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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 
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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 μm 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 sp2 and 

sp3 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 
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– 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 Lc (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 θhkl is the Bragg angle and βhkl 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 (dhkl) [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 (Khkl) can also vary with 

crystallite size and shape, further complicating the use of the Scherrer equation [16] [17] [18]. 
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𝐿 =

𝐾ℎ𝑘𝑙𝜆

𝛽ℎ𝑘𝑙 𝑐𝑜𝑠 𝜃ℎ𝑘𝑙
 

(1) 

 𝑛𝜆 = 2𝑑ℎ𝑘𝑙 𝑠𝑖𝑛 𝜃ℎ𝑘𝑙 (2) 

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 (rij) [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]. 

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 Lc, polydispersity of the basal planes, interlayer 

spacing deviation, and preferred orientation.  

 

𝐼𝑒𝑢 = 𝑓2 ∑ ∑
𝑠𝑖𝑛 2𝜋𝑠𝑟𝑖𝑗

2𝜋𝑠𝑟𝑖𝑗

𝑁

𝑗

𝑁

𝑖

 
(3) 
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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 
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Diameter (um)* 7.0 7.1 5.2 4.4 

Density (g/cm3)* 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]. 

 

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 
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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° 2θ) 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 (Icorr) was determined from the experimentally collected intensity (Iexp) 

through Equation (4), where ⊗ denotes convolution with hstd, the instrumental broadening 

function. P is the polarization correction, A is the absorption correction, k is the scale factor, and 

Ibkg 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 ⊗ ℎ𝑠𝑡𝑑)𝑃𝐴𝑘 + 𝐼𝑏𝑘𝑔 (4) 

Data corrections and analysis were done with respect to the scattering angle, 2θ, but many parts of 

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

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-Kα radiation) of turbostratic carbon, 1-5 peaks 

are visible, depending on the crystal structure and 2θ 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 
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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]. 

 

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 (00l) 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 
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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 (La), a stacking height 

(Lc), a carbon-carbon bond distance (lcc), and an interlayer spacing (d002). 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. 

 

Figure 3. (a) Cylindrically shaped crystallite with the basal plane width (La⊥) perpendicular to the fiber axis. (b) 

Cylindrically shaped crystallite with the basal plane width (La∥) 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]. La∥, La⊥, and La were estimated using the (10) peaks in the meridional, equatorial, and 

chopped fiber patterns, respectively. Lc⊥ and Lc 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 d002 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 7th 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 IM10 

La∥ (nm) 2.74 2.82 2.82 3.00 

La⊥ (nm) 2.10 2.12 2.12 2.34 

La (nm) 2.62 2.65 2.74 2.99 

Lc⊥ (nm) 0.80 0.90 0.91 1.10 

Lc (nm) 0.86 0.94 1.00 1.16 

lcc (nm) 0.14 0.14 0.14 0.14 

d002 (nm) 0.36 0.36 0.36 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, K10 is usually set 

to 1.84, and K002 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 Lhkl<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)). K10 was considered a function of La, and K002 was considered 

a function of Lc. In this work, Lc (for K10) and La (for K002) 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 Khkl as a function of crystallite size. The values of K10 and K002 

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 K002 was found to asymptote to 0.98. Both shape parameter 

asymptotes are close to the values of K10 and K002 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. 

 
𝐾ℎ𝑘𝑙 = 𝑑 +

𝑎 − 𝑑

1 + (𝐿ℎ𝑘𝑙 𝑐)⁄ 𝑏 
(5) 

We also note that differing definitions of La exist in literature, depending on the basal plane shape 

(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 La⊥ refer to basal plane widths of separate crystallites, and not to 

asymmetric basal plane dimensions (e.g. a rectangle). La∥ is the weighted average basal plane width 

of crystallites oriented approximately parallel to the fiber axis and La⊥ 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 La⊥ 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 La⊥ 

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 La and Lc, with 

increasing tensile modulus and tensile strength of the CFs. In all samples, La is also larger than Lc. 

