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ARTICLE INFO ABSTRACT

Keywords: High performance carbon fibers are widely used as fiber reinforcements in composite material systems for

Fi'?ers aerospace, automotive, and defense applications. Longitudinal tensile failure of such composite systems is a

Microscale result of clustering of single fiber tensile failures occurring at the microscale, on the order of a few microns to a

SEM-DIC few hundred microns. Since fiber tensile strength at the microscale has a first order effect on composite strength,
it is important to characterize the strength of single fibers at microscale gage lengths which is extremely chal-
lenging. An experimental technique based on a combination of transverse loading of single fibers under SEM with
DIC is a potential approach to access microscale gage lengths. The SEM-DIC technique requires creation of
uniform, random, and contrastive sub-microscale speckle pattern on the curved fiber surface for accurate strain
measurements. In this paper, we investigate the formation of such sub-microscale speckle patterns on individual
sized IM7 carbon fibers of nominal diameter 5.2 pm via sputter coating. Various process conditions such as
working pressure, sputtering current, and coating duration are investigated for pattern creation on fiber surface
using a gold-palladium (Au-Pd) target. A nanocluster type sub-microscale pattern is obtained on the fiber surface
for different coating conditions. Numerical translation experiments are performed using the obtained patterns to
study image correlation and identify a suitable pattern for SEM-DIC experiments. The pattern obtained at a
working pressure of 120-140 mTorr with 50 mA current for a duration of 10 min is found to have an average
speckle size of 53 nm and good contrast for image correlation. Rigid body translation SEM experiments for drift/
distortion correction using a sized IM7 carbon fiber coated with the best patterning conditions showed that
Stereo-SEM-DIC is needed for accurately characterizing fiber strain fields due to its curved surface. The effect of
sputter coating on fiber tensile strength and strain is investigated via single fiber tensile tests. Results showed that
there is no significant difference in the mean tensile strength and failure strain between uncoated and coated
fibers (average increment in fiber diameter of ~221 nm due to coating) at 5% significance level. SEM images of
failure surfaces for uncoated and coated fibers also confirmed a tensile failure of fibers as observed for poly-
acrylonitrile PAN-based fibers in literature.

1. Introduction

High performance carbon and glass fiber reinforced composites are
widely used in aerospace, automotive, and defense applications. Lon-
gitudinal tensile failure of such composite systems mainly occurs when a
cluster of single fibers break at characteristic length-scales in the range
of few microns (~one fiber radius, r ~ 2.6 um for carbon fiber) [1] to few
hundred microns [2] (one ineffective length, 5 ~ 10 fiber diameters).
Furthermore, it is known that fiber tensile strength is statistical in nature

due to the presence of defects, resulting in gage length (GL) dependent
fiber tensile strength [3,4]. In general, single fiber tensile (SFT) testing
at millimeter length-scales is used to characterize fiber strength distri-
bution which is then extrapolated using Weibull distribution to deter-
mine strength at microscale. However, this often leads to over prediction
of fiber strength at microscale which is required as an input for com-
posite strength models [5]. A full fundamental understanding of strength
performance of the fibers has been elusive and whether intrinsic
strength follows a Weibull statistical distribution remains an open
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Fig. 1. Schematic of single fiber transverse loading experiment. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 2. Effective length over which axial strain concentration occurs for a
Dyneema® single fiber transversely loaded via a fragment simulating projectile
(R ~ 20 um) [22]. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

question. Hence, knowledge of accurate fiber tensile strength distribu-
tion at the characteristic microscale gage lengths is required to better
understand the fundamental mechanisms governing fiber strength [6].

It is challenging to directly measure the tensile strength of fibers at
such small characteristic length scales. The SFT test method cannot be
used because clamping effects limit the smallest gage length that can be
tested to 5 mm [7]. Single fiber fragmentation tests (SFFT) [4,8] allow
testing of fibers up to a gage length of one ineffective length (~10 fiber
diameters) as the fiber length becomes shorter with increasing number
of fiber breaks. However, during longitudinal tensile failure of com-
posites cluster of fiber breaks may occur at distances shorter than the
ineffective length of the fiber as shown by the in-situ observation of
longitudinal failure of T700/M21 carbon fiber epoxy composites by
Swolfs et al. [1] and Scott et al. [9]. Thus, SFFT method may not be
suitable for measuring fiber strength at gage lengths smaller than one
ineffective length. Single fiber notch test [10,11] and loop [12] tests
allow testing of fibers at microscale gage lengths due to stress localiza-
tion around the notch and loop. However, the estimation of strength
from these tests largely depends on the parameters used in the inverse
analysis. Thus, there is a need for a method to directly measure the
strength of the fibers at microscale gage lengths of failure.

