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Abstract The structural features of polyacrylonitrile and
pitch-based carbon fibers were analyzed from a compre-
hensive point of view by X-ray measurements and related
techniques. The results indicated that the undulating gra-
phite ribbon with embedded microvoid was the main
structural unit for graphitic fibers. The void’s parameters
for these fibers could be obtained directly by small-angle
X-ray scattering following the classic method deduced
based on the typical two-phase system (i.e., Porod’s law,
Guinier’s law and Debye’s law). The non-graphitic fibers,
however, were composed of two-dimensional turbostratic
crystallites in the aggregation of microfibril and thus had a
quasi two-phase structure (microfibril, interfibrillar amor-
phous structure and microvoid embedded within the
microfibril). The extended Debye or Beaucage model in
this case should be applied in order to obtain the structural
parameters. It also revealed that the quasi two-phase sys-
tem would complete its transformation to two-phase sys-
tem during high-temperature graphitization. Therefore, the
degree of graphitization was speculated to be the essential
indicator distinguishing graphitic fibers from non-graphitic
ones and would be helpful in understanding the
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transformation of structural features during the graphiti-
zation of carbon fibers.

1 Introduction

Carbon fiber is an important reinforcing material applied in
advanced composites (e.g., metal, ceramic, polymer, car-
bon-based) [1-5]. The majority of commercial carbon
fibers presently produced are based on polyacrylonitrile
(PAN) fibers [6]. The production of carbon fibers from
mesophase pitch is also expected to gain importance,
especially if their strength was greatly improved [7]. PAN-
based carbon fibers are characteristically of high strength
but low modulus, while pitch-based carbon fibers tend to
have higher modulus but lower strength, which is ascribed
to the difference in their structures [7, 8]. The designation
“graphite fiber” as suggested by Ruland [8] is used for
carbon fibers which have been graphitized at temperatures
above 2000 °C. By means of improving the dimension and
alignment of the crystallites, this graphitization stage
realizes the increase in tensile modulus [9]. The resulting
specific mechanical properties further confer upon these
fibers an unquestionable role in the aerospace industry
[8-13].

As for the basic structural feature, the crumpled sheet
model proposed by Guigon et al. gives a deep impression:
(1) The high-strength carbon fibers are composed of two-
dimensional turbostratic crystallites roughly oriented along
the fiber axis and have a two-phase structure (crystalline
and amorphous phases) [14]; (2) the high modulus fibers
are made up of slowly undulating graphite ribbons highly
oriented along the fiber axis [13]. These above structural
features are confirmed by transmission electron microscopy
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(TEM) and X-ray diffraction (XRD) and now generally
accepted by researchers [8, 15—18]. Besides these features,
the microvoids embedded in carbon structures also attract
wide attention from researchers [19-23]. Small-angle
X-ray scattering (SAXS) has been widely used in previous
works and successfully made a lot of beneficial explo-
rations in the study of this microporosity. However, some
SAXS reports about the microvoid’s dimension are not
always consistent. For example, the longitudinal lengths of
microvoids in the works of Sugimoto et al. were all above
14.0 nm, while this parameter from other related papers
was as low as merely 1.0-2.6 nm for PAN-based fibers
[20-26]. Given the basic structure and mechanical prop-
erties of the fibers used in these papers were quite close
(bulk density at about 1.8 g cm ™, tensile strength at about
3.5 GPa and tensile modulus at about 242 GPa), why the
calculated results were so much different in the order of
magnitude?

According to our observation, the existence of large
dimensional scatterer is true, but may not really due to the
void. In this study, the Debye—Bueche plots of Torayca
T300B and its graphitized samples were entirely different,
especially in the low angle area. The typical PAN- and
pitch-based fibers commercially obtained from companies
confirmed this point as well. In combination with these
observations and various pieces of evidences gathered from
literature, we finally determined an intensity component for
amorphous structure in the scattering data of non-graphitic
carbon fibers [14, 27-31]. A systematic analysis based on
SAXS was thus carried out aiming to gain a comprehensive
understanding toward the structural features of carbon
fibers. The result of this paper will offer a new idea to the

Table 1 The basic information for carbon fibers used in this study

characterization of carbon materials and provide some
valuable data feedback to the carbon fiber production.

