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Abstract
Mesophase pitch—based carbon fiber is expected to exhibit high tensile
properties due to its high oriented molecular structure and high
crystallinity of graphite. They can be prepared at a low—cost because of

their Qheapraw materials and high carbon yield. Mesophase pitch carbon
fibers have a wide variety of internal structures, such as radial,
random, onionskin and their intermediates. The internal structure is
determined by the shear conditions in the spinneret and the dimensions of
the die. To obtain proper structures and, as the result, high tensile
properties, it is most important to control the spinning process since
molecular orientation of mesophase pitch is determined almost exclusively
in this process.

INTRODUCTION

Carbonization of fiber was first applied by the Edison in his process of obtaining
incandescent filaments about a century ago and is now an essential process in the carbon
fiber production. Carbon fibers are unique materials and have a wide variety of
applications. Especially high performance carbon fibers (HPCFs) have recently gained
considerable attention and are used as a reinforcing component of the advanced composite
materials for aerospace application and sporting equipments. These applications of HPCFs
are based on their high strength and high modulus, which are attributable to the structure
of highly oriented hexagonal carbon—carbon networks, similar to that of single crystal
graphite. A comparison of some different types of carbon fibers in precursor is described
in the next section. The main emphasis of this paper will be on the spinning of mesophase
pitch. Dependence of the transverse structure of mesophase pitch—based carbon fibers on the
shear conditions in a spinneret and on the dimensions of a die used for the melt spinning
procedure is also described.

COMPARISON OF CARBON FIBERS

In order to obtain carbon fibers with desirable properties, a wide variety of organic
materials have been investigated for their use as precursors during the past decades.
Mainly rayon, polyacrylonitrile (PAN), and carbonaceous pitch have been used in the industry
as the precursors for carbon fibers.
Some properties of carbon fibers supplied by manufacturers are shown in Table 1. The
tensile strength of PAN (T800) and the tensile modulus of mesophase pitch (P120) are
remarkably higher than others. The tensile properties of rayon are nearly equal to PAN M50
(graphitized fiber). However, as shown in Table 2, rayon and isotropic pitch require to be
subjected to a hot stretching procedure at a high temperatures to obtain a highly oriented
structure and, accordingly, a high modulus (ref. 1—3). In contrast, anisotropic mesophase
pitch itself has a highly oriented structure and can be subjected directly to carbonization
without such inconvenient and less economical treatment needed for rayon and isotropic
pitch. Thus, currently, PAN and mesophase pitch are preferentially employed as precursors
for HPCFs. Especially, mesophase pitch is expected to have better characteristics as the
precursor of HPCFs than PAN because of its higher "graphitizing" characteristics.
In case of mesophase pitch—based HPCF, tensile modulus of 830 GPa can be attained, which is
equivalent to 80% of the theoretical value for graphite crystal. In contrast, the maximum
value of the modulus attained for PAN—based fibers is considered to be about 500 GPa. Figure
1 shows the tensile properties of manufactured PAN— and mesophase pitch—based carbon fibers.
Mesophase pitch—based carbon fibers have a higher tensile modulus than PAN, while the
tensile strength of mesophase pitch carbon fibers are much lower than thatofPAN..:Bowever,the
tensile strength of a carbon fiber depends on its elongation which, in turn, is determined
by the degree of defects. When the elongation is constant, fibers with higher modulus
exhibit the higher strength. For this reason, mesophase pitch—based carbon fibers are
expected to exhibit higher tensile strength and modulus than PAN, if the defects in carbon
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fibers can be removed sufficiently. Furthermore, the higher carbon yield fron mesophase
pitch (Table 2), in addition to the cheaper raw material, suggests the possibility that
mesophase pitch—based carbon fibers are prepared at a lower cost than PAN.

Table 1. Properties of carbon fibers derived fron various
kinds of precursors

.
Density

(Mg/m

Tensile
strength
(GPa)

Tensile
modulus
(GPa)

.
Elongatio

(%)

Electricaln
resistivity
(.iOhm.m)

Rayon 50S 1.67 1.9 390 0.5 10

75S 1.82 2.5 520 0.5 —

Polyacrylonitrile2 T800 1.80 5.6 290 1.9 13

(PAN) M50 1.91 2.4 490 0.4 7.6

Isotropic pitch3 T1O1F 1.65 0.8 33 2.4 150

T2O1F 1.57 0.7 33 2.1 50

Mesophase pitch4P25 1.90 1.4 160 0.9 13

P120 2.18 2.2 830 0.3 2.2

single-cristaI
graphite 2.25 — 1000 — 0.4

Fig. 1. Tensile properties of manufactured PAN—
and mesophase pitch—based carbon fibers.
PAN (Toray md., Torayca5
Mesophase pitch (Union Carbide, ThornelTh)

MESOPHASE PITCH

Table 2. Characteristics of precursors
on carbonization

Carbon yield
(Wt%)

Tensile modulus
(GPa)

Rayon 20—'25 100 1)

390—'520 2)

PAN 55'—60 150'—'500

Isotropic pitch 80''85 30''BO 1)

400—600 2)

Mesophase pitch 80'-85 120'—'830

Most organic materials can be carbonized on heat treatment at a high temperature above
700—800°C under inert atmosphere. The resulting carbons are classified mainly into the two

categories, graphitizable and non—graphitizable carbons. Carbons of the former class
exhibit a characteristic of structural conversion on heat treatment above 2000°C, by which
the hexagonal carbon-carbon networks are highly oriented in the three—dimensional order.
But the latter carbons, non—graphitizable carbons, do not exhibit such a characteristic.
Mesophase pitch is known as one of the most typical graphitizable carbonaceous materials.
Otani et al. (ref. 4) and Singer (ref. 5) have independently investigated carbon fiber
precursors and reported that HPCF with high orientation and crystallinity of graphite can be

readily obtained from mesophase pitch.
The processes of mesophase pitch— and PAN—based carbon fibers are shown in Fig. 2. Both
processes after the spinning are essentially the same. However, the oxidation in each
process has a different purpose. The purpose of the oxidation of mesophase pitch is to
cross—link molecules to the extent of making it infusible by introducing oxygen. On the other
hand, the oxidation of PAN brings about a ring formation of PAN chain molecules (ref. 6).