La∥ is also larger than La⊥ (<35% difference), which shows that the basal planes that lie parallel 

to the fiber axis have a larger La 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 La∥ and La⊥, indicating 

that preferred orientation was successfully removed during the preparation of the chopped fiber 

samples.  

For the stacking height, Lc⊥ is slightly larger than Lc estimated from the chopped fiber patterns 

(<18% difference). This means that there is a distribution of d002 values and/or Lc values in the 

crystallites, each of which have varying orientation with the fiber axis. Since Lc estimated from 

the chopped fiber patterns is smaller than Lc⊥ estimated from the equatorial pattern, it is reasonable 

to conclude that the crystallites with a smaller Lc have increased misorientation with the fiber axis. 

Although Lc∥, 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 Lc. 

The changes in lcc and d002 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 d002 did not change within detectable limits 
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between samples, which indicates that the CFs were most likely produced at very similar heat-

treatment temperatures. The decrease in d002 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 (rij) 

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 f2 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 (d002), 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, Nlayer is the number of atoms 

in one layer and M is the total number of layers in the structure (N=MNlayer). The integral in the 

term Iinter results in calculations that are significantly faster than those performed using the Debye 

scattering equation (Equation (8)). 

 𝐼𝑒𝑢 = 𝑓2𝑁(𝐼𝑖𝑛𝑡𝑟𝑎 + 𝐼𝑖𝑛𝑡𝑒𝑟) (6) 

 

𝐼𝑖𝑛𝑡𝑟𝑎 =
1

𝑁𝑙𝑎𝑦𝑒𝑟
∑ ∑

𝑠𝑖𝑛 2𝜋𝑠𝑟𝑖𝑗

2𝜋𝑠𝑟𝑖𝑗

𝑁𝑙𝑎𝑦𝑒𝑟

𝑗

𝑁𝑙𝑎𝑦𝑒𝑟

𝑖

 

(7) 

 

𝐼𝑖𝑛𝑡𝑒𝑟 = ∑ (1 −
𝑝

𝑀
) 𝑖(𝑝)

𝑀−1

𝑝

 

(8) 

The term Iinter 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]. 

 
𝑖(𝑝) =

16𝑁𝑙𝑎𝑦𝑒𝑟

𝜋2𝐿𝑎
2𝑠

∫ [𝑐𝑜𝑠−1 𝑢 − 𝑢√1 − 𝑢2] 𝑠𝑖𝑛 2𝜋𝑠𝑟
𝑟𝑚

𝑝𝑑002

𝑑𝑟 
(9) 
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𝑟𝑚 = √𝐿𝑎

2 + (𝑝𝑑002)2;  𝑢 =
√𝑟2 − (𝑝𝑑002)2

𝐿𝑎
 

(10) 

 

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 

Iinter 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.  

 

𝐼𝑖𝑛𝑡𝑒𝑟 =
𝐷

𝑀𝜋𝑠2
∑ (𝑀 − 𝑝) 𝑐𝑜𝑠 2𝜋𝑠𝑝𝑑002

𝑀−1

𝑝

 

(11) 

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 lcc=0.142 nm and d002=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 (00l) peaks. This error between the YF approximation and Debye 

scattering equation decreases with increasing crystallite size and decreases with increasing 2θ. 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 



18 

 

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, Lc, lcc, d002 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 Lc) 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 2θ. 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 dwa and the interlayer Debye-Waller factor is given by dwc (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 f2), a thermal diffuse background term (dwtds) 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., dwtds was found to fall 

much closer to dwa than to dwc during fitting [25]. 