2 Experimental
2.1 Materials

Carbon fiber used in this study included PAN-based non-
graphitic fibers, PAN-based graphitic fibers and pitch-based
graphitic fibers, as shown in Table 1. The graphitization of
these fibers was carried out in helium in a graphite element
resistance furnace (Tongxin Electric Heating Apparatus Co.,
Ltd, Xi’an, China) at the set temperature [32].

2.2 Characterization

The XRD experiment was performed on PANalytical X-ray
diffractometer (X’Pert PRO, CuKa, /4 = 0.1541 nm,
40 kV, 40 mA) with a fiber specimen attachment. Mea-
surements were taken by performing equatorial and
meridional scan. The step size was about 0.05°, and the
scan time was set as 30 s per step. The diffraction curves
were fitted by MDI Jade 5.0, and the structural parameters
were obtained according to Bragg’s equation and Scherrer
formula [9]. The Raman experiment was performed on
Raman spectrometer (Jobin Yvon, LabRAM HR Evolu-
tion). The wavelength of the exciting laser beam was
532 nm, the laser spot diameter was about 1 pm, and the
spectra were recorded at 0.5 cm™' resolution. The struc-
tural parameters were obtained through a Lorentz fitting to
the data [33]. The SAXS experiment was performed for all

Series Density (g cm ™)

Diameter ( um)b

Sample origins

PAN-based non-graphitic fibers

T300B 1.77 6.9

T700SC 1.79 7.0

HNCF 1.78 6.9

TGCF 1.78 6.0
PAN-based graphitic fibers

T3-2000 1.84 6.8

T3-2500 1.88 6.6

TGGF 1.85 5.1
Pitch-based graphitic fibers

PBGF 1.93 10.0

PPGF 1.95 15.0

Toray Industries, Inc.

Toray Industries, Inc.

Henan Energy and Chemical Industry Group Co., Ltd.
Taiyuan Iron and Steel Co. Ltd.

2000 °C-graphitized sample of T300B
2500 °C-graphitized sample of T300B
2500 °C-graphitized sample of TGCF

Homemade graphitic fibers

Homemade graphitic fibers

? Density: based on ISO 10119:2002 “Carbon fiber-Determination of density”
® The fiber diameter was measured by SEM based on ISO 11567:1995 “Carbon fiber-Determination of filament diameter and cross-sectional

area”
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the samples on a long-slit collimating SAXSess mc2
instrument (Acuky = 0.15418 nm, Anton Paar GmbH)
operated at 40 kV, 50 mA in vacuum. Approximately
1-mm-thick bundles of fibers were arranged parallel on the
sample holder to conduct the experiment. The scattered
X-ray intensity was recorded using an image plate detector,
and each measurement was recorded for an hour. The
desmearing of collimating error and the background cor-
rection of SAXS data were done by SAXS-quant 1.01
software included with the instrument. TEM analysis was
carried out to obtain the high-resolution crystalline mor-
phology of carbon fibers on FEI Tecnai G2 F20 transmis-
sion electron microscope (accelerating voltage 200 kV).

2.3 Data analysis

For the determination of size parameters by SAXS several
options are available, namely Porod, Guinier and Debye—
Bueche method. They are generally well established and
applicable for most of the complex structures, especially
for the quasi two-phase system of carbon fibers as sug-
gested by many related articles [8, 17]. Based on Porod’s
law the influence of the local density fluctuation on the
structural analysis can be examined [34]:

