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A B S T R A C T   

The analysis method proposed by Ruland et al. is widely used to analyze the void lengths in carbon fibers, but it 
could not apply to mesophase pitch-based carbon fibers. We thought that the reason for the inability to analyze 
pitch-based carbon fibers was the length distribution of voids that Ruland neglected. We investigated an 
analytical method that considers the length distribution of voids in carbon fibers. The proposed new method 
could be applied to various carbon fibers from polyacrylonitrile and mesophase pitch. The analysis results 
revealed that the average length of voids in mesophase pitch-based carbon fibers is not only long but also widely 
distributed. On the other hand, the voids of carbon fibers tend to be longer as the crystallite length is longer in 
both polyacrylonitrile-based and mesophase-based carbon fibers. It suggests that the growth of void length is 
strongly influenced by the growth of crystallites in the plane direction.   

1. Introduction 

Carbon fibers are light, high-strength materials with outstanding 
specific strength and elastic modulus. Because of this property, carbon 
fibers are already widely used in the aerospace industry as an energy- 
saving material. They are also attracting attention for use as a struc
tural material in other fields, such as the automotive industry. Currently, 
Most of the commercialized carbon fibers are made from poly
acrylonitrile (PAN) [1–5] or mesophase pitch (MPP) [6–10]. PAN-based 
carbon fibers have relatively high strength, while MPP-based carbon 
fibers have high elasticity and thermal conductivity because of their 
high crystallinity. Due to the differences in their properties, they are 
selectively used in areas that suit their applications. On the other hand, 
although carbon fibers have high tensile strength, their compressive 
strength is relatively low [11–16], which limits their applications. This 
feature is critical when bending deformation is applied, and the fibers 
buckle and fracture on the compressive deformation side. The 
compressive strength is mainly affected by the longitudinal length of 
voids in carbon fibers [15,17]. Thus, analysis of the voids is essential in 
developing carbon fibers. Since observation of the real image of 

nano-scale voids is difficult, small-angle x-ray scattering (SAXS) mea
surements are mainly used. Thünemann and Ruland proposed a method 
to analyze characteristics of voids such as cross-sectional area, diameter, 
and length [17]. 

Sugimoto et al. applied the Ruland method to polyacrylonitrile-based 
carbon fibers, and a clear relation between the void length and 
compressive strength was obtained [15]. On the other hand, in 
MPP-based carbon fiber, void length could not be determined by the 
Ruland method in most cases. The compressive strength of MPP-based 
carbon fibers is much lower than that of PAN-based carbon fibers at 
the same level of tensile modulus [18–20]. Therefore, it is necessary to 
identify the cause of the low compressive strength of MPP-based carbon 
fibers to expand the application area of MPP-based carbon fibers. 

In this study, an analysis method that extends the Ruland method 
was developed to be able to be applied to MPP-based carbon fibers. 
These methods were applied to various carbon fibers, and the charac
teristics of voids were compared. The scattering intensity of SAXS is 
caused by the electron density difference between matrix and disper
sants. Thus, the method can be applied not only to voids in carbon fibers 
but also to other structures / objects in materials with uniaxial 
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symmetry. For example, fibrils or substrate areas in high-strength fibers, 
component A and B in polymer alloys, and nanofiller-added polymers. 

2. Theoretical 

The azimuthal intensity I(s, ϕ) of small-angle X-ray scattering of 
carbon fibers at a specific reciprocal space vector magnitude s is 
expressed as follows [17]. 

s =
2
λ

sinθ (1)  

I(s,ϕ) = nρ2
m|ΦD|

2
(s)⋅
[
|ΦL|

2
(s ϕ)∗ϕgeq(ϕ)

]
(2)  

where λ is the X-ray wavelength, θ is the Bragg angle, n is the number of 
voids, ρm is the electron density difference between the void region and 
the matrix in which the voids are embedded, ΦD(s) is the 2D Fourier 
transform of the shape function of the cross-section, ΦL(sϕ) is the 1D 
Fourier transform of the shape function in the length, geq(ϕ) is the 
orientation distribution function of the long axes of the voids, and *ϕ 
stands for convolution in ϕ [17]. 

If s is fixed in Eq. (2), it can be transformed as a function of ϕ as 
follows. 