The SEM-DIC technique [13-19] allows exploring deformations at
extremely smaller length-scales. It involves capturing SEM images of the
specimen surface as it deforms under applied loading. The SEM images
are then correlated via commercial DIC software to measure specimen
displacement and strain. An in-situ experimental technique based on the
combination of transverse loading of single fibers under scanning elec-
tron microscope (SEM) with digital image correlation (DIC) is a poten-
tial approach to access characteristic microscale gage lengths
lny <l < 6. Fig. 1 shows the schematic of a transverse loading
experimental set-up adopted from Hudspeth et al [20]. They used such a
set-up for studying the transverse failure of high-performance ballistic
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fibers. A single fiber is clamped at its ends and transversely loaded using
an indenter of a known geometry (tip radius, R). The starting angle
(Bstart) and the tip geometry are both known to have effect on the levels
of stress-concentration induced in the fiber-indenter contact region and
the length over which the stress concentration is induced [21,22]. As
reported in [22], axial strain in the fiber-indenter contact region is
approximately two times higher (~5.4%) than the average tensile fail-
ure strain (2.4%) of Dyneema® fiber (diameter ~17 um) transversely
loaded using a fragment simulating projectile (FSP) of tip radius, R ~20
um. And the length over which this strain (stress) concentration occurs
was found to be approximately on the same order as the FSP tip radius,
R, ~20 um as shown in Fig. 2 [22]. Using SEM-DIC technique, one can
capture this strain concentration region at the fiber-indenter contact
zone for the carbon fiber. Thus, we aim to use transverse loading ex-
periments with different indenter tip radii and combine it with SEM-DIC
technique to induce and measure stress-strain concentrations in single
carbon fibers over length-scales observed during tensile failure of
composites.

The use of SEM-DIC technique to measure local strain fields in in-
dividual single fibers requires a) a sub-microscale speckle pattern on the
fiber surface and b) correction of spatial and time varying drift distor-
tions caused by the SEM scanning process [14,18] and careful selection
of SEM imaging parameters such as dwell time (tp), beam current, and
image integration to improve signal to noise ratio in SEM images
[15,18]. Dwell time (tp) refers to the time spent by the electron beam at
each pixel location to define its pixel intensity. Beam current is related to
the number of electrons hitting the specimen surface and image inte-
gration involves taking multiple images scans and averaging them to
reduce image noise. It is found that a longer dwell time and higher beam
current with image integration generally results in less noise in SEM
images [15,18]. The spatial and time varying drift distortions occurring
in SEM images can induce artificial displacement fields in images which
can result in large errors in displacement and strain fields measured by
the DIC software. An SEM drift-distortion correction methodology is
available in literature [14,18] to account for the spatial and drift dis-
tortions occurring in SEM and is employed in Section 3.2 for an in-situ
SEM rigid body experiment. Along with optimal imaging conditions,
as mentioned above the fiber surface also needs to have an isotropic,
randomly distributed, and highly contrastive pattern on its surface for it
to be accurately tracked by the DIC software [23]. There are a variety of
methods for patterning specimens at small length-scales published in
literature. An overview of patterning methods at nano-microscale can be
found in [24,25]. Although there are several methods available for nano-
microscale pattern generation on polymer and polymer-based speci-
mens, to the authors’ knowledge there is very little published literature
on pattern generation on delicate specimens such as cylindrical single
fibers. Shafaqat et al. [25] recently developed a nanoscale patterning
method specifically for fragile and delicate specimens such as a synthetic
hydrogel fiber and a free-standing micro-tensile or highly stretchable
MEMS specimen. It involved using a dry nebulized mist to pattern the
specimen surface with one or a few nanoparticles at a time. They showed
that features or speckles of size 50 nm-1 um can be achieved using this
method. However, an extensive experimental set up is required to use
this technique and patterning via this technique can be time consuming.
Other methods for patterning at microscale on polymer or polymer-
based specimens include thin-film reconfiguration method [26,27],
nanoparticle method using gold [28] or silica nanoparticles [29] to
pattern the specimen surface, micro-stenciling [30], micro-stamping
[31], focused-ion beam (FIB) [24,32,33], and electron beam lithog-
raphy [24,34]. The advantages and disadvantages of using the methods
listed above can be found in [25,35] in terms of the cost, patterning
time, pattern quality and user application.

Because of the delicateness and tediousness of handling microscale
single fibers, we need a faster patterning method that involves minimal
steps, requires no surface modification, is less abrasive and does not
cause any significant changes to fiber properties. A patterning technique
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Fig. 3. a) Schematic for sputter coating of single fibers and b) sample inside Denton Vacuum sputter chamber. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

that does not require surface modification is also important to study the
effect of fiber sizing on tensile strength. Recently, Hoefnagels et al. [36]
have shown the use of a one-step sputter deposition with indium-tin (In-
Sn) alloy as a target material to generate patterns in the range of nano-
micrometer length-scales by only varying the sputter-deposition condi-
tions such as working pressure, current, and sputtering duration. They
use a low melting temperature In-Sn solder alloy as a target material
owing to its large adatom surface diffusion length to deposit the metal
atoms in island growth mode from the start of deposition process. This
alleviates the need for thin film re-arrangement or modeling for gener-
ating patterns from thin films deposited on specimens.

Therefore, in this study, we investigate the use of sputter-deposition
to generate in one-step, a sub-microscale speckle pattern on single car-
bon fibers using a gold-palladium target. Various patterning conditions
such as working pressure, sputtering current, and coating duration are
used for generating patterns on the fiber surface. Numerical translation
experiments are performed on the obtained patterns to study the effect
of pattern noise and identify a suitable pattern for in-situ SEM-DIC ex-
periments. An actual rigid body translation experiment is conducted
inside the SEM using the best speckle pattern to perform a noise floor
verification for SEM imaging. The effect of sputter coating on the fiber
tensile strength is also investigated by performing tensile experiments
on uncoated and coated fibers for the sputter coating condition that
provided the best pattern. The best sputter coating condition is also used
to pattern other single fibers such as unsized IM7 carbon fiber, Kevlar®,
and Dyneema® fibers to investigate the applicability of the method to
different fiber material systems.

2. Materials and methods

Sized and Unsized IM7 carbon fibers are acquired in the form of a
spool of 12 K tow from Hexcel Corporation. The sized IM7 fiber had a
proprietary ‘GP’ sizing and an average diameter of 5.2 ym as specified in
the Hexcel datasheet [37].

