig. 7. Scattering pattern obtained from the tensile side of the 1.43 mm high loop,
where the oscillations indicate a structure with a periodicity of about 800 nm.

Fig. 8. Scattering pattern obtained from the compressive side of the 1.05 mm high
loop, where the oscillations indicate a structure with a periodicity of about 100 nm.
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Fig. 9. Artist’s impression of the cross-section of the looped ﬁlament, showing packing of ﬁbrils in the tensile side, and ﬁbrillar separation occurring in the compressive side. The
projected electron density is shown on the right-hand side, showing cylindrical proﬁles with radii of approximately 250 nm (and a spacing Dc of 500 nm) on the compressive side
and 400 nm (Dc 800 nm) on the tensile side.

minor axis is either parallel or orthogonal to the beam (i.e. a stack of
tape-structures would give the same scattering (albeit a different
total intensity) as a stack of cylinders).
The dampening of the oscillations in the data at higher q can be
modelled as an effect of polydispersity in cylinder spacing, and it
was found that considerable polydispersity in the spacing is
allowed before the oscillations dampen out. Other aspects that play
a role in the analysis is the limited beam width which limits the
number of cylinders that are irradiated depending on the size of the
cylinders and the spacing between the cylindrical scatterers. While
we found that the period and offset of the oscillations is not
affected in calculations of a pack consisting of a reduced number of
cylinders for this experiment, it will be prudent for experiments
using smaller beam widths to more accurately model the beam
proﬁle.
With this model, we can characterise the periodicity of the
structure that is required to bring about the oscillatory behaviour of
the intensity, and some preliminary conclusions regarding the
structure in the sample can be made.
An analysis of all obtained scattering patterns with this model
allows the generation of a map of the found spacings between the
structures effecting the oscillations, which is shown in Fig. 5. The
observations in that map include the following (which is also
tabulated in Table 1 and shown in a histogram in Fig. 6): The
7.70 mm loop exhibits pronounced oscillations. On the tensile
(outer) side of the loop, we ﬁnd oscillations caused by packed
structures with spacings of approximately 600 nm. On the
compressive side, these spacings are about 360 nm. The right side
of the map shows intermediate spacings of about 500 nm. The
tensile and compressive regions appear to be well separated.
The “zero”-strain region appears to be located nearby the centre of
the ﬁlament. There is one region (indicated in blue) where the
scattering pattern did not exhibit clear oscillatory behaviour.
Tightening of the loop further enhances the clear separation of
the observed domain sizes in the loop, with the spacings in the
tensile side approaching 840 nm whereas the spacings in the
compressive side are reduced to about 280 nm in size. The high

frequencies in I(q) become challenging to ﬁt, as the period of the
oscillations approaches the pixel size, corresponding to a maximum
measurable spacing of about 2000 nm for that detector. Additionally, the pixel width effectively forms bins, reducing the visibility of
the oscillations. Therefore, moiré-like effects in combination with
the pixel size reduce the accuracy of the determination at higher
frequency (larger radii) (see for example Fig. 7).
Further tightening of the loop shows the spacing in the tensile
section approaching 1140 nm (c.f. Fig. 7), while on the compressive
side, the spacing shows a reduction to approximately 240 nm.
The smallest loops tend to exhibit less pronounced oscillations.
The tensile side mean spacing remains stable at around 900 nm,
and compressive side spacings are about 160 nm (c.f. Fig. 8). All of
the results are tabulated in Table 1.
The overall trend is that upon the application of tensile strain,
there is a slight increase in scattered intensity (c.f. Appendix C),
while the spacing between the scattering elements increases
initially from about 300 nm for the 7.7 mm high loop, to approximately 500 nm for the 2.93 mm loop, and remains there for the
duration of the experiment. On the compressive side, the scattering
intensity increases more than in the tensile section (c.f. Appendix
C), and the spacings between the scattering elements are continuously reduced from 500 nm to less than 200 nm.
One hypothetical structural model that could account for such
behaviour is by considering each macroﬁbril inside the ﬁlament to be
a packing of smaller ﬁbrils. Upon bending, the strain upon the macroﬁbril causes it to split into its component ﬁbrils along crack planes,
perpendicular to the plane of the loop. On the compressive side, an
increasing number of cracks and splits causes the apparent size to
reduce. This is supported by observations by Greenwood and Rose,
who made observations that kink band formation is related to ﬁbrillar
separation in axially compressed ﬁbres [23]. This ﬁbrillar separation
results in an improved contrast in the projected electron density
proﬁle and thus a higher scattered intensity. On the tensile side, sets of
ﬁbrils are packed tightly together, so that virtually no interﬁbrillar
space exists (i.e. boundaries disappear), apart from strain relief planes,
and the packs of ﬁbrils scatter as a single element. This would
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signiﬁcantly increase the periodicity (spacing) between the scatterer
centres. These effects are conceptually drawn in Fig. 9.
In this artist’s impression, several aspects of the internal structure have to be consolidated. Firstly, the structure in the SEM
micrographs (c.f. Appendix B) indicates a tape-like ﬁbrillar structure underneath a smoother skin layer. Others have indicated the
presence of a radial texture present in PPTA ﬁlaments [24e26],
which may also be present. Finally, in order to achieve the structure
required for obtaining the scattering pattern, at least part of the
structure must show periodic interfaces perpendicular to the plane
of the loop. These periodic interfaces are indicative of strain relief
effects caused by the axial strain gradient present. Differences in
periodicity between the tensile side and compressive side may
indicate a different method for tensile and compressive stress relief
at those sides. At the compressive side, there is evidence for ﬁbrillar
separation, at the tensile side, these may be slip planes.
Further experiments are required to elucidate the exact cause for
the appearance of these oscillations. A smaller beam size would be
preferred, with a lower limit of one micron (as the beam has to remain
larger than the scatterers we wish to observe). Rotation of the bent
ﬁlament with respect to the incoming beam should reveal more about
the directionality, shape and rotation of the scattering objects. An in
vacuum sample chamber would reduce the background scattering
and moisture uptake in the sample. Lastly, in-situ WAXS experiments
can act as a local probe for the strain on the crystallites, as their
reﬂection positions have been observed to be dependent on the strain
[27]. Initial measurements obtained from the BW2 beamline at
HASYLAB, however, show no visible effect of this strain on the
diffraction peaks, supporting the notion of a strain relief mechanism.

