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Abstract: As the aerospace industry is increasingly demanding stronger, lightweight materials, ultra-
strong carbon nanotube (CNT) composites with highly aligned CNT network structures could be the
answer. In this work, a novel methodology applying topological data analysis (TDA) to scanning
electron microscope (SEM) images was developed to detect CNT orientation. The CNT bundle
extensions in certain directions were summarized algebraically and expressed as visible barcodes.
The barcodes were then calculated and converted into the total spread function, V(X, ), from which
the alignment fraction and the preferred direction could be determined. For validation purposes,
the random CNT sheets were mechanically stretched at various strain ratios ranging from 0 to 40%,
and quantitative TDA was conducted based on the SEM images taken at random positions. The
results showed high consistency (R? = 0.972) compared to Herman'’s orientation factors derived
from polarized Raman spectroscopy and wide-angle X-ray scattering analysis. Additionally, the
TDA method presented great robustness with varying SEM acceleration voltages and magnifications,
which might alter the scope of alignment detection. With potential applications in nanofiber systems,
this study offers a rapid and simple way to quantify CNT alignment, which plays a crucial role in
transferring the CNT properties into engineering products.

Keywords: carbon nanotube orientation; topological data analysis; persistent homology; scanning

electron microscope

1. Introduction

The efficient transfer of the exceptional mechanical [1] and electrical [2] properties of
carbon nanotube (CNT) materials into nanocomposite systems requires excellent quality [3],
adequate alignment, uniform dispersion and strong interfacial bonding [4,5]. Efforts to
overcome the inter-nanotube van der Waals forces to induce bundle orientation include
filtration and drawing [6], magnetic field alignment [7], shear pressing or mechanical
densification [8-10] and mechanical stretching [11-13]. Results of these methods have
revealed a strong correlation between alignment fractions and resultant mechanical and
electrical properties. Han et al. [4] reported the tensile strengths of the CNT/bismaleimide
composites over 6 GPa using multi-step stretching, shedding light on the rapid, emergent
development of CNT composites as a promising replacement for the prevalent carbon-fiber-
reinforced plastics (CFRPs).

Despite various efforts implemented [14-16], nanoscale anisotropy and alignment
mechanisms have yet to be fully modeled or understood, necessitating the development of
reliable representations to precisely quantify the bundle orientation. X-ray scattering and
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polarized Raman spectroscopy are currently widely accepted for the analysis of nanotube
bundle orientation. X-ray scattering provides the Fourier transform of in situ atomic space
information, which can be applied to investigate the CNT packing and orientation [7,17].
Using a polarized laser source, one can obtain the distribution functions that are character-
istic of CNT orientation by fitting the Raman spectra at various angles between the CNT
axis and the incident excitation polarization [18]. The degree of alignment calculated from
the polarized Raman spectroscopy can capture the graphitic structure of the CNT surface
layers rather effectively due to its limited penetration depth. Wide-angle X-ray scattering,
on the other hand, detects internal structures due to penetrative X-rays, and there is some
background interference of non-CNT constituents (e.g., amorphous carbon). Recently,
Brandley et al. reported a novel method of mapping CNT alignment with optimized
SEM imaging parameters using two-dimensional Fourier transform and demonstrated a
narrower distribution function and a higher Herman parameter as pre-strain increases [19],
which might provide an alternative solution.

In this study, we explored the use of topological data analysis (TDA) to effectively
detect CNT bundle orientation based on SEM images. Years of rapid development have
led to the blooming of TDA, which offers solutions to complex image and data analysis
problems in diverse interdisciplinary applications [20-22]. This approach requires extensive
analysis of the topological features of data [23,24], such as connected components (0-dim),
loops (1-dim) and cavities (2-dim). As a fundamental TDA tool, persistent homology (PH)
measures how the topological features evolve in a 1D-parameterized data organization.
Visible barcode expressions of PH summarize the birth and death time of each feature along
the 1D parameter. Significant theoretical work has shown that the barcode expressions are
robust even under small perturbations in the input data [25], and efficient algorithms were
accordingly formulated to compute the barcode summation of topological features [26].

