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Abstract

Carbon fiber (CF) is a versatile material renowned for its excellent mechanical, thermal, and
electrical properties. Polyacrylonitrile (PAN)-based CFs dominate the market due to their high
tensile strength, rendering them suitable for structural applications in a wide variety of applications
ranging from sporting goods to aerospace. Over five decades of commercial development of PAN-
based CF has resulted in a range of varieties with different tensile moduli and tensile strengths.
The microstructures, nanostructures, and crystal structures of PAN-based CF play pivotal roles in
the macroscale properties of this material. In particular, the crystal structure and crystallite
orientation in CF is closely related to the mechanical properties. The crystal structure of PAN-
based CF generally consists of turbostratic carbon, which is a disordered form of graphite, the
characteristics of which can be effectively characterized in a bulk format through wide-angle x-
ray diffraction (WAXD). In this work, we employed a three-part approach to the analysis of
WAXD patterns collected from four intermediate modulus PAN-based CFs. The approach
incorporates a Scherrer analysis, a Debye analysis, and an orientational analysis to provide precise
estimates of crystallite sizes, crystallite distributions, and crystallite orientations with the fiber axis.
The results presented here suggest that intermediate modulus PAN-based CF mostly consists of

small turbostratic crystallites (<4 nm), with larger crystallites having increased orientation with



the fiber axis. The results here imply the presence of curvature and/or wrinkling of the turbostratic
layers within the CF structure.
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1. Introduction

Carbon fiber (CF) is a critical engineering material used in a wide range of industries. CFs possess
one of the highest strength-to-weight and stiffness-to-weight ratios of any practical structural
material. In addition to their excellent mechanical properties, there are some varieties of
commercially available CFs that have outstanding wear resistance and high thermal/electrical
conductivities. CF has found extensive applications in aerospace, motorsports, high-end sporting
goods, gas centrifuges, pressure vessels, wind turbines, and prosthetics, to name a few [1] [2] [3]
[4]. Unfortunately, the cost of manufacturing CF has limited its widespread application in high-
volume applications where cost is critical. The most common use case for CF is in continuous-tow
form, where thousands of unbroken filaments are wound onto a spool for use in laminates or fiber-
winding applications. These flat, woven, or braided CF structures are then infiltrated with a
polymeric, ceramic, metallic, or carbonaceous matrix to enable the composite structure to retain
its shape and prevent buckling of the fibers. The mechanical, thermal, and electrical properties of
the CF are paramount in determining the final properties of the produced composite.

CF, in continuous-tow form, is a thin filament (3-10 um in diameter) that is composed of >90%
carbon atoms [2]. The thin diameter is important, as it allows for draping during fiber layup or
fiber-winding. CF is manufactured in a top-down approach. A carbonaceous precursor material is
first converted into a fiber form through a spinning process. Depending on the precursor material,
it is either wet-spun, dry jet wet-spun, or melt-spun. These precursor fibers are then
stabilized/cross-linked at low temperatures (200-300°C) in an oxidative environment to prevent
melting or undesirable decomposition reactions. These stabilized precursor fibers are then heat-
treated to high temperatures (1,000-3,000°C) in an inert environment to remove all non-carbon
atoms and develop a densified structure consisting of mostly carbon atoms bonded through sp? and
sp? configurations, with some level of alignment of the crystal structure along the fiber axis [1].

This final heat-treatment step(s) is (are) referred to as carbonization, or, at temperatures >2000°C,

graphitization [1]. Specific information regarding CF production processes is heavily restricted by

the manufacturers.

Based on the description of the CF production process given above, there are two major drivers
that determine the characteristics of a CF: the precursor fiber structure and the final heat-treatment

temperature. There are currently two types of precursors used to produce CF on a commercial scale



— polyacrylonitrile (PAN) and pitch (isotropic and/or mesophase), both of which are derived from
fossil fuels. PAN-based CF generally possesses a high tensile strength (up to 7 GPa) or high tensile
modulus (up to 600 GPa), whereas pitch-based CF generally has a high strain-to-break (greater
than 1.5%) or ultra-high tensile modulus (up to 1000 GPa) [3]. PAN-based CF currently accounts
for approximately 90% of the market, as its high tenacity, relatively low cost (compared to pitch-
based CF), and ease of processing make it valuable for producing strong and stiff composites for
use in structural applications [1]. Pitch-based CF is valued for its high thermal/electrical
conductivity and high tensile modulus, making it useful for carbon-carbon composites [3].

Connecting the crystal structure and macroscale properties of CF is significant for further
development of this material, as this enables construction of process-structure-property
relationships. One of the primary drivers of the macroscale properties of a carbon-based material
is the crystallite dimensions — La (basal plane width) and L. (stacking height). One of the most
useful methods for measurement of these sizes is diffraction, as this allows for direct estimation
of these crystallite dimensions. Carbon derived from carbonaceous precursors can take on a range
of crystal structures, ranging from completely disordered, amorphous/glassy (short-range order),
turbostratic (2D long-range order), and graphitic (3D long-range order). Diffraction, particularly
wide-angle x-ray diffraction (WAXD) due to its availability, has been used to characterize the
crystallite dimensions in a wide variety of carbons, including coal tar pitch [5], petroleum-based
pitch [6], carbon black [7], graphite [8], coal [9], nanotubes [10], and, of course, CF [11] [12] [13].

Extracting information from WAXD patterns of carbon materials is not a straightforward task, as
the wide range of crystal structures that carbon can occupy often induce aberrations in the patterns
that can be difficult to deconvolute from one another. The crystallite size (L) perpendicular to a
set of (hkl) planes is usually extracted from peaks in WAXD patterns using the Scherrer equation
(Equation (1)), where 6nk is the Bragg angle and Bk is the full-width at half-maximum (FWHM)
of the peak [14]. Bragg’s law (Equation (2)) is employed in tandem with the Scherrer equation to
determine the spacing between crystallographic planes (dn«) [15]. The Scherrer equation is only
capable of providing an average crystallite size, whereas real materials are usually composed of a
distribution of crystallite sizes. Furthermore, the shape parameter (Kn«) can also vary with

crystallite size and shape, further complicating the use of the Scherrer equation [16] [17] [18].
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Several more advanced approaches to the analysis of WAXD patterns produced by carbon
materials have been developed and refined. Although these approaches require significant amounts
of computing power, the development of more powerful personal computers, particularly in the
last decade or so, has made these methods increasingly available to a wider audience. The most
useful approaches can be divided into two major classes — (1) total scattering methods based on
the Debye scattering equation and (2) continuous model functions. In 1915, Peter Debye theorized
that the scattered intensity from a material is based on the set of interatomic distances in that
material (rj) [19]. Equation (3) is the Debye scattering equation (in electron units) for a
monoatomic structure, and, despite its apparent simplicity, it is computationally intensive, even on
modern computers. Nevertheless, this equation has been applied successfully to simulate WAXD

patterns from a wide variety of materials [20]
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Warren and Bodenstein derived an approximation to the Debye scattering equation for turbostratic,

®)

disk-shaped crystallites [21]. While a full overview of all the applications of Warren and
Bodenstein’s (WB) approximation to the Debye scattering equation is beyond the scope of this
manuscript, their approach has been successfully used to determine crystallographic parameters of
a variety of carbon materials [22] [23] [24] [25]. Pascal et al. also used the full form of the Debye
scattering equation to show that carbons heat-treated at various temperatures can simultaneously
contain crystallites in varying states of order — from turbostratic to graphitic [5].

Continuous model functions have been used to characterize a more diverse subset of carbon
materials, as less assumptions are made about the molecular ordering in these functions as
compared to approaches based on the WB approximation. The drawback with continuous model
functions is that there are many parameters to optimize, which often requires extensive prior
experience with the material. One of the most notable continuous model functions has been
developed by Ruland and Smarsly [26]. Their approach contains 18 refinable parameters, which
include the crystallite size dimensions La and L., polydispersity of the basal planes, interlayer

spacing deviation, and preferred orientation.
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Again, although a full overview of all the applications of Ruland and Smarsly’s approach is beyond
the scope of this manuscript, their continuous model function has been applied to several different
carbon materials [11] [27] [28] [29]. It has also been tested on simulated carbon structures [30].
The program has been released to the public in the form of OctCarb, which runs on Octave [31].
While Ruland and Smarsly’s approach is extremely versatile, the various parameters have
convolutional effects on the simulated pattern, making it difficult to distinguish between them

during the manual refinement step.

A complete understanding of the contributions the crystal structures in CF is necessary to
effectively leverage and improve upon the unique properties of this material, and WAXD is an
efficient technique for crystal structure analysis. In this work, we focused on characterization of
the crystal structures in four intermediate modulus, PAN-based CFs from WAXD patterns. We
employed a three-part approach to the analysis of the patterns collected from these four CFs. First,
a Scherrer analysis was used to determine average crystallite sizes parallel to the fiber axis,
perpendicular to the fiber axis, and with no assumed preferred orientation. Second, the WB
approximation to the Debye scattering equation was used to acquire distributions of crystallite
sizes contained within the CFs. Third, an orientational analysis of the crystallites with respect to
the fiber axis was conducted to elucidate the relationship between crystallite size and fiber axis.

The obtained crystallite parameters were related to the tensile properties of the CFs.

2. Methodology

Four PAN-based CFs were used for this study: T300 (Solvay), AS4 (Hexcel), IM7 (Hexcel), and
IM10 (Hexcel). These CFs were chosen based on their wide spread of tensile strengths, as shown
in Table 1, as well as chemical similarity between the precursors. All four of these CFs are
classified as intermediate modulus type, and as such find similar applications in structural
reinforcement. Choosing only PAN-based CFs simplified this study, as pitch-based CFs possess a
crystalline structure that is vastly different to that of PAN-based CFs [32].

Table 1. Physical properties of the CFs used in this study (*Value from datasheet [33] [34]).

