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Carbon Fibers and Their Composites

Kensuke OKUDA*

Abstract

A brief history of carbon fibers and their application
is reviewed.

The existing situations of the types of carbon fibers
on the market and the performance of typical products are
summarized, and the technical issues on production intro-
duced.

Major applications are outlined.
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1. Introduction

Application fields of carbon fibers have expanded re-
markably in the past fifteen years, through progress in the
production technology and composite materials.

There have been very significant improvements in the
performance of carbon fibers on the market, together with
the development of new types of carbon fibers. For example,
high strain-to-failure fibers with high strength and ultra-
high Young's modulus fibers have come into the market.
Moreover, activated carbon fibers, which are characterized
by excellent absorption power, have been manufactured on a
commercial scale.

Carbon fiber reinforced plastics (CFRP) have been widely
used for sporting goods, aircraft structures, machine parts
and so on. The construction industry has been applying
light-weight concrete fortified with chopped fibers to
large-sized buildings for several years.

In this paper, we report a brief history and the exist-
ing situation of carbon fibers and their composites laying

stress on recent advances in the performance of the fibers.

2. A Brief History of Production and Application of Carbon
Fibers
Carbon fibers which are used as reinforcements or fill-

ers are usually classified into two types. One is the



121

general-purpose type carbon fibers whose structure is iso-
tropic. The other is the high performance type carbon

fibers which are characterized by a high modulus of elasti-
city. Besides these, a third type of carbon fibers, activat-
ed carbon fibers shall be added to the family. They are
distinctly different from the above ones in nature and appli-
cation and were commercialized around ten years after high
performance fibers.

In 1959 Union Carbide Corp. (Amoco Performance Products,
Inc., presently) began commercial production of "graphite"
cloth as well as other fibrous forms by baking rayon cloth
and so on in an inert atmosphere to approximately 900°C,
followed by graphitizing to temperatures usually higher than
2,500°c ) 2 (Fig. 1). These fibers belong to the general-
purpose type and were quickly applied to ablation materials
for space development.

Union Carbide also introduced the first high perfor-
mance carbon fiber from rayon precursor to the market in
late 1965°) . These rayon-based high modulus "graphite"
fibers, however, disappeared a few years later because of
high processing cost in relation to their performance.

Just before this, Shindo developed a new process for
preparing a carbon fiber from polyacrylonitrile (PAN)“),
and this invention led to the commercial production of PAN-
based general-purpose fibers by Nippon Carbon Co. in 1962.

After Shindo, Jonson et a1.%) succeeded in obtaining

high performance fibers from PAN by a method of improving
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the superstructure. These fibers, which were immediately
applied to the turbine blades of the Rolls-Royce RB.211
turbofan engines and now account for a large percentage

of the present demand for carbon fibers, came into the
market in 1967 in U.K. and in succession Toray Industries
entered into production with advanced technology®) in 1971.

Early in 1970, based on the pioneering studies by
Otani7), the first manufacturing plant for general-purpose
carbon fibers derived form petroleum pitch sources began
operation on a scale of 120 tpa at Kureha Chem. Ind.s).
Meanwhile, Otani also published a paper on a high perfor-
mance fiber derived from anisotropic pitchg). High perfor-
mance fibers from pitch, however, were commercialized by
u.c.C. in 1976'°),

Applications of CFRP to sporting goods such as golf
clubs and secondary structures in military aircraft in the
early 1970s caused PAN-based high performance fibers to
take off as industrial products. Accordingly many enter-
prises have successively entered into the market.

Advanced composite materials (ACM), in particular car-
bon fiber based ACM, have also been used for secondary
structures in large-sized passenger aircraft and even
for primary structures in military aircraft and small-sized
civil airplanes such as the Voyager in the 1980s, and more-
over some of them have been qualified as materials for

primary structures in next generation aircraft, which shows
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that the aerospace industry could be a huge market for
high performance carbon fibers.

Just after the second oil crisis, many firms and in-
stitutes began to study pitch-based carbon fibers, in
particular high performance fibers. Some of the firms
have constructed commercial plants on a scale of the order
of 100 tpa.

