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Abstract: The tensile properties of polyacrylonitrile (PAN)-based and pitch-based single carbon fibers
were assessed using Raman scattering. Parameters and ratios related to Raman scattering and stress
measurement for the G- and D-bands were analyzed. These include the peak values of Raman shifts
(Rg, Rp), full width at half maximum (FWHMg, FWHM)p), peak value slopes (1 Ag |, | Ap 1), peak
value intercepts (Bg, Bp), the intensity ratio (Ip/I;), the peak value ratio (Rp/Rg), the full width at
half maximum ratio (FWHMp /FWHM(), the slope ratio (Ap/Ag), and the intercept ratio (Bp/Bg).
These parameters and ratios were determined by analyzing the PAN-based and pitch-based carbon
fibers and were correlated to the tensile modulus (E), interlayer spacing (doo), lattice spacing (dy),
and crystalline size (L. and L,). In addition, a linear relationship was identified between the Raman
scattering, stress measurement parameters, ratios and E, dggp, d19, as well as between the Raman
scattering, stress measurement parameters, ratios and L, and L¢ on the log-log scale.

Keywords: carbon fiber; Raman scattering; Raman stress measurement; tensile test

1. Introduction

Polyacrylonitrile (PAN)-based and pitch-based carbon fibers are commonly utilized as
reinforcements in composite materials due to their high specific strengths and moduli [1,2].
Presently, numerous PAN-based and pitch-based carbon fibers are available on the com-
mercial market. Naito et al. characterized the tensile strength [3,4], fracture toughness [5],
and transverse compressive properties [6] of PAN-based and pitch-based single carbon
fibers. Several studies have investigated the nanostructure of carbon fibers using various
techniques, such as X-ray diffraction [7-11], transmission electron microscopy [12-14], and
Raman spectroscopy [15-19].

In contrast to crystallites, our understanding of the disordered part within carbon fibers
remains limited, which is likely due to the absence of suitable analytical techniques [20].
Recently, Raman spectroscopy has been extensively applied to a wide range of carbon mate-
rials, and has proven to be an effective tool for characterizing their nanostructures. Raman
spectra, which pertain to vibration modes at the molecular level, provide insights into the
microstructure and crystalline ordering of carbon fibers [21,22]. Early studies on carbon
materials demonstrated that a Raman band at approximately 1600 cm ™!, corresponding to
the graphite mode (G-band), can be correlated to the doubly degenerate in-plane Raman-
active vibrational mode in graphite. Another band was observed in polycrystalline graphite
at approximately 1300 cm ™!, corresponding to the defect-induced Raman band known
as the defect mode (D-band), which can be attributed to the breathing mode within the
boundaries of the graphite crystals [23,24]. It was hypothesized that the appearance of
breathing mode symmetry was the result of a breakdown in translational symmetry caused
by the presence of microcrystalline structure on the surface of the fibers [17]. Therefore, the
appearance of the D-band signifies a disordered structure, with the ratio of the intensities
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of the two bands, Ip/Ig, being extensively utilized to quantify the degree of structural
disorder. Melanitis et al. [15] utilized Raman spectroscopy to determine the relationship
between the structural and morphological characteristics of carbon fibers and their tensile
moduli. Their findings indicated that an increase in the tensile modulus resulted in a more
pronounced Raman signal and a reduction in the Ip /I ratio. Hao et al. [16] demonstrated
that the tensile moduli of carbon fibers exhibited an upward trend with an increase in the
heat treatment temperature. The Ip/I; value decreased with increasing heat treatment
temperature. However, the Ip/I; value remained nearly constant, indicating that the bond
defects and degree of covalent cross-linking between the graphene planes remained nearly
constant at constant temperatures and stress levels. Qian et al. [17] discussed the correlation
between the tensile strength and moduli of PAN-based carbon fibers and Raman measure-
ments. An increase in the Ip /I ratio could lead to an increase in the tensile strength and
moduli of the carbon fibers, although the trends depended on the type of impurities and
precursors. Raman scattering is one of the effective methods for assessing the differences in
the moduli and strength of various commercially available PAN-based and pitch-based
carbon fibers.

The experimental results indicated that these bands are extremely sensitive to strain
effects and can be used to investigate structural modifications in carbon materials [25-28].
Huang and Young [25] demonstrated that the rates of Raman band shift per unit strain for
both PAN-based and pitch-based carbon fibers exhibited a linear increase with the tensile
modulus of the fibers. Galiotis and Batchelder [26] demonstrated the strain dependencies
of the Raman spectra of high-modulus carbon fibers. The shifts in the Raman band are
significantly influenced by the deformation modes, which shift upward under compression
and downward under tension. Moreover, Raman scattering during tensile testing effectively
evaluates the differences in tensile properties between several commercially available PAN-
based and pitch-based carbon fibers.