Sample T300 AS4 IM7 IM10
Tensile strength (GPa)*  3.75 4.72 5.52 6.83
Tensile modulus (GPa)* 231 231 276 313
Elongation (%)* 1.4 1.8 1.8 2.0




Diameter (um)* 7.0 7.1 5.2 4.4
Density (g/cm?3)* 1.76 1.79 1.78 1.79

The tensile properties of the different types of CF are displayed in Figure 1 (inspired by a similar
figure in [3]). As shown in this figure, there is an approximately linear increase in tensile strength
with tensile modulus for intermediate modulus, PAN-based CFs. This manuscript is focused on
crystalline structure of these CFs, which, in most materials, is directly correlated with tensile
modulus, whereas tensile strength is generally correlated with material defects. However, the linear
relationship between tensile strength and tensile modulus in Figure 1 implies that there is a single
mechanism responsible for the increase in both properties. Therefore, the crystalline structure is
most likely closely related to both tensile modulus and tensile strength in intermediate modulus,
PAN-based CFs. CFs, and other non-graphitic carbons, consist of complicated intertwined
networks of pores, amorphous carbons, and well-ordered, crystalline regions [35] [36] [37]. The
pores and amorphous carbons can act as defects, reducing the tensile strength. In such systems, the

crystallite sizes and shapes can have a direct impact on formation of these defects, as they tend to
exist on the nanoscale [3].
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Figure 1. Tensile properties of commercially available CFs, with data from nine manufacturers [33] [34] [38] [39]
[40] [41] [42] [43] [44].

Two diffraction techniques (both in Debye-Scherrer geometry) were employed for collecting the
data in this work — fiber diffraction (oriented) and powder diffraction (unoriented). Due to



equipment limitations, this resulted in four separate scans for each fiber: meridional, equatorial,
powder, and azimuthal. In fiber diffraction, well-aligned, ~1 mm thick bundles of the CFs were

oriented orthogonally to the incident beam and rotated 360° about the fiber axis for the duration of

the scan. Meridional and equatorial 1D scans were produced from the collected 2D detector frames

by integrating £5° over the azimuth in the meridional and equatorial directions, respectively.
Azimuthal data was collected at varying scattering angles (15-25° 26) on the arc produced by the

(002) plane (-90° to 90° in equatorial configuration).

To gain a more complete picture of the crystallites present in the CFs, samples for powder
diffraction were synthesized through manual chopping of the CFs. Scans acquired from the
chopped CFs are referred to as chopped or chopped fiber scans throughout the rest of this

manuscript. Further details on data collection can be found in the supplementary information.

The corrected intensity (lcorr) Was determined from the experimentally collected intensity (lexp)
through Equation (4), where @ denotes convolution with hsg, the instrumental broadening
function. P is the polarization correction, A is the absorption correction, k is the scale factor, and
Iokg is the background intensity [25] [26] [28]. Corrections were applied to experimental patterns
to increase detail at low-intensity regions and facilitate multiple analysis methods. Further details
on the data corrections can be found in the supplementary information.

Iexp = (Icorr X hstd)PAk + Ibkg 4)

Data corrections and analysis were done with respect to the scattering angle, 26, but many parts of

this manuscript refer to the length of the scattering vector: s=(2sin6)/A.

3. Scherrer analysis

In Figure 2abc, the 1D meridional, equatorial, and chopped fiber diffraction patterns are
presented, with the four visible peaks labeled: (002), (10), (004), and (11). The 2D patterns are
also shown for the T300 CF (Figure 2def), and in Figure 2f the successful elimination of preferred
orientation through the chopping process is evidenced by the even intensity of the rings at varying
azimuthal angles. In a typical WAXD pattern (Cu-Ko radiation) of turbostratic carbon, 1-5 peaks
are visible, depending on the crystal structure and 26 range. These consist of (00l) and (hk) peaks,
with the lack of any (hkl) peaks indicating that no true 3D ordering is present [45]. In turbostratic



carbon, the basal planes are mutually rotated and shifted with respect to each other, unlike that of
graphite. The (hk) peaks also present with a strong tail towards higher scattering angles, due to
uneven diffraction from the (hk) rods present. This topic has been discussed in depth by Warren,
Diamond, and Wilson [46] [47] [48] [49]. Ufer et al. presented an excellent visual representation
of these (hk) rods and the resultant diffraction patterns [50].
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Figure 2. 1D WAXD patterns obtained from the (a) meridional, (b) equatorial, and (c) chopped fiber scans, with all
experimental corrections applied. 2D WAXD patterns (T300 CF) obtained from the (d) meridional, (e) equatorial,

and (f) chopped fiber scans, with background scattering subtracted.

In contrast to the (hk) peaks, the (00I) peaks in the scattering pattern of a single turbostratic carbon
crystallite are not asymmetric, as the electron density in the stacking direction is unchanged
through the random mutual rotations and translations of the basal planes. However, it is clear in
Figure 2b and Figure 2c that there is strong asymmetry of the (002) peak in the samples studied
here. The observed asymmetry can arise from experimental effects, such as axial divergence of the
beam and multiple scattering events (effects which are amplified with low-absorbance samples in

Bragg-Brentano configuration) [25] [51]. Due to the use of thin samples and Debye-Scherrer



geometry in this work, these experimental effects should be almost eliminated. As such, we can
conclude that the asymmetry of the (002) peak here is almost entirely due to the crystallographic
aspects of the samples. As Fujimoto, Dopita et al., and Li et al. have noted, the observed asymmetry
can arise from the presence of disorganized carbon and/or small turbostratic carbon crystallites,
which tend to dramatically increase the intensity at the left-hand side of the (002) peak [24] [25]
[52].

Turbostratic carbon materials are understood to possess a basal plane width (L), a stacking height
(L¢), a carbon-carbon bond distance (lcc), and an interlayer spacing (doo2). In the case of CF, we
can also consider the crystallite sizes directed parallel and perpendicular to the fiber axis. Figure
3 shows a schematic of these directional crystallite sizes for cylindrically shaped crystallites. These
parameters can be obtained from WAXD patterns with the use of the Scherrer equation (Equation
(1)) and Bragg’s law (Equation (2)). For Scherrer analysis of WAXD patterns, peak-fitting models
such as Pseudo-Voigt and split Pearson are often used for obtaining peak positions and widths.
However, it is immediately apparent from the shape of the scattering patterns in Figure 2abc that
this methodology is highly dependent on a variety of user-dependent factors, such as baselining,

subtraction of background, and selection of the fitting region.

_®
g 2\
E
=
=9
A
£ o]
N
1A
-2
2 -2 2
0 0 0
X (nm) 2 -2 y (nm) X (nm) 2 -2 y (nm)

Figure 3. (a) Cylindrically shaped crystallite with the basal plane width (L.L) perpendicular to the fiber axis. (b)
Cylindrically shaped crystallite with the basal plane width (L.ll) parallel to the fiber axis.
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The parameters estimated from the patterns in Figure 2abc using the Scherrer equation are
included in Table 2. LIPRAS was used to fit the meridional, equatorial, and chopped fiber patterns
[53]. Lall, Lal, and La were estimated using the (10) peaks in the meridional, equatorial, and
chopped fiber patterns, respectively. LcL and L were estimated using the (002) peak from the
equatorial and chopped fiber patterns, respectively. Fitting of the (002) peak in the meridional scan
was not possible given the low peak intensity. lcc and doo2 were estimated from the chopped fiber
patterns using Bragg’s Law. A Pseudo-Voigt function with an asymmetric modifier coefficient
was used for fitting all peaks, and a 7" order polynomial with background refinement was used

during the fitting procedure [54].

Table 2. Parameters obtained from Scherrer analysis of meridional, equatorial, and chopped fiber patterns.

Sample T300 AS4 IM7  IMI0
Lall (nm) 274 282 282 3.0
LaL (nm) 210 212 212 234
La (nm) 262 265 274 299
LcL (nm) 080 090 091  1.10
Lc (nm) 086 094 100 1.16
lec (NM) 014 014 014  0.14
dooz (Nm) 036 036 036 0.36

As mentioned previously, the shape parameter presents an additional adjustable variable in the
Scherrer equation, and a significant source of error, as the crystallite sizes studied here are much
smaller than is typically appropriate for this equation. For turbostratic carbons, Kio is usually set
to 1.84, and Kooz is usually set to 0.9 [30]. However, Fujimoto et al. did an extensive study relating
crystallite size to the shape parameter in turbostratic carbons and found that significant deviations
from these values occur when Lna<15 nm [17]. To reduce the error induced in the shape parameter
by crystallite size, we produced plots of shape parameter versus crystallite size, as shown in Figure

4. The crystallites were simulated using the methodology described in Section 4.1, Equation (14).
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Figure 4. Plots of shape parameter versus crystallite size. K10 is plotted as a function of La and K002 is plotted as a
function of Lc. The black diamonds are data gathered from simulated crystallites, and red lines are fits with the 4-
parameter logistic equation.

The shape parameter was determined from measurement of FWHM and peak position of the
simulated patterns (Equation (1)). Ko was considered a function of La, and Koo2 was considered
a function of L. In this work, Lc (for Kio) and La (for Koo2) were fixed at reasonably constant
values around those of the crystallite sizes present in the CFs. A 4-parameter logistic function was
chosen (Equation (5)) to yield Knx as a function of crystallite size. The values of Kip and Kooz
were calculated along with the crystallite sizes in Table 2. The value of K10 was found to asymptote
to 2.19, whereas the value of Ko was found to asymptote to 0.98. Both shape parameter
asymptotes are close to the values of Ko and Kooz estimated in other works [55]. Using Equation
(5), the shape parameter values for the crystallites in Table 2 were 1.49<K10<1.65 and

0.65<K002<0.75. The constants in Equation (5) can be found in the supplementary information.
a—d ®)
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We also note that differing definitions of L, exist in literature, depending on the basal plane shape

thl == d+

(square, parallelogram, disk, etc.) [47] [55]. To keep results consistent with the later analysis
performed in this work, we maintain that La is the diameter of a circular basal plane [18]. We also
clarify here that La and Lai refer to basal plane widths of separate crystallites, and not to
asymmetric basal plane dimensions (e.g. a rectangle). Lay is the weighted average basal plane width

of crystallites oriented approximately parallel to the fiber axis and Lay is the weighted average
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basal plane width of crystallites oriented approximately perpendicular to the fiber axis. WAXD in
powder configuration is only capable of providing a weighted average value for the width of a
single basal plane in turbostratic carbon materials, regardless of potential asymmetric basal plane
dimensions [36]. In the specific case of CF in fiber diffraction, a weighted average basal plane

width is extracted in two directions for two sets of crystallites — parallel and perpendicular.

