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Effects of the degree of oxidation of pitch fibers on their
stabilization and carbonization behaviors
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Abstract:  The stabilization of isotropic pitch-derived fibers (IPFs) and mesophase pitch-derived fibers ( MPFs) in air was per-
formed at different heating rates and with different final stabilization temperatures. The stabilized fibers ( SFs) and carbon fibers
(CFs) were characterized by elemental analysis, FT-IR, TG-MS and SEM to investigate the influence of the degree of oxidation of
the SFs on the microstructures and mechanical properties of the CFs. Results showed that a slow heating rate during stabilization was
beneficial to the oxidative cross-linking of PFs, and the corresponding CFs had a higher carbonization yield and tensile strength at the
lower heating rate. When both IPF and MPF were stabilized at 270 °C, the two resulting CFs all reached their optimal performance.
In addition, the FTIR peak intensity ratio of the C==0 band at about 1 700 cm ™' to the C =C band at 1 600 cm ™" of the SFs had
a good relationship to the carbonization yield and tensile strength of the CFs, and this can be used to optimize the degree of oxidation
of the SFs. Moreover, insufficiently stabilized fibers released a great deal of H, and CH, , causing some porosity in the resulting CFs
with a low tensile strength, especially for the insufficiently stabilized IPCF. While over-stabilized fibers released a large amount of
CO and CO,, causing cracked textures in the corresponding CFs, especially in the over-stabilized MPCF. Therefore, this research
into the stabilization and carbonization behaviors of pitch fibers has great significance for improving the mechanical properties of
pitch-based CFs.
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1 Introduction

Pitch-based carbon fibers ( CFs) were manufac-
tured through a series of processes, including prepara-
tion of pitch precursors, spinning, stabilization, car-
bonization and graphitization'' *'.  Among these
processes, the stabilization played an important role in
ensuring the infusibility of pitch fibers (PFs) before
carbonization, which was vital to improve the carbon-
ization yield and mechanical properties of CFs'*~7).
A number of literatures indicated that some significant
physical and chemical changes of PFs would occur
during the stabilization. In general, the stabilization
could form oxygen bridge structures through oxida-
tion, dehydrogenation and cross-linking of pitch mol-
ecules, which prevented PFs from melting during car-
bonization'* ). Moreover, the oxidation degree of
stabilized fibers ( SFs) was also a determining factor
on the performance of the corresponding CFs. Insuffi-
cient stabilization might cause some problems such as
melting and uneven shrinkage of fibers during carbon-
ization. While excess stabilization might bring about
the formation of defects by decomposition of oxidized
molecules and of the lowered carbonization yield ™ ',
However, the chemical and physical changes of PFs
were complex and difficult to be described during sta-
bilization because of the complexity of pitch precur-
sors. In recent years, Yoon et al'' developed a sim-
ple mean to monitor and optimize the stabilization pa-
rameters of mesophase pitch fibers by thermal analy-
ses at several heating rates, and discovered that a low-
er heating rate gave rise to a larger maximum weight
gain by a more oxygen uptake. Zhu et al'"*’ observed
the evolution of chemical structure and released gases
in stabilization of isotropic pitch fibers by FT-IR and
MS and obtained the optimal stabilization temperature
and time in stabilization. Moreover, Jang et al''
measured the densities of SFs with different stabiliza-
tion conditions which could be used as a reasonable
index to evaluate the oxidation degree of SFs for pro-
ducing high-performance CFs. Based on the research
achievements of these scholars on the stabilization
mechanisms of PFs, we should further investigate the
differences of stabilization and carbonization behaviors
of fibers with different oxidation degrees for optimi-
zing the structure and properties of the pitch-based
CFs. In fact, the weight gain of PFs due to oxygen
uptake was dominant compared with the removal of

low molecular weight components in the PFs during
stabilization'"*'. Meanwhile, the gas amounts re-
leased of SFs with different oxidation degrees were
different during carbonization and had a great impact
on the properties of the resultant CFs''"'. Therefore,
in this study, we analyzed a series of SFs with differ-
ent stabilization conditions and the corresponding CFs
in order to further understand the stabilization and car-
bonization behaviors of PFs. It is aimed to build up a
correlation between the stabilization conditions of PFs
or the properties of SFs and the structural or mechani-
cal properties of the corresponding CFs.