The aforementioned observations demonstrate that Raman spectroscopy possesses
the capacity to quantify strain in commercially available carbon fibers. These measure-
ments have the potential to serve as a non-destructive evaluation tool in the inspection
and reliability assessment of carbon fiber composites [29]. Although numerous papers
have been published on the Raman spectra of carbon fibers, studies focusing on the re-
lationship between the Raman measurements and the structure of carbon fibers and the
relationship between the Raman measurements and the mechanical properties of carbon
fibers, separately, are limited. Comprehensive studies focusing on the relationship be-
tween the mechanical properties, Raman measurements, and structure of carbon fibers
remain limited.

In this study, Raman scattering was used for tensile testing of commercially available
high-strength PAN-based, high-modulus PAN-based, high-modulus pitch-based, and
high-ductility pitch-based single carbon fibers. Raman scattering during tensile testing is
believed to be correlated with the structure of carbon fibers. In addition, the structures of the
carbon fibers were examined using X-ray diffraction. The relationships between the tensile
properties, Raman measurements, and structural parameters, including the interlayer
spacing (dooy), lattice spacing (d1p), crystalline size (L) (crystallite size perpendicular to
the graphitic sheet or crystalline height), and crystalline size (L,) (crystallite size along the
graphitic sheet perpendicular and parallel to the fiber axis or the crystalline width) of the
carbon fibers were discussed. The novelty and advantage of this study lie in our ability to
elucidate the intricate relationships between the various Raman scattering parameters with
and without tensile loads and the structural parameters in a comprehensive manner.

2. Materials and Methods
2.1. Materials

The carbon fibers used in this study were high-strength PAN-based (T1000GB and
T700SC), high-modulus PAN-based (M60]B), high-modulus pitch-based (K13D), and high-
ductility pitch-based (XN-05) carbon fibers. Moreover, high-strength PAN-based (T300,
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T800SC, T800HB, IMS60, and TR50S), high-modulus PAN-based (M40B and UM55), and
high-modulus pitch-based (K135, K13C, XN-60, and XN-90) carbon fibers were tested for
comparison. The T1000GB, T700SC, M60JB, T300, T800SC, TS00HB, and M40B PAN-based
carbon fibers were obtained from Toray Industries, Inc., Tokyo, Japan. The IMS60 and
UMS55 PAN-based carbon fibers were supplied by Teijin Limited, Tokyo, Japan. The
TR50S PAN-based, K13D, K135, and K13C pitch-based carbon fibers were obtained from
Mitsubishi Chemical Corp., Tokyo, Japan. The XN-05, XN-60, and XN-90 pitch-based
carbon fibers were obtained from Nippon Graphite Fiber Corp., Hyogo, Japan. All fibers
underwent commercial surface treatments and sizing, with the specific aim of ensuring
compatibility with epoxy. The physical and tensile properties of PAN-based and pitch-based
carbon fibers are listed in Table 1 and Table S1 in the Supporting Information [4-6].

Table 1. Physical, structural, tensile, and Raman properties of high-strength PAN-based (T1000GB and
T700SC), high-modulus PAN-based (M60]JB), high-modulus pitch-based (K13D), and high-ductility
pitch-based (XN-05) carbon fibers.

High-Strength High-Modulus High-Modulus High-Ductility

PAN-Based PAN-Based Pitch-Based Pitch-Based
T1000GB T700SC M60JB K13D XN-05
: %1
Density * 1.80 1.80 1.93 2.20 1.65
pr (g/cm?)
Tensile modulus *!
E (GPa) 294 230 588 935 54
Tensile strength 7.71%2 5.60 4.60 %2 4.00 %2 1.34 2
of (GPa) (0.88) (0.67) (0.56) (0.82) 0.17)
Diameter 5.03 6.97 5.13 11.72 9.64
dy (um) (0.23) (0.52) (0.37) (0.36) (0.45)
Interlayer spacing 0.350 *3 0.348 *3 0.343 *3 0.338 %3 0.352 %3
dooz (nm)
Lattice spacing 0.210 0.209 0.213 0.214 0.208
dip (nm)
Crystallite size 2014 *3 2,033 *3 7.236 %3 19.159 *3 1.838 %3
L¢ (nm)
Crystalline size
5331 4.797 29.474 48.181 5.440
L, (nm)
Peak( gf‘;:ig)smft 1594.5 1595.7 1582.2 15815 1597.5
Ra (e l) 1.1) 0.9) (0.6) (0.5) 0.2)
Peak(gf‘gflg)sm“ 1357.0 1360.9 1350.0 1349.1 1348.2
Rp (em-1) 12) 1.3) (0.8) 0.8) 0.3)
G’Zfl‘? rfl‘;gl‘:’nfi‘ at 87.4 88.1 252 18.0 66.4
FWEM (on=1) (2.4) (3.4) (0.5) (0.6) (0.5)
D'l;aarl‘f ri‘;glvr;fg at 176.7 188.7 34.4 459 68.1
FWEMy (em=1) (3.6) (3.8) (0.6) 42) (0.5)
Peak Raman shift ratio 0.851 0.853 0.853 0.853 0.844

