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Abstract:  X-ray wide angle diffraction/small angle scattering, Raman spectroscopy and high resolution transmission electron mi-
croscopy were used to characterize the crystalline structure, pore structure, radial structural heterogeneity, degree of graphitization,
internal residual stress, crystalline orientation and fractal phenomena of various grades (T and MJ) of polyacrylonitrile-based carbon
fibers made by Toray Inc, Japan. Results showed that compared with the T series fibers, the MJ series fibers had a significantly
lower internal residual stress, better structural orientation and a much higher degree of graphitization, but the dimensions of the mi-
crovoids and the radial inhomogeneity were increased, which revealed the significant influence of graphitization conditions in making
M1 series fibers on the microstructures of carbon fibers.
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1 Introduction conductivity, high thermal conductivity, low density
and high temperature resistance''’. Therefore, it has
been widely used in the advanced fields of aerospace
science and defense technologies, as well as civil
fields such as advanced sporting goods and medical

As a kind of famous reinforcing material, carbon
fiber has a series of excellent properties such as high
specific strength, high specific modulus, high electric
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devices'?'. Nowadays, the carbon fiber industry has

developed into a complete and independent new in-
dustrial system, and the carbon fiber itself has devel-
oped from the original common grade (T300) to me-
dium - strength ('T700) , high-strength and medium-
modulus ( T800, T1000), and high-modulus grade
(M40, M55, M60) etc"*'.

The complex turbostratic graphite-like structure
inside endowed carbon fiber with excellent perform-
ance. In terms of element composition, the fiber is mainly
composed of carbon element (93 wt% ~99 wt% ), which
is mainly in sp® hybridization state, while sp’ hybrid-
ization carbon also exists at the edge of carbon struc-
tures and other defects'*'. There are also some oxy-
gen, nitrogen, hydrogen and other elements in the fi-
ber, while very little impurity elements such as silicon
and calcium could be detected”’. Due to the influ-
ence of the preparation process and the characteristics
of the turbostratic structure, the local structural units
have a certain degree of compressive stress'®'. At the
microscopic scale, the carbon layers are arranged in
an orderly manner to form the microcrystalline struc-
ture, while microvoids are scattered in the non-uni-
formly distributed microdefects such as the folds and
dislocations of carbon layers'”'. On the mesoscopic
scale, the compact crystallites and a few microvoids
are closely arranged and thus the so-called microfibril
structure is formed, while the transition zone between
the fibril is mainly in the amorphous state'”’. On the
micron scale, the radial structure heterogeneity can be
observed in most of the stages during the preparation
process for almost all of the fibers, anyhow, the so-
called skin-core structure can only be found in severe
cases'®. The above-mentioned structural factors joint-
ly shape the complex structure features and also deter-
mine the final performance of carbon fiber. High-per-
formance carbon fiber is believed to have the optimal

combination of the above structural factors, which are
obtained by adjusting the production conditions, so as
to achieve performance improvement finally'®’ .

Carbon fiber has been developed in China for
more than 30 years, and a series of major break-
throughs have been made in both scientific work and
engineering of this strategic material''”’. However,
research and industrialization of high-performance car-
bon fibers are still in urgent need, especially when the
present excess production capacity in domestic low-
end carbon fibers is emerging and the market demand
has put forward this product newer and higher require-
ments. The only way for the development of carbon
fiber industry in our country is to break the bottleneck
of the production of high-performance fibers and push
the research and industrialization level of domestic fi-
bers to a higher level """, However, in order to im-
prove the mechanical properties, it is necessary to
firstly obtain the accurate microstructure information
and explore the correlation between structure and
properties of carbon fibers. In this case, systematic
comparative analysis was made in this paper on the
crystallites, microvoids, structural inhomogeneity, a-
morphous structure, internal residual stress, preferred
orientation and fractal phenomena of various grades of
carbon fibers, based on the current innovative appli-
cations of X-ray wide-angle diffraction/small-angle
scattering ( WAXD/SAXS ), Raman spectroscopy
and high resolution transmission microscopy ( TEM)
etc.