We quantified the CNT bundle orientation using persistent homology [27], where
the data features (i.e., the CNT bundle extensions in certain directions) were summarized
in an algebraic way and expressed in visible barcodes. An easy observation is that the
nanotube bundles at different depths tend to overlap or intersect with each other, and they
spread or expand longer in the alignment direction, as depicted in Figure 1. Particularly, we
scanned the SEM images of the CNT bundle network back and forth in any given direction,
which generated two different 1D-parameterized organizations of each image, known as
the sub-level set filtration and super-level set filtration of the projection map. Innovatively,
we combined the information encoded in the barcodes of both filtrations to more precisely
determine the total CNT bundle variations. One of the most prominent advantages of this
work is that the total extensions of all bundles in an SEM image were summarized and
analyzed together to demonstrate the overall alignment fraction.
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Figure 1. A schematic representation of an individual CNT bundle (black curve) with each vector (in
green) showing the bundle extensions in the corresponding direction.
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2. Materials and Methods

The randomly oriented CNT sheets supplied by Nanocomp Inc (Concord, NH, USA)
were mechanically stretched to varying ratios using a continuous stretching approach as
previously reported [28,29], which were denoted as 0%, 10%, 20%, 30% and 40%, based on
the width changes. With the average CNT diameters being 6-10 nm, the primarily double-
walled CNTs were comprised of bundles with an aspect ratio of ~100,000. Approximately
10-15 wt% residue iron was revealed by thermogravimetric analysis [29].

Assuming a uniform alignment distribution, both random and aligned CNT tapes
were examined using scanning electron microscopy (SEM, JSM-7401F, JEOL, Tokyo, Japan)
for morphological analysis at different magnifications (x5000, x10,000, x15,000 and
%20,000) under different accelerating voltages (5 kV and 10 kV), with the resolution set at
1024 x 1280 pixels. To evaluate the efficiency and accuracy of our algorithms, polarized
Raman spectroscopy and wide-angle X-ray scattering (WAXS) were performed. With an
excitation wavelength of 785 nm (1.58 eV) and objective lens of 50 x to regulate spot size
within 1 pum, the inVia confocal micro-Raman system (Renishaw Inc., West Dundee, IL,
USA) with a typical 0.5 mW laser power was used. The polarized Raman spectra were
collected in the VV configuration [11,12], where the incident and scattering light were polar-
ized along the preferred direction. The CNT sheet was rotated to change the angle between
the polarization vector and the preferred CNT axis (¢), and G-band Raman intensity was
plotted as a function of rotation degree. For thin CNT sheets (<50 pm), a two-dimensional
model was constructed by neglecting the anisotropic laser penetration depth [7], and the
degree of alignment (0 < f < 1) was calculated by quantifying the deviation from the
perfect alignment (f = 1) scenario, following [29].

B 31—f f 20— /0% cos*o
le. £, U)_A/O [ T +¢7 71/26 } cosf + Ksin@ 49, M

where f is the alignment degree, 6 is the angle between the incident laser excitation
polarization and the CNT axis, K is the anisotropy of nanotube absorption coefficient
(0 < K <1/4) and o is the Gaussian standard deviation.

The wide-angle X-ray scattering (WAXS) measurements were performed on a Bruker
NanoSTAR system (Bruker Corporation, Billerica, MA, USA), with an Incoatec IuS mi-
crofocus X-ray source operating at 45 kV and 650 uA. The primary beam was collimated
with cross-coupled Gobel mirrors and a 3-pinhole collimation system, providing a Cu K«
radiation beam (A = 0.154 nm) with a beam size of about 0.15 mm at the sample position.
The 2D wide-angle scattering pattern and intensity were captured by a photo image plate
and read with an FLA-7000 scanner. To quantify the anisotropy, the intensity was integrated
within 20° <2 8 < 30°, including the graphitic (002) peak [16,29]. Intensity as a function
of azimuthal angle (¢) can be obtained and fitted. Herman's orientation factor (HOF) was
calculated to describe the alignment fraction following [30]

F(HOF) =1— %<sin2(p> ?)

<Sin2 (P> _ I 1(g)sin*pcospdg ®
I 1(g)cospdg

3. Persistent Homology

This section introduces an alignment index () derived from TDA, which is a scalar
that quantifies the bundle alignment fraction in a complex array of orientations, as typically
observed in SEM images of CNT materials (Figure 2a). As an example, we chose a local
circular window (circled in red) and applied the Canny edge detector [31] to generate a
binary image (Figure 2b), denoted as X in the following discussion. Comparing the pre-
processed binary image and the original SEM image, we see that the CNT bundle orientation
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information is well-maintained in the pre-processing stage, ensuring the accuracy of the
following analysis based on the binary image X. Persistent homology was then applied, and
the corresponding barcode expressions were used to develop a measure V (X, 6) for the CNT
bundle alignment fraction in array X at the given direction 6. Although X may be a coarse
and often noisy representation of the CNT network, the persistent homology barcodes still
provide a robust and effective quantitative analysis of the bundle orientation in a prescribed
direction due to the fundamental stability theorem for its barcode invariants [22]. This is
one of the strengths of the TDA method, as it does not require a high-resolution image or
fine edge segmentation.

