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FROM POLYMERS TO POLYMERIC CARBON - A WAY TO SYNTHESIZE A
LARGE VARIETY OF NEW MATERIALS

Erich Fitzer

Institut für Chemische Technik, University Karisruhe,
F.R. Germany

Abstract - Polymeric carbon became known during the last years
in form of monolytic bulk material as glassy carbon and carbon
fibres as well as in combination of both as carbon/carbon com-
posites. The paper involves a general review of the nature of
these polymeric carbons as a single element polymer with two—
dimensional polymer units. The chemical viewpoints for the
preparation of these polymeric carbons and their application
in combination with organic polymers are treated in detail.

The present and future application possibilities are discussed
basing on the material capacity, technological difficulties
and economic viewpoints.

INTRODUCTION

Polymeric carbon is made from synthetic polymers. World polymer production a-
mounts more than 40 Mio jato. The polymer production including fibres and ela-
stomeres comprises a fifth of the total volume of the production of chemical
industry throughout the world. All synthetic polymers are made of crude oil
as raw material. Therefore, one has to examine whether this basic raw material
for today's polymers and for special new products made from it, will be avai-
lable in the future which will be characterized by a growing energy crisis.
Or, have we to go back to the metals or ceramic materials instead of to pro-
ceed from organic polymers to the low weight anorganic material "Pure Carbon"?
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Fig. 1. Oil equivalents for the production of various mate-
rials, needed for energy and raw materials.

Referring to the newest study of chemical industry,Fig. 1 (Ref.1), the need
for energy plus raw material as shown in equivalent units of crude oil is much
lower for polymers than for the most common metals which last ones additio-
nally need other raw materials than oil.

Such comparisons become impressive if we consider the final products for exam-
ple: from 1 kg crude oil 300 m polyethylene pressure water tubes can be pro-
duced, but only 50 m of same sized tubes made of steel with protective coating.
A comparison of waste water tubes shows more than 12 times superiority of PVC
to cast iron. Such considerations became even more impressive if we compare
mobile products for which additional energy is saved during application by
light weight materials (compare Fig.22).
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We can conclude that we have not to go back to the metal-age, if we save our
fossile fuels as raw material for producing most valuable materials instead
of simple burning off.

THE BASIC PROPERTIES OF PURE CARBON AS MATERIAL

The outstanding properties of pure carbon materials if compared with organic
polymers are first of all the unlimited thermostability, the high corrosion
resistance, and their absolute biocompatibility.

Disadvantages are the poor processibility, and as indirect consequence their
poor mechanical properties and their brittle fracture behaviour. Conventional
carbon and graphite products must be manufactured like ceramic materials. The
heterogeneous structure consists of granular particles and binder bridges
with an unavoidable volume fraction of pores in the order of at least 20%.
Such a heterogeneous structure does not utilize by far the superiour strength
of the chemical bonds between the carbon atoms. For better understanding of
the bond strength, we must remember the electron configuration of the carbon
atoms in compounds namely

1) the sp3 hybridization, resulting in four equivalent uncompletely filled
hybride orbitals, and 2

2) the formation of only three equivalent sp hybrides.

In the last case there remains one original p-orbital which is occupied by
the remaining valence electrons. These p-electrons are forming the7r -bonds
which are weaker than the O' -bonds but contribute to the strength of the three
covalent bonds. The total strength of, one of these three bonds is 430 kJ/mol,
whereas each of the four equivalent bonds in the tetrahydral structure has a
strength of 350 kJ/mol only.
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Fig. 2. Structures of elemental carbon
a) diamond, b) graphite, c) polymeric carbon

Both types of chemical bonds are also found between the atoms of elemental
2carbon. The sp3 hybridization in the diamond modification (Fig.2a) and the sp

hybridization in the graphite structure (Fig.2b), but also in the imperfect
graphitic carbons consisting of layers of different sizes with more or less
distortion (Fig. 2c). Typical for these two alternative hybridizations are the
different bond angles of 120°C for sp2 and 109° for sp3, as well as the diffe-
rent bond lengths and lattice distance5. All bonds are strictly orientated. The
Pz0rt.5 of the sp2 hybridization are oriented perpendicular to the layer
planes. In the perfect graphite lattice however, the wave function of these
p—electrons is more extended in space and not localized between two atoms
only. This causes mobility of the valence electrons like that in the most me-
tallically bonded elements.