2 Experimental

2.1 Samples

The carbon fibers used for this study were all
polyacrylonitrile-based fibers derived commercially
from Toray Company (Japan) as listed in Table 1.

Table 1 The properties of carbon fibers in this experiment’.

) Tensile strength Tensile modulus Elongation at break Bulk density
s /GPa /GPa %% /g em™
T300B 3.53 230 1.5 1.76
Taertis T700SC 4.90 230 2:1 1.80
TEOOH 5.49 294 1.9 1.81
T1000G 6.37 294 22 1.80
M40JB 4.41 377 1.2 1.77
M1 series MS5IB 4.02 540 0.8 1.91
M60JB 3.92 588 0.7 1.93

2.2 Structural characterization

Crystalline parameters were investigated by using
an X-ray diffractometer ( PANalytical X ‘Pert PRO,
Cu Ka, A =0.154 0598 nm, 40 kV, 40 mA) with a
fiber specimen attachment. Measurements were made

by performing the equatorial scan, meridian scan, and
azimuthal scan at the fixed Bragg position. The step
size was about 0. 05° and the scan time was set as 30 s
per step for the equatorial and meridian scans. The
data analysis was processed by MDI Jade 5.0, after
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which the structural parameters were calculated ac-
cording to the Bragg formula and Scherrer equa-
tion'"”’. Meanwhile, an X-ray diffraction analysis in
the reflection mode was carried out on a D8 Advance
powder X-ray diffractometer ( Bruker, Cu Ko, A =
0.154 06 nm,40 kV, 40 mA ), the experiment and
data analysis were conducted according to “ JIS
R7651-2007 Measurement of lattice parameters and
crystallite sizes of carbon” ', Carbon fibers were cut
and ground into powder samples, in which silicon
powder was added as a reference before the measure-
ment. The scanning step was 0. 02°, the residence
time was 2 s, and the scanning range was 10° ~90°.
The Raman experiment was performed on a Raman
spectrometer (Jobin-Yvon, LabRam HR Evolution).
The experiment was operated in the continuous scan-
ning mode with a laser beam power of | mW and ex-
posure time of 20 s. Spectra were taken for five
points at each chosen fiber bundle to confirm the re-
producibility of the data. The values of the Raman
peak position were determined by a Lorentzian fit
with the Peakfit v4. 12 software and the structural pa-
rameters were calculated with reference to the reports
of Li et al'®.

Small angle X-ray scattering ( SAXS) was used
to investigate the structure of microvoids of carbon fi-
bers. The experiment was performed using synchro-
tron radiation as the x-ray source with a long-slit colli-
mation system on the IW2A beamline in Beijing Syn-
chrotron Radiation Laboratory. The incident x-ray
wavelength was 0. 154 nm and the scattering angle
was ~0°-3°. The scattered X-ray intensities were re-
corded using imagery plate technology and the back-
ground scattering of the samples was corrected. Scat-
tering information of both the equatorial and meridian
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Fig. 2 shows the FWHM of D and G band between
the skin and core of carbon fibers. As can be seen from
the figure, the fibers in the same series do not change
much in FWHM, the difference of which between the se-
ries is very obvious. It was reported that both the FWHM

directions were obtained by rotating the samples for
90°. The data analysis and parameter calculation were
based on the reported article by Li et al'.

TEM analysis was carried out to obtain the high
resolution crystalline morphology of carbon fibers on
a FEI Technai G2 F20 transmission electron micro-
scope (accelerating voltage 200 kV).

3 Results and discussion

3.1 Raman spectroscopy

Fig. 1 shows the Raman spectra of the skin and
core of carbon fibers. The dotted line indicates the
center position of each peak of T300B. As shown in
the figure, the G band positions of each grade of car-
bon fibers are significantly different. The G band po-
sitions of high strength T series fibers are generally a-
round 1 587 cm ™', while those of MJ series move
rapidly towards lower wavenumbers among which the
G band of M55JB appears at 1 584 cm™'. The D
band of MJ series also shows a similar phenomenon of
moving to lower wavenumbers. Previous studies have
shown that G, D and G“band red-shifts are associated
with the increase of internal compressive stress, which
will be gradually weakened with heat treatment or ex-
ternal tensile stress'®’. The difference in the degree of
red-shift between various series of samples indicates
that some of those fibers should have been subjected
to a large degree of drawing tension in order to fully
release the compression stress during production'"’.
It can be inferred that there is a higher degree of re-
sidual stress in T series fibers, while the high orienta-
tion and high draft are more significant with the pro-
gression of the grades of MJ series.
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Raman spectra of (a) the skin and (b) core of carbon fibers.