2 Experimental

2.1 Materials

The ethylene tar was used as a raw material for
preparing the spinnable pitch, which was supplied by
Wuhan Luhua Yueda Chemical Co. Ltd., China.
The ethylene tar-derived isotropic pitch (IP) was pre-
pared by the atmospheric distillation at 380 °C for 5 h'"’ |
while the ethylene tar-derived mesophase pitch (MP)
was prepared by a two-stage heat treatment, which
consisted of the firstly pressurized treatment at 420 °C
for 2 h and the successive atmospheric purging treat-
ment at 410 °C for 2 h "'*). The obtained IP and MP
were melt-spun into pitch fibers ( PFs) at the spinning
temperature 80 °C higher than their softening points
(SP) with a single-hole spinneret. The diameters of
the resulting IP-derived PFs (IPPFs) and MP-derived
PFs (MPPFs) were about 12 and 14 pm, respective-
ly.
2.2 Stabilization and carbonization of pitch fibers

The IPPFs and MPPFs were stabilized in a corun-
dum tube furnace under a 200 mL - min~' air flow
with different heating rates (0.5, 1,2, 4 °C - min~")
from room temperature to the different stabilization
temperature (230-370 °C) for 1 h. Then, the ob-
tained stabilized fibers (SFs) werei successively carbon-
ized in a corundum tube furnace under a 200 mL - min '
nitrogen flow with a heating rate of 5 °C - min ' from
room temperature to 1 000 °C for 10 min. The resul-
ting SFs and CFs were labeled as IPSF-X-Y, MPSF-
X-Y, IPCF-X-Y and MPCF-X-Y, respectively.
Where X and Y represented the stabilization tempera-
ture and the heating rate during stabilization.
2.3 Characterization of pitches and fibers

The SPs and optical texture of pitches were de-
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termined by a CFT-100EX capillary rheometer ( Shi-
madzu) and a BX53 polarizing microscope ( POM,
Olympus) , respectively. The oxygen contents of pit-
ches and fibers were determined by a Vario EL III el-
emental analyzer ( Elementar) with the subtracting
method (O = 100-C-H-N-S). The functional groups
of pitches and fibers were analyzed by a Nicolet iS10
Fourier transform infrared spectrometer ( FT-IR,
Thermo Fisher Scientific). The thermal stability of
pitches was measured using a STA 449 F5 thermo-
gravimetric analyzer ( TG, Netzsch ) under a
40 mL - min~' nitrogen flow with a heating rate of
5°C-min~" to 1 000 °C. Meanwhile, to evaluate
the stabilization properties of PFs, the obtained PFs
were also analyzed by a TG analyzer with different
heating rates (0.5, 1, 2,4 °C - min"") to 600 °C in
a 40 mL - min~' air flow to find their maximum
weight gain (W, ) and the corresponding tempera-
ture (7T) as well as to calculate their reaction activa-
tion energy (E,) through the Kissinger’s method ',
The morphologies and diameters of CFs were ob-
served by a JSM-6700F field emission scanning elec-
tron microscope (SEM, JEOL) with 5 kV. The ten-
sile strength of CFs was measured at room tempera-
ture using monofilaments with a gauge length of 20
mm according to the standard ( ASTM D4018-2011)
from the mean value of 30 tests with the values dis-
tributing within 10% . Finally, the released gases of
SFs with different oxidation degrees were measured by
a Hiden Analytical HAS-301-1474 mass spectrometer
(MS, Hiden Analytical) coupled with TG, which
was heated from room temperature to 1 400°C with a
heating rate of 10 °C - min ~'under a 20 mL - min ' argon
flow. The MS was performed at the RGA mode with a
secondary electron multiplier, and the quartz capillary
connected to the thermal analyzer was heated to 160 °C.

