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TECHNICAI STATUS AND FUTURE PROSPECTS OF
CARBON FIBRES

The nature of carbon fibres

Carbon fibres are very thin fibres, much thiner than human
hairs. They have diameters between 6 and

19 wm, in American units a quarter of a mill. They are

also thiner than glass fibres which correspond in thickness
to that of human hairs and which are used so far for re-

inforcement of polymers.

Carbon fibres consist to 99,9 % of chemically pure carbon.
They are not chemical compounds or alloys such as con-
ventional structural materials, for instance steel or alu-
minum, which always contain small amounts of alloving

clements.

Theoe blask thin man made fibres - inbedded in polyrers -
have initiated a "revoluticn in materials".Bven popular

waaazines do report on tnis "wonder material®.

Snch "advanced composit 0" o contan .
oot 60 o of carbon tibres. We will dicoen s whao oot oa-
deirnars gropertices ot ocarhon faibres just ot creh o r s
Dt i, oeeialb by o view of P e P
v s tibar e reanforeesd compnnitoen.
by I S I T S S L T R A oo




strength. Due to this combination, first time polymer materials
became a competition for metals in structural application.
Advanced composites have further
advantageous properties, such as extremely low thermal expansion,
better fatigue resistance and (not mentioned in the figure)

high corrosion resistance.

The key properties for reinforcement fibres used today in
composites with polymer matrix for reinforcement - the ten-
sile strength and the YOUNG' s modulus -~ are compiled in tis.4.
Glass fibres, especially R- and S-types which have a high
Alzoz—content, have high strength (above 2000 to 3500 MN/mz)
but low YOUNG's modulus (below 100 GN/mz). Polyaramide fibres
(KEVLAR(E)from DUPONT or ARENKA<§)from ENKA) are oryanic

fibres with improved YOUNG's modulus up to 150 GN/mz.

Oonly the family of carbon fibres covers a range of YOUNG's
modulus values between 200 and 500 GN/m2 and strength data
from 2000 to 4000 or even 4500 MN/m2. Within this product
family we distinguish between " PAN based" and "pitch based”
carbon fibres. Only the mesophase pitch based carbon fibres
are used as reinforcement fibres, whereas the isotropic pitch
based fibres (KUREHA carbon fibres) have only applications

as insolation materials,as filler and for some other purposcs.

Within the PAN based carbon fibres we find the large group
of hich tensile strength fibres with only medium high YOUNG's

modulus between 200 and 300 GN/m2 and {he so-called high
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5
modulus fibres with YOUNG's modulus values above 400 GN/m”
Extra qualities such as super high tensile strength (SHT)

and super high modulus types (sHM) are also PAN based.

The "mesophase pitch based fibres reach very high modulus

values but low strength of around 2000 MN/m2 only.

Today's and future brcad application of carbon fibres as
structural material is mainly based on the high tensile tvpe
with much higher strain to failure if compared with the high
HM types and especially with the pitch based ones. High
modulus fibre types are used today for very special appli-

cations only, where such high modulus is effectively needed.

Recognizing these surprising high mechanical properties of

carbon fibres, we have to consider three questions:

1. what is the reason for the extremely high
YOUNG's modulus and the high strength ?

2. How can be exnlained the broad variety of these
properties in the family of carbon fibres ?

3. Ccan all of these modified types be produced under

reproducible conditions ?

ad 1.)

The high strength and especially the high YOUNG's modulus
are caused by the very strong chemical tond between the
carbon atoms within the graphitic layers, that means in
crystallographic a-direction. These anisotropic bonds are

based on the sp2 hybridization of the carbon atoms in this




structure. The structure of graphite (see Fig. 5) is known
since nearly 60 years, after it was correctly described
first time independently but nearly simultaneously by both
. MARK (4) and J.D. BERNAL (5). The very dense packing

of the carbon atoms within the layers can be seen from the
left part of Fig. 5, whetreas on the right side the usual
demonstration of lattice structures with only lattice places
instead of atoms has been used for better recognizing of

the lattice distances.