Applications of pitch-based carbon fibers are gquite
different from those of PAN-based high performance carbon
fibers. Until quite recently, application of general-
purpose types from pitch was limited to thermal insulating
materials, sealing materials, reinforcements for engineer-
ing plastics and the like. 1In 1983, they were used for
construction materials, which are expected to provide a
growing market for them. Also, pitch-based high performance
fibers whose major application is at present space equip-
ment will be used in the same application fields as those
of PAN-based high performance fibers.

In the mid-1970s, an activated carbon of fibrous form
which was named activated carbon fiber was developed in
Japan 'Y, in order to utilize more effectively the adsorp-
tion function of carbon. Activated carbon fibers have been
pursued by several firms ever since and have been attract-
ing public attention from the ecological point of view.

Over the last ten years, some enterprises have been
developing new types of carbon fibers, which are prepared

directly from low molecular weight hydrocarbon compounds in
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the vapor phase and are named for vapor-phase-grown carbon

fiber.

Progress in Production Technology and Mechanical
Property of Carbon Fibers

Most of the carbon fiber products on the market are

from PAN and pitch source, and rayon-based fibers are one

small portion. The performance of the products has been

improved significantly in response to materials require-

ments which advance with the expansion of application.

Before entering into this subject, I summarize the

basic process for manufacturing carbon fibers from PAN and

pitch below:

PAN PITCH

Polymerization Pitch Preparation
Isotropic/ Anisotropig

Wet Spinning Melt Spinning
i {
Stabilization Infusiblization
(oxidizing atm.) (oxidizing atm.)
. I
I u l
Carbonization Activation Carbonization
(inert atm.) (reactive atm.) (inert atm.)
réraphitization Graphitization
i (inert atm.) (inert atm.)

CARBON FIBER ACTIVATED CARBON FIBER
FIBER
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Prior to carbonization, precursor fibers, which are
fabricated through conventional spinning technique, are
stabilized (for PAN)/infusiblized (for pitch) in an oxidiz-
ing atmosphere. Stabilized PAN fibers/infusiblized pitch
fibers are converted to carbon fibers by baking them in
an inert atmosphere, and then graphitized if necessary.

The most important characteristic feature of both
PAN and pitch is that the originally formed fiber structure
of presursor fibers is kept through whole process, in other
words, we can obtain the carbon fibers having preferred
orientation which is one of the necessary conditions for
giving excellent mechanical property.

In the case of pitch, isotropic pitch gives an iso-
tropic fiber which belongs to the category of general-
purpose carbon fibers, while if anisotropic pitch is used
as precursor high performance fiber having the fiber struc-
ture is obtained.

Activated carbon fibers are manufactured by activating
stabilized PAN fibers and infusiblized pitch fibers with
for example steam at elevated temperatures, where activa-
tion means formation of a great number of open micropores
which act as adsorption sites.

The tensile strength of the PAN-based high-strength
type carbon fiber first marketed in 1967 was only 2,500
MPa with around 200 GPa of Young's modulus, as seen in
Fig. 1, where the plotted value of Young's modulus of 400

GPa is for a high modulus type fiber. The mechanical pro-
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perty of PAN-based fibers improved little till the middle
of 1970s, because their applications were limited to sport-
ing goods, artificial satellites and so on. From that time
on, profound changes have steadily taken place in the pro-
duction technology of carbon fibers, including pitch-based
carbon fibers (see Fig. 1}.

Since the application of ACM to primary structures in
civil aircraft was projected at the beginning of 1980s,
related industries have been extensively developing advanc-
ed CFRP whose material requirements are, for example, design
strain equal to that of aluminum alloy for aircraft struc-
tures, high damage tolerance, higher specific modulus of
elasticity and so on. These material requirements of CFRP
can be, in terms of the reinforcing fibers, increase in
strain-to-failure with high modulus of elasticity, improve-
ment in the interface property, increase in heat resistance
and so on, which improvement has been brought about through
the development efforts of the fiber manufacturers. For
instance, as illustrated in Fig. 1 and Table I, a fiber
T-1000 having strain-to-failure over 2% with modulus of
elasticity of 300 GPa came into the market in 1987. The
tensile strength of this fiber is twenty times higher than
that of the first fiber from rayon and twice as high as that
of the standard grade of PAN-based high strength type fibers,
e.g., T-300. Quite recently, new types of fibers have been
developed in the PAN-based family; an intermediate modulus
type fiber MRE 50 which is high in Young's modulus and also