A very weak bond in c-direction of the graphite structure is the consequence.
In disordered graphitic carbons, some cross-linking between 'the layers and
limited delocalization of the p-electron is observed.
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The striking effect of strength increase was achieved by preferred orienta-
tion of the planar polymeric molecules. As shown in Fig. 4 tensile strength
up to 4000 MN/rn2 can be obtained in direction parallel with the layers. This
second type of monolytic polymeric carbon is realized in carbon fibres.
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Fig. 4. Stress/strain-behaviour of various carbon materials

For better understanding table 1 shows where the polymeric carbons are locate
within the variety of carbon and graphite materials. We can distinguish bet-
ween fine dispersed carbons (the carbon blacks), the granular carbons (the
electrodes made by a ceramic like process), and the monolytic carbons.

TABLE 1. Variety of carbon- and graphite materials

PRODUCTS

FINE DISPERSED
CARBONS

CARBON
BLACK

GRANULAR
CARBONS

/'
COARSE FINE

ELECTRODES MOULDED
PRODUCTS
(BRUSHES)

MONOLITHIC
CARBONS,

PYROLYTIC POLYMERIC
CARBONS CARBONS

GLASSY CARBON ACTIVE
CARBON FIBRES CARBONS

UTILIZED
PROPERTIES

SURFACE
PROPERTIES

L I
SURFACE

PROPERTI ES

V
BULK

PROPERTIES

Besides of the above mentioned polymeric carbons, monolytic carbon can also be
prepared by chemical vapour deposition (pyrolytic graphite). It is discussed
later that ôarbon fibres can be imbedded in a carbon isotropic matrix like
glassy carbon. Such heterogeneous structure is known as carbon fibre rein-
forced carbon (CFRC), or simply carbon/carbon composites (CCC).

Table 2 (Ref.6) gives a survey on the properties which can be achieved with
the various types of structural carbons and especially on the yield of theo-
retical mechanical properties in solid carbon. The yield of theoretical
YOUNG's modulus is derived from calculations of the bond strength. The aniso-
tropic type of monolytic carbons can achieve up to 50 % yield of the theore-
tical YOUNG's modulus. The estimation of a theoretical strength is based on
the assumption that fracture does not start from cracks butt occur simulta-
neously between all atoms of two neighbouring layers. For graphite the maxi-
mum theoretical strength is at about 1:10 of the YOUNG' s modulus in a first
approximation.
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Fig. 6. Structural rearrangement ot the C-atoms during pyroly-
sis of cellulose
Fig. 7. Formation of polymeric carbon from polyfurfuryl alco-
hol (Ref. 10,11)

The mechanical properties of carbon fibres from rayon are some orde.s of mag-
nitude higher than the very first extremely brittle carbon fibres produced
by EDISON, 100 years ago, to be used in electrical bulbs, although at that
time already some hundred thousands of gold dollars have been spent for f in-
ding a better suitable natural precursor material.

A much more perfect formation of theplanar, polyaromatic macromolecules which
form the polymeric carbon is achieved by use of thermosetting resins as precur-
sor. In this way a carbon yield up to 50 % and more can be achieved. A linear
shrinkage up to 25 % is reported for polyfurfurylaichohol and for phenolics
as raw material (Ref. 9). The pyrolysis chemistry of polyfurfurylalcohol and
the formation of the carbon sheets out of it are shown in Fig. 7. Most of non-
carbon atoms are splitted off below 450 0C as volatile byproducts (Ref.1O).
Above this temperature a high amount of shrinkage is observed. Very carefull
and highly sophisticated X-ray diffraction studies (Ref.11) have shown how
the planar polyaromatic sheets are formed by polymerization reactions from
the linear carbon chains as intermediates. It is assumed that the growth of
these carbon chains controlls the length of the carbon ribbons.
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Fig. 8. Thermal degredation of p-polyphenylene (Ref. 12)



From chemical viewpoint p-polyphenylene would be an ideal precursor for poly-
meric carbon because of its high carbon yield of more than 80 % during ther-
mal degradation.
The carbonization chemistry (Fig.8) is so.interesting because one can detect
the defect structure of the sheets between 600 and 700 °C by the isolated hy-
drogen atoms in infrared spectroscopy (Ref. 12). Furthermore, one recognizes
that even preformed aromatic rings are splitted off in case of steric hinde-
ring. The practical. application of parapolyphenylene as precursor, however,
is limited because of its poor processability. This polymer is non-melting
and also insoluble in all solvents.

A modification of the polyphenylene struc.ture by isomerics (Ref.13) results
in synthetic pitches with lowered carbon yield. Also the precondition of un-
meltability of the polymers is lost, and an additional stabilization treat-
ment is needed before carbonization.
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Fig. 9. Suitable polymers for the formation of isotropic
polymeric carbon.

