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ABSTRACT: Modification of polyacrylonitrile (PAN) fibers with cobaltous chloride has
increased crystal size, crystallinity, and density, and also improved tensile strength and
modulus of the resulting carbon fibers. In this study, the effect of cobaltous chloride
modification on the physical properties, microstructure, and elemental composition of
PAN fibers during the carbonization process was examined. The resultant carbon fibers
developed from modified PAN fibers had a lower formation temperature of carbon basal
planes than those fibers that developed from the original one. The modification process
not only improved the tensile strength but also increased the tensile modulus by about
15% of the resulting carbon fibers at carbonization temperature of 1300°C. A higher
stacking size (L_), or a greater carbon basal plane in crystalline, is one of the reasons
to improve the modulus and conductivity of the final carbon fibers. The modification
process also increased the electrical conductivity by about 15% at 1300°C and by about
150% at 2500°C. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 70: 2409-2415, 1998
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INTRODUCTION

Polyacrylonitrile (PAN) fiber has been used as the
precursor for making high-performance carbon fi-
bers.! ™15 To broaden the applicability of carbon
fibers, many scientists have consistently engaged
in research for the improvement of the perfor-
mance of carbon fibers, such as the enhancement
of strength, modulus, and elongation, or the im-
provement of other functions, such as increased
electrical conductivity. Watt and his coworkers?
utilized the process of steaming to restretch PAN
fibers to improve the mechanical properties of the
resultant fibers. Watt'® further achieved such an
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object by applying the tension method during the
oxidation engineering. Blakslee et al.!” utilized
the neutron irradiation technique to increase the
Young’s modulus of carbon fibers. Cooper and
Mayer® filled boron into carbon fibers, while
Bahl®? and Ko'?1%'® respectively utilized vari-
ous solvents such as CuCl, SO,, potassium per-
manganate, and potassium perchromate to mod-
ify PAN fibers so as to promote the mechanical
properties of the resultant carbon fibers.

In the carbon industry, artificial graphite has
always been prepared with resin as the raw ma-
terials. To increase the mechanical properties of
artificial graphite, and to reduce the production
costs of graphite, many kinds of metal powders
are used as a catalyst. Oya and Otani'® discov-
ered that to promote graphitization, the best re-
sults can be obtained with the metal powders of
Al, Cr, Mn, Fe, Co, and Ni. Wakatsaki?® indicated
that there are still some empty electrons on the d
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orbital of Fe, Co, and Ni that can accommodate
the electrons of carbon. The carbon layer struc-
ture of the graphite has not been destroyed. Many
atoms, molecules, and ions may be interposed
between the carbon layers to form a compound,
which is the so-called graphite intercalation com-
pounds. Gonsalves et al.?! introduced Ti ions into
the fibers and the same electroconductive materi-
als and electrode materials. Recently, Ho et al.,??
according to the viewpoint of graphite intercala-
tion compounds, introduced Br, into Thornel
P-100 carbon fibers so as to improve the electrical
conductivity of the resultant carbon fibers.

In our previous study,?® the effect of modifica-
tion of the precursor with cobaltous chloride on
the properties of the resulting stabilized fibers
that were stabilized at 270°C from 1 to 10 h and
on the properties of the final carbon fibers has
been discussed. This previous study indicated
that the modification process would decrease the
required stabilization time and improve the ten-
sile strength by 15-40%, and the modulus by
10—20% of the resulting carbon fibers, which were
carbonized at 1300°C. In this study, during car-
bonization the effect of modification of PAN fibers
with cobaltous chloride on the microstructure and
mechanical properties of the resulting carbonized
fibers are reported.