Is(ϕ) = Cs⋅
[
|ΦL|

2
(s ϕ)∗ϕgeq(ϕ)

]
(3) 

If |ΦL|2(sϕ) and geq(ϕ) follow Gaussian functions, respectively, the 
relation in Eq. (4) holds. 
(
Δϕfiber

)2
= (ΔϕL)

2
+
(
Δϕg

)2 (4)  

where Δϕfiber is the full width at half maximum when fitting Is(ϕ) with a 
Gaussian function, and ΔϕL and Δϕg are the full width at half maximum 
of |ΦL|2(sϕ) and geq(ϕ), assuming they follow Gaussian functions. Also, 
|ΦL|2(sϕ) and geq(ϕ) are expressed as in Eqs. (5) and (6). 

|ΦL|
2
(s ϕL) = cvoidexp

[
− πL3

2s2ϕL
2] (5)  

geq
(
ϕg
)
= corientexp

[

−
4ln2
(
Δϕg

)2ϕg
2

]

(6)  

where cvoid and corinent are constants and L3 is the longitudinal length of 
the void. 

From the relations in Eqs. (4), (5), and (6), the model proposed by 
Ruland et al. approximates the azimuthal scattering intensity at a certain 
scattering angle 2θ in a single void as a Gaussian function and assumes 
that the orientation distribution function at the tilt from the fiber axis 
when the void is projected onto the detector is a Gaussian function, so 
the following equation holds [15,17]. 

B2⋅s2 =
1

L3
2 + Bo

2⋅s2 (7) 

L3 is the longitudinal length of the void, and B is the integral width 

when fitting the azimuthal scattering intensity with a Gaussian function. 
From Eq. (7), by measuring the integral width B of the scattering in
tensity in each azimuthal direction at various scattering angles, a plot of 
(B2s2) vs. s2 can be obtained, and the void length L3 can be derived from 
the square of the intercept. The advantage of the Ruland method is that 
information on various scattering angles is included to obtain L3, making 
it an accurate and reproducible analysis method. On the other hand, 
there are some cases described later, in which the intercept became a 
negative value, and it was impossible to calculate the length of the voids, 
even when fitting in any s2 region. This is especially a problem that 
frequently occurs with MPP-based carbon fibers. 

The Ruland method was considered to be the constant void length. 
We modified the Ruland model under two assumptions. The first 
assumption is that the void shape is not constant and follows a distri
bution function, P(t). The distribution function is defined as the ratio of 
the product of the number and volume squared of the void of a certain 
shape. The other assumption is that the orientation depends on the void 
length, longer voids have higher orientation. The equations for the 
model with these assumptions were derived as follows. 

First, when the void length exists only at t, the azimuthal profile of 
the scattering intensity at the scattering angle so is given by Eq. (8). 

I(so,ϕ, t) = C(t)⋅
[
|ΦL|

2
(soϕ, t)∗ϕgeq(ϕ)

]

= cvoid corient C(t)exp

[

−
4ln2

(
ΔϕL,t

)2
+
(
Δϕg

)2ϕ2

]

= D(t)exp

⎡

⎢
⎢
⎣ −

4ln2
4ln2

πt2so
2 + (f (t))2

ϕ2

⎤

⎥
⎥
⎦

= D(t)⋅Io(so,ϕ, t)

(8)  

where C and D (= cvoid corinent C) are variables with respect to t and 
constants with respect to ϕ. ΔϕL,t is full width at half maximum of 
|ΦL|2(sϕ, t), which is |ΦL|2(sϕ) when the void length L3 is t. f(t) is ob
tained from the second assumption, a dependence function of void 
length and orientation. From the first assumption, the true scattering 
intensity in this model is derived as follows 

Itrue(so,ϕ) =

∫

Io(so,ϕ, t)⋅P(t − to)dt

= Io(so,ϕ, to)∗to P(to)

(9)  

P(t) = D(t)/Do (10) 

Assuming that P(t) follows a Gaussian distribution with respect to t, 
where to is the peak center (the average of the void lengths), Eqs. (11) 
and (12) are derived when f(t) =

̅̅̅
β

√
π / t. The validity of f(t) in such a 

function of t is demonstrated in Supplementary. 

Ifiber(s ϕ) = cfiberexp

(

−
4ln2⋅to

2

α + (Δt)2ϕ2ϕ2

)

(11)  

α =
4ln2
πs2 + βπ2 (12) 

Ifiber(sϕfiber) is the scattering intensity at a certain scattering angle in 
the SAXS image of a carbon fiber, ϕ is the scattering angle from the 
equatorial direction on the SAXS images, to is the mean length of voids in 
the longitudinal direction, Δt is the full width at half maximum of P(t), 
cfiber and β are coefficients. 

In this paper, the mean and distribution width of the void length in 
carbon fibers are analyzed by using Eqs. (11) and (12). It should be 
noted that, unlike the Ruland method, this analysis method uses only the 
scattering intensity at a certain s. When using this method, it is necessary 
to analyze the data at various scattering angles and to look at the 
average value of the data to see if there are any other factors, such as 

Table 1 
Thickness Lc, length La, orientation fc, interlayer spacing d002, and (10) reflection 
plane spacing d10 of the crystallites were identified by WAXD measurements.   

