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Abstract Thermal stabilization is an important process in carbon fibers’ production, during which the polyacryloni-
trile fibers are heated from 180 °C to 280 °C in air. In this study, the samples were characterized by X-ray diffraction,
Fourier infrared spectroscopy, differential scanning calorimetry, small angle X-ray Scattering(SAXS) and mechanical
tensile tests. A new rule was suggested by the results of structural characterization for the cyclization, dehydrogena-
tion and oxidation reactions that were observed to be drastic from 200 °C to 220 °C, from 220 °C to 250 °C, and in
the later period of the thermal stabilization reactions, respectively. The sizes, shapes and distributions of the sealed
micropores were obtained from the SAXS data. The breaking elongation was significantly affected by the drastic
cyclization and dehydrogenation reactions. The breaking force was affected considerably by the bigger micropores,

especially from 220 °C to 250 °C, owing to the drastic dehydrogenation reactions.
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1 Introduction

Polyacrylonitrile(PAN) carbon fibers have excellent me-
chanical properties, good chemical and high temperature inert-
ness and a low mass-to-volume ratio, resulting in increasingly
wide applications in many areas, such as national defense(e. g.,
aerospace industry, military aircraft, and arms defense), busi-
ness areas and civil engineering(e. g., sporting, transportation
industry, architecture industry, and medical sectors)!'?. PAN
fibers can be turned into carbon fibers through three thermal
treatment stages™. The first stage is the stabilization stage at a
temperature range from 200 °C to 300 °C, where cyclization,
dehydrogenation and oxidation reactions occur and the linear
structure of PAN is converted to an intermediate cyclic struc-
ture, which is critical in the second carbonization stage and the
third graphitization stage¥. Ozbek et al.l*) reported that three
processing variables, including thermal treatment temperature,
dwell time and tensile stress, significantly affected the quality
of stabilized PAN based fibers, which further affected the per-
formance and production ratio of carbon fibers.

The strength and performance of carbon fibers depend on
many factors, such as composition, structure, and micropores,
among which the sealed micropores are especially important.
To date, several structural models have been proposed in order
to understand the relationship between the mechanical proper-
ties and the structure. Johnson et al.'® presented a structure
model, in which the microcrystals were separated by the boun-
daries and micropores. Bennet et al!” presented a

two-dimensional stripe structure model, in which the micro-
pores formed among the stripes. Barnet er al®! presented a
structure model of high modulus carbon fibers, in which the
skin-core structure, crack, and micropores were included. From
all the structure models, we can conclude that the sealed mi-
cropores are the key factor to building them. The sizes, shapes
and distributions of the sealed micropores should be considered
in the model and they are basically inherited from the thermal
stabilization of PAN fibers. However, due to the complexity of
the PAN fibers, it is challenging to directly measure the distri-
butions of the sealed micropores by scanning electron micro-
scopy(SEM) or transmission electron microscopy(TEM) in
several sections of the fiber. In addition, the polymer like PAN
precursor and stabilized PAN based fibers are easily damaged
after the electron microscope treatment. Therefore, there have
been some reports on the processing variables in the stabiliza-
tion of PAN fibers, but few reports on the sealed micropores’
change during stabilization.

In this paper, PAN fibers were treated in a temperature
range of from 180 °C to 280 °C in order to study the reactions,
the structural evolution and the sealed micropore change during
the stabilization with thermal treatment temperatures. The reac-
tions and the structure evolution were examined by X-ray dif-
fraction(XRD), Fourier infrared spectroscopy(FTIR) and diffe-
rential scanning calorimetry(DSC). We used a method based on
small angle X-ray scattering(SAXS) to characterize the sealed
micropores in the fibers during the thermal stabilization
progress, which was used in the analysis of micropores in
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carbon fibers. In the method, the axial ratio(w=c/a) of long
shaft radiuses to short shaft radiuses was used to characterize
the pore shape, while the Hausdorff dimension, D, was used to
characterize the roughness of the pore’s surface! "1, The evo-
lution of the micropores of the fibers was studied at different
temperatures, which was correlated with the XRD and FTIR
results. The final analysis of the micropore evolution could be
beneficial to the fabrication of carbon fibers and theoretical
models.