Toos(q) = I(q) + In(q) = big * + bag™" (1)

where I,,(q) is the observed SAXS intensity using a pin-
hole collimating system, I(g) is the intensity component
followed Porod’s law, I(q) is a constant modeling the
scattered intensity from electron density fluctuation in the
phases, b; and b, are the constants, the scattering vector
q = 4mnsind/A, and 4 is the wavelength of the X-ray. From
Guinier’s law and other related methods the size parame-
ters of the scatterers were estimated [35, 36]:

1(q) = 1(0) exp(—¢R2) )

where I(0) represents the incident X-ray intensity, and R, is
the radius of gyration of scatterers. The distance of
heterogeneity is given by [22, 23, 35]:

_ 5 Jo alla)dq

Jo a*1(q)dq
Beaucage developed a general equation that we find
capable of describing scattering functions containing mul-

tiple length scales. The unified fit model for a two-phase
system is expressed as [37, 38]:

1(q) = Gexp(—q2R§/3) + B{ [erf(ng/\/g)r/q}p
(4)

where G is the exponential prefactor, B is a power law
prefactor, and p is the power law exponent. For surface

d (3)

fractals 4 > p > 3 and for mass fractals p < 3 [39, 40]. In
the cases of a complex system, the model realizes the
modeling of the scattering data by adding another Guinier
exponential forms and the corresponding structural limited
power laws [37, 38, 41]:

1(q) = G, exp(—q2R§1 / 3) + Blpe]xp<—q2R§2 / 3)
{[erf(ngl/\/g)]}/q} 16 exp(fq2R§2/3>
N (AN 5 S

Among the classic methods Debye—Bueche correlation
length analysis is of unique importance to understand the
intensity distribution of carbon fiber in this study. The
Debye—Bueche scattering function for a two-phase system
is expressed as [42]:

I(q) = A

I+ ag) o

where A is an intensity scaling factor and a is the corre-
lation length [34]. From the above equation, a linear rela-
tionship between I(g)~"* and ¢* can be directly obtained
for an ordinary two-phase system structure. It was further
established that if there are two distinct distributions of
interfaces originating from objects of different sizes, then
the two can be regarded as having separate contributions to
the scattering intensity [42, 43]. A deviation from the linear
relationship at the low ¢ area of the I(q)~ "> ~ ¢* plot
may thus be observed. In this case a “double Debye”
function can be construed [43]:

)i R (7)

(1+dlg?)?  (1+d3q?)

3 Results and discussion
3.1 Degree of graphitization

The XRD profiles of three kinds of typical carbon fibers are
shown in Fig. la. The result showed that the crystalline
structure differed greatly among various kinds of fibers.
The PAN-based non-graphitic fibers showed a very broad
“hump” for 002 reflection, while the graphitic fibers
showed a relatively sharp peak. The crystalline parameters
(the crystalline size L,, interlayer spacing dog, and stack
thickness L. in Table 2) further established that the gra-
phitic fibers were generally better crystallized than non-
graphitic ones. The Raman spectra also indicated a similar
structural difference among these samples as shown in
Fig. 1b. All of the samples showed the main E,g, line near
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Fig. 1 The a XRD profiles and b Raman spectra of T300B, TGGF
and PBGF

1580 cm™! (G band) and additional lines at about
1360 cm™" (D band) and 1620 cm™' (D’ band). The G
band intensities of graphitic fibers were obviously higher
than that of the non-graphitic ones, and the graphitization
degree Ap/Ag (the integral area ratio of D to G band) of
graphitic samples was likewise lower than that of the non-
graphitic ones [32, 33, 44]. It should be pointed out,
whether the broad “hump” for 002 reflection or the high D
band at about 1360 cm™', the current experimental phe-
nomena of non-graphitic fibers indicated that these fibers

contain large amount of amorphous structures. Based on
the Lorentz fitting results, an order of the degree of
graphitization for various kinds of fibers can be concluded
as: pitch-based graphitic fibers >PAN-based graphitic fibers
>PAN-based non-graphitic carbon fibers.