Lc [nm] d002 [nm] fc [] La [nm] d10 [nm] 

PAN-1 1.73 0.343 0.78 2.670 0.650 
PAN-2 4.77 0.338 0.91 8.98 0.659 
PAN-3 5.88 0.338 0.93 10.7 0.659 
MPP-1 6.76 0.338 0.91 7.25 0.658 
MPP-2 8.94 0.335 0.96 13.1 0.658 
MPP-3 10.4 0.339 0.95 14.3 0.658 
MPP-4 7.46 0.337 0.91 7.59 0.659 
MPP-5 9.30 0.339 0.94 9.33 0.660 
MPP-6 10.2 0.337 0.95 12.3 0.662  
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parasitic scattering, that could disturb the data. 

3. Experiment 

3.1. Materials 

Six MPP-based carbon fibers and three PAN-based carbon fibers were 
used for comparison. The thickness, length, and orientation of the 
crystallites were identified by wide-angle X-ray diffraction (WAXD) 
measurements [21,22]. These values are summarized in Table 1. 

The specimens of SAXS measurement were prepared from a bundle of 
carbon fibers. In preparing the specimens, the sizing material on carbon 
fibers was removed by ultrasonic treatment with acetone. 

3.2. Methods 

The X-ray source for WAXD and SAXS measurements was Cu K-α 
(wavelength: 0.1542 nm). 

In Table 1, the thickness of the crystallites Lc was derived from the 
peak position and the half-width at half maximum in the low angle side 
of (002) by the method proposed by Shioya and Takaku. [21,22]. fc was 
derived from the full width at half maximum in the azimuthal direction 
at the peak position of (002). The length of carbon crystallites along the 
fiber axis La was measured using the peak position and half-width at low 
angle side of (10) in the fiber axial direction with tilting the fiber at an 
angle of θ [degree] (21◦) to the incident X-ray beam [21,22]. 

In the SAXS analysis, s2-B2s2 plots were conducted using the fitting 

Fig. 1. 2D SAXS images of carbon fibers and the plots used in the Ruland method. The red line in the graph is the result of linear regression. ((a) PAN-1, (b) PAN-2, 
(c) PAN-3, (d) MPP-1, (e) MPP-2, (f) MPP-3, (g) MPP-4, (h) MPP-5, and (i) MPP-6). 
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method with Gaussian functions in the method proposed by Ruland et al. 
Next, a comparison was conducted between the fitting results at each 
scattering angle using the new analysis method (Eqs. (11) and (12)) and 
the fitting results in the Gaussian function used in the Ruland method. 
Finally, the values obtained by the new analysis method for each carbon 
fiber were compared. 

4. Result and discussion 

4.1. Ruland method 

The SAXS images of carbon fibers are shown in Fig. 1. The s2-B2s2 

plots are shown to the right of the SAXS images. 
The longitudinal length of the voids L3 and the orientation of the 

voids fv obtained by Ruland method were as shown in Table 2. The 
orientation of the voids was calculated from the slope in Fig. 1 [15]. The 
length of the voids L3 was calculated from the intercept in Fig. 1. An 
analytical result for L3 could not be obtained in some carbon fibers 
because its intercept was negative. 

4.2. Method considering length distribution of voids 

According to the Ruland method, the azimuthal profile of scattering 
intensity is Gaussian. Fig. 2 shows the azimuthal profiles at a scattering 
angle of 2θ (CuKα) = 1.0 [degrees] (s = 0.113 [nm− 1]) as an example. 
The blue line is the value fitted by the Gaussian function. It was clarified 
that many carbon fibers, especially mesophase MPP-based carbon fibers, 
could not be analyzed properly using Gaussian function. 

Fig. 2 shows that some peaks are close to Gaussian function while 
others are more Lorentzian function. The difference in the tail of these 
peaks is related to the void length distribution proposed in this paper. 
Fig. 3 shows the characteristics of the function (Eq. (11)) when the mean 
void length t and the full width at half maximum of the void length 
distribution Δt are varied for s = 0.2 [nm− 1]. In this paper, β = (5.03)2 

was used for Eq. (11). This value β is based on the relation between the 
void length and orientation of carbon fibers obtained from Ruland 
method. The details are described in the Supplementary Information. It 
is necessary to determine appropriate β value when applying Eq. (11) to 
other materials (e.g., organic polymer fibers and nanofiller-added 
materials). 