2 Experimental

2.1 Preparation of Stabilized PAN Fibers

Polyacrylonitrile terpolymer[P(AN-MMA-IA)], fed with
approximately 3%(mass fraction) MMA and 1%(mass fraction)
IA, was generously provided by Jilin Chemical Fibre Co., Ltd.,
China. The PAN fibers were stabilized under air atmosphere by
heating from 180 °C to the ending temperatures at a rate of
5 °C/min through a constant stretching, then maintained at the
end temperature for a period of time to obtain the final 8 sam-
ples, whose end temperatures were 180 °C(PAN-1), 200 °C
(PAN-2), 220 °C (PAN-3), 240 °C (PAN-4), 250 °C(PAN-5),
260 °C(PAN-6), 270 °C(PAN-7), and 280 °C(PAN-8).

2.2 Characterization

The tailor-made specimen plates twined with stabilized
fibers under different conditions were ready for XRD and
SAXS. An X-ray diffractometer(XRD, Rigaku D/MAX-2550)
with Cu Ka radiation generated at 50 kV and 200 mA was used
over the 26 range of 5°—55° with a scanning step of 0.02° and
a scanning speed of 5 °C/min. A small angle X-ray scatterome-
ter(SAXS, Rigaku D/MAX-2550) with Cu Ka radiation and an
incident multilayer monochromatic parallel light film over a
20 range of 0.08°—6° with a scanning step of 0.02° and a sin-
gle count time of 10 s was used under vacuum. The Fourier
transform infrared spectra(FTIR) were obtained on a Nicolet
Impact 410 FTIR spectrometer in an attenuated total reflec-
tance mode and in a range of approximately 400—4000 cm™'
using KBr pellet method. The samples were subjected to DSC
analysis on a NETZSCH DSC 204 F1 thermal analyzer at tem-
peratures between 40 and 320 °C with a heating rate of
7 °C/min under N, atmosphere. The mechanical tensile tests
were conducted on a YG061 FQ electronic yarn strength
tester with a gauge length of 100 mm and a strain rate of 30
mm/min; 10 measurements were collected and averaged for
each sample.

3 Results and Discussion

3.1 X-Ray Diffraction Analysis

The XRD patterns of PAN fibers stabilized at different
temperatures from 180 °C to 280 °C are shown in Fig.1. For the
PAN fibers, there are two strong characteristic peaks at 26 of
about 17.0° and 29.6° corresponding to the (100) and (110)
planes, respectively. In addition, their crystalline interplanar
spacings calculated by the Bragg equation are 0.513 and 0.30

nm, respectively!"> "4, The intensities of the two original peaks
become weaker with the increasing of the stabilization tempe-
rature and almost disappear at relatively high temperatures. In
addition, a new peak appears at 26 of about 25.5° as the
temperature increases, indicating that some microstructural
evolution occurs at the thermal stabilization stage and the
linear structure of PAN has been converted to an intermediate
cyclic structure similar to the (002) plane of graphite struc-
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Fig.1 XRD patterns for PAN precursor(a) and stabi-
lized PAN fibers(b—h)
b. PAN-1; c. PAN-2; d. PAN-3; e. PAN-4; f. PAN-5; g. PAN-6; /. PAN-7,
i. PAN-8.
The crystallite sizes(L.) were calculated from the Bragg
equation and the Scherrer equation:
kA
" Bcosé
where A(0.15418 nm) is the wavelength of Cu Ka X-ray, 0 is
the Bragg angle, B is the full width at half maximum intensi-
ty(FWHM) of the peak(100) at approximately 20 of 17.0°, and
k is a constant with a value of 0.89. The crystallinity(C) of the
fibers was determined by Hinrichsen’s method!'”):

()

C(%) = A x100% 2
A, + 4,
where A, is the integral area of the crystalline zone at appro-
ximately 26 of 17.0° and 4, is the integral area of the amor-
phous zone in XRD patterns(4. was calculated using the
straight line segments from 26=11.0° to 26=21.0° as the base-
line, while the total integral area A=A4,+4. was calculated using
the straight line segments from 26=11.0° to 26=32.0° as the

[18]

baseline). The stabilization index(SI) value"™ was estimated

using the following equation:

SI(%) = Tozfi x100% 3)

lo

where [ is the intensity of peak at 26 of about 17.0° from the
PAN precursor fibers, and /; is the intensity of the peak at 26 of
about 17.0° from the stabilized fibers(all the samples’ peak
intensities were normalized with the same standard). The data
are shown in Table 1.