3.2 Structural features revealed by SAXS

The intensity distribution of non-graphitic carbon fibers is
dramatically different from that of graphitic ones. As can
be seen from their Ini(g) ~ ¢° plots (Fig. 2a—c),
Ini(q) values of graphitic fibers continuously decreased
with increasing ¢*. The intensity distribution of T300B,
however, showed both a rapid decrease in the lower q2
range and an obvious slowing down in the higher ¢* range.
Furthermore, the radius of gyration calculated based on
Guinier approximation (about 9.10 nm for T300B) was
found much larger than 1.39 nm reported by Shioya et al.
and 0.7 nm by Gupta et al. [20, 22, 23]. No direct evidence
from TEM, etc., actually supported the existence of such a
large pore in high-strength fibers until now. Therefore, it
was suspected that the radius given by Guinier method was
not absolutely due to the microvoids within the carbon
structures. A Debye—Bueche correlation length analysis
was carried out in this case to investigate the scatterers
within carbon fibers. As shown in Fig. 2d, a small drop-off
from the straight line at the lower angle area of I(g)~ '
~ ¢* plots was observed for both directions of the non-
graphitic samples. This meant that these samples actually
did not belong to an ordinary two-phase system. According
to Debye theory, it was speculated that there were at least
two distinct distributions of interfaces originating from
objects of different sizes within these samples [42, 43]. For
graphitic samples (Fig. 2e, f), however, a straight line
without deviation fitted reasonably well to the data, indi-
cating that the sample had developed into a two-phase

Table 2 The structural

parameters for carbon fibers Series dooz (nm) L. (nm) L, (nm) Graphitization degree (a.u.)
used in this study PAN-based non-graphitic fibers
T300B 0.3490 1.66 4.10 2.57
T700SC 0.3451 1.83 4.52 2.71
HNCF 0.3487 1.60 4.13 2.83
TGCF 0.3471 1.73 4.86 2.62
PAN-based graphitic fibers
T3-2000 0.3429 3.87 10.6 1.27
T3-2500 0.3413 6.05 16.9 1.05
TGGF 0.3414 4.96 13.9 1.02
Pitch-based graphitic fibers
PBGF 0.3380 222 46.0 0.19
PPGF 0.3390 17.9 33.1 0.12
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Fig. 2 The Guinier approximation to the Ini(q) ~ ¢* plot of a T300B, b TGGF and ¢ PBGF; the Debye plot (I(g)~""* ~ ¢?) of d T300B,

e TGGF and f PBGF
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Fig. 3 The unified fitting to the data of a T300B, b TGGF and ¢ PBGF; the Debye fitting to the data of d T300B, e TGGF and f PBGF

system after graphitization process. The similar phe-
nomenon could be examined in the reports by Shioya and
Takaku [22], Gupta [23] and Johnson and Tyson [45].
The unified fit model in this case was applied to the fitting
for non-graphitic fibers [37, 38, 41]. The results indicated
that a one-level model could only describe either the lower
(g <04nm™ ") or higher angle area (¢ > 0.8 nm™ ') of the
observed intensity for non-graphitic fibers, because the
scattering originated essentially from two distinct distribu-
tions of interfaces as depicted in Fig. 3a. The two-level
model, nevertheless, fitted reasonably well to the data as

indicated by the fitting parameters and statistic results in
Table S1. On the other hand, the structure of graphitic fibers
did not seem as complex as that of non-graphitic ones. As
shown in Fig. 3b, c, these fibers whether they were PAN or
pitch based could be described simply by a one-level unified
fit model.