Folomeshkin et al. extracted LaL from equatorial scans of PAN-based CF by applying a coordinate
transformation to the crystallite size acquired from the (10) peak, given that the (10) and (11)

planes are offset by a 60° rotation [56]. We did not apply a coordinate transformation to Lal

obtained from the (10) peak in this work, as the turbostratic structure means that both sets of planes

propagate in all possible directions parallel to the basal planes.

Table 2 shows that there is a general increase in average crystallite sizes, both L, and L, with
increasing tensile modulus and tensile strength of the CFs. In all samples, L. is also larger than L.
Lall is also larger than L.l (<35% difference), which shows that the basal planes that lie parallel
to the fiber axis have a larger L. than those that are perpendicular to the fiber axis. Qualitatively,
the absolute intensity of the (10) band is also higher along the meridional direction than the
equatorial direction, indicating that most of the basal planes are oriented parallel to the fiber axis.
La estimated from the chopped fiber patterns is in between the values of Lall and Lal, indicating
that preferred orientation was successfully removed during the preparation of the chopped fiber
samples.

For the stacking height, LcL is slightly larger than L. estimated from the chopped fiber patterns
(<18% difference). This means that there is a distribution of doo2 values and/or L. values in the
crystallites, each of which have varying orientation with the fiber axis. Since L. estimated from
the chopped fiber patterns is smaller than L¢L estimated from the equatorial pattern, it is reasonable
to conclude that the crystallites with a smaller L have increased misorientation with the fiber axis.
Although Lcll, was too low in intensity to estimate from the (002) peak of the meridional pattern,

it is evident that the stacking height along that direction is even lower than L.

The changes in lcc and doo2 are small across all four samples. The value of lcc is approximately 0.14
nm for all samples, which is slightly lower than that of graphite (0.142 nm). This is indicative of
some level of defects in the basal planes. The value of doo2 did not change within detectable limits

13



between samples, which indicates that the CFs were most likely produced at very similar heat-
treatment temperatures. The decrease in doo2 and increase in tensile modulus with increasing heat-
treatment temperature for PAN-based CFs is well-supported in literature [57] [58]. This does not
appear to be the case for the CFs studied here.

4. Debye analysis

4.1. Simulated patterns

As mentioned previously, the Scherrer equation poses serious challenges in terms of analyzing
WAXD patterns of turbostratic carbons. However, given sufficient knowledge of a certain
structure, complete modelling of these patterns is possible with the Debye scattering equation,
which provides a theoretical scattering pattern given any assembly of atoms [19]. The total
scattered intensity from a material with any level of molecular order can be calculated using the
Debye scattering equation, which is primarily dependent on the array of interatomic distances (ri)
in the structure. Equation (3) is the Debye scattering equation for a monoatomic material, where
N is the total number of atoms in the system and f? is the square of the atomic scattering factor
[59].

Despite the broad applicability of the Debye scattering equation, the computational time required
scales with N(N-1), rendering the equation impractical (without binning) on current computers for
crystallite sizes >10 nm [20]. Even for crystallite sizes <10 nm, the Debye scattering equation is
still computationally intensive. The WB approximation, which assumes a uniform diameter of the
basal planes (La) and uniform interlayer spacing (doo2), simplifies the computational
implementation of the Debye scattering equation [21]. Figure 5 shows a schematic of one of these
turbostratic carbon crystallites with disk-shaped basal planes. This model of carbon materials is

referred to as the platelet model [30].
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Figure 5. Disk-shaped basal plane in the WB approximation.

The WB approximation separates the intralayer and interlayer scattering into two separate terms
(Equation (6)), with the intralayer scattering still being calculated from the array of interatomic
distances in a single layer (Equation (7)). In the following equations, Niayer is the number of atoms
in one layer and M is the total number of layers in the structure (N=MNiayer). The integral in the
term linter results in calculations that are significantly faster than those performed using the Debye

scattering equation (Equation (8)).

Iy = sz(Iintra + Iinter) (6)
Nlayer Nlayer i (7)
I 1 Z Z Sin 2msty;
fntra = Nlayer - - 27Tsrij
L ]
M-1 (8)
py.
linter = Z (1 - M) L(p)
14

The term linter approximates the scattering from a crystallite containing a certain number of layers
(M) with an integral (i(p)) and a single sum over the adjacent pth layers, as shown in Equation (9)
and Equation (10) [18].
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In addition to the WB approximation, in 1996 Yang and Frindt derived an even simpler
approximation for the interlayer scattering from turbostratic, disk-shaped crystallites [60]. The
Yang and Frindt (YF) approximation for interlayer scattering is given in Equation (11). The YF
approximation replaces the integral in the WB approximation with a simple cosine function, which
we found was over an order of magnitude faster to compute than the WB approximation. Although
this approach is simpler, the term D (atomic layer density) requires careful calculation of the
number of atoms in each layer, as layer density is not constant when La changes. The atoms and
bond angles at the layer edge need to be accounted for to acquire an accurate relative intensity
between the interlayer and intralayer scattering terms. Notably, there is no explicit dependence of
linter ON La in the YF approximation, unlike the WB approximation. The YF approximation can also
be extended to systems containing more than one type of atom.

D M-1 (11)
linter = Mus2 z (M — p) cos 2nspd;
p

Three different crystallite sizes of turbostratic carbon were simulated from the WB and YF
approximations and compared to the scattering patterns produced from the Debye scattering
equation. The benzene-coronene model was used to generate the initial basal layers [24]. Any
atoms falling outside of an inscribed circular region were then eliminated from the layer. This
methodology produced a disk-shaped layer, appropriate for the assumptions associated with the
WB approximation. Turbostratic scattering patterns were generated from the Debye scattering
equation through averaging 25 independent scattering patterns, with each of these 25 patterns
produced through crystallites with random rotations and translations of the layers with respect to
each other. As seen in Figure 6, the residual between the WB approximation and the Debye
scattering equation is low even for extremely small crystallite sizes, proving the accuracy of the

WB approximation for turbostratic carbons with disk-shaped crystallites.
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Figure 6. (a-c) Crystallites simulated from the WB approximation and compared to the Debye scattering equation.
(d-f) Crystallites simulated from the YF approximation and compared to the Debye scattering equation. All

crystallites were simulated with a 1.c=0.142 nm and doo2=0.33543 nm.

Dopita et al. have already shown that the WB approximation provides a very close agreement when
compared to the Debye scattering equation, if the crystallite meets the geometrical considerations
given above [18]. At first glance, the YF approximation appears to also correctly approximate the
shape of the scattering pattern predicted by the Debye scattering equation. However, there is some
positional error in the predicted (00I) peaks. This error between the YF approximation and Debye
scattering equation decreases with increasing crystallite size and decreases with increasing 26. The
positional error associated with the YF approximation can also be seen in the data of [50], although
this error is not explicitly discussed by the authors. We determined that the deviation of the YF
approximation was not worth the significant reduction in computational time for this study and

opted for the more accurate WB approximation.

4.2. Refinement procedure
Herein, we closely follow the work of Warren and Bodenstein [21], Fujimoto [24], and Dopita et
al. [25] to fit the chopped fiber scattering patterns from all four CFs with a linear combination of

simulated patterns from turbostratic, disk-shaped carbon crystallites. A brief overview of the
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simulation and fitting methodology is as follows. First, approximately 10,000 theoretical scattering
patterns of disk-shaped, turbostratic carbon crystallites (Figure 5) were simulated from the WB
approximation. La, Le, lcc, doo2 Were all varied within reasonable ranges to generate these scattering
patterns. A linear combination of simulated patterns was then fit to the chopped fiber scattering
patterns with a least squares minimization technique. The distributions of the crystallite sizes (La
and L¢) were forced to conform to lognormal distributions to restrict the parameter space within
the problem. It is not possible to analyze scattering patterns with preferred orientation using the
Debye scattering equation, so only the chopped fiber patterns were analyzed here. More advanced
approaches for calculating 2D diffraction patterns from oriented structures do exist, but they are

even more computationally expensive than the Debye scattering equation [61].

As mentioned previously, the WB approximation assumes that all the basal planes are disk-shaped.
This drastically speeds up the computation time over the Debye scattering equation but limits its
applicability to certain materials. Hence, this is why PAN-based, intermediate modulus CFs were
chosen for this study, as transmission electron microscopy (TEM) observation of this CF variety
has shown them to consist of highly entangled systems of small crystallites [62]. This kind of
structure is very different from the curved ribbon structure of large crystallites observed in
mesophase pitch-based CFs and high modulus PAN-based CFs [13] [63]. The crystallite shapes
are difficult to determine in any CF, but PAN-based, intermediate modulus CFs are the least likely
to contain crystallites that have undergone asymmetric basal plane growth, due to the low heat-
treatment temperature. Additionally, given the basal plane symmetry of a multi-layered
turbostratic structure, there is no thermodynamic reason for the basal planes to grow

asymmetrically. In this case, a circular shape is very likely.

Finally, the characteristic WAXD pattern of true turbostratic materials is not affected by the shape
of the basal plane itself, and only by the number of atoms in the plane. This means that the disk-
shaped assumption provides a straightforward way to define La in turbostratic materials with
highly perturbed crystal structures, such as PAN-based, intermediate modulus CFs. We note here
that in small-angle x-ray scattering (SAXS), the crystallite shape has a strong influence on the
scattering pattern. Choi et al. successfully used a cylindrically shaped crystallite model to analyze

SAXS patterns acquired from pitch-based CFs [64]. Although the crystalline structure of pitch-
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based CFs is different to that of PAN-based CFs, this provides some precedence for our application

of the disk-shaped basal plane assumption in this work.