Since at about 10 years the dense packed layers became
visible by high resclution transmission elecctron microscopy.
Fig. 6 shows such an imaje of highly graphitized carbon in

direction of the layer planes.

As known, *he bond strength between the atoms controls
directly the lattice elasticity. The high strength of the
bonds between C-atoms in the layers is due to the homopolar
nature, whereas the Van der Waal's type bonds between atoms
of neighbouring layers is the explanation for the lower
strength in this lattice direction. The high electrical and
thermal corductivity of graphite in direction parallel with
the layers is caused by delocalized electrons between the
layers. Graphite single crystals, however, cén not be

described as a metallic conductor, but only as a semi conductor

The elastic constants are known with quite high precision
for graphite single crystal i6). Fig. 7 shows the most im-—

portant thrce elastic constants, C11, €33 and C44. In case
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of complete prefered orientation of the layer planes parallel
with the fibre axis the maximum theoretical value for the
YOUNG's modulus would be 1060 GN/mZ, whereas the modulus
perpendicular to the fibre direction can be expected as being
an order of magnitude lower. The lowest value can be seen

for the shear modulus C44.

ad 2.)
The consequences from knowledge of these elastic constants
cf the graphite single crystal in view of useful carbon fibres
for reinforcement purposes are :
a) highest YOUNG's modulus and strength in carbon

fibres will be obtained by highest prefered orien-

tation, and
b) the easy shear between the layers as in the ideal

graphite lattice must be avoided.

The different degrees of realization of both demands causes

the broad variety of carbon fibre qualities.

ad_2a)

Fig. 7, right hand side, shows the correlation between
measured YOUNG's modulus in various carbon fibres and degree
of prefered orientation, as determined by X-ray diffraction.

in best cases, values up to 70%0f the thevretical maximum valucs
have been achieved already in available carbon fibre types.

It shows also, that medium YOUNG's modulus values (around

250 to 300 GN/mz) as for HT type fibres are combined with

incomplete prefered orientation.
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Fig. 7 Elastic constants of graphite (6) and effect
of prefered orientation on YOUNG's modulus of

C-fibres

Fig. 8 Bent single crystal of qgraphite (7)
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Fig. 8 shows a single crystal of graphite (7). In spite of
the high strength within the graphite layers, the crystal
can easily be bent because of the very low shear modulus.
The introduction of lattice defects will avoid this shear

between the layers.

Fig. 9 shows the various types of lattice defects in a
graphitic structure, namely defects within the layers, defects
between the layers, mostly stacking faults which cause higher
lattice distance, and finally disclination of the layers.

The both first defects are mostly combined, that means de-
fects within the layer cause stacking faults and higher
lattice distances. By these defects incomplete delocalization
of the 10 _electrons is caused and shear between the layers is
hindered. In case of disclinations shear can be hindered from
geometrical viewpoint. But in this case, also defects within
the layer and stacking faultsmust be combined with the discli-
nations. Otherwise, disclinations can act as a crack initia-
tor (8). X-ray diffraction gives an indication of defect free
distances within the layers. These areas of coherent diffrac-
tion behaviour vary between 20 and some hundreds R and depend
strongly on precursor type, stabilization condition and the

final heat treatment temperature between 1400 ©c and 2700 °c.

Some of the lattice defects can be demonstrated by high
resolution transmission electron microscopy (see Fig.10).
Prefered orientation and disclinations are mainly intro-

duced by the polymer fibre itself, that means by the
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applied textile prestretching and the degree of stress during
stabilization. Stacking faults and defects within the layers
are mainly healed by heat treatment up to graphitization
temperature. lowever, in PAN based fibres real graphitization
has never been found. That means, annealing of most stacking
faults and complete delocalization of Tl-electrons can not

be achieved (Fig. 13}.

It is understandable, that the progressing growth and im-
proved orientation of the layers will increase the YOUNG's
modulus in fibre direction. In former years, this perfection
in prefered orientation and healing of lattice defects was
combined with a decrease in strength. Newest fibre types
have shown, however, that in case of using very pure polymer
precursor which results in pure carbon fibres, the strength

found at 1300 Oc will not be rednced during high temperature

heat treatment up to 2700 Oc. The lattice defects in the carbon
fibre are controlled by the structure of the polymer already,
under the precondition, that carbonization will not pass a
liquid state. PAN, a thermoplastic polymer, has to be trans-
formed therefore into a non melting ladder polymer by cycliza-
tion and cross linking oxidation before carbonization (stabi-
lization treatment). Carbon, resulting from such a cross linked
polymer is called "polymer carbon".