Fig. 3(a) compares the peaks when Δt is varied and to is fixed. When 
the void length distribution is wider, the tail of the peak is larger. Fig. 3 
(b) compares the peaks when Δt is fixed and to is varied. The peak be
comes sharper when the mean value of the void length increases. Fig. 4 
shows the results of fitting the azimuthal profiles of each carbon fiber by 
using Eq. (11) with the abovementioned characteristics. The results 
show that good fitting was obtained for all the carbon fibers. 

The analysis described above resulted in the mean and full width at 
half maximum of the void length at specific scattering angle s. Fig. 5 
shows the analysis results at the scattering angle range of 1–2.5 [de
gree], which is the range where the signal is not significantly affected by 
noise and is not affected by total reflection, which is a parasitic scat
tering. The values changed with the scattering angle in some carbon 
fibers, but variation was not so large. Thus, average value among scat
tering angle 1 – 2.5 [degree] was used as the representative values for 

Table 2 
Results analyzed by the Ruland method. L3 is the longitudinal length of the 
void, and fv is the orientation degree of the void.   

L3 [nm] fv 

PAN-1 16.34 0.71 
PAN-2 29.69 0.86 
PAN-3 41.74 0.91 
MPP-1 – 0.79 
MPP-2 58.52 0.91 
MPP-3 51.46 0.88 
MPP-4 – 0.77 
MPP-5 – 0.81 
MPP-6 – 0.86  

Fig. 2. Scattering profiles in the azimuthal direction in SAXS. The blue line is the result of fitting with a Gaussian function. ((a)PAN-1, (b)PAN-2, (c)PAN-3, (d)MPP- 
1, (e)MPP-2, (f)MPP-3, (g)MPP-4, (h)MPP-5, and (i)MPP-6). 
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Fig. 3. Features of the analytical function (Eq. (11)) derived in this study. Peaks (a) for different length distributions of voids and (b) for different average lengths 
of voids. 

Fig. 4. Results of fitting the data in Fig. 2 with an analytical function. The red line is the result of fitting with the new function (Eq. (11)), and the blue line is the 
result of fitting with the Gaussian function. ((a)PAN-1, (b)PAN-2, (c)PAN-3, (d)MPP-1, (e)MPP-2, (f)MPP-3, (g)MPP-4, (h)MPP-5, and (i)MPP-6). 
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each carbon fiber in this study. Fig. 6 shows the distribution P related to 
the void lengths inside carbon fibers using the average of the respective 
values in Fig. 5. 

As shown in Fig. 6, the longer the average length of voids, the wider 
the void length distribution. Also, carbon fibers with larger crystallite 
lengths showed a tendency for the average length of voids to be larger. 
Furthermore, it was found that there are small voids as well as large 
voids in carbon fibers with large crystallite size such as MPP-2, 3, 5, and 
6. This result suggests that not all of the voids are growing larger, but 
some of them are growing, or small voids are growing slightly and 
connecting with other voids when crystallizing during the higher- 
temperature sintering process. MPP based carbon fiber has slightly 
broader distribution of void lengths than PAN carbon fiber which has 

similar mean void length. This is particularly obvious when comparing 
PAN-2 and MPP-5, which have similar mean values of void lengths. It 
can be seen that MPP-5 has a slightly smaller mean value than PAN-2. 
However, both have voids nearly 75 nm in length due to the larger 
distribution width of MPP-5 than PAN-2. 

Fig. 7 shows the relationship between crystallite size and void length. 
Error bars are the full width at half maximum of P(t). As shown in Fig. 7 
(b), the voids are longer when the crystallite lengths are longer in both of 
PAN and MPP based carbon fibers. On the other hand, the relationship 
between crystallite thickness and void length tends to differ depending 
on the precursor. It suggests that the growth of void length is strongly 
influenced by the growth of crystallites in the plane direction. 

5. Conclusion 

We proposed a new analysis method to analyze various carbon fibers, 
including MPP-based carbon fibers, by extending the Ruland method. 
The new analytical method revealed the following.  

1. The azimuthal profile can be represented better by considering the 
length distribution of the voids.  

2. In carbon fibers, the longer the average length of voids, the wider the 
void length distribution.  

3. MPP-based carbon fibers have voids with wider length distribution. 

Fig. 5. (a) Mean and (b) full width at half-maximum of the distribution P(t) in the longitudinal length of the voids.  

Fig. 6. Distribution function of voids in carbon fibers.  

Fig. 7. Relationship between the crystallite size ((a) the thickness and (b) the length) and length of voids along the long axis.  
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4. Regardless of the precursor, the voids of carbon fibers tend to be 
longer as the crystallite length is longer. 
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