Rp/Rg
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Table 1. Cont.
High-Strength High-Modulus High-Modulus High-Ductility
PAN-Based PAN-Based Pitch-Based Pitch-Based
T1000GB T700SC Me60JB K13D XN-05
Full width at
half maximum ratio 2.023 2.142 1.367 2.545 1.027
FWHMp/FWHMg
Intensity ratio 0.911 0.959 0.390 0.106 1.467
Ip/Ig (0.014) (0.032) (0.018) (0.029) (0.109)
Slope, Ag —1.399 —2.067 —2.337 —1.840 —3.234
Slope, Ap —1.299 —1.954 —1.795 —0.919 —3.273
Intercept Bg (em™1) 1594.5 1594.5 1581.5 1580.6 1597.6
Intercept Bp (em™1) 1357.0 1361.1 1349.8 1349.3 1348.7
Slope ratio
0.929 0.946 0.768 0.499 1.011
Ap/Ag
Intercept ratio 0.851 0.854 0.854 0.854 0.844

Bp/Bg

*1 Producer’s data sheet T1000GB, T700SC, and M60JB: Catalog for TORAYCA, Toray Industries, Inc. (Toray),
High performance carbon fiber Torayca in Japanese. 2004. K13D: Catalog for Carbon Fiber Tow (Continuous
Fiber), Mitsubishi Chemical Corp., DIALEAD. 2022. XN-05: Catalog for GRANOC Yarn, Nippon Graphite
Fiber Corp. (NGF), Technical data XN and XNL. *2 Single fiber tensile data (5 mm gage length, corrected for
machine compliance) from previous investigation [4,5]. The values that do not include footnotes have been
obtained through the same method in accordance with ASTM C1557 [30]. *3 X-ray diffraction (XRD) data from
previous investigation [6]. The values that do not include footnotes have been obtained through the same method.
() indicates standard deviations.

2.2. In Situ Raman Stress Measurement for Tensile Testing

Single carbon fiber specimens were prepared on a stage utilizing a stereoscope. A
single carbon fiber was selected from the bundles of carbon fibers and cut perpendicular
to the fiber axis using a razor blade. Subsequently, the diameter (dy) of each individual
carbon fiber was measured using a digital microscope with a maximum magnification of
6000 (VH-ZST swing-head zoom lens, VHX-8000 digital microscope, Keyence Corp., Osaka,
Japan). The measured diameters of the single fibers are listed in Table 1 and Table S1 in the
Supporting Information.

In situ Raman stress measurements were conducted during the tensile test in the
chamber of a laser Raman spectrometer (NRS-7100. JASCO Corp., Tokyo, Japan) with a
laser excitation wavelength of 532 nm, a diffraction grating of 1800 L/mm, a CCD detector,
a long working distance object lens (100 x) (spot size of 1 um), a redactor with an OD of
1, a laser power of less than 3 mW, an exposure time of 60 s, and a neon lamp calibration.
Raman spectra over the 1200~1700 cm ! were measured. The loading system (fiber tensile
module, Kammrath & Weiss GmbH, Schwerte, Germany) was controlled using testing
controllers (DDS3, Kammrath & Weiss GmbH, Schwerte, Germany), with the maximum
loading capacity of the in situ tensile machine being 1000 mN. The tensile test specimen is
shown in Figure 1.

As reported in the literature, the tensile test specimen was prepared by affixing a
single carbon fiber to a paper holder with an instant cyanoacrylate adhesive [3-5]. The
specimen was then placed on the testing machine and the holder was cut into two pieces
before testing. The gage length (L) was 5 mm, and the crosshead speed was 1.0 um/s.
Five replicate specimens were tested for all the carbon fibers. All tests were conducted in a
laboratory environment at room temperature (23 °C £ 3 °C) with a relative humidity of
50% =+ 5%.
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Figure 1. Tensile test specimen of the carbon fiber.

2.3. X-ray Diffraction

Structural differences between the carbon fibers were analyzed using an X-ray diffrac-
tometer (Rigaku RINT TTR III, Rigaku Corp., Tokyo, Japan; Cu K«, 50 kV, 300 mA). The
experiments were conducted with fiber bundles mounted on holders. To obtain radial
scans at three distinct angles (¢ = 0°, 70°, and 90°), scans were taken at 0° and 90° scans to
correspond to equatorial and meridional views, respectively. A 70° scan was selected to
detect the presence of three-dimensional reflections (112) and (101). Detailed information
on the measurement technique can be found in previous studies [6,31,32].

3. Results and Discussion
3.1. Raman Spectrum

Figure 2a,b shows the Raman spectra of PAN-based and pitch-based single carbon
fibers obtained from the tensile test specimens under zero-stress conditions. These Raman
spectra were obtained from a neon lamp calibration (1712.71 cm ') and baseline correction.
In order to correctly describe the parameters of the Raman spectra, they were analyzed
using a combination of multi peak fitting functions. Specifically, three Lorentzian functions
were selected with the intention to fit the G- and D-bands [15]. This package of fitting
functions is designed to be applicable to the Raman spectra of carbon fibers.