The intensity of the peak at 26 of about 17° becomes
weaker with the increasing of the temperature, indicating that
some microstructural evolution has occurred, and a new inter-
mediate cyclic structure has been generated. The SI value cha-
racterizes the stabilization to a degree. From Table 1, we can
see that the SI value increases as the temperature increases,
particularly from 220 °C to 250 °C, indicating that the
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stabilization degree increases with the increasing temperature.
When the temperature reaches 280 °C, the SI value is 98.88%,
indicating the near completion of the stabilization reaction.
Owing to the constant tensile stress, the L. decreases as the
temperature increases, suggesting that stabilization progress is
a grain refining process!'™. L. and C clearly decrease from
200 °C to 220 °C, corresponding to a sudden peak position shift
from 16.939° to 16.814° in the XRD patterns, which depends
on the structure’s expansion resulted from the drastic cycliza-
tion reactions in the above mentiened temperature range. L,
changes little from 220 °C to 250 °C, indicating that the dehy-
drogenation reactions occurring mainly in this temperature
range rarely affect the crystallite size. Although L. and C de-
crease as the temperature increases, they change faster after
250 °C, demonstrating that the oxidation reactions are drastic
during the later period of the thermal stabilization reaction.
Table 1 XRD data for the PAN precursor and

stabilized PAN fibers
Fiber P ea(l‘zlen;‘.lsfgyo/)a'“' L/nm  C(%)  SI(%)
PAN precursor 8018 4.56 62.29 —
PAN-1 4779 4.28 64.23 40.40
PAN-2 3994 4.26 60.80 50.19
PAN-3 3373 3.60 51.12 57.93
PAN-4 1635 3.55 44.40 79.61
PAN-5 976 3.63 43.74 87.83
PAN-6 603 3.31 30.55 92.48
PAN-7 186 2.90 10.04 97.68
PAN-8 90 2.83 5.52 98.88

3.2 Fourier Infrared Spectroscopy Analysis

Fig.2 shows the FTIR spectra of the PAN precursor and
the stabilized PAN fibers. For the PAN precursor, the peaks at
2245 cm' could be attributed to the stretching vibration of
C=N; the peak at 1620 cm™!' could be attributed to the stre-
tching vibrations of C==N and C=C; the peak at 1735 cm ' is
attributed to the C=0 stretching from the itaconic acid(1%,
mass fraction); the peaks at 1451, 1358 and 2938 cm™! are re-
sulted from the bending vibration of methylene groups(CH,)
and the stretch vibration of methylene groups(CH,). There are
almost no changes in the spectra of PAN-1 and PAN-2(180 and
200 °C), which means that no obvious chemical reactions have
occurred. The intensity of the peak at 1735 cm™' gradually de-
creases, and finally disappears as the temperature increases to
220 °C, which indicates that the cyclization is significantly
accelerated by the temperature and initiated via an ionic me-
chanism with the decrease of the itaconic acid inherited from
the precursor®”. The decrease of the stretching vibration inten-
sity of C=N at 2245 cm ' from 200 °C to 220 °C is more ob-
vious, indicating that the cyclization reactions are drastic, cor-
responding to the XRD analysis. Three peaks at 1451, 1358 and
2938 cm™ suddenly decrease at 220 °C accompanied by the
disappearance of the itaconic acid, indicating that the dehydro-
genation reactions become more and more drastic. It can also
be seen that the bands at 1735 and 1620 cm ' shift left and
gradually combine into a shoulder-like peak at approximately
1660 cm™. It can be concluded that the shoulder-like peak cor-
responds to the mixing groups of C=C, C=N and C=0

owing to the drastic oxidation reactions® 2. All these
changes indicate that some conjugation structures are gradually
generated.
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Fig.2 FTIR spectra for PAN precursor(a) and stabilized
PAN fibers(b—i)
b. PAN-1; c. PAN-2; d. PAN-3; e. PAN-4; f. PAN-5; g. PAN-6; h. PAN-7,
i. PAN-8.