3 Results and discussion

3.1 Characterization of pitch precursors and
their pitch fibers

The general properties of IP and MP were sum-
marized in Table 1. The yield of IP and MP was 23%
and 15% , respectively. The MP contained a slightly
higher oxygen content of 0.99% and lower hydrogen

content of 3. 86% than those of IP of 0. 40% and
4.98% , respectively. The POM photos of IP and MP
are shown in Fig. 1(a) and (b), respectively. The
IP showed an evident isotropic feature, while the MP
had a wide-area streamline feature with a mesophase
content over 90% due to the stacking of its planar
macromolecules. The rheological curves of IP and
MP were measured by a capillary rheometer as shown
in Fig. 1(c), which indicated that the SPs of IP and
MP were about 255 and 275 °C, respectively ( Table
1). Moreover, the TG curves of IP and MP in the ni-
trogen atmosphere are shown in Fig. 1(d). The re-
sults showed that the MP had a higher decomposition
temperature than that of IP due to the higher polymer-
ization degree of MP, in accordance with the higher
SP of MP, and the coking value of MP was much
higher than that of IP. The results also could be at-
tributed to the fact that MP had a higher aromatic de-
gree and average molecular weight than IP '8,
Therefore, these differences in the molecular struc-
tures of pitch precursors would affect spinning, stabi-
lization and carbonization behaviors as well as the
structures and properties of the resultant CFs.

On the other hand, the oxidative abilities of IPPF
and MPPF were investigated by TGA under air atmos-
phere with different heating rates of 0.5, 1, 2 and 4
°C - min~' as shown in Fig. 2. The weight gain of
both IPPF and MPPF decreased with the heating rate
and the decomposition temperature of both IPPF and
MPPF increased with the heating rate. However, the
initial temperature of weight gain of IPPF was about
180 °C, which was lower than that of MPPF about
200 °C due to the fact that IPPF consisted of more ali-
phatic groups than MPPF. And the maximum weight
gain of IPPF was much higher than that of MPPF due
to the higher oxidative ability of IP precursor, which
was supported by the fact that E, of IP and MP was
121 and 91 kJ - min~', respectively ( Table 1).
Therefore, MPPF with a higher aromatic degree and
higher molecular showed a better thermal stability,
but lower oxidative ability than IPPF. And these re-
sults indicated that IPPF and MPPF would have differ-
ent stabilization behaviors due to the differences in
pitch molecular structures and their oxidative abilities.

Table 1 Elemental contents, softening point and activation energy of IP and MP precursors.

Sample Yield( %) SP(°C) C(%) H(%) N(%) S(%) 0(%) E,(KI-mol ")
P 23 255 94.53 4.98 0.04 0.05 0.40 121
MP 15 275 95.07 3.86 0.04 0.04 0.99 97
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3.2 Characterization of stabilized fibers and car-
bon fibers
3.2.1 Stabilization with different heating rates

Fig. 3 shows the stabilization and carbonization
yields of fibers, and the tensile strength of CFs at dif-
ferent heating rates in stabilization. The stabilization
and carbonization yields of fibers, as well as the ten-
sile strength of CFs decreased with increasing the

heating rate from 0.5 to 4 °C - min~'. Meanwhile,
the MP-derived fibers showed a lower stabilization
yield and higher carbonization yield than those of IP-
derived fibers. Moreover, the MPCF possessed a
higher tensile strength than the IPCF, and the maxi-
mum tensile strength of IPCF and MPCF carbonized at
1 000 °C reached 630 and 1 019 MPa, respectively.
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Fig. 1 POM photos of (a) IP , (b) MP precursors, (c¢) rheological curves and (d) TG curves of IP and MP precursors.
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Fig. 2 TG curves of (a) IPPFs and (b) MPPFs from room temperature to 600 °C with heating rates of 0.5, 1, 2
and 4 °C - min~! under air atmosphere.