3000 3000
2500 - A 2500
2000 - |/ | N — 2000
| M60JB =
=
\ / T700SC g
1500 TI000GB | £ 1500
&
L
1000 = 1000
500 500
0 1 1 1 1 0 1 1 1 1
1700 1600 1500 1400 1300 1200 1700 1600 1500 1400 1300 1200
Raman shift (cm™) Raman shift (cm™)

(a) (b)

Figure 2. Raman spectra of PAN-based and pitch-based single carbon fibers: (a) TI000GB, T700SC,
and M60JB PAN-based carbon fibers; (b) K13D and XN-05 pitch-based carbon fibers.

The G-band peak at 1600 cm~! and D-band peak at 1300 cm~! are clearly visible in
the PAN-based and pitch-based carbon fibers (usually, various Raman band peaks (D, G,
D’, G’) at 1300, 1600, 1650, 2750, and 2950 cm™ can be observed when Raman spectra over
the 0-3000 cm ! range are measured. In this study, the D’-band peaks at 1650 cm ™! are
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clearly visible in the high-modulus PAN-based (M60JB) and high-modulus pitch-based
(K13D) carbon fibers; however, the D’-band peaks are not clearly visible in the high-strength
PAN-based (T1000GB and T700SC) and high-ductility pitch-based (XNO5) carbon fibers.
The visibility of D’-band peak depends on the impurities, precursors, and excitation wave-
lengths; here, the D’-band peak is hidden in the original spectrum. A similar result is
observed in [20]). A noticeable difference was observed in the peak values of the Raman
shifts for the G- (Rg) and D-bands (Rp). The high-modulus M60JB PAN-based and K13D
pitch-based carbon fibers exhibited sharp G- and D-band behaviors, characterized by the
full widths at half maximum of the G (FWHM) and D-bands (FWHMp), whereas the
high-strength T1000GB and T700SC PAN-based and high-ductility XN-05 pitch-based
fibers exhibited broader behaviors, characterized by larger FWHM; and FWHMp val-
ues. The Rg, Rp, FWHMg, and FWHM, values are summarized in Table 1. The results
for the high-strength PAN-based (HS-PAN; T300, T800SC, T800HB, IMS60, and TR50),
high-modulus PAN-based (HM-PAN; M40B, UM55), and high-modulus pitch-based (HM-
pitch; K135, K13C, XN-60, and XN-90) carbon fibers are summarized in Table S1 in the
Supporting Information.

3.2. Relationship between Raman, Tensile, and Structure Parameter

Figure 3a—d show the Raman scattering parameters (Rg, Rp, FWHMg, and FWHMp,
values) as a function of the tensile moduli (E) of the high-strength PAN-based, high-
modulus PAN-based, high-modulus pitch-based, and high-ductility pitch-based carbon
fibers (the tensile strength, oy, of PAN-based and pitch-based carbon fibers affected the gage
length L. According to Table 1 and Table S1 in the Supporting Information, no significant
relationship was observed between the Raman parameters and tensile strength). The Rg, Rp,
FWHM, and FWHMp, values were notably high for the high-strength PAN-based carbon
fibers. Conversely, these values were low for the high-modulus PAN-based and pitch-based
carbon fibers. The Rg and FWHM values were high for the high-ductility XN-05 pitch-
based carbon fibers, whereas the Rp and FWHMp values were low. In addition, a clear
distinction was observed between PAN-based and pitch-based carbon fibers. Considering
the differences in the tensile modulus, the Raman scattering parameters (Rg, Rp, FWHMg,
and FWHMp, values) exhibited high sensitivities for PAN-based carbon fibers, whereas
they exhibited low sensitivities for pitch-based carbon fibers. The least-square fitting lines
for PAN-based and pitch-based carbon fibers are also depicted in Figure 3. The Rg, Rp,
FWHMg, and FWHM)p, values of the PAN-based and pitch-based carbon fibers increased
with an increase in E, whereas the Rp value of the pitch-based carbon fibers remained nearly
constant at 1350.9 cm~—!. Linear relationships were observed between the R, Rp, FWHMg,
and FWHMp values and E. The slopes of the PAN-based carbon fibers were higher than
those of the pitch-based carbon fibers. These correlations were verified by evaluating the
PAN-based and pitch-based carbon fibers separately. The lines for the PAN-based and
pitch-based carbon fibers intersected at 400-600 GPa, suggesting a structural similarity
between the PAN-based and pitch-based carbon fibers at approximately 400-600 GPa.

Figure 4a—e shows the X-ray diffraction (XRD) results for the high-strength PAN-based
(T1000GB and T700SC), high-modulus PAN-based (M60]JB), high-modulus pitch-based
(K13D), and high-ductility pitch-based (XN-05) carbon fiber bundles. X-ray diffraction
measurement results can also be found in [6].