 𝑑𝑤𝑎 = 𝑒𝑥𝑝(−4𝜋2𝑢𝑎
2𝑠2) ;  𝑑𝑤𝑐 = 𝑒𝑥𝑝(−4𝜋2𝑢𝑐

2𝑠2) ;  𝑑𝑤𝑡𝑑𝑠 = 𝑒𝑥𝑝(−4𝜋2𝑢𝑡𝑑𝑠
2 𝑠2) 

where 𝑢𝑎 < 𝑢𝑇𝐷𝑆 < 𝑢𝑐 

(12) 

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]. 

 
𝐼𝑐𝑜ℎ =

𝐼𝑒𝑢

𝑁
= 𝑓2(𝑑𝑤𝑎 ∙ 𝐼𝑖𝑛𝑡𝑟𝑎 + 𝑑𝑤𝑐 ∙ 𝐼𝑖𝑛𝑡𝑒𝑟 + 1 − 𝑑𝑤𝑡𝑑𝑠) 

(13) 

In addition to coherent scattering, incoherent scattering (Iinc) 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). 

 𝐼𝑠𝑖𝑚 = 𝐼𝑐𝑜ℎ + 𝐼𝑖𝑛𝑐  (14) 

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, Lc, lcc, and d002 were varied to predetermined ranges to simulate the crystallite patterns. 

The total calculated intensity was calculated from Equation (15), where K(i) is the scale factor for 

the ith crystallite. 

 𝐼𝑐𝑎𝑙𝑐 = ∑ 𝐾(𝑖)𝐼𝑠𝑖𝑚(𝑖)

𝑖

 
(15) 

 

Rp, the unweighted R-factor for the fit, was calculated from 15-95° 2θ as shown in Equation (16). 

A weighted version of Rp was minimized during the fitting to determine values of K(i), with 

emphasis on the (10) and (004) peaks. The parameters varied during the fitting were ua, uc, utds, the 

lognormal means of La and Lc, and the lognormal variances of La and Lc. 

 
𝑅𝑝 = √∑(𝐼𝑐𝑜𝑟𝑟 − 𝐼𝑐𝑎𝑙𝑐)2

𝑠

∑(𝐼𝑐𝑜𝑟𝑟)2

𝑠

⁄
2

 

(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 La and Lc 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° 2θ 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 2θ>15° [24] [25]. 

Within 15-95° 2θ, 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 (La and Lc) in the 

samples. During this process, the scale factor for each simulated crystallite (K(i)) 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 La and Lc, 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 La and Lc. 

Although the lognormal distribution is a continuous distribution, there are physical restrictions on 

the values that La and Lc 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 Lc, the number of stacked layers must be an integer. Since La 

and Lc 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 Lc 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 Lc size, La and Lc variance, lcc, d002, 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 

Lc mean (nm) 0.87 0.94 0.98 1.09 

La variance (nm2) 2.14 2.19 2.54 3.44 

Lc variance (nm2) 0.49 0.70 0.74 0.80 

lcc (nm) 0.14 0.14 0.14 0.14 

d002 (nm) 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 Lc 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 
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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 La and 

Lc 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 Lc 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. 
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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. La distributions 

As mentioned above, the likenesses in the distributions of La 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 La and the tensile properties of the CFs. As tensile strength and tensile modulus 

increases, the mean of La 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 La was found to range from 2.48 nm (T300) to 3.11 nm (IM10) 

(Debye analysis). For comparison, our value of La 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 La 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 La 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 La 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 La is strongly correlated with heat-treatment temperature, and 

less dependent on precursor composition. 

4.3.2. Lc distributions 

The distributions of Lc for all four CFs have a much heavier right skew than the distributions of 

La. All four Lc 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 d002 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 Lc increases, 

so does the variance of Lc. 

For all four CFs, the mean of Lc was found to range from 0.87 nm (T300) to 1.09 nm (IM10) 

(Debye analysis). Previous work found that Lc for IM10 CFs was 2 nm (Scherrer method) [70]. 