Given the highly anisotropic behavior resulting from the layered structures of turbostratic and
graphitic carbons, the intralayer and interlayer scattering terms were multiplied by separate Debye-
Waller factors, which approximate the effect of thermal motion from bond vibrations in scattering
patterns [65]. This effect results in attenuation of the peak intensity and an increase in the thermal
diffuse background at higher values of 26. During fitting, the in-plane thermal vibration (ua) was
restricted to be less than the out-of-plane thermal vibration (uc). The intralayer Debye-Waller

factor is given by dw, and the interlayer Debye-Waller factor is given by dw. (Equation (12)).

To account for the reduction in peak intensity due to multiplication of the interlayer and intralayer
scattering terms by the Debye-Waller factors (and keep the total scattering intensity proportional
to 2), a thermal diffuse background term (dwias) must be added on to the total scattered intensity.
Although an accurate depiction of the thermal diffuse background involves broadening of the
peaks as well as a reduction in peak intensity, a perfect solution for powder diffraction has not yet
been fully developed [66]. Nevertheless, taking an average of total thermal motion of the structure
provides a sufficient approximation. As noted implicitly by Dopita et al., dws was found to fall
much closer to dws, than to dwe during fitting [25].

dw, = exp(—4n?uls?); dw, = exp(—4m?u2s?); dwyys = exp(—4m?u?;s?) (12
where u, < urps < U,
After accounting for the Debye-Waller factors, the following equation can be derived for the total
coherent scattering from a single crystallite (Equation (13)) [25].

(13)

I
leon = % = fz(dWa “lintra + AWe * linter + 1 — thds)

In addition to coherent scattering, incoherent scattering (linc) was accounted for, with detailed
calculations provided in the supplementary information. Following the addition of the incoherent

scattering term, the total simulated scattering for a single crystallite is given by Equation (14).

(14)

Lsim = Icon + linc

Each of the chopped fiber scattering patterns from the CFs were then fit with a linear combination

of the simulated crystallite patterns using a least squares minimization technique. As mentioned
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above, La, Le, lec, and doo2 Were varied to predetermined ranges to simulate the crystallite patterns.
The total calculated intensity was calculated from Equation (15), where K is the scale factor for

the ith crystallite.
15
leqic = z K(i)lsim(i) (15)
i
Rp, the unweighted R-factor for the fit, was calculated from 15-95° 26 as shown in Equation (16).

A weighted version of R, was minimized during the fitting to determine values of K, with
emphasis on the (10) and (004) peaks. The parameters varied during the fitting were ua, Uc, Utds, the

lognormal means of L. and L, and the lognormal variances of L, and L.

Ry, = i/zacorr - Icalc)z/E(Icorr)z

(16)

4.3. Refinement results

Figure 7 shows the results of the WB approximation refinement on the chopped fiber patterns,
along with the obtained distributions of L, and L. for each CF. The intensities are given on a
logarithmic scale to enhance the resolution at low intensity portions of the patterns. Refinement

below 15° 26 was not performed due to the modulations in intensity caused by higher-order

structures in the CFs, which this crystallite model is unable to capture. Several researchers have
noted this, and as such most fitting of carbon materials in WAXD is done at 26>15° [24] [25].

Within 15-95° 26, the fits are acceptable, with an Rp value <2% for all four scattering patterns.
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Figure 7. (left) 1D WAXD chopped fiber patterns with fitting curves from the WB approximation overlayed. (right)
Obtained crystallite size distributions with continuous lognormal distribution curves overlayed.

For initial evaluation of fitting of the chopped fiber scattering patterns, refinement was performed
with no prior assumptions made about the distribution of crystallite sizes (L. and L¢) in the
samples. During this process, the scale factor for each simulated crystallite (K)) was allowed to
vary freely, with no restrictions imposed on the fitting. While this approach is fundamentally
underdetermined, it gave a good idea of the distribution to use. Various distributions were then
imposed upon the crystallite size histograms, including a normal distribution, a Weibull
distribution, a uniform distribution, a gamma distribution, and a lognormal distribution. The
gamma and lognormal distributions were found to yield appropriate fits and similar histograms for
both L, and L., so the choice between them was arbitrary. Gamma and lognormal distributions are

both used to describe similar physical phenomena, and both have been used successfully to
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describe crystallite size distributions in turbostratic carbon [25] [26]. In this case, a lognormal

distribution was chosen to describe both L, and L.

Although the lognormal distribution is a continuous distribution, there are physical restrictions on
the values that L. and L can occupy. For La, the disk-shaped basal plane in the WB approximation
requires symmetrical growth when increasing the crystallite size. This was done by adding a single
ring of carbon atoms at a time. For L, the number of stacked layers must be an integer. Since La
and L. occupy discrete values, there is some flexibility in how these values are binned to conform
to a lognormal distribution. Binning of La was calculated based on the number of atoms in each
basal plane and binning of L. was calculated based on the number of these basal planes. The
binning of crystallite sizes is explicitly shown in Figure 7, with the continuous lognormal
distribution curves overlayed. The mean crystallite sizes and variances were calculated from the
lognormal distribution parameters, as shown in the supplementary information. The obtained mean
La and L. size, La and L. variance, lcc, doo2, Ua, Uc, and Rp obtained for all four samples are shown
in Table 3.

Table 3. Crystallite parameters obtained from application of the WB approximation to the chopped fiber patterns.

Sample T300 AS4 IM7 IM10
La mean (nm) 2.48 2.57 2.77 3.11
L. mean (nm) 0.87 0.94 0.98 1.09
La variance (nm?) 2.14 2.19 2.54 3.44
L variance (nm?) 0.49 0.70 0.74 0.80
lec (Nnm) 014 014 014 014
dooz (hm) 0.35 0.35 0.35 0.35
Ua (nm) 0.19 0.18 0.18 0.17
uc (nm) 0.30 0.30 0.29 0.29
Rp (%) 1.34 1.34 1.37 1.62

Upon inspection of Figure 7, the obtained La and L. distributions appear to be similar between all
four CFs. This is expected, as all they are produced from chemically similar, PAN-based
precursors. The choice of carbonaceous precursor generally has the highest impact on the crystal
structure of the produced carbon material, with heat-treatment temperature usually having the

second-highest impact. This is evidenced in the literature, as most crystal structure studies of

22



carbons are usually based around a temperature series, or, in the case of CFs, the effect of heat-
treatment temperature on tensile properties [58] [67] [68]. Regardless, the distributions of L, and
L have physical implications and are closely related to the carbonaceous precursor, heat-treatment
temperature, and, for CFs, unique processing parameters such as stabilization temperature, applied
mechanical tension during stabilization and carbonization, and the resulting level of stretch put
into the fiber during these processes [57] [69]. Although these unique processing parameters are
not presented in this study, the crystallite size distributions are analyzed considering this

framework.

Figure 8 shows the relationships between the CF tensile properties and the mean and variance of
La and L. as obtained by the WB approximation. As seen in this figure, as crystallite size increases,
so does tensile strength and tensile modulus of the CFs. This relationship between crystallite size
and tensile strength is unique to the intermediate modulus, PAN-based CFs that are the focus of
this work. For PAN-based CFs that are produced by increasing the heat-treatment temperature,
which is common for high modulus, PAN-based CFs (Figure 1), an increase in crystallite size is
associated with a decrease in tensile strength. Gao et al. showed that the crystallite morphology
changed significantly in PAN-based CFs with increasing heat-treatment temperature, ranging from
a dispersed network of small, interconnected crystallites to a transfixed system of large crystallites
with little intercrystallite interaction [68]. The CFs studied here do not follow this trend of
decreasing tensile strength, which suggests they are not produced by increasing the heat-treatment

temperature.

23



@ o] [® i

F 300

F 260

(edDH) snmpouw J[Isud |,

24 26 28 3.0 32 08 0.9 1.0 1.1
L, (nm) L. (nm)

(c) o (d) o

F 300

(edo) snnpow JISUI I,

T T T T T T r 220
20 24 28 32 36 04 05 06 0.7 0.8 0.9
L, variance (nm?) L, variance (nm?)

Figure 8. (a-b) Relationships between CF tensile properties and mean crystallite sizes as obtained by the WB
approximation. (c-d) Relationships between CF tensile properties and crystallite size variances as obtained by the

WB approximation.

4.3.1. Ladistributions

As mentioned above, the likenesses in the distributions of L, for all four CFs are indicative of the
similarities in how the CFs are produced, particularly regarding heat-treatment temperature and
precursor chemistry. However, there are differences in the distributions that show clear trends with
the varying tensile properties of the CFs. Figure 8, shows the relationships between the mean and
variance of L, and the tensile properties of the CFs. As tensile strength and tensile modulus
increases, the mean of L, increases, as well as the variance. This implies that an increase in La is
related to increasing tensile strength and tensile modulus in the CFs studied here. We note here
that WAXD, and the WB approximation, is only capable of capturing segments of the basal plane
that are straight, and do not possess any curvature. Therefore, La may be larger than presented
here, but cannot be any smaller.

For all four CFs, the mean of L, was found to range from 2.48 nm (T300) to 3.11 nm (IM10)
(Debye analysis). For comparison, our value of L, for the IM10 CF is approximately half of that
found by previous work (Scherrer method, 6.4 nm) [70]. However, we can see from the La
distribution in Figure 7 that crystallites of that size do exist within the IM10 CF. The L, size of
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6.4 nm is also larger than sizes approximated through our use of the Scherrer method (2.99 nm).
Although part of this difference can be attributed to the important of the shape parameter in the
Scherrer equation, it’s important to keep in mind that background subtraction and peak fitting
function definitions can have a significant impact on obtained crystallite sizes. Folomeshkin et al.
performed WAXD on a set of three intermediate modulus type CFs, and, using the Scherrer
method, they found values of L. ranging from 2.3-4.6 nm, which are close to the values found for
the CFs in this work [56].