of G and D band decreased sharply with the increase of
heat treatment temperature ( HTT) before 2 000 °C and
leveled off after 2 000 °C''®'. Thus, it can be concluded
that T series fibers might be of similar HTT, while the
HTT of MJ series differs with each other.
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Fig. 2 FWHM of (a) D and (b) G band of the skin and core of carbon fibers.

Fig. 3 shows the graphitization degree between
the skin and core of carbon fibers. As can be seen
from the figure, the radial structure of T series is rela-
tively homogeneous, while MJ series are obviously
heterogeneous. This is consistent with the results re-
ported which have confirmed that graphitization en-
hances the structural heterogeneity'®’. The reason
may be that, the non-carbon elements diffuse radially
from the inside to the outside during graphitization,
resulting in an asynchronous recrystallization process
between the core and skin, which increases the radial
structural inhomogeneity of the fibers. In fact, even
the fiber diameters should be changed due to graphiti-
zation which in turn enhances the structural heteroge-
neity of the fibers as reported®’.
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Fig. 3 The graphitization degree of the skin and
core of carbon fibers.

Fig. 4 shows the band intensity ratio I,/I; of
both the skin and core of carbon fibers. As reported,
I,/1; is a parameter related to the crystalline structure
and has an approximate inverse correlation with the
crystallite size of carbon fibers'"”’. It can be conclu-
ded from all above that the crystalline structure is im-
proved from T series to MJ series, but the improve-
ment is asynchronous in general between the skin and
the core of the fibers. In summary, most of the Ra-
man results including FWHM, band positions, values

of I,/1;, and graphitization degree tend to reflect a
fact that the fibers are enhanced in the crystalline
structure but exacerbated in the radial structural inho-
mogeneity of the fibers.
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Fig. 4 The I,/1; values of the skin and core of carbon fibers.

3.2 X-ray diffraction

X-ray diffraction can help to further explore the
crystalline structure of carbon fibers. Fig. 5 shows
the dimensions of the crystallites of various grades of
carbon fibers. It can be seen from the figure that the
stacking thickness L, of MJ series fibers are greatly
improved compared with those of T series, regardless
of the data received on reflection mode or transmis-
sion mode. There is no significant difference between
T300B and T700SC in L, value, while the stacking
thickness of T1000G is slightly larger than that of the
former. Meanwhile, it can be clearly observed that
the values of L, of MJ series have increased gradually
with the progression of the fiber grade. This remarka-
ble improvement in crystalline structure is believed to
be attributed to the heat treatment and hot-stretching
during the high temperature graphitization.

An increasing trend can be observed also in an-
other two parameters namely the dimensions of the
crystallites L,, and L,,, but their increasing ampli-
tudes are of great difference. For L,,, there is little
difference between T series fibers but a significant
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Fig. 5 The crystallite dimensions (L. and L,) s of carbon fibers.

gradual increase between MJ series. Moreover, L, ,
of MJ series is generally greatly improved than that of
T series, which is similar to the change on stacking
thickness L.. The dimensional change of L, is,
somehow, not so obvious. Firstly, the value differ-
ence of L,, between T series is relatively small, a-
mong which T1000G even shows an lower L, than
T300B and T700SC. Secondly, the value of M40JB
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also does not increase significantly compared with that
of T series. The difference in the changes of L, , and
L,, may indicate that, the (002) plane of L, has an
in-plane growth difference between the fiber axis and
its normal direction during graphitization, which may
also be attributed to the drafting effect applied along
the axis.
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Fig. 6 (a) Peak positions of (002) reflection under reflection mode and (b) transmission mode of XRD.