Like the trend for La, our mean value for Lc is approximately half of that value. Our Scherrer 

method analysis yielded a Lc 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 Lc 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 Lc found in this work [56]. Some of the differences in Lc here could also arise 

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

The strong right skew of the Lc 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 Lc 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 Lc, 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 d002. 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 Lc, lcc and d002 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 d002 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 d002. In PAN-based CF, d002 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 d002 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 d002 based on the (002) peak position, the WB method accounts for the effect of 

crystallite size (La and Lc) as well. Nevertheless, the changes in d002 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 Lc, 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 Lc. 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 K002=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 Lc, 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 La 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 La 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 La 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. 

 

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 (fh) to quantify the orientation of the (002) plane 

in the CFs (Equation (17)) [74]. The value of fh 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), φ is the azimuthal angle and I(φ) is the intensity at a particular 

azimuthal angle. 

 
𝑓ℎ =

3〈𝑐𝑜𝑠2𝜑〉 − 1

2
 

(17) 

 

 

〈𝑐𝑜𝑠2𝜑〉 =
∫ 𝐼(𝜑)𝑐𝑜𝑠2𝜑𝑠𝑖𝑛𝜑𝑑𝜑

𝜋 2⁄

0

∫ 𝐼(𝜑)𝑠𝑖𝑛𝜑𝑑𝜑
𝜋 2⁄

0

 

(18) 

 

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 2θ 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° 2θ. For the CFs studied 

here, the overall intensity of the curves decreases, and the curve shape flattens out as 2θ decreases 

on the low-angle side of the (002) peak, resulting in a lower value of fh. 

 

Figure 10. (a) Azimuthal curves obtained at varying 2θ 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 Lc changes the (002) peak (simulated with the 

WB approximation). As seen in the figure, decreasing the size of La 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 La. However, the size of Lc has a much stronger 

effect on the (002) peak. Decreasing the size of Lc decreases the (002) peak intensity, broadens the 

peak, and shifts it to the left. 
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Figure 11. Patterns simulated with varying La and Lc sizes from the WB approximation, with a focus on the (002) 

peak. In (a), La was varied while Lc was kept constant at 2.348 nm. In (b), Lc was varied while La was kept constant 

at 1.562 nm. All crystallites were simulated with lcc=0.142 nm and d002=0.33543 nm. 

Returning to the azimuthal scans, we can conclude that evaluating the azimuthal intensity 

distributions at 2θ values on the low-angle side of the (002) peak yields information about the 

orientation of crystallites with smaller Lc. 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 2θ angles. The 

crystallite orientation decreases moving down the left-hand side of the (002) peak, indicating that 

crystallites with smaller values of Lc are less oriented with the axis of the fiber. As seen in Figure 

12, the change in orientation factor with 2θ is roughly the same between all four CFs. However, 

the maximum orientation factors (~22-25° 2θ) 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. 

 

Figure 12. Hermann’s orientation parameter versus 2θ 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. 

 

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 Lc are less 

aligned with the axis of the fiber. Hamada et al. found a similar relationship between Lc 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, Lc, lcc, and d002) 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 Lc (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 La and Lc 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: 

i) 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 La∥ and La⊥. 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 Lc⊥ and 

Lc). This indicates that (1) there is a distribution of crystallite sizes present in the CFs 

and (2) crystallites with smaller Lc and La are less oriented with the fiber axis. 

ii) 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 (La) 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 (d002) 

was approximately for all four CFs, providing evidence that they were manufactured 

at similar heat-treatment temperatures. 

iii) When comparing the Scherrer analysis to Debye analysis on the chopped fiber patterns, 

we found that appropriate selection of the shape parameter (Khkl) is critical to obtaining 

accurate crystallite sizes from the Scherrer equation. Relatively accurate values of the 
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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 La and <7% difference for Lc). We also found that 

the crystallite sizes (La and Lc) 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 Lc 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 Lc, and orientational analysis of the 

experimentally obtained patterns showed that these crystallites with smaller Lc 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. 
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