2.1. Pattern creation via sputter coating

A Denton Vacuum Desk II sputter coater without substrate temper-
ature control is used to perform direct current sputter deposition on
carbon fibers. Fig. 3(a) shows a schematic of the sputter deposition
system. The deposition chamber consists of a target (material to be
deposited) and substrate (single fiber specimen) which form the cathode
and anode of the system, respectively. The deposition chamber is filled
with Argon gas. When voltage is applied between the electrodes under
vacuum conditions, target atoms are ejected by argon ions and accel-
erated towards the substrate where they condense to form a thin layer on
the specimen surface [38,39]. The type of nanoparticle pattern formed

Table 1
Sputtering conditions investigated for sized IM7 carbon fiber.

Condition Current (mA) Pressure (mTorr) Duration (mins)
SC1 40 120-140 5

SC2 40 120-140 10

SC3 50 120-140 5

SC4 50 120-140 10

SC5 50 200 10

during sputter deposition depends on various deposition conditions such
as sputtering current, working pressure or chamber pressure, the target
and substrate material being investigated, and substrate temperature
[40]. For SEM-DIC, we are mainly interested in nanoparticle feature size
and high contrast of the pattern deposited on the substrate surface as
they strongly affect the accuracy of image correlation. Therefore, we
study the effect of varying deposition conditions such as sputtering
current, working pressure, and sputter duration on the type of pattern
generated on the fiber surface to determine a suitable pattern for our
SEM-DIC experiments. Table 1 shows the conditions investigated for
sputter deposition on sized IM7 fibers. A gold-palladium (Au-Pd) target
is used to initially investigate pattern creation on single fibers as it is one
of the commonly used alloys for sputter deposition. Single fibers are
extracted from the tow and mounted on aluminum stubs using a carbon
sticky tape for sputter coating (Fig. 3(b)). All the sputter deposition is
performed at room temperature. The coated fibers are then imaged by a
Zeiss Gemini FE500 SEM with the following conditions: an Everhart-
Thornley secondary electron detector, an accelerating voltage of 5 kV,
beam or probe current of 200nA, dwell time (tD) of 12.8 ps, a working
distance of 5-7 mm, a field-of-view of ~4 um x 3 pm (magnification-
~25000x-35000x), and a recording resolution of 1024 x 768 pixels
(pixel size ~4 nm/pixel). It must be noted here that only single image
scan is used to obtain the pattern images shown in Fig. 4. Line inte-
gration (using 8 scans) to reduce rastering noise is only used for SEM
drift-distortion correction procedure in Section 3.2. The said acceler-
ating voltage of 5 kV was used to limit damage to the fiber caused by the
electron beam when imaging the fiber for extended periods during SEM-
DIC experiments. A similar accelerating voltage has also been used by
Montogomery et al. [41] for SEM-DIC experiments on single glass fiber/
epoxy and carbon fiber/epoxy composites with reconfigured Ag thin
films. They also report that the use of a dwell time of ~10 ps for imaging
their specimens resulted in lowest image noise. A working distance of
5-7 mm is determined as best via trial and error for observing the sub-
microscale Au-Pd pattern on the fiber surface.
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Fig. 4. SEM images of sputter coated sized IM7 fiber obtained for different conditions listed in Table 1. (a) SC1 b) SC2, ¢) SC3, d) SC4, and e) SC5. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3. Results

Fig. 4(a)-(e) shows the SEM images of the patterns formed on the
fiber surface for the sputter coating conditions listed in Table 1.
Comparing Fig. 4(a), (b), and 4(c), (d) respectively, shows that an in-
crease in sputter coating duration for the same sputtering current results
in formation of a greater number of nanoclusters of Au-Pd particles on
the fiber surface. Increasing sputtering current for the same duration of
coating (Fig. 4(a), (c) and Fig. 4(b), (d)) results in patterns with well-
defined boundaries or dark regions, separating the nanoclusters.
Similar nanocluster patterns as those observed in Fig. 4(a)-4(c) are also
reported by Tanaka et al. [42] for gold particles deposited on an IM600
carbon fiber polymer matrix composites. They used the nanocluster
pattern to study the localized deformation of a composite subjected to
three-point bending. From the patterns shown in Fig. 4, only the patterns
shown in Fig. 4(d) and 4(e) exhibit a higher proportion of smaller in-
dividual nanoclusters with well-defined boundaries. It is also important
to note that the pattern in Fig. 4(e) consisting of densely packed nano-
clusters is obtained at a higher working pressure of 200 mTorr whereas
the other patterns are obtained at a lower working pressure of 120
mTorr. This is done to investigate the effect of pressure on the size of
nanocluster formed on the fiber surface, as higher working pressures are
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Fig. 5. Nanocluster diameter distribution. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

linked to smaller feature sizes in the work of Hoefnagles et al. [36].