In order to investigate the chemical structural e-
volution of two different PFs after stabilization, the
FT-IR spectra of their PFs and SFs with different heat-
ing rates are shown in Fig. 4 (a) and (b). For two
as-spun PFs, the aliphatic C—H bending, aromatic

C=C stretching, aliphatic C—H stretching and ar-
omatic C—H stretching peaks were observed at 1
460, 1 600, 2 960, and 3 050 cm ™', respectively,
and some peaks in the region 700-900 cm ™' corre-

sponded to the out-of-plane C—H and ring bends. As
to the obtained SFs, the stabilization led to the ap-
pearance of new peaks at 1 260 and 1 700 cm ™' corre-
sponding to C—O—C or O—C—O stretching and
carbonyl C=O stretching, respectively, indicating
the existence of ketone, carboxylate, and carbonate
groups in the SFs. Moreover, the intensities of peaks
at 750, 1 460,2 960 and 3 050 cm ' obviously de-
creased with the heating rate. In order to clearly eval-
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uate the oxidation degree of SFs, the peak intensity
ratio of the C=O band at about 1 700 cm ' (R, )
to the C=C band at 1 600 cm ' (R,y,) was calcu-
lated from FT-IR as shown in Fig. 7' " It could
be seen from Fig. 7(a) that R /R 4, gradually de-
creased with increasing the heating rate from 0.5 to 4
°C - min~' for both of IPSF and MPSF. It indicated
that the stabilization of PFs was more complete at a
lower heating rate, and the corresponding CFs also
exhibited a higher tensile strength and carbonization
yield. In addition, the R,/ R, of IPSF was higher
than that of MPSF, and it was also suggested that
MPPF was more difficult to be oxidized than IPPF.
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Fig. 3 The stabilization yield of SFs and the carbonization yield
and tensile strength of CFs as a function of stabilization heating rates.
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Fig. 4 FT-IR spectra of (a) IPSFs and (b) MPSFs prepared with different heating rates of 0.5, 1, 2 and 4 °C + min~'.

3.2.2 Stabilization with different target temperatures

Fig. 5 shows the stabilization and carbonization
yields of fibers, and the tensile strength of CFs ob-
tained at different target temperatures in stabilization.
The stabilization yield of fibers increased with increas-
ing the stabilization temperature, but decreased when
the stabilization temperature was over 330 °C. Other-
wise, the carbonization yield and tensile strength of
CFs presented their maximum values ( carbonization
yield: 80.6% for IPCF, 85.5% for MPCF, and ten-
sile strength; 520 MPa for IPCF, 820 MPa for
MPCF) at a stabilization temperature of 270 °C.
These results indicated that the higher weight gain of
SFs was not conducive to achieve the more excellent
properties of the resultant CFs. Therefore, the suit-
able stabilization temperature should be selected below
the corresponding temperature of the maximum weight
gain in the TG curves of SFs ).

Fig. 6 shows the FT-IR spectra of two different
PFs and their SFs with different heat treatment tem-
peratures in stabilization. Obviously, when the stabi-
lization temperature was 230 °C, the peaks at around
1260 and 1 700 cm ™' were very weak. It indicated
that a small amount of C=—0 , C—O—C and O—
C—O bonds appeared. Along with the rise of tempera-
ture, the peak at around 1 700 cm ™' increased. Besides
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Fig. 5 The stabilization yield of SFs and the carbonization yield
and tensile strength of CFs as a function of stabilization target temperatures.

this, when the temperature was above 330 °C, the peaks
at around 1 260 cm ™' gradually increased and the peaks
at 2 960 and 3 050 cm ™' were gradually weakened. And
more distinct peaks were observed at 1 260 cm ™', indi-
cating that more oxygen introduced more C—O oxygen-
functional groups ‘"', Otherwise, it could be seen from
Fig. 7(b) that the maximum of R,,,/R,, appeared at
270 °C, and the corresponding CFs showed the highest
carbonization yield and tensile strength. Therefore, the
R 700/ R s could be used as a factor to evaluate the suit-
able stabilization conditions because there was a good
relationship between the R,/ R 4, of SFs and the tensile
strength of CFs.
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3.3 Exploring the carbonization behaviors of sta-
bilized fibers with different oxidation degrees
According to the above experimental results,
three typical SFs with different oxidation degrees were
selected to explore their carbonization behaviors. The
information of selected SFs were as follows; IPSF-
270-4 and MPSF-270-4 were selected as the insuffi-
cient stabilized fibers ( I-SFs ), IPSF-330-1 and
MPSF-330-1 were selected as the excess stabilized fi-
bers (E-SFs) and IPSF-270-0. 5 and MPSF-270-0. 5
were selected as the normal stabilized fibers ( N-
SFs). Table 2 summarizes the stabilization yield, car-
bonization yield, elemental contents, diameter and
tensile strength of their SFs and CFs. It was noticed
that E-SFs showed a highest stabilization yield among
E-SFs, I-SFs and N-SFs, which was in accordance
with the much highest introduced oxygen content in
the E-SFs (31. 92% for E-IPSF, 21. 82% for E-
MPSF). While the E-CFs showed a lowest carboniza-
tion yield (50. 1% for E-IPCF, 63. 9% for E-
MPCF) , caused by the release of more oxygen-con-
taining gases during carbonization. Thus, the E-CFs
might have many defects in the carbonized fibers, re-