The (002), (004), (100), and (110) reflections exhibited substantial intensities at a ¢
of 0° and 90°, while the peaks for the (101) and (112) reflections were also observed at a
¢ of 70° for the high-modulus pitch-based carbon fibers. Additionally, the peaks of the
(002), (004), (100), and (110) reflections at a ¢ of 0° and 90°, as well as those for the (101)
reflection at ¢ of 70°, were also observed in the high-modulus PAN-based carbon fibers.
However, it was not possible to observe the peak for the (112) reflection at a ¢ of 70°
for the high-modulus PAN-based carbon fibers. The (002) and (004) reflections exhibited
broad peaks at a ¢ of 0°, while no peak was observed for the (101) reflection at a ¢ of 70°
in the high-strength PAN-based carbon fibers. The peaks observed in the high-ductility
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Peak Raman shift (G-band), R; (cm™)

Full width at half maximum
FWHM,, (G-band) (cm™)

pitch-based carbon fiber were broader than those observed for other carbon fibers. The
high-ductility pitch-based carbon fiber demonstrated a low-oriented turbostratic structure,
as evidenced by a broad (002) peak and the absence of (10) and (11) bands (i.e., no hkl
reflections). The fiber bundles exhibited peaks corresponding to the (101) and/or (112)
reflections in the 70° scan, possessing a three-dimensional order of carbon fibers. The high-
modulus pitch-based (K13D) carbon fiber possesses a high-oriented graphitic structure.
The high-modulus PAN-based (M60]B) carbon fibers possess a high-oriented turbostratic
structure, whereas the high-strength PAN-based (T1000GB and T700SC) carbon fibers
possess a turbostratic structure. The high-ductility pitch-based (XN-05) carbon fiber had
a low-oriented turbostratic structure. Therefore, the high-modulus pitch-based carbon
fiber exhibited a well-developed three-dimensional order, whereas the high-modulus PAN-
based, high-strength PAN-based and high-ductility pitch-based carbon fibers did not
display this structural organization. Similar structural differences have been reported for
other PAN-based and pitch-based carbon fibers [6-11,31].

1610 \ \ 1380 \
® TI1000GB T ® TI1000GB
® T700SC g ® T700SC
A M60JB \9/ A M60JB
1600 8 ® KI3D ] a 1370 [ ¢ KI3D ]
M g
¢ e, ® HS-PAN < ® HS-PAN
4 HM-PAN = Js 4 HM-PAN
1590 ¢ HM-pitch ] e 1360 S T ¢ HM-pitch |
] ()
i + 3 = l %\
N 3 o i , ¢ 3.
1580 T = 1350 F DR N3 2%
w 4
g
1570 - % 1340 -
PAN-based ~ PAN-based
=
&
1560 1 1 1 1 1330 1 1 1 1
200 400 600 800 1000 0 200 400 600 800 1000
Tensile modulus, £ (GPa) Tensile modulus, £ (GPa)
(a) (b)
120 \ 250 \
® TI000GB ® TI000GB
® T700SC ® T700SC
100 A M6OJB - . A M60JB
I ¢ KI3D g = 200 ¢ KI13D
% ¢ £ E
20 z\g ® HSPAN | 23 ® HS-PAN
* e 4 HM-PAN g o 4 HM-PAN
I ¢ HM-pitch [ Fg 150 ¢ HM-pitch |
60 1 =3 PAN-based
58
= & 100 1
=2 s
:s T
20 ‘es = 14 Y
0 1 1 0 1 1 \ 1
0 200 400 600 800 1000 200 400 600 800 1000
Tensile modulus, £ (GPa) Tensile modulus, E (GPa)
(c) (d)

Figure 3. Raman scattering parameters as a function of tensile moduli of PAN-based and pitch-based

carbon fibers: (a) Rg vs. E; (b) Rp vs. E; (c¢) FWHMg¢ vs. E; (d) FWHMp vs. E.
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Figure 4. X-ray diffraction curves for high-strength PAN-based ((a) T1000GB and (b) T700SC),
high-modulus PAN-based ((c) M60JB), high-modulus pitch-based ((d) K13D), and high-ductility
pitch-based ((e) XN-05) carbon fiber bundles in the 0° (equatorial), 70°, and 90° (meridional) scans.