3.3 X-Ray Photoelectron Spectroscopy Analysis

To study the structural formation, the XPS measurements
of the PAN precursor and stabilized PAN fibers were performed,
and the XPS patterns for Cy,, Ni; and O;, are shown in Fig.3.
For PAN-1, the broadening of Ci,, N, and O, binding energy
demonstrates that the molecular structure of the fibers becomes
looser because of the physical changes during heating at
180 °CP). For the C,; XPS opattern of PAN-3, the binding
energy ratio of the main peak to that of the shoulder peak
clearly increases, compared with that of the PAN-2 fibers, and
the relevant N and Oy binding energies also increase, which
all indicate that the cyclization reactions are drastic from
200 °C to 220 °CM®. The broadening of Cj,, Ny, and Oy, bin-
ding energies for the PAN-4 fibers also suggest that the mole-
cular structure of PAN fibers becomes looser, indicating that
the dehydrogenation reactions are drastic. And when the tem-
perature reaches 250 °C(PAN-5 fibers), the dehydrogenation
reactions are nearly over. More —C=—=0 and =N—O— struc-
tures have been generated in the PAN-7 fibers as the drastic
oxidation reactions make the structures unstable, leading to the
increasing and broadening of the binding energy, indicating that
the oxidation reactions are drastic during the later period of the
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Fig.3 XPS curves of PAN precursor(a) and stabilized
PAN fibers(b—i)
(A) Ci; (B) Nii; (C) Oy, b. PAN-1; ¢. PAN-2; d. PAN-3; e. PAN-4;
. PAN-5; g. PAN-6; h. PAN-7; i. PAN-8.
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thermal stabilization reactions!!). Because of the drastic oxida-
tion reactions, the molecular structure of PAN-7 fibers become
looser and then is stabilized when the temperature increases to
280 °C.

3.4 Differential Scanning Calorimetry Analysis

Under the conditions of N, and no oxidative reactions oc-
curring, the DSC exotherms of the PAN precursor and stabi-
lized PAN fibers could be attributed to the cyclization reac-
tions?"!. In Fig.4, there are no exothermic peaks for the stabi-
lized PAN fibers after 220 °C in the temperature range of
200—320 °C due to the cyclization reactions, which can cause
a large amount of heat to be released. This phenomenon results
in the breakage of molecular chains giving off volatile compo-
nents that makes the quality of the resultant fibers poor. The
peak for PAN-3 is broader than those of fibers PAN-1 and
PAN-2, showing that the cyclization reactions are nearly com-
pleted and the sharply exothermic reactions are diluted to an
extent, which is beneficial to making high-performance carbon
fibers. The endothermic peak between 40 and 140 °C can be
mainly attributed to the release of moisture. The PAN-4 fibers
have greater release of moisture possibly due to the drastic
dehydrogenation reactions. The PAN-7 and PAN-8 fibers have
greater release of moisture due to the nearly completed thermal
stabilization reactions, which leads to the higher oxygen con-
tent on the surface. Furthermore, the results of DSC curves are
consistent with that of the FTIR spectra.
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Fig.4 DSC curves of PAN precursor(a) and
stabilized PAN fibers(b—i)
b. PAN-1; c. PAN-2; d. PAN-3; e. PAN-4; f. PAN-5; g. PAN-6; h. PAN-7,
i. PAN-8.

3.5 Small Angle X-Ray Scattering Analysis

The sizes, shapes and distributions of the sealed carbon
fiber micropores, which are evolved from the stabilization
process of the PAN fibers, are the key factors to building
the structure models to interpret these properties and are
important to their mechanical properties’®>*. In this approach,
the sealed micropores of the stabilized PAN fibers were
measured by the SAXS technique, and the patterns are shown
in Fig.5. Due to the ellipsoid shape and the orientation of
the sealed micropores, the fibers were measured along and
vertical to the fiber axis direction, respectively, in order to ob-
tain the long shaft radius(c) and the short shaft radius(a), re-
spectively.

Fig.5 Scattering intensity curves measured along
(solid lines) and vertical to(dotted lines) the fi-
ber axis direction for the stabilized PAN fibers

According to the angle scattering  theory:
I(h):Ieanexp(fczh2/5)[where 1(h) is the scattered intensity, /. is
the intensity scattered by a single electron, A(|h[=4nsinb/4) is
the diffraction vector value, N is the total number of particles
after X-ray irradiation, n is one particle’s total number of elec-
trons]. The long shaft radius(c) of the micropores can be ob-
tained from the tangent slope(a;) of the linear relationship of
In[/(h)] vs. h? using c=(—5a;)"2. The short shaft radius(a) can be
obtained in a similar way, and the ratio of the long shaft ra-
dius(c) to the short shaft radius(a) is named as w.