The mesophase pitch based fibres show always best per-

fection of the graphitic structure and therefore highest
tendency for graphitization resulting in formation of sheet
like structural elements. An example is shown in Fig. 11
representing the fracture suriface by REM. It is assumed that

the fracture is initiated by graphitic structural planes (8).




13

Anotl:er indication of shear sensitivity because of beginning
graphitization is demonstrated in Fig. 12 by means of the
torsional fracture surfaces (9). The increased fracture sur-
face of high modulus fibres (middle of the figure) can be
recognized if compared with that of the high tensile carbon

fibres (left hand side). The fracture surface of mesophase
nitch based carbon fibres (right hand side) is extended by an

order of magnitude because of the low resistance against

shear.

From scientific viewpoint this result is not surprising
because m2sophase pitch is the ideal precursor for best gra-
phitizing carbons.The needed structural defects within the re-
sulting carbon must be introduced during oxidation treat-
ment of the pitch fibres, similar as during stabilization
treatment of PAN. Contrary to the ladder or even step ladder
structure of oxidized PAN, oxidized mesophase will retain
sheet like polyaromatic structures with less degree of de-
fects. The task to form non graphitizing carbon from a pitch

mesophase is an intrinsic contradiction.




SEM image of cut phase of mesophase pitch based

carbon fibre showing internal sheet like
structure (8)

trad

Torsional fracture surfaces of carbon fibres (9)

a) PAN based low heat treated
b) PAN based hiqghly heat treated

c) Mesophase pitcech based




Today's properties of carbon fibres and possibilities for
further improvement

Nomenclature

It was shown before, that the mechanical properties, these
are first of ail YOUNG's modulus and tensile strength of
the c-fibres depend on the precursor maicrial as well as
on the final heat treatment. For characterization of the
various types of C-fibres we need therefore an indication
of both parameters. The nomenclature varies in different

countries because of traditional reasons.

The British group who has developed the carbon fibres on
PAN basis uses for highly heat treated fikres {heat treatea
at graphitization temperatures) the term type I-fibres.
They understand under type II-fibres carbon fibres which

have been heat treated around 1400 °C maximum only.

The American industry prefers the term "carbon fibres" for

the fibres according British ncmenclature type II and the
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term "graphite fibres" for the highly heat treated fibres

corresponding British nomenclature type I.

As recommended by IUPAC (10), however, the term "graphite”
can only be used, if carbon material with crystalline order in
c-direction is considered. Such crystalline order is never
achieved in highly heat t.reated PAN based carbon fibres.
Therefore, the term "graphite fibres" should not be used.

The variety of carbon fibres can also be characterized by

the fibre properties: "high tensile" type (HT} and "high
modulnus” types (HM).So far as PAN is used as precursor, high
tensile type corresponds to final heat treatment temperatures
around 1400 °c and high modulus fibres to those of at about
2500 to 2700 OC. This description by means of properties
became difficult for pitch based carbon fibres. There does
not exist a high strength fibre but only high modulus types,
even if heat treatment has not exceeded temperatures of

1800 OC, whereas heat treatment at graphitization temperature
will result in ultra high moduius fibres. Also some crystal-
line order in third direction can tx: observed, especially if stabiliza-
tion treatment (oxidation before carbonization) was in-
complete and the term "graphite fikres"” would be justified

for some grades of these carbon fibre types (Fig.13).

There existsanother fibre type recently developed by
Japanese workers (11) which deserves the use of the term

"graphite fibres" from scientific viewpnint. These are the
fibres grown by gas phase deposition on fine dispersed cata-

lysts. They are effectively qgraphitizable, and if highly




heat treated, they exhibit excellent graphite structure.