0123456

Figure 2. (a) A typical SEM image of the 30%-stretched CNT sheets (Reprinted with permission from
Ref. [28], 2014, WILEY ); (b) the corresponding binary image as the output of the Canny edge detector;
(c) an illustration of the simplified array.

To understand how the barcode representations were obtained from the output X
of the Canny edge detector, we simplified the entangled CNT network structures from
the pre-processed binary image (Figure 2b) into the array comprising five CNT bundles
shown in different colors in Figure 2c. The total number of components is known as the
“zeroth Betti number” of X and is denoted as by (X). In this case, by(X) = 3, as the red and
yellow bundles were connected, just as the green and cyan ones were. For any direction
determined by angle 8 (0 < 8 < 7, measured from the positive x-axis), V(X, 0) quantified the
total elongation of the three components in that direction where larger V values indicated a
higher CNT alignment degree at angle 6.

3.1. Persistent Homology Barcodes

Without losing generality, after a rotation, we may assume that 6 = 0 indicates the horizontal
scanning direction. Let X; = {(x, y) € X, 0 <x < t} for any 0 < t < 6, which represents the part of
X confined in the band between x = 0 and x = t. The scanning was conducted orthogonally from
left to right, with X becoming progressively larger as t grew with X; = X at t = 6. Following the
standard TDA terminology, a sequence of subspaces connected by inclusions is called a filtration
(see also [32,33]). We referred to X;C XpC ... C Xg as the sub-level set filtration of X, as
shown in Figure 3a. Similarly, when the orthogonal scanning was completed from right
to left, the sequence consisting of Xt ={(x, y) € X, t <x < 6} gave rise to the super-level
set filtration (Figure 3b). The resulting continuous yet nested sequences demonstrated the
appearance, merging and bifurcation of the branches along the filtration.

Derived from the sub- and super-level filtrations, Figure 4 presents the persistence
barcodes for {Xi}o<t<s and {X%p<i<s, respectively. The barcodes can be visualized as
collections of bars or intervals showing the evolution of the filtration from a horizontal
perspective. The number of bars over t is equivalent to the number of components in X;
accordingly; for 0 <t <1, only one component was observed, resulting from the yellow
bundle shown in Figure 2c. For t = 1, a new green bar was born due to the emergence of the
green branch, followed by the birth of a red bar at t = 2. For t = 3, the red bundle merged
with the yellow one, which decreased the number of components to two. Att = 3.5, a new
blue bar was born due to the emergence of the blue branch, and it remained until t = 6,
since the blue branch never merged with other branches. A more rigorous mathematical
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explanation for this convention may be found in [32,33]. Note that the cyan branch of X
never contributed a new bar since it was always connected to the green one for any t > 3.
Similarly, the barcode for the super-level set filtration of X was constructed as illustrated
in Figure 4b. It is worth mentioning that the color associated with the corresponding
branches in X is only for visualization purposes. Barcodes, in general, do not provide
that information.

(a)

\ N \ \

0123456 0123456 0123456 0123456 0123456 0123456

( \ \ N

0123456 0123456 0123456 0123456 0123456 0123456

Figure 3. Various stages of the (a) sub-level and (b) super-level set filtrations of X.

(b)

(a)

|

P ——

01 2 3 456 012 3456

Figure 4. Barcodes for the sub-level and super-level set filtrations of array X: (a) {X;}; (b) {X"}.

3.2. Orientation and Alignment

To determine the extent to which the barcodes capture the total spread ! of the branches
in the direction 6, the barcodes for {X;} and {X*} are denoted as B1 and B2, respectively. Note
that the lengths of the red bar in B1 and the cyan bar in B2 precisely record the horizontal
spread of the red and cyan branches of X. However, the other branches are not clear enough
for us to can directly recover the horizontal spread. For the yellow branch, as an example,
assuming [; and I, are the lengths in B1 and B2, respectively, and [y is the horizontal spread
of the yellow branch, it is simple to verify that

ll+lz=lo+6 (4)

where 6 is the width of the smallest vertical band that contains X.The same applies to the
blue and green branches. However, in real-life applications, pairing the intervals from the
sub- and super-level filtrations would be almost impossible as the barcodes can be complex
yet not colored. In order to determine the total spread V (X, 0) of the branches in X at the
direction 6, the summation of all bar lengths in B1 and B2 was determined, and the excess
over the total spread V (X, 6) was 6by(X). Hence, if B1 was comprised of m intervals I;,
1 <i < m and B2 of n intervals ]]-, 1 <j<mn,then