thick in diameter compared with the same type fibers, and



Table I

Physical Properties of Carbon Fibers on the Market

Fiber Tensile Strength | Tensile Modulus of Elongation Diameter
Type Designation (MPa) Elasticity (GPa) at Break (%) (um) Manufacturer
T-1018 720 32 2.2 14.5 Kureha Chem.
T-201S 690 30 2.1 14.5 "
GP $-210 784 39 2.0 13 Donac
(686) 41 1.6 Ashaland
GF-20 980 98 1.0 7 ~ 11 Nippon Carbon
T-300 3530 230 1.5 7.0 Toray
T-400H 4410 250 1.8 7.0 "
T-800H 5590 294 1.9 5.2 "
HP T-1000 7060 294 2.4 5.3 "
(PAN) MR 50 5490 294 1.9 5 Mitsubishi Rayon
MRE 50 5490 323 1.7 6 "
HMS~40 3430 392 0.87 6.2 Toho Rayon
HMS-40X 4700 392 1.20 4.7 "
HMS-60X 3820 588 0.65 4.0 "
P-25 1400 160 0.9 11 Amoco
P-758 2100 520 0.4 10 "
P-120S8 2200 827 0.27 10 "
E-35 2800 241 1.03 9.6 du Pont
HP E-75 3100 516 0.56 9.4 "
(pitch) |  E-130 3900 894 0.55 9.2 "
F-140 1800 140 1.3 10 Donac
F-600 3000 600 0.52 9 "
FX-100 2 g/d 500 a) 18 b) 15 Toho Rayon
ACF FX-600 <1 g/d 1500 a) 50 b) 7 "
A-10 245 1000 a) 20 <) 14 Donac
A-20 98 2000 a) 45 ©) 11 "

a) specific surface area (m°/q)
b) adsorption amount of benzene (%)
c) adsorption amount of acetone (%)

8¢l
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an ultra-high modulus type fiber HMS-60X with fairly high
strength (see Table I). These results were achieved by
improving the total process from precursor to finishing,
such as increase in molecular weight and thorough purifica-
tion, optimization of superstructure of PAN fibers, surface
modification of carbon fibers, optimum process control and
the like.

Besides reinforcements, high performance matrix resin
which is tougher and more stable to temperature and humidity
than conventional ones has been developed, because we cannot
reach the material requirements mentioned above by means
of improvement in the fiber performance only, as will be
touched upon later.

Concerning pitch-based carbon fibers, significant
advancement in the production technology has realized im-
provement in the mechanical property of high performance
type fibers, as seen in Fig. 1 and Table I. For example,
du Pont has introduced an ultra-high modulus type fiber
E-130 whose Young's modulus is almost 900 GPa with 3,900
MPa of tensile strength. This Young's modulus value is
over 80% of the theoretical value of graphite single crystal
and twenty times higher than that of the rayon-based fibers
commercialized first, and the tensile strength is improved
two times or more higher than those of early pitch-based
high performance type carbon fibers, for example, P-25,
P-758 and others.

Four different types of basic superstructures or some
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modifications of them exist in pitch-based carbon fibers
because of anisotropic nature of the constituents of carbon.
In principle, the mechanical property of pitch-based carbon
fibers depends on the superstructure which is formed in the
spinning process and maintained through the whole subsequent
process, in other words, one of the necessary conditions for
obtaining fibers that have higher tensile strength is to
control the superstructure.

Since the superstructure can vary substantially accord-
ing to the nature of precursor pitch and processing, in
particular spinning conditions, the development work on
pitch-based carbon fiber is concentrated on improvement or
modification of precursor pitch, whose typical preparation
methods are summarized in Fig. 2. The early products such
as P-75S are from conventional mesophase pitch1°). New
types of pitches other than conventional mesophase pitch
give higher tensile strength than the latter, though each
of the former is different in nature depending on prepara-
tion method; neomesophaselz) belongs to the same category
as conventional mesophase pitch, and domant anisotropic
pitchls) and premesophase pitchlu) have a rather naphthenic
nature, which is caused by hydrogenation applied in any
stage of the processes, and show good spinnability compared
with mesophase pitch.

As understood from Table I, there is some correlation
between the mechanical property of carbon fibers and the
production process or nature of the precursor.