According to the theoretical considerations discussed above,
they are completely unsuitable strengthening fibres, but
interesting for electrical application, especially because

of their suitability to form intercalation compounds .

The following new terminology is in discussion by IUPAC (12):

All carbon fibres used for reinforcement of polymers are PAN

based carbon fibres. It seems unnecessary, therefore, to indicate

the precursor additionally. The heat treatient can Y described by

small indices letters additional to the term "carbon f{ibre"such

as "hht" meaning highly heat treated, or " lht" meaning low
heat treated. Pitch based carbon fibres represent a completely
different group of carbon fibres. So far as they are used for
structural application, they should be described by the

used precursor, namely as "mesophase pitch based carbon

fibres". If they are highly heat treated, they will graphi-
tize partially. In this case, one can use the term "mesophase

pitch based graphite fibres". The pitch based carbon fibre -

types used for thermal insulation or as filler material can

be described as "isotropic pitch based carbon fibres.".

Mechanical properties of today's carbon fibres

Fig. 14 shows stress strain behaviour of the various fibres.
Within the PAN based as well as the mesopnase pitch based
carbon fibre group the YOUNG's modulus reaches maximum value

with highest heat treatment temperature, which is indicated
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by the left boundary of the property fields. The right

boundaries correspond to the lowest applied heat treatment
temperatures. The most important carbon fibre grade for
application in structural elements such as in aerospace,
machinery, sporting and so on, is the PAN based type low

heat treated (1400 oC) one with strenoth values of 4000 MN/m?
and increasing strength tendency as indicated by the arrow.The most
important advantage of this group is their high valuc of
strain to failure. The future development of all fibre
producing ccmpanies is directed to achieve products with

even higher strain to failure values, but preserving the

same medium high modulus (250 to 300 GN/mz) (compare also

Fig. 19).

The very low strain to failure of high modulus fibres and
all types of pitch based carbon and graphite fibres is only
tolerated if the very high YOUNG's modulus is absolutely
needed. In carbon/carbon composites (these are fibre rein-
forced all carbon compesites with carbo.: matrix instead
of polymer matrix), these high modulus types and even more
the pitch based carbon and graphite fibre types are most

advantageous.

Considerations on mechanical properties which can be
expected in future

The YOUNG's modulus for perfect prefered orientation and
defect free layers is known from the elastic constant C 11

. 2 ) . )
with 1060 GN/m” (see Fig.7). Such theoretical stress strain




behaviour is included in Fig. 14. Ultra hiagh modulus

carbon fibres have a YOUNG's modulus which corresponds to
70%, in some laboratory scale samples already to 80 ?%,of

14

this theoretical maximum value.

Minimum still tolerable fracture toughness for practical application of
these fibres can be achieved only, if the strength would be
increased drastically. There exist some theoretical consi-
deratiors on maximum strength of a material depending on

the YOUNG's modulus E, surface energy"é"and lattice
distance"a"according to the relation! 4um/“ Ejl;

For carbon fikres with perfect prefered oricntation ard defect
free layers the theoretical strength can be expected as 1/10
of the YOUNG's modulus value, that is 100 GN/mz. Taking

best strength values for the ultra high modulus fibres of

at abcut 2000 MN/mz, only 2 % of the theoretical maximum

strencth value has been achieved.

The situation becomes better if we consider high tensile
strength values with lower YOUNG's modulus. Lower YOUNG's
modulus means imperfect prefered orientation. High tensile
strength fibre with a YOUNG's modulus of 250 GN/m2 and an
effective strength of 5000 MN/m2 shows already 20 % of the
theoretically expected strength for such a degree of pre-
fered orientation. It is well known that the reason for
the lower effective strength is caused by notches which

act as crack initiation.

The critical size of such a notch for initiation of a crack is

gqiven by the GRIFFITH relation. ['or low heat treated C-fibres a




critical minimum length"l1"of at about 50 pm can be estimated.
The probability of notches with critical minimum length will
control the effective fibre strength. It decreases with reduce.
sample size. Therefore, we can expect increase of effective
fibre strength with decreased length of the test sample. For
the description of the probability for the presence of notcher
the WEIBULL statistic is found to be suitable for carbon fibre-
Fig. 15 shows some values of average tensile strength as
function of gauche length in tensile testing (13). As conse-
quence, testing methods for characterization of carbon fibres
must be standardized. Mostly, gauche length of 30 mm are

used for single filament method, and gauche length of 120 mm

for the strand method.