V(X,0) =Y 1 (1) + Y, 1(Jj) — 6bo(X) ®)
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Let the tightest band containing X and orthogonal to the direction  (rotated onto the
x-axis for convenience) be bound by the lines x = m and x = M, m < M. Then, we define

V(X,6) = Y 1(5) + Yo 1(1) — bo(X) (M — m) (6)

where [; and J; are the intervals comprising the barcodes for the sub-level and super-level
set filtrations of X along the direction 8, respectively. Foundational work on persistent
homology and its barcode expression ensures that this index is robust to small disturbances
of X [22,34].

Under circumstances where the CNT bundles are perfectly aligned along the direction
6, the total spread V(X, 0) is maximized, where that of the orthogonal direction 9+ is
negligible and |6 — 6| = 7t/2. The alignment index  is then defined as

V(X/ emax) - V(X/ OrJn_ax)

6= V (X, Omax)

@)

clearly, with 0 < ¢ < 1and ¢ = 1, indicating perfect alignment.

4. Discussion
4.1. The CNT Alignment Validation

While the bundle alignment could be determined qualitatively with the increased
strain from 0% to 40% in the SEM images shown in Figure 5a—e, a quantitative image analy-
sis algorithm is vital to demonstrate the effectiveness and accuracy of the alignment index
{ in captu ring the orientation. Applying the Canny edge detector to the circular windows
of SEM images, the corresponding blue curves, shown on the second row (Figure 5f—j),
depict the value of V(X, 6) as a function of 6 in a polar coordinate system, while the red
segments highlight the directions that maximize the total spread. The curves were plotted
in the full range of 6 € [0, 27]. Since 6 and 0 + 71 represent the same directions, the plots
are symmetric with respect to the origin.

Figure 5. (a—e) The original SEM images for the 0%, 10%, 20%, 30% and 40% stretched CNTs,
respectively, under the accelerating voltage of 10 kV at the magnification of x50,000. Scale bar:
100 nm. Reprinted with permission from Ref. [28], 2014, WILEY. (f-j) depict the output of the Canny
edge detector, with the red segments showing the preferred direction and the blue curves showing
the evolution of V (X, 0).

For validation purposes, the TDA results were compared to the conventional char-
acterization methods, including polarized Raman spectroscopy and X-ray scattering, as
shown in Figure 6a. Since the degree of alignment increased with respect to the applied
strain and lies between 0 and 1, we fitted a logistic function to the data points:

1

o(xia,b) = 1+ exp(a+ bx)

®)
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while the polarized Raman and TDA results were fitted in Figure 6b,c, the correlation
coefficient R? values were calculated to be 0.972 and 0.983, respectively, indicating a reliable
fitting model that effectively predicts the CNT bundle alignment attained from both TDA
and traditional polarized Raman spectroscopy.

1.0

1.0 Logistic fitting with R2 =0.97.
e Topological Data Analysis (a) 0.8
s X-ray Scattering 8
a Polarized Raman go6
0.8 a e
[} =
204
[ ] a
=
3 . <02
£ 0.6 'y o(x; 2.848, —0.109)
o) :
a 0.0 a a Polarized Raman
s . 0 20 40 60
g Applied Strain (%)
=04 [ 1.0
2 b Logistic fitting with R? = 0.983
< 0.8
3
2
0.2 0.6
[=)
204
® g
0.0 ] = o3

® —— o(x; 2.575, —0.088)
e Topological Data Analysis

0 20 40 60
Applied Strain (%)

10 20 30 40 50
Applied Strain (%)

o
=)

Figure 6. (a) The degree of alignment extracted from polarized Raman spectroscopy, X-ray scattering
and topological data analysis; the logistic fitting curves of (b) polarized Raman spectroscopy and
(c) TDA.