If we assume that the grades of PAN-based CF studied here are produced through a final heat-

treatment temperature ranging from 1000-1500°C (typical for intermediate modulus CFs), we
might expect an La of 2.9-6.1 nm (Dopita: 1000-1400°C, coal-tar pitch [25]) or 2.6-5.1 nm
(Fujimoto: 1000-1400°C, mesocarbon microbeads, pitch-derived [24]). The PAN-based CF

samples here were found to have a value of L, ranging from 2.48-3.11 nm. These values are within
the ranges of carbons produced from other carbonaceous precursors analyzed through the WB
approximation, indicating that the L, is strongly correlated with heat-treatment temperature, and

less dependent on precursor composition.

4.3.2. Lcdistributions

The distributions of L. for all four CFs have a much heavier right skew than the distributions of
La. All four L. distributions are dominated by crystallites with low stacking heights — 2-layered
and 3-layered structures constitute over 50% of the crystal structure. For all the CFs excepting
IM10, 2-layered structures dominate the crystal structure. As tensile strength and tensile modulus
increase for the set of CFs studied here, the fraction of 2-layered structures decreases and the
fraction of structures with 3 or more layers increases. This indicates that the number of layers
stacked plays a significant role in determining the tensile properties of the CFs. Furthermore,
smaller values of doo2 and straighter, more aligned basal planes generally yield CFs with a much
higher tensile modulus [57]. This result is shown in Figure 8. Like La, as the mean of L. increases,

so does the variance of L.

For all four CFs, the mean of L. was found to range from 0.87 nm (T300) to 1.09 nm (IM10)
(Debye analysis). Previous work found that L. for IM10 CFs was 2 nm (Scherrer method) [70].
Like the trend for La, our mean value for L. is approximately half of that value. Our Scherrer
method analysis yielded a L of 0.86 nm for IM10, which is still approximately half of that value.
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Again, this difference emphasizes the importance that the shape parameter, background
subtraction, and specific peak-fitting functions have on crystallite sizes estimated from the
Scherrer equation. Using the Scherrer method, Folomeshkin et al. also found L. values from 2.1-
2.6 nm for their set of three intermediate modulus CFs. These values are still significantly higher
than the values of L found in this work [56]. Some of the differences in L. here could also arise

from different approaches to fitting the asymmetry of the (002) peak.

The strong right skew of the L. distributions is not unique to PAN-based precursors and has been
noted in carbons derived from pitch-based precursors by Fujimoto [24] and Dopita [25]. Fujimoto
noted that at low heat-treatment temperatures, 2-4 layer stacked units dominate the structure, and
with higher heat-treatment temperatures, these units coalesce together to form 6-8 layer stacked
units. However, this is not directly presented in their results, as Figure 8 in [24] shows that the
average L. size does not increase very quickly with heat-treatment temperature (for temperatures

<1400°C). This suggests that the coalescence of 2-4 layer structures into 6-8 layer structures is an

inefficient process, with most of the structures still retaining a low amount of layer stacking, even

at higher heat-treatment temperatures. At 800°C, Fujimoto estimated an average of 2-3 layers
stacked, and 4-6 layers stacked at 1400°C. However, Dopita’s results are quite different, with the
average layer stacking height increasing very quickly from 5 layers at 800°C to 14 layers at 1400°C

[25]. These differences most likely come from differences in the precursor material or in the
numerical treatment of the problem. Fujimoto explicitly allowed for the existence of single-layer
structures, and Dopita’s lognormal distributions disallowed the presence of these single-layer

structures.

If the PAN-based CFs studied here are produced through a final heat-treatment temperature

ranging from 1000-1500°C, we might expect stacking heights of 7-14 layers (Dopita: 1000-
1400°C, coal-tar pitch [25]) or 4-6 layers (Fujimoto: 1000-1400°C, mesocarbon microbeads, pitch-

derived [24]). However, the maximum average stack height here was approximately 3 layers
(IM10). This comparison shows the strong influence that precursor chemistry and structure have

on L, as opposed to La, which has a greater dependency on heat-treatment temperature.
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4.3.3. Other parameters

In addition to crystallite sizes, the WB approximation is also capable of providing estimates of lcc
and doo2. These parameters were varied in the simulated crystallites that were fit to the chopped
fiber patterns, and, since these parameters were independent of the lognormal distributions applied
to La and L, lcc and doo2 were allowed to vary freely. Like the results of the Scherrer analysis, the
values of lcc is similar for all four CF samples, at around 0.14 nm. This is also slightly smaller than
the theoretical bond distance of perfect graphite (0.142 nm), but slightly higher than that predicted
by the Scherrer analysis. Dopita et al. noted this decrease relative to graphite for their samples and
attributed the decrease in lcc to lattice defects, vacancies, interstitial atoms, or covalent bonds
between layers [25]. More specifically, this decrease in lcc could be due to broad class of defects
referred to as Stone-Thrower-Wales defects, which include 5-7 membered-ring pairs, double 5-6
membered-ring pairs, and double 5-7 membered ring pairs [71]. These defects have been directly
observed in TEM during in-situ carbonization of PAN [72]. This shows that the 6-membered ring
model employed here to estimate the crystallite sizes is a simplification of the structure PAN-based

carbon.

We also note that the average doo2 in all samples were refined to similar values (0.35 nm). This
value is significantly higher than that of graphite (0.335 nm). The amount of stacking disorder in
carbon materials is correlated with doo2. In PAN-based CF, doo2 tends to decrease with increasing
heat-treatment temperature but reaches a plateau at approximately 0.343 nm [57]. We note here
that the Scherrer methodology resulted in a doo2 value of 0.36 nm for the four CF samples, which
is larger than the 0.35 nm predicted by the WB method. Unlike the Scherrer method, which
calculates doo2 based on the (002) peak position, the WB method accounts for the effect of
crystallite size (L. and L) as well. Nevertheless, the changes in doo2 between all four samples as
estimated by both methods are small, providing evidence that all four CFs are most likely produced

at similar heat-treatment temperatures.

5. Scherrer analysis versus Debye analysis

Figure 9 shows a comparison of the crystallite sizes obtained from the different methods applied
to the chopped fiber patterns. For both La and L, the Scherrer method slightly deviates from the
crystallite sizes obtained by the WB approximation. The maximum percentage differences

between the crystallite sizes obtained from the WB approximation and Scherrer method are <6%
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for La and <7% for L. These errors would be higher if the standard values for the shape parameter
were chosen for use in the Scherrer method (K10=1.84 and Koo2=0.9 in Equation (1)). Instead,
Equation (5) allowed for the choice of a crystallite size dependent shape parameter, yielding an
estimate of crystallite size from the Scherrer equation that more closely matches that of the WB

approximation.

For L, the slope of the trendline in Figure 9b shows a close match in all four obtained crystallite
sizes between the Scherrer method and the WB approximation. The values of L, obtained from the
Scherrer method are also in good agreement with the WB approximation, but the values do not
match as closely as the ones obtained for Lc. This deviation shows that La as defined in the WB
approximation may not be the same as L obtained from the Scherrer method. The definition of La
for different basal plane shapes is an ongoing discussion, and no unified definition has been
accepted [55]. However, the most likely definition for La in turbostratic materials is a weighted
average of the (hk) planes in all directions parallel to the basal plane. Here, we have confined our
discussion to the limitations of the WB approximation and defined L, as the diameter of a disk-
shaped basal plane. As mentioned in Section 4.2, a symmetric basal plane shape is very likely.
Another reason for this deviation between the Scherrer method and WB approximation could be
the small number of CFs analyzed in this study. A much larger subset of CFs may show that this

deviation in La (when defined as the diameter of a circular basal plane) is non-existent.
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Figure 9. Comparison between the crystallite sizes ((a), La, (b), Lc) obtained from the chopped fiber patterns using
the Scherrer method and the WB approximation. The dotted lines represent equal crystallite sizes from both

methods.
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6. Orientational analysis

Although the Debye analysis conducted in the previous section provides high accuracy information
regarding the crystallite sizes and distributions, it is fundamentally limited in that no orientational
information can be extracted. Nonetheless, orientation is a critical parameter when analyzing
materials with texture-dependent properties such as thin films and fibers. In particular, the effect
of crystallite orientation in CFs has been shown to correlate strongly with tensile modulus, and, to
some extent, tensile strength [73]. The orientation of these basal planes is of utmost importance
for CFs, as the covalent intralayer bonds within the basal planes are what give CF its

characteristically high tensile properties along the fiber axis.

For CFs, the typical practice is to locate the maximum of the (002) peak and evaluate the

distribution of that intensity along the varying azimuthal angle (usually -90° to 90°). As discussed

in previous sections, the (002) peak arises from interlayer scattering. The average orientation of
the basal planes can be extracted from the azimuthal intensity of the (002) peak with respect to the
fiber axis. We used Hermann’s orientation factor (fn) to quantify the orientation of the (002) plane
in the CFs (Equation (17)) [74]. The value of f, can take on values from -0.5 (planes oriented
perpendicular to reference direction) to 1 (planes oriented parallel to reference direction). In
Equation (17) and Equation (18), ¢ is the azimuthal angle and I(¢) is the intensity at a particular

azimuthal angle.

3(cos?@) —1 17)
e
cosigy = o1 @e0s gsinpdy )
a /2 .
f: 1(p)sinpde

Figure 10b shows an azimuthal scan from an aligned bundle of T300 CFs. The arc of the (002)
peak is clearly visible — indicating that not all the basal planes are perfectly aligned with the fiber
axis. To acquire the azimuthal curves for quantitative orientational analysis, we applied a slightly
different approach. In addition to measuring the azimuthal intensity distribution at the position of
maximum intensity on the (002) peak, we also measured azimuthal intensity distributions at
varying 20 values on the low-angle side of the (002) peak. As discussed in the above sections, the
strong asymmetry of the (002) peak in turbostratic carbon materials can be caused by the presence
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of disorganized carbon and/or extremely small turbostratic carbon crystallites. Figure 10a shows
the azimuthal intensity distributions for the T300 CF taken from 10-30° 26. For the CFs studied

here, the overall intensity of the curves decreases, and the curve shape flattens out as 26 decreases
on the low-angle side of the (002) peak, resulting in a lower value of fi.
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Figure 10. (a) Azimuthal curves obtained at varying 26 angles for T300 CF. (b) 2D WAXD azimuthal scan from
T300 CF, with background scattering subtracted.