These both different methods are explained in Fig. 16. The
strand method uses samples in form of fibre bundles which are
fixed by epoxy resin in exact position of prefered orientation
The cross section is measured by weigth,length,density

an. number of monofilaments of the fibre bundle. This method
gives directly average strength values of all monofilaments

#ithin a yarn.

The moncfilament method is restricted to the fracture be-
haviour of one single filament. This method gives more spe-
cific results. An exact determination of the cross section of
the fibre is necessary. Mostly, the cross section of a

bundle is determined by optical microscopic method and used
as basis for strength calculation. The single filament method

is more time consuming. The minimum gauche length for the
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single filament method is limited with about 10 mm. For

smaller gauche lengthes the knot test must be applied in
which the tensile strength is calculated from the diameter of
the loop if fracture occurs. Practical gauche length of 1 mm

and even less can be realized by this method.

For technical application mostly the strand method is used,
because it gives mere realistic values for strength of the
fibres within the composite. Cbviously, the epoxy resin in-
hibits crack initiation at some critical notches in the
fibres, whereas in monofilament tests such a notch acts

effectively as crack initiator.

Fig. 17 shows some own results which confirs this finding.
The stress strain curves show elastic deformation and
fracture of the isoiat=d fibres measured by the monofilament
method, of the pure matrix without fibres and of a uni-
directionally reinforced composite with 60 v/% of fibres.
Dotted lines reflect the behaviour of non surface treated
carbon fibres, full lines of surface oxidized fibres. By
surface oxidation the strength of the fibre is reduced, but
the strength of the composite increased. This is a clear in-
dication, that the nptches introduced by surface oxidation

are compensated by the epoxy matrix (14).

Before we draw a conclusion from these theoretical conside-

rations we should take a look to table Fig. 18 with the com=

vilation of mechanical propertics of some today's commercial

fibres, available at least in small quantities. From the
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viewpoint of design and application of advanced composites,

the PAN based "lht carbon fibre"type is most important. Fibres
with strength values from 4000 to 5000 MN/m2 are grades of

the so-called "new generation” of high tensile types. The
medium level for YOUNG's modulus of 250 to 280 GN/m2 will
guarant a strain to failure up to 2 %. There is a realistic
chance for industrial manufacture of them in large quantities.
s, far, these values can be considered as practically highest

quality limit in near future.

Also from viewpoint of compressive strength as well as impact
resistance the new generation of "carbon fibre lht"type is
superior. It is well known, that all reinforcement fibres

with sheet like structure such as polyaramide fibres, but also
the "carbon fibres hht"and especially the mesophase pitch

based carbon and graphite fibres have a very low compressive
strength in a polymer composite. This disadvantageous pro-
perty is improved with the medium modulus/high strength

fibre types.

An additional advantage can be seen in the improved impact
strength of composites with this "lht carbon fibres"of the

new generation. It was considered always, that impact re-
sistance of a composite with brittle fibres can be improved

if pure brittle fracture of the composite is avoided by

some delamination and fibre pull-out which stops crack pro-
pagation into the fibre. The consequence would be an opti-
mization of the interlaminar shear strength, avoiding extremely
high values. The designer, however, likes high interlaminar

shear strength.
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As found just recently (15), this simple correlation is
valid only for high modulus fibres with a very low strain

to failure. In case of fibres with high strain to failure,

a good adhesion between fibre and matrix, that is a high
value of interlaminar shear strength (up to 120 MN/mz)
causes an improved resistance against impact. As explanation
is fcund, that the crack propagation in the interface is
stopped by elastic defcrmation of the fibre itself if a

good adhesion is guaranted.As consequence, increased inter-

laminar shear strength will increase impact resistance for

these fibre types (see Fig.19) (15).