EXPERIMENTAL

A special grade of acrylic fiber, Courtelle fiber
(Courtaulds Ltd., UK), containing 6% methyl ac-
rylate and 1% (itaconic) acid copolymer was used
to prepare stabilized fibers in this work. A single
tow of Courtelle fiber contains 6000 strands of 1.1
denier monofilament. The modification process
was carried out by immersing the PAN fibers in a
5% cobaltous chloride solution at 90°C for 5 min,
then washed with distilled water, and dried to a
constant weight in an oven. The cobalt content in
the resulting carbon fibers was determined by an
atomic emission spectrometer analysis. The con-
tent of cobalt in the fiber had increased about 40
times over its original content after the modifica-
tion process.?3

Stabilization of the PAN fibers was carried out
in a purified air atmosphere in a constant tem-
perature zone furnace with a fixed length method
at 270°C for 3 h. The stabilized fibers were car-
bonized from 400 to 1300°C at a rate of 4°C/min,
and samples were taken at 100°C intervals, in a
ceramic reaction tube and an oxygen-free nitro-

gen atmosphere. The specimens were immedi-
ately cooled.

The mechanical properties of the carbon fibers
were measured by an Instron 1122 tensile-testing
machine at a crosshead speed of 0.5 mm/min and
a load cell of 10 g, with a testing length of 2.5 cm
for carbon fibers. In each sample, at least 25 fil-
aments were tested, and the average value was
reported. The diameters of all fibers were mea-
sured under an Olympus BHT microscope with a
closed circuit television camera that magnified
the image of the fibers in order to measure their
diameters. Thirty fiber diameters were measured
in each experiment, and the average measure-
ment of these 30 fibers was calculated.

A Rigaku X-ray diffractometer, providing Ni-
filtered Cu %, radiation, was used to measure the
crystalline-related properties of the sample. The
step-scan method was used to determine the d
spacing and stacking size (L, stacking height of
layer planes). The d spacing and L, were calcu-
lated by using egs. (1) (the Bragg equation) and
(2) (the Scherrer equation):

nA = 2d sin 0 (1)
Lc(hkl) (in nm unit) = KA/B cos 0 (2)

in which A = 0.154 nm, K is the apparatus con-
stant (=1.0), and B is the half value width in the
radian of the X-ray diffraction intensity (1) vs. 26
curve.

Density was measured at 25°C according to the
density gradient column method. The density col-
umn was prepared with a mixture of n-heptane
and carbon tetrachloride, so that a density gradi-
ent of about 1.2 to 1.6 g/cm? extended from top to
bottom. For the measurement of densities from
1.6 to 2.0 g/cm?®, a density gradient column pre-
pared with a mixture of carbon tetrachloride and
1,3-dibromopropan was adopted.

A Perkin—Elmer model 240C Elemental An-
alyzer was used to carry out the elemental anal-
ysis. The samples from the carbonization pro-
cess were analyzed for carbon, hydrogen, and
nitrogen.

Electrical resistance measurements on the
graphite fibers were made using a GW digital
milli-ohmmeter. The contact resistance at the
point of contact between the measuring probe and
the fiber was minimized with the measuring
probe, and the fiber was minimized with siliver
paint during measuring. At least 30 fibers were
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Figure 1 Carbon content of carbonized fibers as a
function of carbonization temperature; carbon fibers
developed from: ((J) original PAN fibers; (O) modified
PAN fibers.

measured in each experiment, and the average
measurement of these data was calculated.

RESULTS AND DISCUSSION

The trace elements contained in carbon fibers are
partly those originally possessed by the fibers
themselves and partly those derived from addi-
tives used during the manufacturing process to
assist in catalyzing the advancement carboniza-
tion and graphitization. Marsh et al.?* reported
that the Fe element can generate a reaction at a
temperature as low as 600°C to produce turbos-
tratic graphite.

In this article, to investigate the effect of cobalt
on carbon fibers during carbonization, there were
two stabilized fibers—one developed from origi-
nal PAN fibers and the other developed from mod-
ified PAN fibers—that were used to study the
development of the microstructure and physical
properties of the fibers at the carbonization stage.

The result of the analysis of the elemental com-
position of the fibers during the carbonization is
shown in Figures 1-3. The carbon content of the
fibers increases gradually as the carbonization
temperature increases, as shown in Figure 1,
whereas the nitrogen and hydrogen elements
gradually decrease with a rise in the carboniza-
tion temperature, as shown in Figures 2 and 3.