sulting in its lowest tensile strength (232 MPa for E-
IPCF with diameter of about 10.98 pm, 370 MPa for
E-MPCF with diameter of about 13. 02 pum) of the
resultant CFs. On the other hand, the I-CFs also
showed the lower tensile strength (83 MPa for I-IPCF
with diameter of about 11. 80 pum, 466 MPa for I-
MPCF with diameter of about 13.87 wm) than the N-
CFs due to their insufficient oxidation, which might
lead to the skin-core structure of the resultant CFs.
These assumptions would be supported by the follow-
ing analyses of TG-MS and SEM results.

As shown in Fig. 8, the TG curves of SFs
showed that E-SFs were intensively decomposed from
400 °C and had much a lower carbonization yield at a
higher temperature in comparison with the correspond-
ing I-SFs and N-SFs. It was because that E-SFs re-
leased a large amount of gases in the late stage of car-
bonization due to their high oxygen contents ( Table
2). Moreover, MPSF showed a higher carbonization
yield at 1 000 °C than IPSF due to their differences in
the pitch precursor compositions.

The MS curves about the evolution of H,, CH,,
CO and CO, of I/N/E-IPSF and I/N/E-MPSF during
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Table 2 General properties of IPSFs and MPSFs with different oxidative degrees, and their resultant IPCFs and MPCFs.

Sample Yield( % ) C(%) H(%) N(% ) S(% ) O(% ) D(pm) TS (MPa)
1-1PSF 106.0 83.30 3.88 0.09 0.03 12.70 12.23 —
N - IPSF 110.3 79.09 3.37 0.10 0.03 17.41 12.51 —
E - IPSF 114.1 65.31 2.56 0.16 0.05 31.92 12.73 —
I - MPSF 105.3 85.78 3.28 0.08 0.05 10. 81 14.13 —
N - MPSF 110.1 83.82 3.15 0.08 0.02 12.93 14.43 —
E - MPSF 12.7 75.57 2.52 0.06 0.03 21.82 14.78 —
1-IPCF 76.5 88.70 1.29 0.12 0.07 9.82 11.80 83
N - IPCF 80.6 85.11 3.97 0.13 0.01 10.78 11.56 630
E - IPCF 50.1 82.58 3.97 0.12 0.04 13.29 10.98 232
1 - MPCF 82.6 94.16 0.94 0.08 0.04 4.78 13.87 466
N - MPCF 85.5 95.23 0.73 0.07 0.02 3.95 13.11 1019
E - MPCF 63.9 92.73 0.71 0.10 0.03 6.43 13.02 370
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Fig. 8 TG curves of (a) N/I/E-IPSF and (b) I/N/E-MPSF from room temperature to 1 400 °C with
a heating rate of 10 °C - min =" under argon atmosphere.
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with a heating rate of 10 °C - min ~! under argon atmosphere.



ol

PENG Yuan-shuo et al; Effects of the degree of oxidation of pitch fibers on their------

- 729 -

1400

8.0x10°
| (a) —— N-MFSF
— I-MPSF
B8.0x10* |- E-MPSF
4 0x10%
2.0=10% |-
0.0 = 1 - 2 | R | N
(0] 200 400 &00 800 1000 1200
Temperature (°C)
5.0x107
i — N-MPSF
S| I-MPSF
4.0x10% |- E-MPSF
3.0x10° |-
2.0=10% -
1.0x10%° -
0.0 R T T [ e e |
) 200 400 600 BOD 1000 1200