Also this behaviour supports the exceptional position of
PAN based low heat treated carbon fibres of this new gene-

.otion as candidate type for future broad application.

The changec in technology for production of this new

generation of lht carbon fibres is not discussed in literature

The first availability of these superior quality fibres was
explained by selection of special bobbins from the normal pro-
duction (16). For controlled reproducible production obviously
the following parameters are decisive:
a) low probabilit? for critical notches, that means
lower diameter of fibres,
b) very pure precursor fibres,

c) controlled process conditions for spinning,

textile pre-stretching and stabilization.
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Economic considerations

High modulus carbon fibres have been introduced for the
first +ime mid of the Sixties to replace boron fibres. The
price was in the order of 500 $/kg at least, similar as that
of boron fibres. There was a decade long discussion on
economy of scale, but the high price level was protected

additionally by a latent patent situation.

Mid of the Seventies when the price for the least expensive
carbon fibre type was still above 100 $/kg, UNION CARBIDE,
USA, started a price war with the introduction or at least
the announcement of mesophase pitch based carbon fibres.

A price reduction to at least 20 $/kg was promised because

of the very low cost of the primary raw material, that is
petroleum pitch. From standpoint of reinforcement fibres, today
the only final result of this scientifically and technolo-
gically most interesting initiative is a radical price
breaking of PAN based carbon fibres, down to the level

around 35 $/kg, whereas the price for the pitch based

types was doubled during last months again. It seems that

the claimed low costs of the raw material are compensated

by far by the unexpected high production costs, obviously

in the process step of spinning. Additionally, the properties
of both types of carbon fibres (PAN based on one hand, and
mesophase pitch based on the other) are so different, as
shown before, that there does not remain any alternative

to replace PAN based carbon fibres by pitch based ones. cven

if economic reasons would justify it.




Present technology

The fabrication processes for carbon fibres consist of
three steps (Fig.Z20)

The spinning,
the stabilization, and

the carbonization.
Stabilization is an oxidation treatment in air betwcen
200 and 300 O¢ in order to transform the thermoplastic
fibre into a nonmeltable precursor fibre, suitable for
carbonization without changing the fibre form. This stabi-
lization treatment needs residence times 1in the order of
1 h for PAN, but only some minutes for pitch. This
behaviour was claimed as a process advantage for pitch
fibres. Also the spinning step appeared advantageous for
pitch because melt spinning can be applied. All polymer
specialists will prefer melt spinning processes, if compared
with dry spinning (solution spinning) or wet spinning
(solution spinning with subsequent precipitation of the
fibres in a coagulation bath). Only melt spinning offer«
a fast production by cooling without solvent problems and
time consuming washing of coagulated fibres. Melt spinning

can not be applied for PAN.

Modern polymer techrology has developed very economic wet
spinning processes based on high multiple spinnerets up to

300 000 holes. Yarns with the same number of monofilaments

can be spun in one coagulation bath simultaneously (sece

Fig. 21). Melt spinning as well as dry spinning are restracte?

to a maximum of at about 2000 holes in a ring type spinteret .
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It seems, that all other process steps regarded as more
disadvantageous for P'AN fibres have less influence for the
overall economy of processing than this most economic
spinning step. This rationalized spinning, however, demands
consequently the application of a multi tow for the carbon

fibre production.

Carbon fibres as heavy tow

This idea to use heavy tow PAN precursor fibres to produce
heavy tow carbon fibres is followed only by a few of carbon
fibre producers (RK Textile, UK; SIGRI, Germany). The price
idea is demonstrated in Fig. 22 . It seems probable, that
lowest price limit of heavy tow will be 20 % below the

lowest price limit of low filament tow with 12 K.

Strength values of heav; tow as copared with low tow -uaiities are
shown in Fig. 23 (18). All results are obtained with the
monofilament method. There do not remain severe differences

in strength properties between low filament and heavy tow.