It is almost impossible to calculate the intensity for every
radius of the micropores, but the intensity could be fitted with
several radii and percentages, which could subsequently be
treated as the fitting parameters. Each group of parameters
demonstrates that there are specific percentages(or contents) of
the micropores whose radii are around a specific radius. The
SAXS data were fitted with four parameter groups(w=c/a, ¢,
volume ratio, %): the w of the pores whose cross sectional
areas are between 2 and 10m nm?” is w;; the e of the pores
whose cross sectional areas are between 107 and 100m nm? is
,; the w of the pores whose cross sectional areas are between
100m and 3007 nm? is ws; the  of the pores whose cross sec-
tional areas are more than 300m nm? is w,. All the w data are
listed in Table 2. The pore shape was similar to an elliptic ball
if @ was small, and the pore shape was similar to a long rod or
needle if w was large®**).

To investigate the influence of the roughness of the pore
surface on the mechanical properties, the Hausdorff dimension,
D(between 2 and 3), was introduced to characterize the rough-
ness. The larger the D became, the rougher the pore surface
was. SAXS is often used to measure the Hausdorff dimension.
Bale et al.?! derived the formula for the small angle X-ray
scattering intensity:

I(hy=nNoAp* Lo (5-D)sin[z(D—1)/2] " “)
where D is the Hausdorff dimension, /% is the diffraction vector
value, /(1) is the scattering intensity, Ap is the electron density
difference value, 7(5-D) is a function, N, is a constant, 4 is the
constant 5°%%?7). According to this formula, the Hausdorff di-
mension, D, can be obtained by calculating the tangent slope of
the relationship between In[/(%)] and Ink. The obtained axis
ratios(w), volume ratios(g, %) and fractal dimensions(D) of the
sealed micropores in different PAN fibers treated at different
temperature are listed in Table 2, while the trends for axis
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Table 2 Axis ratios(w), micropores volume ratios(¢, %) and fractal dimensions(D) for the PAN

precursor and stabilized PAN fibers

Sample Original PAN-1 PAN-2 PAN-3
o) 3.32 1.50 1.18 2.58
> 2.79 2.40 1.54 1.13
3 3.11 2.59 1.75 3.11
on 3.24 2.56 1.80 2.51
91(%) 74.96 84.19 81.60 93.14
02(%) 11.64 5.33 6.58 4.97
03(%) 7.43 5.12 4.78 0.96
04(%) 5.96 5.35 7.04 0.93
D 2.13 2.30 2.61 2.76

PAN-4 PAN-5 PAN-6 PAN-7 PAN-8
2.24 2.18 2.06 1.96 1.92
1.13 1.06 1.09 1.07 1.10
3.43 2.14 2.42 2.61 2.74
3.25 1.93 2.36 2.63 2.75

91.31 89.90 91.10 92.42 93.57
7.18 7.84 6.57 5.81 4.87
0.77 1.25 1.23 1.08 0.97
0.74 1.01 1.10 0.68 0.59
2.89 2.93 2.95 2.92 2.94

ratios(w), micropore volume ratios(p, %, V/V,) and fractal di-
mensions(D) are plotted in Fig.6.