Temperature (°C)

1400

6.0x10"¢

4.0x107°

2.0x107

PR . "
0.0
o] 200 400 600 800 1000 1200 1400
Temperature (°C)
1.2x10°
(d) — N-MPSF
3 —— I-MPSF
— E-MPSF
8.0x10m |-
4.0x10°° |-
Pty e e e e e e e e
o 200 400 600 800 1000 1200 1400

Temperature (°C)

Fig. 10 The concentration changes of (a) H,, (b) CH,, (c¢) CO and (d) CO, of I/N/E-MPSF from room temperature to 1 400 °C
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Fig. 11

their carbonization are shown in Fig. 9 and Fig. 10.
The H, started to produce above 500 °C, and the
maximum values were found at about 800 °C for both
of IPSF and MPSF. The evolution of CH, began at 400
°C, and the maximal peak values were observed at about
600 and 650 °C for IPSF and MPSF, respectively,
which represented the decomposition of aliphatic com-
pounds. It could be observed that the amounts of H,
and CH, released from I-SFs were rather higher com-
pared with N-SFs and E-SFs for both of IPSF and
MPSEF. This result could be explained that insufficient

-1 under argon atmosphere.

Cross-section SEM images of CFs prepared from SFs with different oxidative degrees.

stabilization was difficult to form stable cross-linked
structure in the core of fibers, causing that more H
was removed at the early stage of carbonization due to
the deoxygenation ') The CO was derived from the
acid anhydrides that were developed by oxidation,
and the maximal peak values of CO were observed at
about 600 and 670 °C, for IPSF and MPSF, respec-
tively. The evolution of CO, behaved the similar
trend as CO, but the maximal peak values of CO, ap-
peared at 500-600°C, corresponding to the decompo-
sition of carboxyl groups. It was evident that the a-



- 730 - B M

w ##

435 &

mounts of CO and CO, released from E-SFs were the
highest among E-SFs, I-SFs and N-SFs due to the lar-
gest amounts of the oxygen-containing functional
groups of E-SFs. It was due to the fact that E-SFs
showed the highest oxygen contents from Table 2
(31.92% for E-IPSF, 21.82% for E-MPSF). In ad-
dition, the N-SFs released the lower amount of CO
and CO, than I-SFs even N-SFs consisting the higher
oxygen content, which indicated that the formed oxy-
gen-functional groups of N-SFs were more stable than
those of I-SFs. Fig. 11 shows the cross-section SEM
images of CFs prepared from SFs with different oxida-
tion degrees. It could be observed that I-IPCF and I-
MPCF appeared the hollow structure and pore struc-
ture, respectively. While the cross-section of E-IPCF
and E-MPCF appeared different levels of pore struc-
ture and cracked structure, respectively. These de-
fects were consistent with the above MS analysis.
Meanwhile, the resultant I-CFs and E-CFs had poor
mechanical properties. Therefore, SFs had different
oxidation degrees, and the corresponding CFs exhibi-
ted different structures and mechanical properties due
to the differences in the amount of gases released of
SFs during carbonization.

4  Conclusions

Ethylene tar-derived IPPF and MPPF were stabi-
lized with different heating rates and stabilization tem-
peratures. Research found that oxidative cross-linking
of PFs was easier to conduct at a lower heating rate,
and the obtained CFs possessed a higher carbonization
yield and tensile strength. Otherwise, a suitable stabi-
lization temperature was beneficial to the preparation
of high-performance CFs. In addition, I-SFs released
a more amount of H, and CH, while E-SFs released a
more amount of CO and CO, during carbonization
compared with N-SFs. As a result, the resultant I-
CFs and E-CFs appeared the hollow and pore structure
or cracked structure in the fibers, showing poorer me-
chanical properties. Accordingly, the PFs should be
stabilized at a low heating rate and suitable stabiliza-
tion temperature for the performance optimization of
pitch-based CFs.
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