The processing suitabilities of multi filament as compared
with low filament carbon fibres are shown in Fig. 24 (18).
Multi tow has best chances in application as sheet molding

reinforcement, injection molding with staple fibre or rowings,

pulltrusion technique as well as wet winding.
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3.3. Production capacity, world demand and price developnent

The total production costs of a material are controlled by

1. raw material costs
2. production costs

3. scale of production

As mentioned before, the problem of economy of scale was

taken for justification of high prices since last 20 years.
It seems , however, that the year 1982 marks a turn in pro-
duction scale caused by a steeper increase of world demand

(see Fig. 25) (19).

Fig. 25 shows mainly the production capacity of the TORAY
group. There are also strong increasing capacities in USA
(ucc, HERCULES, COURTAULDS and others) as well as in UK

(RK Textile) and in France ( Joint venture of ELF / HERCULES /
pPUK , and again of the TORLY group) . There is no doubt, how-
ever, that today large Japanese production is mostly export
oriented as shown in Fig. 26 (20). Additional advantage for
the Japanese producer is the permission of international avia-
tion control organisations for the use of TORAY products in

commercial aircrafts based on long year tests.

4. Application of carbon fibres

It is difficult to get exact newest information on the end
use distribution of carbon fibres and it is cven more diffi-
cult to learn about the amount needed for military appli-

cations.

Fig. 27 shows latest publication (20), which is concerend

on A1 data onlv. At that t-ime there were two groups of main
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application, namely aerospace in Western countries and

sporting goods in Japan, which again are exported all over
the world. With lower carbon fibre price and increasing
development of process technology for composites, the growing
demand will be directed mainly to the field of general

industrial application.

The following contributions during this Seminar will discuss
in more detail the various fields of application. Only a

brief survey can be given in this introductory paper.

Application in aerospace

Light weight structures are preferentially nceded in aero-
space applications. The US space shuttle (Fig. 28) (21) for
instance consists in main parts of carbon fibre reinforced
epoxy resins (cargo bay doors and booster rocket casings).

But also modern commercial aircrafts use increasing amounts of
carbon fibre reinforced composites instead of aluminium.

Fig; 29 shows the progress of this development in EMBREAR (22)

Fig. 30 (23) gives a forecast of probable replacement of con-

ventional metals by advanced composites in commercial aircraft

until year 2000.

There are already ai?planes in development whose whole
structure consists of composites inciead of metals. Also in
inner parts of airplanes metals are replaced by advanced
composites, for instance the columns supporting the floor

panels or the scats for the passengers. (see Pig.31) (24).
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Application in transportation

Because of the requirements for the replacement of metals

in primary structures of airplanes and based on the years
long critical tests, the quality of carbon fibre reinforced
composites andtheir processing technology have keen largely
improved. Car industry can take advantages in using this
experiences for replacement of various metal parts in the
cars. It seems today, that parts of the outer structure

will be fabricated by glass fibre reinforced composites
mostly. Highest chances for advanced composites are given at
the moment to leaf springs, driveshafts, parts of frames

and others where higher stiffness 1is needed. Fig. 32 (25)
shows parts of a frame of a car. In racing cars, such struc-

tural elements are already in practical application.

One can assume, that all leading automobile companies are
mostly interested to use advanced composites as part of
the engines. The communication on this subject, however, is

very restricted because of commercial secrets.

A further new development for transportation purposes, a
.ransportable bridge with 40 m length must be mentioued. It
has been designed for vehicles up to 66 t weights (26).

All loadcarring structural elements were made from uni-

directionally carbon fibre reinforced epoxy, thus achicving

a meter weight of the bridee of only 500 kg (see Fig. 33).
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Application in machinery and apparatus

The successful applications for turbine blades, compressor
blades, windmill blades, ultra centrifuges, fly-wheels and

in other machinery is not refered here because of the following
main lectures given by the other experts. Only one interesting
new application for structural elements with large size should
be mentioned: these are light weight outer tubes for off-

shore o0il drilling equipments as shown in Fig. 34 (27). In

this case, especially the high corrosion resistance of such
advanced composites is needed. First in field application will
be tested by ELF in cocperation with Aerospaciale in France

end of this year.