Structural differences between the PAN-based and pitch-based carbon fibers were thor-
oughly assessed using X-ray diffraction structural parameters [7-11], such as the interlayer
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spacing (dooy), lattice spacing (d1p), crystalline size (L) (crystallite size perpendicular to
the graphitic sheet or the crystalline height), and crystalline size (L,) (crystallite size along
the graphitic sheet perpendicular and parallel to the fiber axis or the crystalline width), as
summarized in Table 1 and Table S1 in the Supporting Information [4-6]. Figures 5-8 show
the Rg, Rp, FWHM, and FWHMp, values as functions of doygy, d10, L¢, and L,, respectively.
The R, Rp, FWHM, and FWHMp values of PAN-based and pitch-based carbon fibers ex-
hibited an increasing trend with increasing dggp. Conversely, the Rg, FWHMg, and FWHMp
values of the PAN-based and pitch-based carbon fibers exhibited a decreasing trend with
increasing dqg, L¢, and L,. The Rp value of the pitch-based carbon fibers remained nearly
constant at 1350.9 cm ™!, while the Rp value of the PAN-based carbon fibers exhibited a
decreasing trend with increasing dq, Lc, and L,. From a structural perspective, the Raman
scattering parameters (Rg, Rp, FWHMg, and FWHMp, values) exhibited high sensitivities
for the PAN-based carbon fibers and low sensitivities for the pitch-based carbon fibers.
Linear relationships were observed between the R, Rp, FWHM, and FWHM, values,
and between dygp and dyg. In addition, linear relationships were observed between the Rg,
Rp, FWHMg, and FWHMp, values and L. and L, on a log-log scale. Therefore, the values
of Rg, Rp, FWHM, and FWHMp were related to the structural parameters. The intersec-
tions between the PAN-based and pitch-based carbon fibers occurred at approximately
0.342 (dpo2), 0.213 (d10), 5 (L¢), and 20 (L,;). These values were equivalent to those of the
400-600 GPa-class PAN-based and pitch-based carbon fibers.

The Raman intensity ratio of the G- and D-bands, Ip/Ig, is a useful parameter
for characterizing carbon fibers [15-19]. Similarly, the peak Raman shift ratios of the
G- and D-bands, Rp/Rg and the full width at half maximum ratios for the G- and D-
bands, FWHMp/FWHM; are effective parameters. The values of Ip/I;, Rp/Rg, and
FWHMp /FWHMg are summarized in Table 1 and Table S1 in the Supporting Information.
Figure 9a—c show the Raman scattering ratios (Ip/Ig, Rp/Rg, and FWHMp/FWHM val-
ues) as functions of the tensile modulus, E. The Ip /I values for PAN-based and pitch-based
carbon fibers decreased with increasing E. The tendencies of Rp/Rg, FWHMp/FWHMg,
and E were unclear; however, these relationships were elucidated by evaluating the PAN-
based and pitch-based carbon fibers separately. The Rp /R and FWHMp/FWHM values
for pitch-based carbon fibers increased with increasing E, whereas those for the PAN-based
carbon fibers either remained nearly constant (0.851) or decreased with increasing E. Linear
relationships were observed between the Ip/Ig, Rp/Rg, and FWHMp/FWHM values
and E. In addition, these linear trends for the PAN-based and pitch-based carbon fibers
intersected in the range of 400-600 GPa.

Figures 10-12 show the Ip/Ig, Rp/Rg, and FWHMp/FWHMg values as functions
of dop, d10, Le, and L, respectively. For the PAN-based and pitch-based carbon fibers,
the Ip/I; value increased with increasing dyp, and decreasing d19, L., and L,. Linear
relationships were observed between Ip /I and dynp, d10, as well as between Ip /I and L,
L, on a log-log scale. The Rp/R¢ value of the PAN-based carbon fibers remained nearly
constant at 0.851. In contrast, for the pitch-based carbon fibers, the Rp /R value increased
as dggp increased, and decreased as d, L., and L, decreased. The FWHMp/FWHM; value
of the PAN-based carbon fibers increased with increasing dop, and decreasing dq, L., and
L,. Conversely, for pitch-based carbon fibers, the FWHMp /FWHM value decreased with
increasing dggp and decreasing d1o, L., and L,. Moreover, linear relationships were observed
between the Rp/Rg and FWHMp /FWHM values and dggp, d1g, as well as between the
Rp/Rg, and FWHMp /FWHM values and L, L, on a log—log scale. Therefore, the Ip /I,
Rp/R¢g, and FWHMp/FWHM values were related to the structural parameters. The
points at which each line for the PAN-based and pitch-based carbon fibers intersected
were obtained at approximately 0.344 (doo2), 0.212 (d1p), 7.5 (L), and 20 (L;). These values
were also equivalent to the values for 400-600 GPa-class PAN-based and pitch-based
carbon fibers.
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3.3. In Situ Raman Stress Measurement for Tensile Testing of Carbon Fibers

The full widths at half maximum (FWHMg and FWHMp) and the Raman intensity
ratio (Ip/I¢) values remained nearly constant during the tensile test. The Raman bands (Rg
and Rp) shifted downwards under tension [25-28]. The relationships between R vs. o and
Rp vs. ¢ are useful for characterizing carbon fibers and carbon fiber-reinforced composites
(CFCs). For example, the residual stress of CFCs could be estimated using the relationships
between R¢ vs. o and Rp vs. ¢ [33]. Figure 13a,b show the relationships between R and
Rp and the tensile stress (¢) for the T1000GB, T700SC high-strength PAN-based, M60]B
high-modulus PAN-based, K13D high-modulus pitch-based, and XN-05 high-ductility
pitch-based carbon fibers (the Scanning electron microscope (SEM) micrographs, displaying
transverse cross-sections of fractured tensile surfaces, are presented for the following types
of carbon fibers: the high-strength PAN-based (T1000GB and T700SC), high-modulus
PAN-based (M60JB), high-modulus pitch-based (K13D), and high-ductility pitch-based
(XN-05) carbon fibers. Figure S1 in the Supporting Information provides an illustration
of these micrographs). Rg and Rp and ¢ exhibit a linear relationship as expressed in the
following equations.