To obtain an estimate of the speckle/feature (cluster) sizes in pat-
terns of Fig. 4(d), and 4(e) particle analysis is performed using the image
processing toolbox in MATLAB. A similar particle analysis has been
performed by Montgomery et al. [27] to find the size of nano-islands
after performing thin film reconfiguration of the top Ag film on the
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Fig. 6. Ideal range of speckle size versus gage length for different image
recording resolution. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Ag-Ti-Au-Ti stack. Otsu’s method [43] is used for thresholding the
pattern. A morphological opening operation is then used to remove the
noisy pixels at the boundaries of the nanoclusters. The equivalent
diameter (deq) of each nanocluster is obtained as the diameter of circle
having the same area as the nanocluster, computed as shown in Equation
.

doy = 4*Areaofnanocluster &)

.4

Fig. 5 shows the nanocluster size distribution for both the patterns
along with their mean cluster size. Average nanocluster size obtained for
both patterns SC4 (Fig. 4d) and SC5 (Fig. 4e) is similar, approximately of
size ~53-54 nm, although pattern SC5 was deposited at a slightly higher
pressure. An ability to better tune the working pressure over a wider
range using a turbo-pump sputter coater is probably required to observe
the influence of pressure on deposited pattern as observed by Hoefnagels
et al. in their study [36]. Also, the nanocluster size distribution is slightly
skewed for pattern SC5 compared to pattern SC4 which has a more
Gaussian or bell-shaped type distribution of nanoclusters.

Subset-based DIC guidelines suggest that speckle or feature sizes (FS)
should be no smaller than the range of 3 pixels < FS < 6 pixels for
optimal accuracy and each subset or correlation window must contain at
least 3 such speckles across it [23]. This is because smaller speckles
(speckle size < 3 pixels) are prone to aliasing and larger speckles
(speckle size > 6 pixels) limit the spatial resolution in measurement
from image correlation. Based on this guideline, the ideal range of
speckle (nanocluster) sizes in nanometers can be calculated for viewing
a desired length or width of the object at a given recording resolution
using Equation (2).

LLength of object to be viewed(nm)

FS(i = FS(in pixels)* 2
(in nm) (in- pixels) recording resolution 2

Fig. 6 presents a column chart for ideal speckle size vs fiber gage
length for two recording image resolutions of 1024 x 1024 pixels and
2048 x 2048 pixels. As shown in Fig. 6, the ideal speckle size range
increases with increase in fiber gage length. This trend is shown by a line
curve passing through the center of each of the columns for both
recording resolutions. The mid-point value for the range of speckle sizes
for both recording resolutions is also denoted on the curve. Fig. 6 also
shows that increasing the recording resolution, allows accessing longer
gage lengths for a given average speckle size in nm. For example, pattern
SC4 consisting of nanoclusters of average size ~53 nm, is suitable for
correlating fiber gage lengths in the range 9 um < GL < 17.7 pm and
17.7 ym < GL < 35.5 pm for recording resolutions of 1024 x 1024 pixels
and 2048 x 2048 pixels, respectively.

Another important parameter that plays a significant role in
achieving good image correlation is pattern contrast. An ideal speckle
pattern contains approximately equal distribution of bright and dark
regions which results in good contrast for accurate subset matching and
displacement measurement [23]. A characteristic feature of all the
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patterns shown in Fig. 4 is that the pixel intensity distribution (shown as
inset in Fig. 4) of all patterns is dominated by brighter pixels. It is
possible to calculate the percentage of dark pixels and their distribution
using a similar particle analysis technique mentioned above for deter-
mining the size of nanoclusters. Fig. 5 also shows the percentage of black
pixels for patterns SC4 and SC5. Pattern SC4 has a slightly higher per-
centage (14.5%) of black pixels than pattern SC5 (10%), which generally
corresponds to improved contrast for image correlation.

3.1. Numerical experiments for pattern assessment

In this section, to assess the suitability of the obtained patterns for
DIC, we perform numerical rigid body translation experiments and study
image correlation. Several researchers have used such a method in
literature [44-46] for assessing pattern quality and for quantifying er-
rors in DIC [47] without having to perform physical experiments which
can be time and cost intensive. This is usually done by employing the fast
Fourier transform algorithm (FFT) as it is known to generate the least
error in sub-pixel translation of images, provided the shift is applied
correctly in the Fourier or frequency domain. Here, we use a method
reported by Reu et al. [48] which employs the FFT algorithm to perform
numerical translation of images. We assume the surface of the fiber to be
flat and use the 2-D pattern images shown in Fig. 4 for numerical
translation. Our aim is to perform numerical experiments to investigate
the influence of pattern image contrast of the obtained patterns on
image correlation to help identify a suitable pattern that can be used for
in-situ SEM experiments. The pattern with the best correlation perfor-
mance is then used in Section 3.2 for SEM rigid body experiments for
SEM drift/distortion correction. Each pattern shown in Fig. 4 is first
converted to frequency domain by performing a row-by-row Fast Fourier
transform (FFT). A linear phase shift is then applied in the frequency
domain with the amount of phase shift corresponding to the desired sub-
pixel shift or translation. The image is then converted back to the spatial
domain by performing an inverse FFT. Using the method described
above, translated image pairs are generated for each pattern in Fig. 4 by
applying sub-pixel ‘u’ displacements in the x-direction in the range of
0-1 pixel with an increment of 0.1 pixel between images. A constant
zero mean Gaussian noise with a variance of 4 grey-levels is also added
to the translated images. The translated images are then analyzed using
a commercial DIC software VIC-2D for correlation.

In DIC analysis, subsets, or small virtual windows within the area of
interest (AOI) are compared between the reference and deformed im-
ages during correlation. For any given FOV, the minimum subset size
required for accurate correlation is given by 3*speckle size. A brief
investigation into the effect of subset size on correlation is discussed
below for the pattern that leads to the least error in displacement.