There is a weight loss of the stabilized fibers
during carbonization. The noncarbon elements
are removed as volatiles, such as HCN, H,, NH,,
CO,, CO, and CH,, to give carbon fiber with a
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Figure 2 Nitrogen content of carbonized fibers as a
function of carbonization temperature; carbon fibers
developed from: ((J) original PAN fibers; (O) modified
PAN fibers.

yield of about 50% of the mass of original PAN
fibers,”162 At the early stages of the carboniza-
tion, the nitrogen content manifests a slow reduc-
tion, as shown in Figure 2. The nitrogen content
for both samples decreases when the carboniza-
tion temperature is raised. In the early stage of
carbonization, the nitrogen content decrease
slightly. After the period of the transition temper-
ature, it decreases rapidly as the carbonization
temperature rises. The nitrogen content of the
carbon fibers that were developed from modified
PAN fibers (modified PAN-based carbon fibers)
shows a reduction at the transition temperature
above 700°C, which is about 100°C lower than
that developed from the original PAN fibers (orig-
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Figure 3 Hydrgen content of carbonized fibers as a
function of carbonization temperature; carbon fibers
developed from: (O) original PAN fibers; (O) modified
PAN fibers.
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Figure 4 Density of carbonized fibers as a function of
carbonization temperature; carbon fibers developed
from: (O) original PAN fibers; (O) modified PAN fibers.

inal PAN-based carbon fibers), which shows a
sharp reduction of nitrogen content above 800°C.
The transition temperature of the modified PAN
fibers is 100°C lower than that of the original
PAN fibers. This indicates that PAN fiber modi-
fied with cobaltous chloride will promote the for-
mation of the carbon basal planes. As for the
variation in the hydrogen content of the fibers, as
shown in Figure 3, a more apparent reduction in
hydrogen content was noted in modified fibers
compared with the unmodified fibers at 700—
900°C. These reactions will lead to the crosslink-
ing of the carbon basal planes. This exhibits a
trend very similar to the one observed in the
variation in the nitrogen content.

It is presumed?® that at 700°C, the ladder poly-
mers are crosslinked together and lead to the
evolution of HCN gas. This reaction also causes
the lengthening and broadening of the carbon
fiber structure. The formation of such a structure,
which is earlier in modified PAN-based carbon
fibers than in original PAN-based carbon fibers,
facilitates the formation of more carbon basal
planes, thus enhancing the mechanical properties
of the final carbon fibers. Therefore, the modulus
of carbon fibers from the modified fibers will be
higher than that of carbon fibers from the original
PAN fibers.

As for the variation in density of carbon fibers,
as shown in Figure 4, an increase in density was
noted as the carbonization temperature in-
creased. Density increase very rapidly below car-
bonization temperature of 1000°C for both fibers.
This is because as the carbonization temperature
rises, the noncarbon elements in the fibers evolve

and the ladder polymer structures interconnect
with one another. The aromatization and
crosslinking of the heterocyclic rings, as well as
the lengthening and broadening of carbon basal
planes, led to the repacking of the structure in
carbon fibers.?’® The modified PAN-based carbon
fibers has higher density than the original PAN-
based carbon fibers at temperature ranging from
700 to 900°C. This is due to higher nitrogen elim-
ination and dehydrogenation for the modified
PAN-based carbon fiber, as shown in Figures 2
and 3. The formation of graphite-like ribbons and
fibrils in the carbon fibers is due to nitrogen elim-
ination and dehydrogenation.?® Thus, the small
nitrogen content and hydrogen content for the
modified PAN-based carbon fibers during carbon-
ization between 700 and 900°C shows that carbon
basal planes and fibril formations occur rapidly in
this temperature range. Therefore, these reac-
tions lead to a higher density for the modified
PAN-based carbon fiber. The sudden drop in den-
sity at a carbonization temperature from 1000 to
1100°C is caused by the gradual transformation
of the open pores in the fibers into closed
pores.'®26 Because of the formation of the closed
pores in fibers, this lead to a decrease in density.
However, the density for the modified PAN-based
carbon fibers is 1.773 g/cm?®, and that of the orig-
inal PAN-based carbon fibers is 1.772 g/cm?® at the
carbonization temperature of 1300°C.