Fig. 6 shows the peak positions of (002) reflec-
tion under reflection mode and transmission mode of
XRD. As can be seen from the figure, under either
one of the two test modes, the positions of carbon
(002) reflection are observed to move from ~25.8°
to ~26. 1° with the progression of the fiber grade.
The phenomenon should be attributed to the transfor-
mation of the carbon lattice caused by the thermal —
induced release of internal compressive stress. Ac-
cording to the Bragg formula the interlayer spacing d
(002) is inversely correlated with sing under a certain
incident X-ray wavelength''. Therefore, the posi-
tion migration of (002) reflection is mainly related to
the change on interlayer spacing. In other words,
with the improvement of the crystallite structure, the
position of (002) reflection moves to a higher angle.

Fig. 7 shows the interlayer spacings of carbon fi-
bers obtained from the reflection mode XRD. It is
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Fig. 7 Interlayer spacings of various grades of carbon fibers.

clear that the value of interlayer spacings generally
shows a trend of a gradual decrease with the progres-
sion of the fiber grade. Among them, the spacing
changing between T series fibers is rather small.
T300B and T700SC share a similar larger d,,, among
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all the T series due to their disordered and curled crys-
talline stacking, while T1000G decreases to 0. 344 3
nm finally. The interlayer spacing of MJ series fibers,
on the other hand, decreases rapidly reaching about
0.341 nm at one time. In essence, the decrease of in-
terlayer spacing is related to the high temperature
treatment, the gradual escape of non-carbon heteroa-
toms and the orderly rearrangement of the random
graphite layers during carbonization and graphitiza-
tion""*’

Fig. 8 shows the orientation angle of various
grades of carbon fibers. As shown in the figure, the
crystallite orientation is improved as a whole and the
orientation angle is gradually decreased with the pro-
gression of the fiber grade. There is still no signifi-
cant difference between the T series fibers, and their
orientation angle varies from 35° to 32°. Meanwhile,
M40JB shows a rapid decrease to 21.9°, and M55JB
and M60JB are further oriented to reach 12.3°.

From the above, we find each grade of fibers
have a certain level of interlayer spacing, preferred o-
rientation, crystalline dimensions, etc. Their differ-
ences on the crystalline structure reflect the specific
effect of draft and heat treatment during carbonization
or graphitization. Furthermore, the crystallites should
experience a mutually collaborative evolution in the
aspect of interlayer spacing, preferred orientation,
crystalline dimensions, etc. , which results in such a
strict order of the crystalline structure.
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Fig. 8 Preferred orientation of various grades of carbon fibers.

3.3 Small angle X-ray scattering

SAXS is a powerful tool in the study of the inte-
rior closed microvoids of carbon fibers. As shown in
Fig. 9, the microvoids are ellipsoid, which are about
1 nm at the short axis and 3 nm at the long axis for the
T series fibers, among which no obvious difference can
be observed. The voids’ dimensions of MJ series are
rather large, and the dimensions of both axes are gradu-
ally increased with the progression of the fiber grade.
The increasing trend on the voids’ dimensions is closely
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Fig. 9 The dimensions of the microvoids of
various grades of carbon fibers.

related to the heat treatment process. During the
graphitization, both the density and size of crystallites
increase significantly after the orderly rearrangement
of graphitic layers, which may indirectly enlarge the
dimensions of the microvoids. Meanwhile, the micro-
voids also show an asynchronous change between the
fiber axis and its normal direction liking the crystal-
lites do during the graphitization, which should also
be attributed to the hot-stretching applied along the fi-
ber axis.
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Fig. 10 Apparent porosity of various grades of carbon fibers.