Fig. 7(a) shows the mean displacement error against the applied
displacement ‘u’ for the different patterns for a subset size of 61x61
pixel?, step size of 2 pixels, normalized 8-tap interpolation scheme.
Mean displacement error is calculated as the difference between the
DIC-calculated average displacement within the area of interest and the
applied displacement, ‘u’. The AOI is chosen as the entire region of the
fiber under the field of view barring the edges of the image as shown in
Fig. 7(e). Fig. 7(e) also depicts the reference subset size of 61x61 pixel2
(~0.192x0.192 pmz) used for correlation. A larger subset size of 61x61
pixel? is initially chosen to improve subset matching as the patterns have
a low contrast, having a higher proportion of gray intensities than black
intensities. Normalized 8-tap interpolation scheme is chosen for per-
forming correlation based on the results of numerical translation studies
performed by Reu et al. [48] which showed that compared to bicubic, 4-
tap, and 6-tap interpolation schemes, the 8-tap interpolation scheme
resulted in the least mean displacement error.

As seen from Fig. 7(a), the smallest mean displacement error is ob-
tained for the pattern SC4 (Fig. 4d) followed by the pattern SC1 (Fig. 4a).
Here, SC4 refers to the sputter coating (SC) condition (4) listed in
Table 1. Patterns SC2 (Fig. 4b), SC3 (Fig. 4c), and SC3 (Fig. 4e) show
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this article.)

approximately similar trend in their mean displacement errors. It is also
noted that the mean displacement error graph shown in Fig. 7(a) is
consistent with the pioneering work of Schreier et al. [49], where the
authors for the first time showed that the source of the mean displace-
ment error is the intensity interpolation method. The standard deviation
in the measured ‘uw’ displacement is presented in Fig. 7(c) for the
different patterns. For all patterns, the standard deviation in ‘u’
displacement is approximately constant with the lowest standard devi-
ation observed for the pattern SC4. Mean displacement error in ‘v’ for
applied displacement in ‘u’ is shown in Fig. 7(b). For all the patterns the
mean displacement errors in ‘v’ are nearly random in nature and one
order lower than the mean displacement error in ‘u’. The standard de-
viation in ‘v’ is comparable to standard deviation measured in ‘W’

displacement for all the patterns as shown in Fig. 7(d). The effect of
subset size on the correlation error and standard deviation in displace-
ment is shown Fig. 8 for pattern SC4. As seen from Fig. 8, there is
negligible change in the mean displacement error with increasing subset
size, however, the standard deviation in ‘U’ measurement reduces by
half going from a small subset size of 31x31 pixel? to large subset size of
61x61 pixel2 an observation that is consistent with previous studies [13]
that showed averaging over larger subsets reduces the effect of intensity
pattern noise, at the expense of reducing spatial resolution. Overall, the
results from Figs. 7 and 8 indicate that pattern SC4 may be the most
suitable candidate for our future in-situ SEM experiments and that a
larger subset size may be required for pattern SC4 to obtain better results
due to an overall low pattern contrast. Additional experiments would be
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Fig. 9. a) ‘L’ shaped motion [18], and b) Patterned IM7 fiber used for drift distortion correction. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

required to determine the subset size and minimum possible spatial
resolution in measurement based on the displacement or strain field that
needs to be measured for a given FOV and speckle pattern.

3.2. Rigid body experiment for SEM drift-distortion correction

SEM imaging introduces two major types of noise in the images in the
form of spatial and drift distortions [14,18]. Spatial distortion are dis-
tortions associated only with pixel positions in image such as those
encountered by any imaging device. Drift distortions are time varying
distortions caused by electron beam scanning process of SEM which
induce an ‘apparent’ displacement of pixel locations with time. Such
distortions were not considered in the numerical translation experi-
ments presented in Section 3.1. In this section, we use the SEM drift-
distortion correction procedure established in literature [14,18] to
investigate and correct for the spatial and drift distortions encountered
during SEM imaging. A sized IM7 single fiber is coated using the best
patterning condition (SC4) identified from the above analysis. Images of
the pattern are taken incrementally as it is translated stepwise, step size
= 200 nm, in x and y directions inside an SEM using the motorized SEM
stage to create a ‘L’ shaped motion as shown in Fig. 9(a). At each
translation step, two images are acquired, and their corresponding
acquisition time are recorded for drift correction. The orthogonal ‘L’
shaped motion is used to correct for spatial distortion using the known
largest displacement in x and y. All pattern images are acquired at a
working distance — 7.5 mm, magnification ~25000x (4.4 nm/pixel),
dwell time (tp) — 12.8 us, and using 8x line integration to reduce

rastering noise [14-16,41] resulting in a total frame time (tg) of 80.8 s.
SEM drift-distortion analysis is performed using commercial correlation
software VIC-2D using a subset size of 61x61 pixel? and a step size of 2.

Fig. 9(b) shows the patterned fiber reference image used for the SEM
drift distortion analysis. For the SEM-magnification level (~25000x)
considered in this study, spatial distortions are expected to be signifi-
cantly lower compared to drift distortion which become more dominant
with increasing magnification [14,16,18]. The measured drift
displacement fields at time t =~ 24 mins, are shown in Fig. 10(a). The
time t = 24 mins is the time of image capture for the fifth translation step
(t = 0 mins, at the start of the experiment). Fig. 10(b) shows the
measured spatial distortion field. The measured spatial distortion fields
are surprisingly larger than the drift distortion field in both x and y di-
rections by up to ~1.5x and 6x respectively. Also, the spatial distortion
fields shown in Fig. 10(b) are uniform in nature compared to the non-
uniformly varying distortion fields observed in literature [16,18].
Ideally, after drift/spatial distortion correction using the procedure
described, strains measured from image correlation for rigid body mo-
tion of the specimen should be close to zero except for some random
noise from image acquisition. However, the strains obtained from the
rigid body translation experiment performed above as shown in Fig. 11
are significantly higher than expected. The ‘y’ axis in Fig. 11 is shown as
strain error in comparison to zero strains expected in the specimen.
Mean error (bias) and standard deviation (noise) in strain are also shown
in Fig. 11 for both x and y directions. As seen from Fig. 11, &, has a
lower mean error (~200-400 pstrain) or bias but comparatively higher
standard deviation or noise which increases monotonically with each
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translation step to approximately ~2000 pstrain. ey, is fluctuating in
nature and displays a significantly higher bias (~1000 pstrain) and noise
level of ~2000 pstrain when compared to &xy.