4. Conclusions
To conclude, ﬁlaments of as spun PPTA material contain a packing
of ﬁbrils which is easily observed using SEM. These ﬁbrils appear to
have a cylinder- to tape-like shape with varying cross-section aspect
ratios. The results obtained from microbeam SAXS experiments
indicate that in this material (which has not undergone heat treatment under tension), ﬁbrillar separation can occur at bending radii
smaller than several millimeters. This ﬁbrillar separation process
appears at the compressive side as a reduction in overall ﬁbril spacing
upon an increase in axially compressive strain. On the tensile side,
there appears to be a ﬁbrillar compaction (packing), where a clear
increase in apparent ﬁbrillar spacing results from the imposed strain,
likely caused by the disappearing of interﬁbrillar boundaries due to
the compaction. Whilst the onset of these processes was not
observed, it is clear that they must occur at bending radii of several
millimeters, as oscillations were not observed in straight ﬁlament
sections. The fact that oscillations were not observed for heat treated
ﬁlaments indicates that the heat treatment procedure signiﬁcantly
affects this quite remarkable ﬁbrillar structure.
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Appendix A. Data reduction details
A least squares minimization function was used for the ﬁtting,
with logarithms of the intensities to increase the relative weight of
the low intensity data points, i.e.:

c2 ¼

P
ðlogðIcalc Þ  logðIobs ÞÞ2
N

N  nfitparam

(A.1)

here, c2 is the minimization parameter, N the number of data
points, nﬁtparam the number of variables of the ﬁtting function, Icalc
the calculated (model-)intensity and Iobs the observed intensity.
A number of models have been tried in an attempt to ﬁt the
experimental data. One model capable of describing the experimental data is a numerical model of packed cylinders1. A projection
of the electron density proﬁle of a cylindrical cross-section onto
a line was used as a basis. Rewriting the Cartesian circular crosssection, we obtain for the projected electron density r(x),

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 2
x
rðxÞ ¼ 1 
rc

(A.2)

where rc is the radius of the cross-section in Å. In order to mimic
a tightly packed 1D array of cylinders, the proﬁle is replicated by
placing copies of itself at a distance of 2rc to generate r(x)packed. The
spacing between the cylinder centres (periodicity) is therefore Dc ¼ 2rc.
The cylinders are replicated 10 times to numerically approximate
a packed array limited by the width of the beam. The main features of
the scattering pattern become independent of the number of replications when this number increases beyond n z 3. The entire line was
quantized using 1 104 points, so that each cylinder in the 10-cylinder
model is described using 1000 points (cf. Fig. A.10).
The scattered intensity from this proﬁle is proportional to the
absolute square of the Fourier transform of the electron density
contrast [28], i.e.:

 
2

IðqÞ ¼ FT rðxÞpacked 

(A.3)

with FT indicating a one-dimensional Fourier Transform. The
intensity decay at higher angles obtained from such numerical
computations can be improved slightly by convoluting the intensity
with the Fourier transform of a box function with the width of the
distance between the sampling points. This procedure reduces the
error introduced by the discrete Fourier transform, as is explained
in detail by Schmidt-Rohr et al. [29]. Finally, effects such as beam
proﬁle, polydispersity and graded interfaces are modelled by
convoluting the intensity with a single Gaussian, since our main
interest lies in the determination of the spacing between the
scatterers. The width of this Gaussian depends on the size of the
scatterers. For small scatterer sizes of about 50e100 nm (corresponding to spacings of 100e200 nm), the smearing width was set
to z0.001 Å1, and for scatterers with large sizes (i.e. 200 nm,
Dc ¼ 400 nm) it was set to z1.5  104 Å1.
Appendix B. Scanning electron microscopy
Fig. B.11 shows a SEM micrograph obtained from a loop of as spun
material, where part of the skin layer has delaminated. In Fig. B.12,
the inner structure is shown in a ﬁlament which was cut using
scissors. In the ﬁrst of the obtained SEM micrographs, a ﬁbrillar

1
The numerical model is chosen over an analytical model for its ﬂexibility in
shape and packing of the scatterers. With this model the effect of a large number of
structural modiﬁcations on the scattering pattern can and has been explored.
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Fig. B.11. Electron micrograph showing the ﬁbrillar structure underneath the
delaminated surface of a single as spun PPTA ﬁlament.