Fig. 10 shows the apparent porosity of various grades
of carbon fibers. The porosity of T series fibers and
M40JB is maintained at a high level (17.0%-20.0% ),
while that of M55JB and M60JB is relatively low, be-
tween 13.0% -14.0% . Here are some ideas based on
the data. Firstly, the apparent porosity is mainly re-
lated to the bulk density and interlayer spacing, the
two aspects of T series are generally at a low level.
The increase on apparent porosity indirectly reflects
that the crystalline areas in MJ series are condensed in
density and enlarged in dimensions compared with
that of T series. Secondly, given both the increased
porosity and voids’ dimensions, the total number of
voids should sharply decline for MJ series. Graphitiza-
tion promotes the orderly stacking of graphitic layers
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and integrates the small crystallites into large crystal-
line regions. In this case, some voids within the crys-
talline regions will be naturally annihilated, while the
others at the edges or the junctions between the adja-
cent crystalline regions appear to be increased in di-
mension. However, compared with the annihilated
microvoids, the enlarged voids are very rare in num-
ber and occupy only a limited space.
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Fig. 11 Porod factors of various grades of carbon fibers.

Porod coefficient is a parameter related to the lo-
cal electron density fluctuation of the scatterers and
the conditions of the internal interface'”®’. For an ide-
al two-phase-system with sharp interfacial transition
and uniform electron density distribution, Porod coef-
ficient approaches zero. When the local structure is of
disorder and the electron density becomes inhomoge-
neous within any one of the phases, the coefficient
will increase. When the system has a diffuse interface
transition, the coefficient decreases'®”. The micro-
structure of carbon fibers is very complex, which may
be affected by both the above two factors >'!. The da-
ta of this study shows that the axial Porod coefficient
increases gradually with the progression of the fiber
grade, while the radial Porod coefficient decreases
gradually. In our previous study, the factors are ob-
served to decrease in both axes during an intermittent
graphitization without stretching. Therefore, we be-
lieve in this study hot-stretching may have played a
significant role in the anisotropic changing of Porod
factors. However, the precise rules of the influence
still need to be further explored.

In many recent articles on the small-angle scatter-
ing of carbon fibers, the results have been interpreted
in terms of fractal structures'>’. In SAXS methodolo-
gy, in order to quantitatively describe the self-similar-
ity of a system, the concept of Hausdorff dimension
(i.e. fractal dimension) is introduced to characterize
the quantitative properties of the self-similar sys-
tem'”'. Among them, surface fractal refers to the ir-
regular self-similar surface of a dense object, and the

surface fractal dimension D, represents the degree of
irregularity or roughness of the surface'”™ >/, 2<D,
<3, the larger the value of D_, the rougher the sur-
face. D, =2 stands for smooth surface, while D, =3
indicates that the surface is so complex that it fills the
space and becomes an entity' >’

As can be seen from Fig. 12, the fractal dimen-
sion shows a trend of slight increase with the progres-
sion of the fiber grade within T series. Such a trend
reflects that the stacking of graphite layers has a char-
acteristic of being between a plane and a bulk struc-
ture that is biased toward the plane, i. e. being be-
tween two-dimensional and three-dimensional and
close to the two dimensional plane. The results also
show that the fractal dimension gradually increases
with the increase of tensile strength of carbon fibers.
As reported, the fractal dimension tends to influence
the propagating process of the microstress and cracks
during tensile deformation and hence has a nonlinear
relationship with tensile strength. When the graphitic
layers are arranged at a three-dimensional condition,
there would be many overlappings and even winding
parts between the layers. The graphitic layers thus are
difficult to slip from the adjacent layers and the ap-
plied stress in this case can be fully transferred to the
adjacent layers during the tensile deformation. Fur-
thermore, there is still the possibility of incomplete
release of compressive stress in the curled layers, and
the applied tensile stress to deform the fiber must first
offset the compressive stress within the layers, which
in turn increase the measured tensile strength.
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Fig. 12 The surface fractal dimensions of
various grades of carbon fibers.

For MJ series fibers, the surface fractal dimen-
sion approaches 2, indicating that the graphitic layers
are getting closer to the two-dimensional smooth sur-
face. Because of the lack of interlaminar binding
force and the development of microvoids into larger
size, the tensile fracture of the fibers of high crystal-
linity shows a feature of hardness and brittleness, of
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Fig. 13 TEM images of various grades of carbon fibers.

which the strength is decreased to different degrees
compared with that of T series fibers. However, due
to the same reason the strain degree of MIJ series fi-
bers is smaller under the applied stress, and thus the
modulus is significantly higher than that of T series fi-
bers.