A higher bias and noise in ¢,, compared to &y, could be an effect of
rastering error during an SEM scan, wherein the distance between two
rows as the beam moves from one row to the next on the specimen is not
constant. Therefore, higher errors in strain are generally expected in a
direction perpendicular to that of the beam scan as shown in Fig. 9(b)
[14-16,41]. Performing line integration or line averaging while
acquiring images (as done here), helps in smoothing out this error

[14-16,41] and such high levels of bias and noise observed for ¢,, as
depicted in Fig. 11 is not expected. The large bias and noise levels
observed in ey and ¢, are thought to be caused by projection of a curved
fiber surface (3D) onto a 2D image plane. This can be observed from the
strain contours, exc and ¢y, at different displacement steps as shown in
Fig. 12. As the pattern is translated in x, only a smaller area near the
center of the FOV (marked by the blue lines) depict relatively low strains
(see Fig. 12(a)). Strains become increasingly larger moving away from
the center and towards the edges as the curvature of the fiber becomes
more prominent. It must also be noted that FOV becomes smaller be-
tween step 1 and step 5 as some portion of the patterned fiber moves out
of the FOV with translation. For both translation steps, &,, strains are
significantly higher than ¢,, across the entire FOV. The horizontal bands
of strain depicted for ¢, (Fig. 12(b)) are an effect of the rastering error,
and the high levels of noise associated with it are attributed to the fiber
curvature. Although the measured noise levels for e and ¢,, are
approximately one order lower, 0.2% (~2000 pstrain) than the nominal
fiber failure strain of ~2%, the projection errors can significantly in-
crease with specimen deformation during an actual test and mask the
actual specimen strains with noise. Thus, 2D-DIC technique has limita-
tions when considered for a curved fiber specimen due to high levels of
noise in strain measurement. Three dimensional DIC (3D-DIC) or Ster-
eoDIC is needed for accurate mapping and measurement of the 3D fiber
surface.

Zhu et al. [17] have reported such a 3D-DIC method using SEM
where multiple images of the specimen are taken by tilting the specimen
stage. The StereoSEM procedure requires taking images of a calibration
grid at at least two angles to establish the stereo imaging parameters for
3D-DIC and correct for SEM drift/distortion in images. Using the said
procedure, the authors showed reduction in errors in out of plane
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translation (0.1 mm) and out of plane rotation (2) to approximately a
few hundred micro-strains. Otherwise, the errors from out of plane
translation and rotation are on the order of few thousand micro-strains.
These errors are on the same order as we obtain from 2D-DIC for our
curved (3D) fiber specimen that has variations in its ‘z’ dimension and is
comparable to having an out of plane translation of the specimen. An
investigation into the use of this method for SEM drift/distortion
correction analysis is a part of our future research and is outside the
scope of the current study.

3.3. Effect of sputter coating on fiber tensile strength

The pattern deposited on the fiber surface via sputter coating must
not cause damage to the fiber and alter its mechanical properties. Thus,
the effect of patterning method on fiber strength is investigated using
single fiber tension tests of coated and uncoated fibers. As a preliminary
investigation into the effect of coating on fiber strength, only the best
sputter coating condition {50 mA, 100 mTorr, 10 mins (current, working
pressure, duration)} is considered for this study. Fiber diameter of un-
coated and coated specimens are also measured using SEM images of

fibers taken before testing. These images are taken at a working distance
of 31 mm and a magnification of 1000X using the Zeiss Gemini FE 500
SEM. Images of uncoated and coated fibers are then processed using
ImageJ software to measure the fiber diameter by taking an average of
the diameter measured at five different locations along the fiber length
as shown in Fig. 13(a) and 13(b). Table 2 shows the average diameter
comparison of uncoated and coated fibers measured across 21
specimens.

As seen from Table 2, there is an average increase in diameter of 221
nm for the coated fibers. Table 2 also presents the results of a paired
samples t-test for fiber diameter at 5% significance level. The null hy-
pothesis and alternative hypothesis are taken as follows: a) null hy-
pothesis: no difference in the fiber diameter due to coating, and b)
alternate hypothesis: fiber diameter is different for uncoated and coated
configurations. The t-statistic and the standard error parameters needed
for a paired samples t-test are calculated as shown in Equations (3) and
(4). The t-critical value obtained at 5% significance level and number of
degrees of freedom equal to 18 (# specimens — 1) is 2.101. The t-statistic
value obtained using Equation (1) is 3.16. Since the t-statistic > t-critical
we reject the null hypothesis concluding that sputter coating results in
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Fig. 13. Diameter measurement of a) uncoated and b) sputter-coated fibers and ¢) windowed paper template used for tensile testing. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Average change in diameter between coated and uncoated sized IM7 fiber.