Some of the most suitable thermosetting polymers which have been studied as
precursor for polymeric carbon are summarized in Fig.9. Besides phenolics
with various hardeners also polyimides, f.i. "kaptone'1 foils can be used for
fabrication of polymeric carbon sheets (Ref. 14). The therinosetting resin
HA 43 yields 85% carbon,because it has a polyphenylene structure. It is cured
by its endstanding acethylene groups (Ref. 15).
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ETa Je J6IJ2TJ6 acLe]Jacp gug 20flI4C,2 woqfTjna O çp AgLTOJT2
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Fig. 17 shows average prices of the various fibres and also the cost of a vo-
lume unit strength and YOUNG's modulus for comparison (Ref. 23). As can be
seen, the organic high modulus- and the glass fibres are the most unexpensive
ones as far as the strength is concerned. Although also the cost for a
YOUNG's modulus volume unit seems to be unexpensive, these fibres are not
suitable for the fabrication of high modulus composites.

The strength unit of PAN-C fibres type II are quite unexpensive, whereas the
even less expensive pitch carbon fibres result in higher costs for the volume
unit of strength. This type seems to be advantageous in high modulus struc-
tures only.

803 6705 3 .
11 1 1

0,30
25 0,25 ''

20 0,20

15 0,15

I-z
LaJLjJ 10 0,10

rIt I1I - __ --
Keviar T5O CPANI LPANI CihorneLPE-Glas B/C SiC/C

DENSITY 1,45 1,65 1,75 1,85 1,99 250 250 3,50 xiO3 [kg/rn3]
PRICE (1979) 40 1000 100 450 80 15 1000 4000 [DM/kg]

Fig. 17. Prices of the various fibre types and cost of a vo-
lume unit strength and modulus (Ref. 23).

APPLICATION OF POLYMERIC CARBON AS MONOLYTHIC MATERIAL

The isotropic form of polymeric carbon, the glassy carbon, is a corrosion re-
sistant impetvious material with a density of 1,5 kg/m3. The sample sizes
which can be made are limited to some millimeters in thickness due to the ir-
reversible shrinkage during thermal degradation.

This material is used in laboratory equipments, but mainly in human medicine
because of its outstanding biocompatibility, f.i. as electrodes, percutanous
leads, orologic protheses, dental and joint implants. The most striking
success of monolythic carbon is achieved with its application as heart valve
components, where glassy carbon is introduced instead of pyrocarbon for eco-
nomic reasons (Ref. 24).

The anisotropic form of polymeric carbon, the fibres, can be applied for re-
placement of igands and tendons (Fig. 18, Ref.25, 26).

Following some years of successful experiments with animals, this implanta-
tion technique begins to be transferred to human surgery. There is the possi-
bility even to replace the abdominal wall by carbon fibres in form of waven
textiles (Ref. 27).
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Fig. 20. Chemical reactions between the acid surface groups on
oxidized C-fibres and the hydroxil grouz of the phenolic matrix
(Ref. 29).

Fig. 20 for instance shows the chemical reactions between carboxilic groups
on the fibre surfaceand the hydroxil groups of the phenolic matrix (Ref.29).
Similar reactions are known between acid and basic surface groups on, C-fibres
and epoxy matrix (Ref. 30, 31).

Finally, the fracture behaviour of the matrix material is of great impor -
tance. Fig. 21 indicates the stress/strain behaviour for ductile and for
brittle matrices. Full utilization of the fibre strength can only be ob-
tained if the strain to failure of the matrix exceeds that of the fibre
(left part of Fig. 21). Otherwise, the ultimate strength of the composite
will be controlled by the strain to failure of the matrix as indicated in the
right part of Fig. 21. In such cases, fibres with highest YOUNG's modulus are
most advantageous (Ref. 32). This situation will be described with carbon/
carbon composites.

DUCTILE MATRIX BRITTLE MATRIX

Fig. 21. Stress-strain behaviour of fibre reinforced composi-
tes with ductile and brittle matrix respectively (Ref.32).

The most important applications are C-fibre reinforced polymers. These com-
posites which correspond to the combination brittle fibre with ductile ma-
trix, were introduced into the modern technology by the need of supersonic
aircrafts and space vehicles for extremely stiff but very light new materials
for structures. At the moment an additional tendency to replace conventional
metal parts by such composites in motive structures like cars can be observed
in order to save weight and energy. The car industry in the western countries
try to use fibre reinforced composites in the body structure, frame doors,
front end assembly, drive shaft, bumper, wheels, springs, brakes and other
parts. Even inner parts of the engine can be replaced by composites (33).Nore
than 5o kg carbon fibres could be used in each car. It was calculated that a
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