3.4 Transmission electron microscopy

Fig. 13 are the TEM images of the axial crystal-
line structure of each grade of carbon fibers. Accord-
ing to the images, the crystallites of T300B and
T700SC are relatively smaller, with larger interlayer
spacings and ambiguous orientation along the axial di-
rection. The graphitic layers are all curled and messy
in pattern and present a shape of discontinuity or semi-
continuity. The crystalline structures of TS800H and
T1000G are significantly improved in both dimension
and texture, while the graphitic layers are still curved
and do not extend sufficiently. The curled graphitic
texture has been reported to evolve from the heat — re-
sistant trapezoidal structure in the pre-oxidation stage
to the layered structure by the heat treatment and draw-
ing tension during carbonization stage'*’.

The TEM images are consistent with the results of
residual compression stress obtained by Raman spec-
troscopy. In M40JB and M55JB, the graphitic layers
are extended to some extent in morphology, and the
residual stress within the crystallites is almost released.
Meanwhile, the crystallites grow in all directions with

enhanced preferred orientation along the fiber axis, and
the graphitic layers become continuous in two-dimen-
sion and compact in three-dimension. The double ar-
row in M55JB indicates the connecting part of the two
large crystalline regions, whose morphology is similar
to the splitting of crystallites. The splitting forms a big
void with a length at about 12 nm which is very close
to the voids’ dimensions by SAXS. The single arrow
indicates the disordered structure beside the crystalline
regions, which further indicates the complex structure
featured by the coexistence of crystallites and voids,
the curl of graphitic layers and the accumulation of
stress. In addition, the results of electron density fluc-
tuation and fractal structure mentioned above can also
be verified by the stacking state of microcrystallites in
the image. All in all, the TEM images give an intui-
tive sense that the crystallites are enlarged in dimension
and better-arranged in texture, voids are enlarged in
dimension and reduced in quantity with the progression
of the fiber grade.

4  Conclusions

Residual stress and fractal: XRD and Raman
spectra show that there are different degrees of residual
compressive stress in carbon fibers. In total, the resid-
ual stress of MJ series fibers is slighter than that of T
series, of which the TEM images show a typical fea-



5 6 3]

LI Deng-hua et al; A comparative analysis of polyacrylonitrile-based carbon fibers:-----

- 801 -

ture of the stacking of small curled graphitic layers.
With the progression of the fiber grade, the fractal di-
mension of T series tends to increase, corresponding to
their increasing structural complexity, bulk density and
radial density fluctuation. For MJ series fibers, the
surface fractal dimension approaches 2, indicating that
their graphitic layers are getting closer to a smooth sur-
face.

Crystallite; The crystalline structure of MJ series
is generally improved compared with that of T series.
There is no significant difference between T300B and
T700SC in crystalline dimensions, while the crystalline
size of T1000G is slightly larger than those of T300B
and T700SC. Meanwhile, the crystalline dimensions
gradually increase for M40JB, MS55JB and M60JB.
Nevertheless, the changing trends of interlayer spacing
and angle of orientation are generally observed to be
opposite to that of crystalline dimensions which further
confirm the improvement of crystalline structure.

Microvoid: There is no obvious difference be-
tween T series in void’ s dimension, among which the
long axis is about 3 nm, and the short axis is less than
1 nm. The void’ s size of MJ series becomes larger
gradually, whose sizes in the long and short axis all
show an increasing trend with the progression of the fi-
ber grade. The apparent porosities of T series fibers and
M40JB are maintained at a high level at 17.0% -20.0% ,
while those of M55JB and M60JB are relatively low,
at 13.0%-14.0% .

Graphitization degree and structural heterogenei-
ty: The difference between T300B and T700SC in
graphitization degree is not so significant, and also far
lower than that between MJ series. The graphitization
degree of T1000G is between the two series fibers
mentioned above. The radial structure heterogeneity
of the fibers is characterized by a large core area and a
very thin skin, and this feature is particularly obvious
with the progression of the fiber grade of MJ series.
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