As the carbonization temperature progres-
sively rises, basic carbon layer structures are
slowly formed in the fibers. The front-to-rear con-
nection of the ladder polymers causes lengthening
of the basic carbon structures, whereas the verti-
cal connection along the fiber’s axis causes broad-
ening of the basic carbon structure. The crosslink-
ing of the ladder polymers causes the densifica-
tion of the structure, so that the tensile strength
increases gradually as the carbonization temper-
ature rises, as shown in Figure 5. Tensile
strength of the modified PAN-based carbon fibers
is 0.2 GPa at 400°C to 3.5 GPa at 1300°C, and
that of the original PAN-based carbon fibers is 0.2
GPa to 3.2 GPa from 400 to 1300°C. The tensile
strength of the modified PAN-based carbon fibers
is greater than the original PAN-based carbon
fibers during the heat-treatment process. This is
due to the increased microfibril structures and
crosslinking generated by the denitrogenation
and dehydrogenation reactions.

Above the carbonization temperature of
1100°C, the density of the carbonized fibers grad-
ually increased with a increase in carbonization
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Figure 5 Tensile strength of carbonized fibers as a
function of carbonization temperature; carbon fibers
developed from: ((J) original PAN fibers; (O) modified
PAN fibers.

temperature. The tensile strength and elastic
modulus of both carbonized fibers also increased
after 1100°C, as shown in Figures 5 and 6. We
found that no apparent relationship between the
formation of closed pores and the mechanical
properties exists at this temperature stage. This
is due to the effect of the lengthening and broad-
ening of carbon basal planes being higher than
the formation of closed pores.

The results shown in Figure 6 indicate that the
elastic modulus of carbon fibers gradually in-
creases along with the temperature. This is
caused by the gradual elimination of the noncar-
bon elements in the fibers, which led to the for-
mation of the carbon basal planes. The modulus of
the modified PAN-based carbon fibers is slightly
higher than original PAN-based carbon fibers.
This is probably caused by the catalytic action of
cobalt. This reaction promotes the stacking ar-
rangement of the carbon basal planes, which
leads to a denser structure, as shown in Table I.

As manifested in the Figures 5 and 6, the ten-
sile strength and fracture modulus of modified
PAN-based carbon fibers are higher than those of

Table I Structure Parameters of Carbon Fibers
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Figure 6 Tensile modulus of carbonized fibers as a
function of carbonization temperature; carbon fibers
developed from: (O) original PAN fibers; (O) modified
PAN fibers.

the original PAN-based carbon fibers. This is be-
cause the cobalt-modified fibers form carbon layer
structures earlier and have a higher carbon con-
tent that is conducive to the formation of more
basic carbon layer structure. The formation of
such structures enhances the densification of the
fibers and promotes the stacking arrangement of
the carbon basal planes. Therefore, there is a
greater number of crystalline planes (L ./d), as
shown in Table I, which gives rise to an improved
modulus.

During carbonization, elongated strips of aro-
matic carbon layers are gradually formed. The
structures of these aromatic carbon layers are in
accord with graphite. The spacing between the
layers is generally maintained. However, the ori-
entation of the layers is entirely disorderly. Such
a structure is termed turbostratic graphite. These
aromatic layers are composed of carbon basal
planes. Along the direction of the plane, electrical
conductivity may be generated by the movement
of the 7 electrons. The higher the carbonization
temperature, the lower the electrical resistivity of
the resultant carbon fibers prepared.

Modified PAN Fibers

Original PAN Fibers

Developed from

Temperature °C L, (nm) d (nm) L./d L, (nm) d (nm) L./d
800 1.067 0.342 3.1 1.066 0.344 3.1
1300 1.237 0.345 3.6 1.173 0.342 34
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Figure 7 Electrical resistivity of carbonized fibers as
a function of carbonization temperature; carbon fibers
developed from: ((J) original PAN fibers; (O) modified
PAN fibers.