Figure 11 shows how varying the sizes of La and L changes the (002) peak (simulated with the
WB approximation). As seen in the figure, decreasing the size of L. generally serves to mainly
decrease the intensity of the (002) peak, with a very limited impact on the peak position. As shown
in the interlayer scattering term in the WB approximation (Equation (8)), the interlayer scattering
intensity is explicitly dependent on the size of L.. However, the size of L. has a much stronger
effect on the (002) peak. Decreasing the size of L. decreases the (002) peak intensity, broadens the
peak, and shifts it to the left.
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Figure 11. Patterns simulated with varying L, and L. sizes from the WB approximation, with a focus on the (002)
peak. In (a), L. was varied while L. was kept constant at 2.348 nm. In (b), L. was varied while L, was kept constant
at 1.562 nm. All crystallites were simulated with 1,c=0.142 nm and dgo2=0.33543 nm.

Returning to the azimuthal scans, we can conclude that evaluating the azimuthal intensity
distributions at 26 values on the low-angle side of the (002) peak yields information about the
orientation of crystallites with smaller L.. Successful evaluation of the orientation factor in
materials without strong crystallinity is relatively uncommon [75] . However, Wilchinsky showed
that the amorphous phase in semicrystalline polyethylene fibers has a separate orientation than the

crystalline phase, and so relating crystallite size to peak location is reasonable here [76].

Figure 12 shows the values of Hermann’s orientation factor evaluated at varying 26 angles. The
crystallite orientation decreases moving down the left-hand side of the (002) peak, indicating that
crystallites with smaller values of L. are less oriented with the axis of the fiber. As seen in Figure
12, the change in orientation factor with 20 is roughly the same between all four CFs. However,
the maximum orientation factors (~22-25° 20) are different. The orientation factors of the four CFs
can also be divided into two groups: T300/AS4 and IM7/IM10. This is most likely due to
differences in precursor spinning methods. The T300 and AS4 precursors were most likely

produced through wet-spinning, whereas the IM7 and IM10 precursors were most likely produced
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through dry-jet wet-spinning, which promotes much higher orientation of the PAN molecular
chains within the fibers, and, therefore, a much higher orientation of the (002) planes within the
produced CF.
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Figure 12. Hermann’s orientation parameter versus 20 for the four CFs.

Figure 13 shows the maximum orientation factor graphed versus tensile properties of the CFs.
Both tensile strength and tensile modulus are strongly correlated with alignment of the (002) planes
with the fiber axis in all the CFs studied here. Similar results have been shown for PAN-based CFs
in the literature, especially for tensile modulus [73]. For PAN-based CFs, the tensile strength tends
to decrease with increasing heat-treatment temperature, while the orientation parameter increases
along with tensile modulus [57]. The increasing tensile strength of the CFs studied here does not
follow this trend, which, as noted in Figure 1 and Figure 8, suggests that they are not produced
by changing the heat-treatment temperature.
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Figure 13. Maximum values of Hermann’s orientation parameter graphed versus tensile properties.

The takeaway from the orientational analysis here is that crystallites with a smaller L. are less
aligned with the axis of the fiber. Hamada et al. found a similar relationship between L. and

orientation in T300 CFs and arrived at the same conclusion [77]. The reduction in coherent
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stacking domain with decreased orientation could imply the presence of curvature and/or wrinkling
of the turbostratic layers. This trend follows the current understanding of the material, as most
proposed structures of PAN-based CFs and non-graphitic carbons involve some level of curvature
and/or wrinkling of the turbostratic layers [37] [62]. Putman et al. [30] and Toth [78] have even
gone so far as to suggest that curvature arises from the presence of 5- and 7-membered rings in the
basal planes (Stone-Wales-Thrower defects). Although the WAXD evidence presented here is not
sufficient to prove the presence of curvature and/or wrinkling on its own, TEM observations of
carbonized PAN and PAN-based CFs have strongly supported this conclusion [35] [62] [63] [72].

7. Discussion

The results of the three analysis methods used in this manuscript (Scherrer, Debye, and
orientational) are complementary. The Scherrer analysis showed that the basal plane widths and
stacking heights of the crystallites decrease with increased misorientation with the fiber axis. The
Debye analysis provided orientation-independent, quantitative information regarding the size
distributions of the crystallites in the CFs. The orientational analysis directly supports the results
of the Scherrer analysis, showing that stacking height is inversely correlated with fiber axis
orientation. These results support the presence of curvature and/or wrinkling of the turbostratic
layers in PAN-based CFs, but as mentioned in the above section, do not directly prove it.

The Scherrer and Debye analyses are based on what is captured in 1D WAXD patterns and so are
limited to the platelet model (e.g., straight layers with no curvature and/or wrinkling). If this
curvature and/or wrinkling exists in PAN-based carbons, and direct TEM observations have
indicated that it does [35] [62] [63] [72], then the platelet model as applied to CF is a simplification
of the crystal structure. Figure 14 shows conceptual drawings of the curvature model and platelet
model as applied to CFs, where Figure 14b is a copy of Figure 14a with the crystallites broken
down into straight segments with the curvature removed. The implication of this is that the
parameters associated with the platelet model of turbostratic carbon (La, Le, lec, and doo2) are
approximate parameters, and therefore cannot perfectly describe the structure of PAN-based CFs.
Nevertheless, we still showed that there is a strong correlation with some of these parameters,

particularly La and Lc, and the tensile properties of the CFs studied here.
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Figure 14. Comparison of two models of CF: (a) curvature model and (b) platelet model.

Our use of the size-dependent shape parameter in the Scherrer equation significantly improved the
accuracy of La and L. (assuming the baseline to be the Debye analysis). However, this size-
dependent shape parameter is not necessary for comparison studies between different carbon
materials that are produced at similar heat-treatment temperatures. The smaller the change in
crystallite size there is between samples, the less necessary a size-dependent shape parameter
becomes. For studies where the crystallite size difference between samples (particularly La) is
greater than an order of magnitude, a size-dependent shape parameter will significantly improve
the accuracy. Although the 4-parameter logistic function presented in this work is novel and
significantly improved the accuracy of crystallite sizes acquired from the Scherrer equation, it is a
dramatic simplification of the size-dependency of the shape parameters. Future work should
explore the simultaneous dependency of the shape parameters on L. and L for small carbon

crystallites.

There is also significant room for improvement in terms of analysis of the 2D WAXD patterns as-
collected, rather than the calculated 1D patterns. Future work could develop a methodology to
apply the Scherrer and/or Debye analyses to 2D WAXD patterns, and therefore provide further
analysis of the structure with respect to the orientation of the fiber axis. As was referenced earlier,

simulation of 2D WAXD patterns from any set of atoms, molecules, or scattering objects is already
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possible using a vectorized form of the Debye scattering equation [61]. Some interesting models

of non-graphitic carbon materials have been simulated and proposed by Putman et al. [30] and He

et al. [79], but confirmation of these structures via experimental characterization remains

challenging, particularly for CF due to its strong anisotropy.

8. Conclusions

The conclusions from this work are as follows:
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i)

ii)

The Scherrer analysis as applied to the meridional, equatorial, and chopped fiber scans
of the PAN-based CFs showed that there is a strong orientational dependence of basal
plane size, with a <35% difference between Lall and LaLl. Furthermore, the stacking
height as measured perpendicular to the fiber axis was slightly larger than the stacking
height measured from the chopped fiber patterns (<18% difference between L.L and
L¢). This indicates that (1) there is a distribution of crystallite sizes present in the CFs
and (2) crystallites with smaller L. and L, are less oriented with the fiber axis.

The Debye analysis as applied to the chopped fiber patterns confirmed that a
distribution of carbon crystallite sizes is present in the CFs studied here. The
distributions of basal plane width (L.) were found to be like other carbonaceous
precursors heat-treated to similar temperatures, showing that basal plane width has a
stronger dependency on heat-treatment temperature rather than precursor composition.
In contrast, the average stacking heights (Lc) of the samples (<3 layers) were found to
be significantly smaller than other carbonaceous precursors in the literature, showing
that stacking height has strong dependency on precursor composition rather than heat-
treatment temperature. The average carbon-carbon bond distance (lcc) was uniform
across all samples, but lower than the theoretical carbon-carbon bond distance in
graphite, which provides evidence of systematic deviation from the perfect aromatic
structure. The Debye analysis also showed that the average interlayer spacing (doo2)
was approximately for all four CFs, providing evidence that they were manufactured
at similar heat-treatment temperatures.

When comparing the Scherrer analysis to Debye analysis on the chopped fiber patterns,
we found that appropriate selection of the shape parameter (Knki) is critical to obtaining

accurate crystallite sizes from the Scherrer equation. Relatively accurate values of the



crystallite sizes in turbostratic carbons can be obtained from the Scherrer equation if
the value of the shape parameter is considered to vary with crystallite size by using
Equation (5) (<6% difference for L. and <7% difference for L¢). We also found that
the crystallite sizes (L. and L) as obtained with both Scherrer analysis and Debye
analysis are strongly correlated with the tensile properties of the intermediate modulus,
PAN-based CFs studied here, with increasing La and L. size correlated with increasing
tensile strength and tensile modulus. This trend is different from that of high modulus,
PAN-based CFs.

iv) Orientational analysis of the CFs studied here confirmed the result from Scherrer
analysis that smaller crystallites have increased misorientation from the fiber axis.
Simulated patterns showed that the left-hand side of the (002) peak in CFs directly
correlates with crystallites of smaller L, and orientational analysis of the
experimentally obtained patterns showed that these crystallites with smaller L have a
lower Hermann’s orientation factor. The smooth decrease in orientation factor down
the left-hand side of the (002) peak provides an indication of curvature and/or wrinkling
of the turbostratic layers in the CF structure, perhaps induced by Stone-Wales-Thrower
defects (e.g., the presence of 5- and 7-membered rings). The regions of strong curvature
define the edges/boundaries of a crystallite as analyzed through the Debye and Scherrer

methods.