Rg = Ago + Bg, (1)

Rp = Apo+ Bp )

where Ag and Ap (slopes of Rg and Rp) and B and Bp (intercepts of Rg and Rp) are
experimental constants. The Ag, Ap, B, and Bp values are summarized in Table 1 and
Table S1 in the Supporting Information.
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Figure 13. In situ Raman stress measurement of PAN-based and pitch-based carbon fibers:
(a) Rg vs. 0; (b) Rp vs. 0.

Figure 14a—d show the | Agl, |Apl, Bg, and Bp values and their relationship with
the tensile modulus (E). These values were distinguished for the high-strength PAN-
based, high-modulus PAN-based, high-modulus pitch-based, and high-ductility pitch-
based carbon fibers. The | Ag | and | Ap | values were high for the high-ductility XN-05
pitch-based carbon fibers and low for the high-strength PAN-based, high-modulus PAN-
based, and pitch-based carbon fibers. For the PAN-based carbon fibers, the | Ag | and | Ap |
values increased with increasing E, whereas for the pitch-based carbon fibers, these values
decreased with increasing E. The B¢ and Bp values are approximately the same as the Rg
and Rp values in zero-stress conditions, as shown in Table 1, Table S1 in the Supporting
Information, and Figure 3a,b. The B and Bp values of the PAN-based and pitch-based
carbon fibers increased with increasing E, whereas the Bp value of the pitch-based carbon
fibers remained nearly constant (1350.9 cm™1). Linear relationships were identified between
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|Ag!, |Apl, Bg, and Bp and E. These linear trends for the PAN-based and pitch-based
carbon fibers intersected in the range of 400-600 GPa.
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Figure 14. Raman stress measurement parameters as a function of tensile moduli of PAN-based and

pitch-based carbon fibers: (a) | Ag | vs. E; (b) |Ap | vs. E; (¢) Bg vs. E; (d) Bp vs. E.

Figures 15 and 16 show the | Ag| and | Ap| values as functions of dygp, d19, Lc, and
L,. The |Ag | and | Ap | values of the PAN-based carbon fibers decreased with increasing
dooz, d10, Le, and L,;, whereas those of the pitch-based carbon fibers increased with these
structural parameters. Linear relationships were observed between | Ag| and |Ap| and
dooz and d1p. Moreover, linear relationships were observed between |Ag| and |Ap | and
L¢, Ly on the log-log scale. Consequently, the |Ag| and |Ap| values (also Bg and Bp
values) were associated with the structural parameters. The lines representing PAN-based
and pitch-based carbon fibers intersected at approximately 0.342 (dygz), 0.212 (d19), 7.9 (L.),
and 18 (L,). These values correspond to those of the 400-600 GPa-class PAN-based and
pitch-based carbon fibers.
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Figure 15. Raman stress measurement parameter | Ag | as a function of structural parameters of
PAN-based and pitch-based carbon fibers: (a) |Ag| vs. dop; (b) |Ag !l vs. dip; (c) |Agl vs. L;
(d) 1Ag | vs. L.
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Figure 16. Raman stress measurement parameter | Ap | as a function of structural parameters of
PAN-based and pitch-based carbon fibers: (a) |Ap| vs. dggy; (b) |Apl vs. dig; (¢) 1Ap!l vs. Lg;
(d) lAp | vs. L,.

The Ip /I ratio is a useful parameter for characterizing carbon fibers [15-19]. Similarly,
for the Raman stress measurement parameters for the G- and D-bands, the ratios of Ap/Ag
and Bp/Bg appeared to be effective. The Ap/Ag and Bp/Bg values are summarized in
Table 1 and Table S1 in the Supporting Information. The B;/Bp values were nearly the
same as the Rg/Rp values, as shown in Table 1, Table S1 in the Supporting Information,
and Figure 3a,b. Figure 17 shows the Ap /A values as functions of the tensile modulus, E.
The Ap/Ag value of the pitch-based carbon fibers decreased with increasing E, whereas
the Ap/A¢ value of the PAN-based carbon fibers remained nearly constant at 0.892). A
linear relationship was identified between the Ap/Ag and E (also Bp/Bg and E). These
lines for PAN-based and pitch-based carbon fibers also intersected at 400-600 GPa.
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Figure 17. Raman stress measurement parameter Ap/Ag as a function of tensile modulus of PAN-
based and pitch-based carbon fibers.