Figure 7 shows the relationship between vari-
ous carbonization temperatures and electrical re-
sistivity. Along with increase in the carbonization
temperature, the electrical resistivity of the car-
bon fibers gradually falls. The fall in electrical
resistivity is considerably marked particularly be-
tween the temperatures of 800 and 1100°C. As
indicated by the different carbonization tempera-
tures and the resultant variations in the carbon
content of the carbon fibers (as shown in Fig. 1),
the noncarbon elements are evolved as the car-
bonization temperature rises, so that the carbon
content increases considerably. At this stage, ba-
sic carbon structures are gradually formed, and
more graphite-like structures are generated,
causing a sharp drop in the electrical resistance.
Above 1100°C, this trend becomes less severe. For
the original PAN-based carbon fibers, the electri-
cal resistivity at a carbonization temperature of
800°C is 3.74 Qcm, and drops to 3.55 X 10~3 Qcm
at 1100°C. At a carbonization temperature of
1300°C, the electrical resistivity is 1.91 x 1073
Qcm for the original PAN-based carbon fibers,
and that is 1.64 X 1072 Qcm for the modified
PAN-based carbon fibers. The carbon fibers devel-
oped from the modified PAN fibers have a greater
electrical conductivity by 15% than those devel-
oped from the original PAN fibers. In our another
experiment, both fibers were heat treated to
2500°C. The electrical resistivity is 1.48 x 10~ *
Qcm for the original PAN-based carbon fibers,
and that is 6.00 X 107° Qcm for the modified
PAN-based carbon fibers. The graphite fibers de-
veloped from the modified PAN fibers improve the
electrical conductivity by 150%.

As discussed in the foregoing, cobalt exerts an
advanced catalytic action on the formation of lat-
tice structure, and simultaneously promotes the
stacking arrangement of the crystalline planes.
Therefore, the cobalt-modified fibers as opposed
to unmodified ones have more carbon layers
(higher L /d value) making up the basic structure
of the carbon fibers, which aids in the movement
of 7 electrons, which in turn, lowers the electrical
resistance value and increases the electrical con-
ductivity. Therefore, conductivity of carbon fibers
increases with an increase in modulus.

In addition, there are studies that reported
that among the carbon layers of the graphite
structure, graphite intercalation compounds
formed by insertion of atoms or molecules other
than those of carbon can synthesize a sub-
stance.!®?? As long as the graphite structure is
not destroyed, many atoms, molecules, ions, etc.,
may be interposed between the graphite layers to
form compounds, which are termed graphite in-
tercalation compounds. Graphite intercalation
compounds enable many intercalants to be inter-
posed between the graphite layers. There is elec-
tron transfer between the graphite layers and
most of the intercalants. One part is ionized, and
provides electrons to the graphite layers, and in
itself becomes a donor of positive ions, such as Fe,
Co, and Ni. Acceptors that take negative ions
from the graphite layers to interpose between the
layers, such as Co, may have formed graphite
intercalation compounds and have a decreased
electrical resistance. Because of this, the electri-
cal resistivity of the modified PAN-based carbon
fibers is lower than that of the original PAN-
based carbon fibers, with a value reaching 15% at
1300°C and 150% at 2500°C.

CONCLUSIONS

Carbon fibers prepared from modified PAN fibers
have enhanced strength and modulus. During the
carbonization stage, the modified PAN-based car-
bon fibers form a lattice structure at a tempera-
ture that is more advanced than that of the orig-
inal PAN-based carbon fibers by about 100°C, and
at the same time have the effect of promoting the
stacking arrangement of crystalline planes, lead-
ing to an increase in the modulus. The electrical
resistivity of carbon fibers decreases as the car-
bonization temperature increases. A sharp fall is
noted between 800—-1100°C. The electrical resis-
tivity of the modified PAN-based carbon fibers is



lower than that of the original PAN-based carbon
fibers, the values being about 15% at 1300°C and
150% at 2500°C.
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