The Debye—Bueche analysis as shown in Fig. 3 and
Table 3 further indicated that a single Debye model based
on Eq. 6 was solely suitable for fitting the data of graphitic
samples. Given the intensity distributions generally fol-
lowed Porod’s law, it could be deduced that a two-phase
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Table 3 The structural parameters of graphitic fibers

Series Unified fit model Debye fitting

Rey (nm)  py (auw) Ry (m)*  dyy (nm)  dyy (nm)
T3-2500 3.61 3.71 3.09 7.80 2.92
TGGF 2.31 3.65 2.15 5.21 1.98
PBGF 8.06 3.89 791 15.9 6.33
PPGF 8.70 3.79 7.05 14.0 6.04

The suffix v denotes the void

4 The radius of gyration calculated according to Eq. 2 based on the
Debye fitting results

system with a sharp density transition at the interface, i.e., a
distribution of voids in the matrix of rather homogeneous
crystallites, was the main structural feature for these sam-
ples [27, 46]. For non-graphitic fibers, however, the model
was no longer satisfactory. It seemed likewise that a single
Debye model could only describe either the lower
(g <0.5nm™")or higher angle area (¢ > 1.0 nm ') of the
observed intensity as depicted in Fig. 3d. In this case,
another correlation distance referring to a larger hetero-
geneous region should be taken into account, i.e., the
“double Debye” based on Eq. 7 could be applied in the
interpretation of the intensity distribution [42, 43]. The
results (Table S2) showed that “double Debye” model
fitted reasonably well to the data for both the longitudinal
and transverse sections of these samples.

By applying “double Debye” model or two-level unified
fit model, the intensity components due to different scat-
terers were separated (the fitting parameters and statistic
results are shown in Table S1, S2 and S3.). The first Debye
fitting (or the first-level unified fit model, similarly here-
inafter) was the major intensity component at the lower
angle area of the scattering, while the second fitting (or the

the dominant one at the higher angle. Guinier approxima-
tion was then applied to the fitting results, and the size
parameters were determined to each kind of scatterers as
listed in Table 4. According to the parameters, the results
from the two models are consistent and both results may
thus be confirmed. Then what were the two intensity
components really due to in the structure of carbon fibers?
The second Debye fitting should be ascribed to the
microvoids within the fibrils structure, judging from the
q range it appears [20, 22, 23]. The dimensions listed in
Table 4 are also apparently very close to the reported
values of voids [19, 22, 23]. For the first Debye fitting, we
speculated that it was due to the structure of interfibrillar
transition regions, i.e., the amorphous structures
[14, 27, 47]. An alternative explanation for this was that the
scattering signals could originate essentially from any
transition interphases of considerable density fluctuation
[43, 48]. The scattering power contrast of the first Debye
fitting against the second fitting was estimated based on the
integral invariant as shown in Table S2, and the results (all
contrast values range from 0.190 to 0.405 for non-graphitic
fibers) indicated that the density fluctuation for the two
interfaces was detectable [35]. It was also established that
if there were two distinct, non-interacting distributions of
interfaces originating from objects of considerably differ-
ent sizes, then the two could be considered to have sepa-
rate, independent contributions to the scattering intensity
[43]. With relevance to this study these two objects were
no other than the amorphous structure and the much
smaller microvoid [14, 27, 47]. They were, respectively,
the causes for the first and second Debye fitting, the
parameters of which were quite close to the reports
[20, 27]. In addition, the power law exponent p for the first-
level unified fit model was less than three, corresponding to
the mass fractal of low-density amorphous structure. The

second-level unified fit model, similarly hereinafter) was  gecond-level unified fit model, however, showed an
Table 4 The structural parameters of non-graphitic carbon fibers
Series Mesoscopic level Microcosmic level

Unified fit model Debye fitting Unified fit model Debye fitting

Rga (nm) Pa (a-u~) Rga (nm)a daH (nm) daL (1’11'1]) Rgv (nm) DPv (3.411.) Rgv (nm)b de (nm) de (nm)
T300B 8.98 2.55 8.04 37.1 10.1 1.11 3.49 0.98 1.52 1.11
T700SC 10.9 278 9.91 30.2 9.80 1.02 3.50 0.88 1.38 1.02
HNCF 8.67 2.59 7.83 31.9 8.17 1.15 3.51 0.92 1.23 1.09
TGCF 8.99 2.81 7.89 239 7.00 1.02 3.40 0.81 1.16 0.93
T3-2000 8.02 2.30 7.33 227 8.99 1.66 3.62 1.58 3.96 1.56