Furthermore, Figure 6 shows a good match comparing the TDA results and conven-
tional characterization results (i.e., polarized Raman spectroscopy and X-ray scattering).
To quantify the correlations between all of the calculated degrees of alignment, the root
mean squared deviations (RMSDs) were introduced to measure the difference in the logistic
models for polarized Raman spectroscopy and the TDA method; they differed from each
other over the applied strain range of 0~100%:

100
RMSD = \/1(1)0 /0 (o1(x) — 0’2(36))2 dx )

which equals 0.05, indicating that these two models were very close to each other, demon-
strating the reliability of the proposed TDA method.

The minor differences could be explained by the various penetration depths or mathe-
matical formulations. Among all three experimental characterization methods, SEM [35]
and polarized Raman spectroscopy [36] were widely accepted as surface-sensitive tech-
niques. Depending on the accelerating voltages and sample nature (i.e., the CNT diameter
and volume fraction), the penetration depth of SEM is estimated to be less than 100 nm due
to the shallow escape depths of the secondary electrons [19], while the polarized Raman
spectroscopy has been reported to penetrate deeper [37,38]. As the alignment distribution
along the through-thickness direction may be inhomogeneous, the varying penetration
depths could be a significant impacting factor in the quantitative alignment analysis. On
the other hand, X-ray scattering has been deemed a penetrative technique, but the car-
bonaceous impurities tend to interfere with or modify the X-ray scattering patterns [39,40],
which could also lead to variations in the calculated alignment index.
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4.2. Effects of Accelerating Voltages and Magnifications

With the SEM technique, the acceleration voltage empowers the electrons to penetrate
the sample. Therefore, higher accelerating voltages would likely result in a more penetrative
electron beam, which would reveal more internal CNT bundles and resulting intersections
for topological data analysis. Therefore, the Canny edge detection would return more
chopped edges along each bundle. As the expansion of a single long edge would be quite
close to the expansion of several small, interrupted pieces, our proposed strategy should
still provide trustworthy results. Similarly, the magnifications where the SEM images were
captured determine the level of detail, as the characteristic features observed could vary
at different length scales (i.e., individual CNTs and CNT bundles) [19], and the number
of visible CNT bundles may also be impacted. We have investigated these factors by
acquiring images of the 20% stretched samples using different accelerating voltages and
magnification scales at a fixed location before applying the TDA methodology. In Figure 7,
consistent degrees of alignment and directions when applying various imaging parameters
were observed, and the negligible variations (<1%) once again demonstrated the reliability
and robustness of the proposed TDA algorithms.

x 5000 x 10,000 x 15,000 x 20,000

SkV

10 kV

3
£ 06 4
@
a
5
£ 04 ' o 4
= . [ ] ]
<
0.2 4
0.0 T T T T
0 5000 10000 15000 20000
Magnification

Figure 7. (a-d) SEM images of the 20% stretched CNTs under the acceleration voltage of 5 kV with the
magnifications of x5000, x 10,000, x15,000 and x20,000, respectively; (e-h) SEM images of the 20%
stretched CNTs under the acceleration voltage of 10 kV with the magnifications of x5000, x 10,000,
% 15,000 and x20,000, respectively; (i) the calculated alignment degree. Scale bar: 1 pm.

5. Conclusions

We developed an innovative yet simple approach to efficiently detect and map carbon
nanotube bundle alignment using topological data analysis (TDA) based on the SEM
images of thin CNT sheet materials. The CNT bundle extensions in certain directions
were summarized through an algebraic method and expressed as visible barcodes, which
were then calculated and converted into the total spread function V(X,0), from which
the argument value 6, indicates the preferred alignment direction at the maximum
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spread. The alignment index, , was subsequently defined by tracking the spread changes
in orthogonal directions, with 0 < ¢ <1 and ¢ = 1 indicating perfect alignment.

To validate the proposed methodology, quantitative comparisons were made with
Herman’s orientation factors (HOFs) obtained from polarized Raman spectroscopy and
wide-angle X-ray scattering on the mechanically stretched CNT sheets with the stretch-
ing ratio ranging from 0 to 40%. With the good alignment fraction agreement our TDA
methodology demonstrated when compared with the conventional characterizations, the
deviations could be explained by the different penetration depths intrinsic in these charac-
terizations. Additionally, the proposed approach exhibited good flexibility and robustness
as the choice of SEM parameters included acceleration voltages and magnifications, which
did not immediately impact the calculated alignment index (.

While the methodology has only been tested on aligned CNT sheets, this work may
provide an alternative perspective to detect the alignment of polymer nanofibers where
Raman spectroscopy cannot provide sufficient information. We also believe that this fast
detection technique could potentially be applicable in CNT/polymer composite systems.
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