Fig. A.10. The projected (electron) density proﬁle r(x)packed, corresponding to a close
packed array of ten cylinders with cylinder radii of 200 nm and a spacing of 400 nm,
spanning the approximate width of the beam.

structure can be observed lying underneath the skin of the ﬁlament
(Fig. B.11). The dimensions of these ﬁbrils are about one hundred
nanometers (Fig. B.12), whereas the ﬁlament diameter is approximately 12 mm. The skin in this sample is partially delaminated from
the bulk of the ﬁlament. The outside of the ﬁlament is much less
rough than the ﬁbrillar structure lying underneath. In some micrographs, a pronounced ribbon or tape-like ﬁbrillar shape is observed
throughout the ﬁlament (Fig. B.12), with a high aspect ratio (z2e10)
of the cross-section. In other micrographs the ﬁbrils appear to have
a more circular cross-section.

increase in orientation as observed by Ran et al. [13]. Excluding
that, the integrated intensity underneath a scattering curve is
proportional to Virrn1n2(r1r2)2, where Virr is the irradiated sample
volume, ni and ri are the volume fractions and the electron densities
of the contrasting phases, respectively. A signiﬁcant increase in
scattering must be caused either by a change in volume fraction
(when the volume fractions are not close to n1 z n2 z 0.5) or
through a change in electron density contrast. This implies that for
these loops, we may either have an increase in the volume fraction
of voids (as cracks, slip planes or gaps between buckled ﬁbrils), or
that moisture is forced out of voids and thereby increasing the
contrast, or a combination of both. This implies that we cannot
analyse the total scattered intensity to retrieve the volume of the
scatterers without more knowledge of the void content. With the
ﬁlaments placed in air during the measurement, it is possible that
moisture enters some voids accessible from the surface [8]. This

Appendix C. Analysis of the scattered intensity
Intensity maps were generated by plotting the integrated
intensity (over the extracted line) of all measurements of a loop
onto a grid to create a scattered intensity “image” of the object.
Compared to integrating over the entire detector area, this procedure yields a better signal-to-noise ratio.
Mesh scans through the loop are analysed using the method
described in the data reduction section, yielding values for the
intensity (and rotation angle) of the scattering pattern. Obtained
intensity maps are shown in Fig. C.13. Here, maps are shown for one
loop of as spun PPTA at four different strain levels (i.e. loop sizes).
The heights of the loop (measured from the cross-over point to the
apex of the loop, indicated as h in Fig. 2) are 7.70, 6.00, 3.92 and
2.93 mm. From the simultaneously recorded microscopy images of
the loop it was veriﬁed that the loop did not shift laterally or rotate
during the experiment.
The intensity maps reveal a signiﬁcant increase in intensity as
the loop is pulled smaller. In the loops of smaller diameter, the
intensity tends to concentrate near the compressive (inner) side of
the apex of the loop. Bending did not have a discernible effect on
the degree of anisotropy in the scattering pattern, which remained
a sharp line during the experiments. It is therefore unlikely that the
increased scattered intensity can be attributed to a strain-induced

Fig. B.12. Electron micrograph showing the ﬁbrillar structure underneath the surface
of a cut single ﬁlament of as spun PPTA. Note in particular the presence of stacked
tape-like ﬁbrils, which are the subject of the subsequent SAXS measurements.
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Fig. C.13. Intensity maps, colour axis units in counts per second integrated over the extracted 1D plots. It is readily seen that the radius of curvature decreases when reducing the
loop size (top to bottom), accompanied by an increase of the scattered intensity. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

will have an effect on the scattered intensity, lowering the contrast
between polymer and voids. The intensity scattered from samples
with moisture-ﬁlled voids is estimated to be approximately 25%
that of empty voids by density considerations. It is furthermore not
known what effect strain has on the moisture content of these
ﬁbres, as it may result in mechanical drying as for example
observed with spider silk [30].
Analysis of the rotation angle of the main line of intensity of the
scattering pattern demonstrates that the main scattering pattern
axis is always perpendicular to the ﬁlament for all observed loop
sizes. Analysis of this rotation behaviour enables the calculation of
the radius of curvature. The equation e ¼ r/Rm yields the
compressive strain (and tensile strain) for ﬁlaments with a radius r
[15], Rm being the radius of curvature at the apex of the loop. The
radii of curvature determined for our four loop sizes are 2.97, 2.27,
1.43 and 1.05 mm, corresponding to strain values of 0.0040, 0.0053,
0.0084 and 0.0110, i.e. around published values for PPTA ﬁbre
critical compression strains of 0.006e0.008 [15]. Reversibility of
the loop-induced strain effects has not been investigated.
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