Cryogenic application

Materials for cryogenic temperatures require some other com-
binations of properties than for conventional temperatures.
Especially the disadvantageous embrittlement of metallic ma-
terials at low temperatures is mentioned. Carbon fibre re-
inforced composites are most suitable for application at
cryogenic conditions because:

1. the room temperature strength propertiez remain

unchanged, even at lowest temperatures.

2. The interlaminar shear strength in polymer matrix
composites improves with lowering of the temperature.

Fig. 35 (28) represents own measuring results.

3. Carbon fibres have a good thermal and electrical con-
ductivity. Surprisingly, these transport properties
do nearly disappear at lowest temperatures, because of
the contrikbution by electrons is completely eli-

minated. This behaviour is shown in Fig. 36 (29).
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. The light weight of carbon fibre

reinforced composites becomes most important with
increasing drilling depth (27)
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These properties offer promising applications in pulsed

superconductive electromagnets.

Fig.37a and b (3C) give some information on a joint European
TORUS project for fusion experiments. The disadvantage of
application of steel as material for the support in such a
torus is the high lost by eddy currence, as well as the low
resistance against fatigue and the high thermal conductivity
of steel. Carbon fibre reinforced polymers offer an advan-

tageous solution.

Finally, carbon fibres as substrat for superconducting niobium
carbonitride layers are in development for this special

application(31).

Medical application

Alsothis chapter will be treated in a main lecture. We have
two groups which have to be considered, firstly the appli-
cation in apparatus, and secondly, the application as im-
plantation material. 1In the first group, Fig. 38 (32) shows
a brand new application, namely a chair made from carbon
fibres with the enormeous advantages of the low weight. May

I draw your attention to the second group especially. Fig. 39
(33) shows a successful application of carbon fibres as
ligament replacement at the human knee. These operations are
performed successfully with hundreds of patients in Germany
already. Fig. 40 (34} shows a human hip joint replacement.
This application is supported in Germany by years long
Governmental program. It is hoped that this application will b

realized in the nearest fuature,

L
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e, 37 Tarus for pulsed superconductive b ropacne 2

e
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Fig. 18 Light weight tranasport chair, made Trom cart o
fibhre reinforced composites (32)
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Fig. 39 Replacement of ligaments by carbon [ibres (33

HDPE
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Fig. 40 Carbon fibrve reinforeced inplantation material
for hip joints (34
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Final Conclusions

We can conclude: Carbon fibres as the backbone of new revo-
lutionary materials are available today in high performance
quality. The prices have been reduced drastically already and
will be reduced even more in future by large scale production
and additionally by using heavy tow PAN as precursor and
large scale application of carbon fibres in form of multi-

filament tow.

Considerably high costs of today's high performance advanced
composites with low filament tows are caused by the process
technology, which uses prepreg/autoclave curing techniques.
For broader application these techniques for manufacturing
of composites must be simplified such as by sheet molding.
pulltrusion or similar techniques. Especially thermoplastics
as matrix offer a new economic way to use this miracie ma-

terial "carbon fibre".

It is understandable, that also in composites with thermo-~
plastics the design engineers want to apply the outstanding
carbon fibres in combination with an outstanding polymer and

for most critical application already.

This is the same situation again as it has been always with
c-fibres in epoxy for aerospace, namely beginning with an
extraordinary application. Engincers ask therefore at first

for thermoplastic polymers which have highest thermal




resistance and complete corrosion resistance. Even the poly-
sulfones, which were candidate materials as heat resistant
matrix for carbon fibre reinforced composites during last
years have not brought the expected break-through because
they have not proved to be resistant enouah against solvents

and oils.

A new thermoplastic matrix material, the so-called PEEK, a
polyether ether ketone developed by ICI is now in discussion.
Carbon fibres combined with this matrix promis

a candidate future material, if the process difficulties
with this high melting polymer can be overcome, and if the
high costs for this special polymer can be justified by

outstanding properties of the composite.

One should not forget, however, that carbon fibres, if they
are available at low prices - even if they have ouvtstanding
properties- could be applied also in conventional low price

thermoplastic polymers for broadest applications.

As general conclusion, one can state that there remains

much development work to be done for chemists, materials scientist:

and enginzers to start a new material age with this revo-

lutionary material "carbon fibre”.
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