Figure 18a—d shows the Ap/A¢ values as functions of dygy, d10, Lc, and L,. The Ap/Acg
value of the pitch-based carbon fibers decreased with an increase in dggp, d19, L, and Ly,
whereas the Ap/Ag value of the PAN-based carbon fibers remained nearly constant at
0.892. Linear relationships were observed between Ap/Ag and dyy, d10, as well as between
Ap/Ag and L, L, on a log-log scale. Consequently, the Ap/A¢ value (also the B;/Bp
value) was found to be related to structural parameters. The lines for the PAN-based and
pitch-based carbon fibers intersected at approximately 0.344 (dgo), 0.211 (d10), 7.3 (Lc),
and 19 (L,). These values were also consistent with the values of the 400—-600 GPa-class
PAN-based and pitch-based carbon fibers.
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Figure 18. Raman stress measurement parameter Ap/Ag as a function of structural parameters of
PAN-based and pitch-based carbon fibers: (a) Ap/Ag vs. doop; (b) Ap/Ag vs. dig; (¢) Ap/Ag vs. L¢;
(d) AD/AG VS. Lg.
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All the Raman scattering and stress measurement parameters were found to be strongly
correlated with the tensile moduli and structural parameters (as determined by X-ray
diffraction). In this study, the relationships between the tensile properties, Raman scatter-
ing, and structural parameters of carbon fibers were elucidated. As a result, the tensile
modulus and structural parameters can be roughly predicted using the Raman scatter-
ing parameters. We believe that these correlations can be generalized to several types of
PAN- and pitch-based carbon fibers, and that these findings can be employed as a tool
for non-destructive evaluation in the inspection and reliability assessment of carbon fiber
composites (high-strength PAN-based carbon fibers are the dominant material used as
reinforcements in composites in high-load-bearing components, such as the bodies of
airplanes and automobiles. The high-modulus PAN-based and high-modulus pitch-based
carbon fibers are the dominant materials in high-stiffness components, such as the bodies
of spacecrafts and industrial robotics. The high-ductility pitch-based carbon fibers are the
dominant materials as hybrid media in high-elongation components).

4. Conclusions

A Raman scattering analysis was performed for tensile testing on commercially avail-
able high-strength PAN-based, high-modulus PAN-based, high-modulus pitch-based, and
high-ductility pitch-based single carbon fibers. The results are summarized as follows.

(1) The Raman scattering parameters and ratios for the G- and D-bands (peak values
of Raman shifts Rg, Rp, full widths at half maximum FWHMg, FWHMp, inten-
sity ratio Ip/Ig, peak value ratio Rp/Rg, and full widths at half maximum ratio
FWHMp/FWHM) were categorized according to the PAN-based and pitch-based
carbon fibers and correlated with the tensile modulus E, interlayer spacing dygp, lattice
spacing d, crystalline size, L. and L,. In addition, a linear relationship was observed
between the Raman scattering parameters and ratios and E, dgp, and dqg. A linear
relationship was also observed between ratios L, and L¢ on a log-log scale. The lines
for PAN-based and pitch-based carbon fibers intersected at 400-600 GPa.

(2) The Raman stress measurement parameters and ratios for the G- and D-bands (peak
values’ slopes |Ag |, |Apl, peak value intercepts B¢, Bp, slope ratio Ap/Ag, and
intercept ratio Bp/Bg) were categorized for PAN-based and pitch-based carbon fibers
and correlated with the tensile modulus E, interlayer spacing dgp, lattice spacing dqg,
crystalline size, L. and L,. In addition, a linear relationship was observed between
the Raman stress measurement parameters and ratios and E, dygy, and dj, as well as
between these parameters and ratios and L, and L¢ on the log-log scale. The lines for
PAN-based and pitch-based carbon fibers intersected at 400-600 GPa.

(3) All the Raman scattering and stress measurement parameters were found to be
strongly correlated with the tensile modulus and structural parameters (as deter-
mined by X-ray diffraction). The tensile modulus and structural parameters could be
roughly predicted from Raman scattering parameters. These correlations could be
generalized to several types of PAN- and pitch-based carbon fibers, and these findings
could be employed as a tool for non-destructive evaluation in the inspection and
reliability assessment of carbon fiber composites.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fib12100088/s1, Figure S1: SEM micrographs of transverse cross-
sectional views for the tensile fractured surfaces of the high strength PAN-based ((a) T1000GB and
(b) T700SC), high modulus PAN-based ((c) M60JB), high modulus pitch-based ((d) K13D), and high
ductility pitch-based ((e) XN-05) carbon fibers; Table S1: Physical, structure, tensile, and Raman
properties of high-strength PAN-based (T300, T800SC, T800HB, IMS60, and TR50S), high-modulus
PAN-based (M40B and UM55), and high-modulus pitch-based (K135, K13C, XN-60, and XN-90)
carbon fibers.
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