Table 3
Average fiber tensile strength for uncoated and coated fibers.

Average diameter (um)

Uncoated fiber 5.179
Coated fiber with modified diameter after coating 5.40
Coated fiber with original diameter before coating 5.21
t-statistic, t-critical (5%) 3.16, 2.101
# dof 18
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i —{
w gl
5 » -
= 8
e 51 2 K3
5 ° 3
c
o 4r —§—
g i
7]
g 37
=
= i £
& ? O Uncoated
1r O Coated with modified fiber diameter after coating
ol [ Coated with original fiber diameter before coating
Fig. 14. Box and whisker plot of fiber tensile strength. (For interpretation of

the references to colour in this figure legend, the reader is referred to the web
version of this article.)

an increase in diameter of the fibers.
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The effect of sputter coating on fiber tensile strength is then studied
by performing tensile tests of the coated and uncoated fibers. Sputter
coated fibers from the above study of gage length 10 mm are mounted on
a windowed paper template using cyanoacrylate glue as shown in Fig. 13
(c). The template is gripped at the edges of the window using serrated
wedge grips and tested in tension according to the ASTM standard

10

Uncoated Coated fiber (with Coated fiber (with
fiber modified fiber original fiber
diameter after diameter before
coating) coating)
Avg. strength 4.935/ 4.832/0.872 5.158/0.817
(GPa)/ Std. 1.277
deviation
# Specimens 21 19 19

C1557 [50] on an INSTRON Model 5944 Single Column Tester using a
10 N load cell at a displacement rate of 8 um/s. A separate baseline
tensile tests of uncoated fibers is also performed using the same gage-
length and method as described above for comparison.

Fig. 14 shows a box and whisker plot of fiber tensile strength ob-
tained from the tensile tests of uncoated and coated fibers. Fiber tensile
strength is calculated as Fy/ (nd?/4), where F¢ is the force at failure, d is
fiber diameter measured from SEM images. For the coated fiber, tensile
strength is calculated using both the original fiber diameter before
coating and the modified final fiber diameter after coating as shown in
Fig. 14. This is done to investigate whether the change in diameter due
to coating has a significant effect on fiber strength by conducting two
independent sample t-tests as described later. The mean tensile strength
is shown by a cross in each plot in Fig. 14 and is also listed in Table 3.
The slight decrease in the mean fiber strength observed for coated fibers
is likely an effect of increase in fiber diameter due to coating, and hence
the cross-sectional area used for calculating fiber tensile strength.
Furthermore, the measured mean strength for both uncoated (4.94 GPa)
and coated fibers (4.83 GPa) is approximately 14-18% lower compared
to the strength of ~6.0 GPa reported by Lyons et al. [51] for an IM7
single fiber of gage length 10 mm. This could be the effect of low sample
size of both coated and uncoated specimens, presence of clamp effects,
and some handling damage caused to the fibers while extracting them
from the tow for tensile testing. The average failure strain for both un-
coated and coated fibers is 0.0167 + 0.004 and 0.018 + 0.003 respec-
tively. It must be noted here that the said failure strains are not corrected
for machine compliance. In the future we plan to measure machine
compliance for accurate strain calculations and comparison of failure
strains between uncoated and coated fibers.

Two independent sample t-tests at 5% significance level are con-
ducted to determine whether the difference in tensile strength observed
between coated and uncoated fibers is statistically significant. T-tests are
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Table 4
Independent samples t-test.

# Degrees of t-critical at t-statistic
freedom 5%
38 2.032 0.293 uncoated vs coated fibers with modified

fiber diameter after coating
0.637 uncoated vs coated fibers with original
fiber diameter before coating

conducted for strength data between a) uncoated and coated fibers with
strength values for coated fibers calculated using the modified fiber
diameter after coating, and b) uncoated and coated fibers with strength
values for coated fibers calculated using original fiber diameter, i.e.,
fiber diameter before coating. The null hypothesis is taken as no dif-
ference in the mean values of strength between coated and uncoated
fibers (Ucoated = Muncoated)- The alternate hypothesis is then that the mean
fiber strengths for coated and uncoated fibers are different (ucoated 7#

EHT = 500 kV
WD= 7.1 mm

Signal A= SE2
Mag= 258KX

Date: 9 May 2022
Time: 14:20:16

ZEISS |
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Huncoated)- A two-tailed t-test at 5% significance level is conducted with
the population variances assumed to be the same (¢? = ¢2). The value of
the t-statistic and number of degrees of freedom are calculated using
Equations (5) and (6). Table 4 presents the calculated parameters
including t-critical, t-statistic, and number of dof (degree of freedom) for
the t-test calculated using Equations (5) and (6). Since t-statistic < t-
critical for mean strength for both test cases (a) and (b), we accept the
null hypothesis and conclude that at 5% significance level there is no
difference in the mean fiber strength of coated and uncoated fibers.
Although, this is in line with our expectation of the patterning method
having a negligible effect on fiber properties, the sample size investigate
in the above study was limited to 19-21 specimens. A larger sample size
of coated and uncoated fibers may be required to reach a more accurate
conclusion.
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Fig. 15. Failure surfaces of a) uncoated fibers and b) coated fibers after tensile testing.

11



K. Shah et al.

Composites Part A 165 (2023) 107331

. (m—1)s:2 4 (n — 1)s,?

[ ny+n,—2

where, p; and po, and s; and s; are sample means and standard deviation
for first second sample respectively, n; and n; are sample size of first and
second sample, and s, is pooled standard deviation.