Acknowledgements
The authors would like to thank Solvay and Hexcel for providing the carbon fibers used in this

study.

This study was made possible through support from the U.S. Department of Energy, Hydrogen
and Fuel Cell Technologies Office, Award Number DE-EE0009239.

This study was supported in part by UT-Battelle, LLC, under contract DE-AC05-000R22725 with
the US Department of Energy (DOE). The US government retains and the publisher, by accepting
the article for publication, acknowledges that the US government retains a nonexclusive, paid-up,
irrevocable, worldwide license to publish or reproduce the published form of this manuscript, or

allow others to do so, for US government purposes. DOE will provide public access to these results

36



of federally sponsored research in accordance with the DOE Public Access Plan

(http://energy.gov/downloads/doe-public-access-plan).

The authors thank the University of Virginia Chemistry Department for access to the single-crystal
XRD machines funded by the NSF-MRI program, grant award CHE-2018870. The authors also
thank Dr. Diane Dickie for assistance with operation of the instruments and numerous helpful

discussions.

References

[1] X. Huang, "Fabrication and Properties of Carbon Fibers," Materials, vol. 2, no. 4, pp.
2369-2403, 2009.

[2] B. A. Newcomb, "Processing, structure, and properties of carbon fibers,” Composites Part
A, vol. 91, no. 1, pp. 262-282, 2016.

[3] M. Endo, "Carbon Fiber," in High-Performance and Specialty Fibers, Tokyo, Springer
Nature, 2016.

[4] L. H. Peebles, "Introduction,” in Carbon Fibers: Formation, Structure, and Properties,
Boca Raton, CRC Press, 1995.

[5] P.Puech, A. Dabrowska, N. Ratel-Ramond, G. L. Vignoles and M. Monthioux, "New
insight on carbonisation and graphitisation mechanisms as obtained from a bottom-up
analytical approach of x-ray diffraction patterns," Carbon, vol. 147, pp. 602-611, 2019.

[6] T.Yen,J. Erdman and S. Pollack, "Investigation of the Structure of Petroleum Asphaltenes
by X-ray Diffraction,” Analytical Chemistry, vol. 33, no. 11, 1961.

[7] L.E. Alexander and E. C. Sommer, "Systematic Analysis of Carbon Black Structures," The
Journal of Physical Chemistry, vol. 60, no. 12, pp. 1646-1649, 1956.

[8] A. Popova, "Crystallographic analysis of graphite by X-Ray diffraction," Coke and
Chemistry, vol. 60, no. 9, pp. 361-365, 2017.

[9] V.S. Babuand M. Seehra, "Modeling of disorder and X-ray diffraction in coal-based
graphitic carbons," Carbon, vol. 34, no. 10, pp. 1259-1265, 1996.

[10] A. Cao, C. Xu, J. Liang, D. Wu and B. Wei, "X-ray diffraction characterization on the
alignment degree of carbon nanotubes,” Chemical Physics Letters, vol. 344, no. 1-2, pp.
13-17, 2001.

37


http://energy.gov/downloads/doe-public-access-plan

[11] G. A. Zickler, B. Smarsly, N. Gierlinger, H. Peterlik and O. Paris, "A reconsideration of the
relationship between the crystallite size La of carbons determined by X-ray diffraction and
Raman spectroscopy,” Carbon, vol. 44, no. 15, pp. 3239-3246, 2006.

[12] O. Paris, D. Loidl and H. Peterlik, "Texture of PAN- and pitch-based carbon fibers,"
Carbon, vol. 40, no. 4, pp. 551-555, 2001.

[13] H. Wu, D. Huang and C. Ye, "Engineering microstructure toward split-free mesophase
pitch-based carbon fibers,” Journal of Materials Science, vol. 57, no. 234, pp. 2411-2423,
2022.

[14] A. L. Patterson, "The Scherrer Formula for X-Ray Particle Size Determination,” Physical
Review, vol. 56, no. 10, p. 978, 19309.

[15] W. Bragg, "The Reflection of X-Rays by Crystals," Nature, vol. 91, p. 477, 1913.

[16] S. Nasiri, M. Rabiei, A. Palevicius, G. Janusas, A. Vilkauskas, V. Nutalapati and A.
Monshi, "Modified Scherrer equation to calculate crystal size by XRD with high accuracy,
examples Fe203, TiO2 and V205," Nano Trends, vol. 3, 2023.

[17] H. Fujimoto, "Theoretical X-ray scattering intensity of carbons with turbostratic stacking
and AB stacking structures,” Carbon, vol. 41, no. 8, pp. 1585-1592, 2003.

[18] M. Dopita, M. Rudolph, A. Salomon, M. Emmel, C. G. Aneziris and D. Rafaja,
"Simulations of X-Ray Scattering on Two-Dimensional, Graphitic and Turbostratic Carbon
Structures," Advanced Engineering Materials, vol. 15, no. 12, pp. 1280-1291, 2013.

[19] P. Debye, "Zerstreuung von Réntgenstrahlen,” Annalen der Physik, vol. 351, no. 6, pp.
809-823, 1915.

[20] L. Gelisio and P. Scardi, "100 years of Debye’s scattering equation," Acta
Crystallographica, vol. A72, no. 6, pp. 608-620, 2016.

[21] B. Warren and P. Bodenstein, "The Diffraction Pattern of Fine Particle Carbon Blacks,"
Acta Crystallographica, vol. 18, pp. 282-286, 1965.

[22] N. Saenko, "The X-ray diffraction study of three-dimensional disordered network of
nanographites: Experiment and theory,"” Physics Procedia, vol. 23, pp. 102-105, 2012.

[23] B. French, J. Wang, M. Zhu and B. Holloway, "Evolution of structure and morphology
during plasma-enhanced chemical vapor deposition of carbon nanosheets,” Thin Solid
Films, vol. 494, no. 1-2, pp. 105-109, 2006.

[24] H. Fujimoto and M. Shiraishi, "Characterization of unordered carbon using Warren—
Bodenstein’s equation," Carbon, vol. 39, no. 11, pp. 1753-1761, 2001.

38



[25] M. Dopita, M. Emmel, A. Salomon, M. Rudolph, Z. Matgj, C. G. Aneziris and D. Rafaja,
"Temperature evolution of microstructure of turbostratic high melting coal-tar synthetic
pitch studied using wide-angle X-ray scattering method," Carbon, vol. 81, pp. 272-283,
2015.

[26] W. Ruland and B. Smarsly, "X-ray scattering of non-graphitic carbon: an improved method
of evaluation," Journal of Applied Crystallography, vol. 35, pp. 624-633, 2002.

[27] F. Badaczewski, M. Loeh, T. Pfaff, S. Dobrotka, D. Wallacher, D. Clemens and B. S. J.
Metz, "Peering into the structural evolution of glass-like carbons derived from phenolic
resin by combining small-angle neutron scattering with an advanced evaluation method for
wide-angle X-ray scattering,” Carbon, vol. 141, pp. 169-181, 2019.

[28] K. Faber, F. Badaczewski, W. Ruland and B. M. Smarsly, "Investigation of the
Microstructure of Disordered, Non-graphitic Carbons by an Advanced Analysis Method for
Wide-Angle X-ray Scattering,” Zeitschrift fur anorganische und allgemeine Chemie, vol.
640, no. 15, pp. 3107-3117, 2014.

[29] D. B. Schupfer, F. Badaczewski, J. Peilstocker, J. M. Guerra-Castro, H. Shim, S.
Firoozabadi, A. Beyer, K. Volz, V. Presser, C. Heiliger, B. Smarsly and P. J. Klar,
"Monitoring the thermally induced transition from sp3-hybridized into sp2-hybridized
carbons,” Carbon, vol. 172, pp. 214-277, 2021.

[30] K. Putman, M. Rowles, N. Marks, C. d. Tomas, J. Martin and |. Suarez-Martinez,
"Defining graphenic crystallites in disordered carbon: Moving beyond the platelet model,”
Carbon, vol. 209, 2023.

[31] O. Osswald and B. Smarsly, "OctCarb - A GNU Octave Script for the Analysis and
Evaluation of Wide-Angle Scattering Data of Non-Graphitic Carbons," Journal of Carbon
Research, vol. 8, no. 4, 2022.

[32] O. Paris, D. Loidl, H. Peterlik, M. Miller, H. Lichtenegger and P. Fratzl, "The internal
structure of single carbon fibers determined by simultaneous small- and wide-angle X-ray
scattering,” Journal of Applied Crystallography, vol. 33, pp. 695-699, 2000.

[33] Hexcel, "Carbon Fiber Data Sheets," 2024. [Online]. Available:
https://www.hexcel.com/Resources/DataSheets/Carbon-Fiber.

[34] Syensgo/Solvay, "Product Catalog,” [Online]. Available:
https://www.syensgo.com/en/chemical-categories/our-composite-materials-
solutions/carbon-fiber/product-catalog. [Accessed 2024].

[35] A. Deurbergue and A. Oberlin, "TEM study of some recent high modulus pan-based
carbon fibers," Carbon, vol. 30, no. 7, pp. 981-987, 1992.

39



[36] O. Paris and H. Peterlik, "The structure of carbon fibres," in Handbook of Textile Fibre
Structure, Woodhead Publishing Limited, 2009, pp. 353-377.

[37] V. Uskokovic, "A historical review of glassy carbon: Synthesis, structure, properties and
applications," Carbon Trends, vol. 100116, 2021.