The suffix L and || denote the direction perpendicular and parallel to the fiber axis, and the suffix a and v denote the amorphous region and void

? The radius of gyration calculated according to Eq. 2 based on the first Debye fitting

® The radius of gyration calculated according to Eq. 2 based on the second Debye fitting
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Fig. 4 The Debye plot (I(g)~""* ~ ¢?) of a T3-2000 and b T3-2500;
the Debye fitting to the scattering data of ¢ T3-2000 and d T3-2500

exponent between 3 and 4, which probably indicated a
fractal structure for the void’s surface [39]. Basically, the
unified fit model returned structural parameters regardless
of what the scattering was really due to. The power law
exponent, however, indicated that the scatterers for the two
intensity components were significantly different in
structure.

As discussed above, a single Debye model (or a one-
level unified fit model) was suitable for fitting the data of
graphitic samples. However, there was an exception for
this expression as shown in Fig. 4. The 2000 °C-graphi-
tized T300B fiber showed a small drop-off from the
straight line at lower g range as what the non-graphitic
fibers did in the Debye plots. As expected, the “double
Debye” model rather than the single Debye fitting was
satisfactory in describing the density distribution of this
sample. On the other hand, the 2500 °C-graphitized sample
behaved like other graphitic fibers and showed no deviation
from the Debye’s law for two-phase system. Given their
significant structural differences indicated by Raman
spectra and XRD (Table 2), great changes should take
place during the graphitization of these fibers. Thus, it can
conclude that (1) the basic structural feature differentiating
the two-phase system of graphitic fibers from the quasi
two-phase system of non-graphitic samples was the degree
of graphitization; (2) the amorphous structure within these
graphitic fibers was generally eliminated due to the
recrystallization of the carbon structures during the
graphitization process; (3) the 2000 °C-graphitized fiber
was just in the intermediate process of the transformation
for the structural features. The graphitization results
obtained by Raman spectra and XRD in Table 2 could be
evidences supporting the above conclusions. The

transformation of the scattering system is of interest and
will be discussed in detail in a separate paper [46].

3.3 Structure morphology

Figure 5 shows the TEM images of various kinds of carbon
fibers. It could be drawn from the images that the structural
features of these fibers were significantly different in both
mesoscopic and microcosmic level. In the low-resolution
image of T300B, the profiles of the axially oriented fibrils
with a breadth at about 50 nm were observed (the same as
the values estimated by Williams et al. [27, 47]). Most
areas within the boundaries of these fibrils were interlinked
small carbon planes of amorphous structure, which tended
to have a lower density than that in the fibril domains
[14, 46]. The areas indicated by the red ovals in the high-
resolution images might be the representations for amor-
phous structures. In most cases, these amorphous regions
were compressed by the neighboring fibrils and took the
shape of discontinuous slender ellipsoid (corresponding to
the fusiform patterns in SAXS) [10, 46]. Within the fibrils,
the short and twisted carbon layers aligned with a rough
preferred orientation in the longitudinal section and stacked
disorderly in the transverse section [46]. The crystallites
which had a relatively larger interlayer spacing were gen-
erally very small in dimension. The orange arrows in Fig. 5
indicated the existence of microvoids in the fibrils. These
voids (about 1 nm in dimension) were much smaller than
9.10 nm, and the radius roughly estimated from the Guinier
curve of the observed intensity [46]. However, they were
dimensionally very close to 1.16 nm, and the radius cal-
culated based on the second-level unified fit model.