Qualitatively summarizing, we can rather obtain carbon
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fibers having higher strength from PAN precursor. This
tendency is due probably to non-graphitizable nature and

a suitable superstructure of the precursor fiber. While
pitch precursor tends to give higher modulus of elasticity,
which originates in that pitchis intrinsically converted
to soft-carbon.

After activated carbon fiber derived from rayon,
several products made from various kinds of precursors in-
cluding PAN and pitch came into the market '® ™ '7). They
are different in surface property, in other words, the
adsorption performance as well as cost, as seen in Table I.

The invention of the seeding method with ultrafine

18 and the fluidizing catalyst

metallic catalyst particles
methodlS) has remarkably advanced the production technology
of vapor-phase-grown carbon fibers, which are still under

development.

4. Existing Application Situation

Carbon fibers are used in almost all industries and
most of the fibers are used as reinforcements for composite
materials, as seen in Table II, where the application fields
and related industries which use or will use products deriv-
ed from carbon fibers are summarized.

Major application is, at present, resin matrix structural
materials with light weight and high rigidity for aircraft,

sporting goods etc, while application to construction mate-



Table II Application of Carbon Fibers
PRODUCT APPLICATION RELATED INDUSTRIES
ELETRONICS, CAR, AIRCRAFT
L ’ ’ ’
FIBER INSULATING MATERIALS (a) ATOMIC ENERGY
SEALING MATERIALS (a, b) CHEMICAL, PETROCHEMICAL
FUNCTIONAL MATERIALS (a, b) APPLIANCE, ELECTRONICS,
RESIN tribological, conductive, COMMUNICATION, MACHINE,
chemical-resistant materials CAR, AIRCRAFT, CHEMICAL,
and so on MEDICAL
STRUCTURAL MATERIALS (b) SPORT, MEDICAL, SPACE,
E_J CARBON - - (Iight weight/high) AIRCRAFT, CAR, COMMUNICATION
) rigidity materials
é ABLATION MATERIALS (a, b) SPACE, MILITARY
O | METAL AIRCRAFT, CAR, RAILWAY,
O FRICTIONAL MATERIALS (a, b) MACHINE
CARBON /GRAPHITE (a) STEEL, METAL
R
CONSTRUCTION MATERIALS (a, b) PUBLIC WORKS

a: GP GRADE, b:HP GRADE, — : ACTUAL USE, - " DEVELOPMENT

£el
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rials has been growing in the past several years.

For example, the Voyager aircraft, which achieved a
non-stop, unfueled, round-the-world flight in 1986, had a
structure weight of 422 Kg, and its take-off weight was
5,153 Kg, some 4,065 of that being fuel, thanks to the use
of CFRP for 90% of the aircraft's structure?®).

Although this is an extreme case and it cannot be con-
cluded that CFRP will be immediately applied to primary
structure in all kinds of passenger aircraft, we can con-
fidently expect a bright future for the application of CFRP
to aircraft, as illustrated in Fig. 32!), which forecasts
that 60% of the structure of passenger aircraft will consist
of composite materials.

We can improve brittle hydraulic cement materials by
reinforcing with carbon fibers, whose major reinforcing
effects are: Remarkable improvement in tensile and flexural
strength as seen in Fig. 4, where flexural strength to de-
flection curves of typical examples of concretes fortified
with inorganic and organic fibers are summarized, Drastic
increase in toughness and ductility (refer to Fig. 4),
Significant improvement against impact force, High dimen-
sional stability, Protection against crack formation due to
drying shrinkage, Excellent durability, Good wear resistance,
Anti-static charge, Light weight and so on.

Thanks to the above-mentioned advantages of carbon fiber
reinforced concrete (CFRC) compared with conventiona precast

concretes and other fiber reinforced concrete, CFRC has been
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utilized for many constructions including the 37-story ARK
Building completed in 1986 22 and is expected to play an

important role in the construction industry in the future.

5. Concluding Remarks

The production technology of carbon fibers has been
significantly advancing for the past decade, though that
of high performance fibers from pitch is still in its
infancy. Accordingly, they have gained a position as the
leading reinforcements and are used in almost all industries
including the aerospace industry. Moreover, they are expect-
ed to grow at a rate of 10% or higher in the ACM market for
some ten years and also a huge new demand such as for con-
struction materials is confidently expected to be created,
presupposing progress in the application technology of

carbon fibers for manufacturing composite materials.
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