[38] Toray Composite Materials, America, "Data Sheets,” [Online]. Available:
https://www.toraycma.com/resources/data-sheets/. [Accessed 2024].

[39] SGL Carbon, "SIGRAFIL® Carbon Fibers,” [Online]. Available:
https://www.sglcarbon.com/en/markets-solutions/material/sigrafil-continuous-carbon-fiber-
tows/. [Accessed 2024].

[40] Mitsubishi Chemical Carbon Fiber and Composites, "Carbon Fiber,” [Online]. Available:
https://mccfc.com/carbon-fiber/. [Accessed 2024].

[41] Nippon Graphite Fiber Corporation, "GRANOC Yarn," [Online]. Available:
https://www.ngfworld.com/en/product/yarn.html. [Accessed 2024].

[42] Formosa Materials, "Carbon Fiber," [Online]. Available:
https://www.formosam.com/en/carbon-fiber/. [Accessed 2024].

[43] Zoltek - Toray Group, "Products,” [Online]. Available: https://zoltek.com/products/.
[Accessed 2024].

[44] Teijin - Carbon Fiber Business, "Filament Yarn,” [Online]. Available:
https://www.teijincarbon.com/products/filament-yarn/. [Accessed 2024].

[45] W. Ruland, "Carbon Fibers," Advanced Materials, vol. 2, no. 11, pp. 528-536, 1990.

[46] B. Warren, "X-Ray Diffraction in Random Layer Lattices,” The Physical Review, vol. 59,
no. 9, pp. 693-698, 1941.

[47] B. Warren and P. Bodenstein, "The shape of two-dimensional carbon black reflections,”
Acta Crystallographica, vol. 20, no. 5, pp. 602-605, 1966.

[48] A. Wilson, "X-ray diffraction by random layers: ideal line profiles and determination of
structure amplitudes from observed line profiles,” Acta Crystallographica, vol. 2, no. 4, pp.
245-251, 1949.

[49] R. Diamond, "X-ray diffraction data for large aromatic molecules,” Acta
Crystallographica, vol. 10, pp. 359-364, 1957.

[50] K. Ufer, G. Roth, R. Kleeberg, H. Stanjek, R. Dohrmann and J. Bergmann, "Description of
X-ray powder pattern of turbostratically disordered layer structures with a Rietveld
compatible approach,” vol. 219, no. 9, pp. 519-527, 2004.

40



[51] R. B. Resel, P. A. M., T. Dingemans, C. Simbrunner, J. Stangl and I. Salzmann, "Multiple
scattering in grazing-incidence X-ray diffraction: impact on lattice-constant determination
in thin films," Journal of Synchrotron Radiation, vol. 23, no. 3, pp. 729-734, 2016.

[52] Z. Li, C. Lu, Z. Xia, Y. Zhou and Z. Luo, "X-ray diffraction patterns of graphite and
turbostratic carbon," Carbon, vol. 45, no. 8, pp. 1686-1695, 2007.

[53] G. Esteves, K. Ramos, C. M. Fancher and J. L. Jones., "LIPRAS: Line-Profile Analysis
Software," 2017.

[54] A. L. Stancik and E. B. Brauns, "A simple asymmetric lineshape for fitting infrared
absorption spectra,” Vibrational Spectroscopy, vol. 47, no. 1, pp. 66-69, 2008.

[55] D. J. Lim, N. A. Marks and M. R. Rowles, "Universal Scherrer equation for graphene
fragments," Carbon, vol. 162, pp. 475-480, 2020.

[56] M. S. Folomeshkin, Y. V. Pisarevsky, P. A. Prosekov, Y. A. Volkovsky, A. S. Kumskov,
Y. V. Grigoriev, E. A. Ligacheva, A. V. Targonskii, A. E. Blagov and M. V. Kovalchuk,
"X-ray Diffraction Analysis and Electron Microscopy of the Carbon Fiber Structure,”
Crystallography Reports, vol. 64, no. 1, pp. 1-5, 2019.

[57] D. Li, H. Wang and X. Wang, "Effect of microstructure on the modulus of PAN-based
carbon fibers during high temperature treatment and hot stretching graphitization,” Journal
of Materials Science, vol. 42, no. 12, pp. 4642-4649, 2007.

[58] R. Shokrani Havigh and H. Mahmoudi Chenari, "A comprehensive study on the effect of
carbonization temperature on the physical and chemical properties of carbon fibers,"
Scientific Reports, vol. 12, no. 1, 2022.

[59] P. J. Brown, A. G. Fox, E. N. Maslen, M. A. O'Keefe and B. T. M. Willis, "Intensity of
diffracted intensities," in International Tables of Crystallography, vol. C, International
Union of Crystallography, 2006, pp. 554-595.

[60] D. Yang and R. Frindt, "Powder x-ray diffraction of turbostratically stacked layer systems,"
Journal of Materials Research, vol. 11, p. 1733-1738, 1996.

[61] C. Alves, J. Pedersen and C. Oliveira, "Calculation of two-dimensional scattering patterns
for oriented systems," Journal of Applied Crystallography, vol. 50, pp. 840-850, 2017.

[62] M. Guigon, A. Oberlin and G. Desarmot, "Microtexture and Structure of Some High
Tensile Strength, PAN-Base Carbon Fibres," Fiber Science and Technology, vol. 20, no. 1,
pp. 55-72, 1984.

41



[63] D. Li, C. Lu, G. Wu, Y. Yang, Z. Feng, X. Li, F. An and B. Zhang, "Heat-induced Internal
Strain Relaxation and its Effect on the Microstructure of Polyacrylonitrile-based Carbon
Fiber," Journal of Materials Science and Technology, vol. 30, no. 10, pp. 1051-1058, 2014.

[64] J. Choi, Y. Lee, Y. Chae, S.-S. Kim, T.-H. Kim and S. Lee, "Unveiling the transformation
of liquid crystalline domains into carbon crystallites during carbonization of mesophase
pitch-derived fibers," Carbon, vol. 199, pp. 288-299, 2022.

[65] B. Warren, "The Effect of Temperature Vibration on X-ray Diffraction,” in X-RAY
DIFFRACTION, New York, Dover Publications Inc., 1990 (Original: 1969), pp. 151-201.

[66] N. G. Alexandropoulos, M. J. Cooper, P. Suorttic and B. T. M. Willis, "Correction of
systematic errors,"” in International Tables of Crystallography, vol. C, International Union
of Crystallography, 2006, pp. 653-655.

[67] M. B. Vazquez-Santos, E. Geissler, K. Laszld, J. Rouzaud, A. Martinez-Alonso and J.
Tascén, "Comparative XRD, Raman, and TEM study on graphitization of PBO-derived
carbon fibers," Journal of Physical Chemistry C, vol. 116, no. 1, pp. 257-268, 2012.

[68] A. Gao, C. Zhao, S. Luo, Y. Tong and L. Xu, "Correlation between graphite crystallite
distribution morphology and the mechanical properties of carbon fiber during heat
treatment,” Materials Letters, vol. 65, no. 23-24, pp. 3444-3446, 2011.

[69] S. Wu, A. Gao and L. Xu, "Effect of In Situ Thermal Stretching during Oxidative
Stabilization on the Orientation of Cyclized Ladder Structure and Its Carbon Fiber," Fibers
and Polymers, vol. 19, no. 6, pp. 1184-1193, 2018.

[70] F. Vautard, S. Ozcan, F. Paulauskas, J. Spruiell, H. Meyer and M. Lance, "Influence of the
carbon fiber surface microstructure on the surface chemistry generated by a thermo-
chemical surface treatment,”" Applied Surface Science, vol. 261, no. 15, pp. 473-480, 2012.

[71] S. B. Ishill, A. E. Shields, D. J. Mattei-Lopez, R. J. Kapsimalis and J. Niedziela,
"Reviewing computational studies of defect formation and behaviors in carbon fiber
structural units," Computational Materials Science, vol. 195, 2021.

[72] T. Ishikawa, F. Tanaka, K. Kurushima, A. Yasuhara, R. Sagawa, T. Fujita, R. Yonesaki, K.
Iseki, T. Nakamuro, K. Harano and E. Nakamura, "Wavy Graphene-Like Network Forming
during Pyrolysis of Polyacrylonitrile into Carbon Fiber," Journal of the American
Chemical Society, vol. 145, no. 22, pp. 12244-12254, 2023.

[73] W. Reynolds and J. Sharp, "Crystal shear limit to carbon fibre strength,” Carbon, vol. 12,
no. 2, pp. 103-110, 1974.

42



[74]J. J. Hermans, P. H. Hermans, D. Vermaas and A. Weidinger, "Quantitative evaluation of
orientation in cellulose fibres from the X-ray fibre diagram," Recueil des Travaux
Chimiques des Pays-Bas, vol. 65, no. 6, pp. 427-447, 1946.

[75] M. Pick, R. Lovell and A. H. Windle, "X-ray measurement of chain orientation in non-
crystalline polymers," Polymer, vol. 21, no. 9, pp. 1017-1024, 1980.

[76] Z. W. Wilchinsky, "Determination of orientation of the crystalline and amorphous phases
in polyethylene by X-ray diffraction,” Journal of Polymer Science Part A-2: Polymer
Physics, vol. 6, no. 1, pp. 281-288, 1968.

[77] T. Hamada, M. Furuyama, T. Tomioka and M. Endo, "Preferred orientation of high
performance carbon fibers," Journal of Materials Research, vol. 7, pp. 2612-2620, 1992.

[78] P. Toth, "Nanostructure quantification of turbostratic carbon by HRTEM image analysis:
State of the art, biases, sensitivity and best practices," Carbon, vol. 178, pp. 688-707, 2021.

[79] M. He, M. 1. Arefev, K. Joshi and L. V. Zhigilei, "Atomistic modeling of tensile
deformation and fracture of carbon fibers: Nanoscale stress redistribution, effect of local
structural characteristics and nanovoids," Carbon, vol. 202, pp. 528-546, 2023.

43