During thermal stabilization, the fibers shrink because of
cyclization and oxidation, thus stretching is needed to maintain
the shape of the fibers and is often accompanied by the genera-
tion of large numbers of micropores. The sizes, shapes and
distributions of these micropores are crucial for the mechanical
properties of the fibers. Some properties of these sealed micro-
pores could be obtained from our fitting results of the SAXS
measurements. The analysis of volume contents in Fig.6(B)
shows that most of the micropores are small ones with the axis
ratio being w;, whose cross sectional areas are between 27 and
107 nm?. The analysis of the axis ratio in Fig.6(A) shows that
the decreases in w; from 180 °C to 200 °C and from 220 °C to
250 °C are due to the physical changes and dehydrogenation,
respectively; and the increases from 200 °C to 220 °C and after
250 °C are due to the drastic cyclization reactions and oxida-
tion reactions, respectively, based on the analysis of the XRD
and FTIR measurements. As there are few changes for the
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largest micropores with w, in the fibers, the quantity of the
micropores was normalized by the contents of the micropores
with w,. The results from Fig.6(D) show that the quantity of the
micropores with ,; significantly increased after thermal stabi-
lization, especially from 200 °C to 220 °C and after 250 °C,
due to the cyclization and oxidation, respectively. The analysis
of the Hausdorff dimension, D, in Fig.6(C) indicates that the D
value gradually increases from 2 to 3 with the increase of stabi-
lized temperature, which suggests that the pore surface is
rougher and rougher. This increased pore surface roughness as
a result of the increased temperature proves that the cyclization,
dehydrogenation and oxidation reactions occurring in the ge-
neration of a new steady ladder polymer structure would affect
the roughness of the pore surface. From the above analysis, we
concluded that the micropores were significantly but irregularly
affected by the chemical reactions®* %, and the optimization
of stretching, temperature and time of the thermal stabilization
progress could help in obtaining high quality carbon fibers.
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Fig.6 Trend charts for axis ratios w(A), micropore volume ratios(p, %, B), fractal dimension D(C)

and the relative rate V/Vy(D)

3.6 Mechanical Tensile Tests

The mechanical tensile properties of the fibers are closely

correlated to their sealed micropore changes. In Fig.7, we can
see that the breaking force and breaking elongation increase
from 180 °C to 200 °C with the decrease of w in Fig.6 owing to
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the physical change. The breaking force decreases little from
200 °C to 220 °C contrasting with the sharp increase of @, and
V1/Vy in Fig.6, which indicates that it is negligibly affected by
the change in the smallest micropores, but affected significantly
by the bigger micropores, whose V3(%) and V4(%) decrease in
this range. The irregular and active shape change of the bigger
micropores from 220 to 250 °C shown in Fig.6(A) makes the
breaking force decrease rapidly owing to the drastic dehydro-
genation reactions. However, the breaking force increases from
260 °C to 280 °C, which indicates that a new intermediate cyc-
lic structure generated gradually and the breaking force would
become much greater after the carbonization process. The
breaking elongation decreases to a large extent from 200 °C to
250 °C, and then is stable after 250 °C, which indicates that it
is affected little by the drastic oxidation reactions, but a lot by
the drastic cyclization and dehydrogenation reactions. All the
trends discussed above could be instructive for enhancing the

mechanical performance of subsequent carbon fibers.
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Fig.7 Mechanical tensile tests’ trends chart for the
PAN precursor and stabilized PAN fibers

4 Conclusions

The structure evolution and the sealed micropores of the
stabilized polyacrylonitrile fibers studied by XRD, FTIR, DSC
and SAXS demonstrated that the cyclization, dehydrogenation
and oxidation reactions were drastic from 200 °C to 220 °C,
from 220 °C to 250 °C, and in the later period of the thermal
stabilization reaction, respectively. The thermal stabilization
stage was complete at 280 °C, and a new intermediate cyclic
structure was generated in this stage, which was similar to the
(002) plane of graphite structure.

The sizes, shapes and distributions of the sealed micro-
pores were obtained from the SAXS data. The results showed
that most of the micropores had cross-sectional areas between
2n and 10m nm?® with the axis ratio o, the quantity of which
significantly increased following thermal stabilization, espe-
cially from 200 °C to 220 °C and after 250 °C caused by cycli-
zation and oxidation, respectively. The decrease of w; from
180 °C to 200 °C and from 220 °C to 250 °C was due to the
physical change and dehydrogenation, respectively, and the
increase from 200 °C to 220 °C and after 250 °C was due to the
drastic cyclization reactions and oxidation reactions, respec-
tively, based on the analysis of the XRD and FTIR measure-
ments. The results of the Hausdorff dimension, D, indicated
that the surface of the micropores were rougher and rougher.

The breaking force was negligibly affected by the change

in the smallest micropores but significantly affected by the
larger micropores, particularly from 220 °C to 250 °C owing to
the drastic dehydrogenation reactions. This value increased
from 260 °C to 280 °C, which indicated that a new intermediate
cyclic structure was gradually generated, and the breaking force
would become much stronger after the carbonization progress.
The breaking elongation was affected little by the drastic oxi-
dation reactions but was affected strongly by the drastic cycli-
zation and dehydrogenation reactions. Our analysis in this pa-
per could be instructive for making high quality carbon fibers.
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