1) Union Carbide, Thornel
2) Toray, ToraycaR.) Kureha.
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Yamada et al. (ref. 18) have reported that the internal structure of carbon fiber varies
fron onionskin to random or onion—surface radial—core, then to radial and finally to radial
with crack as the spinning temperature decreases. Their observations that a random type
internal structure was preferentially produced by spinning at a higher temperature and that
a radial type was produced at a lower temperature, can be explained, at least partially, by
the equation 2 since at a lower temperature, r is greater which means T is greater and,
thus, the degree of shear is greater.
Their method to obtain onionskin structure requires a high temperature spinning and often
results in the formation of voids in fibers due to the pyrolytic gaseous materials.
To avoid the pyrolysis, a relatively low spinning temperature should be employed. To meet
this requirement, we have investigated the effects of the flow of mesophase in the spinneret
and established a new spinning technology to obtain onionskin structure fibers by expanding
the size of flow in the spinneret. Figure 18 shows the internal structures of the onionskin
fibers obtained by our method and the shape of the spinneret used. From polarized
microscopic observation using sensitive color plate, radial and onionskin structure of
mesophase pitch as spun fibers can be easily distinguished by the interference colors.
Using this technique, radial and onionskin structures in the cross section of as spun fibers
obtained by our method were demonstrated and these internal structures were found to be
preserved even in carbonized and graphitized fibers.

In conclusion, the internal structure of mesophase pitch carbon fibers is drastically
affected by the spinning conditions, especially the factors determining the flow of
mesophase in the spinneret, namely the diameter, the length, and the shape of the spinneret.
Mechanisms by which these factors determine the internal structure of the resulting carbon
fiber remain unclear. More detailed investigations on mesophase behavior in the cylindrical
flow, especially on the orientational phenomena under shear, are needed.

ACKNOWLEDGEMENT

The author wishes to thank Messrs. K. Fukuda, K. Inokuchi and K. Hirata of Mitsui Coke Co.
for supplying mesophase pitch for our experiments and the members of his laboratory for
excellent technical assistance. The author also wishes to thank Prof. H. Honda of Science
University of Tokyo, Prof. I. Mochida of Kyushu University and Dr. Y. Yamada of Governmental
Industrial Research Institute, Kyushu for their encouragement and fruitful discussion.
Special thanks of the author should go to Toray Research Center, especially Messrs. Y.
Murata and K. Yoshimura, for their kind service of TEM, SEM and crossed polarized
microscopy. The author also wishes to thank Dr. Sawahata of R & D Devision of this company
for his proofreading of this manuscript.

REFERENCES

1. R.Bacon, Chemistry and Physics of Carbon, Eds. P. L. Walker, Jr. and P.A. Thrower,
Marcel Dekker, New York, 1973, Vol. 9, pp. 1—102

2. 5. Otani, A. Yokoyama and A. Nukui, Applied Polymer Symposia, No. 9, 325—330 (1969).
3. H. M. Hawthorne, C. Baker, R. H. Bentall and K. R. Linger, Nature, 227, 946—947

(1970)
4. 5. Otani, S. Watanabe, H. Ogino, K. lijima and T. Koitabashi, Bull. Chem. Soc. Japan,

45, 3710—3714 (1972)
5. L. S. Singer, Carbon, 16, 409—415 (1978)
6. K. Morita, H. Miyachi and T. Hiramatsu, Carbon, 19, 11—18, (1981)
7. J. D. Brooks and G. H. Taylor, Carbon, 3, 185—193 (1964)
8. J. B. Jones, J. B. Barr and R. Smith, J. Mat. Sci., 15, 2455—2465 (1980)
9. E. R. MacHenry, U. S. Patent 4,026,788 (1977)
10. I. C. Lewis, E. R. McHenry and L. S. Singer, U. S. Patent 4,017,327 (1977)
11. R. J. Diefendorf and D. M. Riggs, U. S. Patent 4,208,267 (1980)
12. 5. Uemura, S. Yamamoto, and T. Hirose, U. S. Patent 4,391,788 (1983)
13. Y. Yamada, H. Honda and T. Inoue, Laid—open Japanese Patent Application, 58—18421

(1983)
14. L. S. Singer, Extended Abstracts, International Symposium on Carbon, T2yohashi, Japan,

November 1—4, pp. 400—403 (1982)
15. K. Fukuda, M. Ooyabu, K. Hirata and K. Takesue, Laid—open Japanese Patent Application,

58—41915 (1983)

16. R. Bacon, J. Appl. Phys., 31, 283—290 (1960)
17. T. Matsumoto, M. Shiokawa and T. Endo, Laid—open Japanese Patent Application,

59—168124, 59—168125, 59—168127 (1984)
18. Y. Yamada, T. Imamura, H. Honda, T.Sawai and H. Sasaki, Laid—open Japanese Patent

Application, 59—53717 (1984)