(6)

SEM images of failure surfaces for both uncoated and coated speci-
mens are also compared in Fig. 15. The tensile failure surfaces obtained
for both uncoated and coated specimens are similar and compare well
with a rough, granulated textured failure surface observed for the tensile
failure of PAN-based carbon fibers in literature [3,12,52]. To retain
failed fiber ends after tensile testing for SEM imaging, additional ex-
periments are performed for both uncoated and coated IM7 single fibers
by applying some glycerin onto the fibers before testing. Glycerin is
known to help dampen the large energy release at failure that causes
multiple failure of the broken fiber end [53,54]. T-test results and
similar failure surfaces obtained for uncoated and coated specimens
both suggest that the coating has negligible effect on fiber strength.
Additionally, the coating is composed of a network of disconnected
nanoclusters and has an average thickness (~221 nm) that is only 1/25
of the fiber diameter (~5.2 um) and therefore is thought to carry
negligible loads compared to the fiber. However, in-situ strain mea-
surement of coated fibers and comparison of compliance corrected
strains of uncoated and coated fibers is required to gain better insight
into the failure of coated fibers.

Degrees of freedom = ny +n, —2

3.4. Applicability of patterning technique to other fibers

The best patterning condition from sputter coating is also used to
investigate pattern creation on other single fibers such as unsized IM7
carbon, Kevlar®, and Dyneema® fibers. This is done in view of inves-
tigating the applicability of the patterning technique and the transverse
loading experiments to accommodate several types of fibers. Fig. 16
shows the patterns created on unsized IM7 carbon fiber, Kevlar® KM2
(diameter: 12 ym), and Dyneema® SK76 (diameter 17 pm) fibers when

(c)

Fig. 16. Speckle pattern on a) unsized IM7 carbon fiber, b) Dyneema® SK76, and c) Kevlar® KM2 fiber using the best sputter coating condition.
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coated using the best sputter coating condition (SC4). The pattern
created on unsized IM7 carbon fibers seems to be remarkably like that
obtained for the sized IM7 fiber in Fig. 4(d), hence suggesting that we
can investigate both sized and unsized IM7 carbon fibers for in-situ
transverse loading using the same patterning condition. Patterns ob-
tained on Kevlar® and Dyneema® fibers also show nanoclusters of Au-
Pd particles on the fiber surface, although the clusters appear larger in
size compared to the patterns obtained on carbon fibers (Fig. 4(d) and 16
(a)) with fewer well-defined boundaries surrounding those clusters. This
suggests that the pattern deposited using sputter coating for a given
target and sputter coating conditions depends on the substrate material
under consideration. This is probably because thin film growth via
physical vapor deposition technique such as sputtering mainly occurs
via adsorption, diffusion, coalescence, desorption of the target atoms
arriving at the substrate surface. The adsorption and diffusion of given
target material can vary from substrate to substrate and also with the
flux of target atoms arriving at substrate surface [55]. Thus, depending
on the target substrate combination some optimization of sputtering
conditions such as working pressure, current, coating duration is
required to achieve good patterns on the substrate surface for SEM-DIC
experiments. However, knowledge regarding the effect of sputtering
conditions on pattern formation (see Section 3) can guide the selection
of process conditions.

4. Conclusions

In this study, sub-microscale speckle pattern creation on sized IM7
carbon single fibers is shown successfully using sputter deposition.
Various process conditions such as working pressure, current, and
coating duration are investigated for sputter coating using Au-Pd target
to study pattern creation on single carbon fibers. It is found that at
longer durations (10 mins) and higher sputtering currents (50 mA), a
nanocluster type pattern is obtained on the fiber surface compared to
interconnected clusters of nanoparticles at shorter durations (5 mins)
and lower current (40 mA). The average nanocluster diameter is
approximately 53-54 nm for patterns obtained at a working pressure of
120-140 mTorr (pattern SC4) and 200 mTorr (pattern SC5). To inves-
tigate the influence of pattern noise of different patterns, numerical
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translation experiments are conducted. Pattern SC4 shows the smallest
mean displacement error for a subset size of 61x61 pixel2. Decreasing
the subset size to 31x31 pixel® results in a two-fold increase in standard
deviation in displacement but causes negligible change in the mean
displacement error. This is likely an effect of poor subset matching
caused by low pattern contrast, thereby requiring larger subsets for
better correlation. SEM drift-distortion analysis using 2D-DIC for the
pattern SC4 showed significantly higher than expected strain errors
associated with rigid body motion caused by the projection of curved
(3D) surface on a 2D image plane. Hence, 3D or Stereo-SEM-DIC is
needed for accurate measurement of deformation on curved fiber sur-
face. The effect of coating on fiber diameter and fiber tensile strength is
investigated for the best sputter coating condition, SC4. Patterning using
SC4 condition led to an average increase in fiber diameter of approxi-
mately ~221 nm. However, tensile testing results of coated and un-
coated fibers suggest there is no significant difference in the mean
tensile strength and failure strain between uncoated and coated fibers at
5% significance level. This indicates that patterning the fiber has no
significant effect on the fiber strength as required for the in-situ SEM-
DIC experiments. Finally, using the best sputter coating condition (SC4),
it is shown that this method can be used to create sub-microscale pattern
on other single fibers such as unsized IM7 carbon, Kevlar®, and
Dyneema® fibers. Although a nanocluster type pattern is also obtained
on Kevlar® and Dyneema® fibers, the sputtering conditions may require
some tuning to obtain better pattern contrast and smaller nanoclusters.
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