The aggregation structure was observed to decrease in
dimension, and carbon ribbon became the main structure
unit for graphitic fiber TGGF as shown in Fig. 5b. Evolved
from the original fibril structure, the carbon ribbons were
well crystallized with better orientation along the fiber axis
[32]. Within these ribbons, the crystallite became the
absolute main composition of the domains as shown in
Fig. Se, h. The voids indicated by the orange arrows grew a
lot beside the crystallites, while the amorphous structure
generally disappeared in graphitic fibers. It should be noted
that new voids might appear in the original amorphous
regions, because the amorphous structure was generally
lower in density and thus might result in some new voids
after the recrystallization of carbon body. According to the
SAXS results of T300B, TGCF and their graphitic fibers,
these new voids were dimensionally larger than the pre-
vious ones in most cases. In fact, we also believe that some
of the previous small voids were decreased in dimension or
even eliminated due to the recrystallization, while new
voids generated during the graphitization process. There-
fore, a final comprehensive effect for all these
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Fig. 5 TEM images of carbon fibers: low-resolution images of a T300B, b TGGF and ¢ PBGF; high-resolution images of the longitudinal
sections of d T300B, e TGGF and f PBGF; high-resolution images of the transverse sections of g T300B and h TGGF [46]

transformations was the increase of both the fiber’s bulk
density (Table 1) and the void’s scales (Tables 3, 4).
These above structural features were even more obvious
in pitch-based graphitic fibers. Large crystallites were
ubiquitous in PBGF, and the ribbon structures grew a lot in
dimension as shown in Fig. 5c. Besides the large long
ribbons, the void’s dimensions also increased and were
very close to the calculated values by SAXS (Fig. 5f). It
can be deduced that a two-phase system with a sharp

@ Springer

density transition at the interface, i.e., a distribution of
voids in the matrix of rather homogeneous crystallites,
became the main structural feature for these samples
[7, 27, 46]. Based on the X-ray measurements and TEM
images, the structural features of various kinds of carbon
fibers are summarized in Table 5.

In conclusion, the undulating graphite ribbon with
embedded microvoid was the main structural unit for gra-
phitic fibers. The void’s parameters for these fibers could
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Table 5 The structural feature of various kinds of carbon fibers

Fiber types Scattering system

Mesoscopic level

Microcosmic Graphitization degree

level (a.u.)

PAN-based non-graphitic carbon  Quasi two-phase Fibril and interfibrillar amorphous Microvoid >1.0
fibers system region

PAN-based graphitic fibers Two-phase system Carbon ribbon Void <1.0

Pitch-based graphitic fibers Two-phase system Large carbon ribbon Void <1.0

be obtained following the classic method deduced based on
the typical two-phase system. The non-graphitic fibers,
however, were composed of two-dimensional turbostratic
crystallites in the aggregation of microfibril and thus had a
quasi two-phase structure. It also revealed that the quasi
two-phase system would complete its transformation to
two-phase system during high-temperature graphitization,
and the final elimination of amorphous structure was a
unique key point for the transformation. In this case, the
degree of graphitization was speculated to be the essential
indicator distinguishing graphitic fibers from non-graphitic
ones and would be helpful in understanding the transfor-
mation of structural features during the graphitization of
carbon fibers.

4 Conclusions

The basic structural features for graphitic fibers (whether
they were PAN or pitch based) as detected by X-ray
measurements were very similar, in spite of the dimen-
sional differences for their structure units, whereas there
was an essential structural distinction between graphitic
fibers and non-graphitic ones. According to our observa-
tion, undulating graphite ribbons with embedded micro-
voids were the main structural unit for all kinds of graphitic
fibers. The voids’ parameters for these samples could be
obtained by SAXS following the classic methods deduced
based on the typical two-phase system (i.e., Porod, law,
Guinier’s law and Debye’s law). The non-graphitic fibers,
however, were composed of two-dimensional turbostratic
crystallites in an aggregation of microfibril and thus had a
quasi two-phase structure (fibril, interfibrillar amorphous
structure and microvoid embedded in fibril). The extended
Debye or Beaucage model could be a good analytic method
in this case to obtain the structural parameters. The dif-
ference in the degree of graphitization was speculated to be
the main reason for bringing about the above structural
distinctions among these fibers. The amorphous structure
was also observed to be generally eliminated from the
original quasi two-phase system due to the changes on
graphitization degree during the high-temperature
graphitization.
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