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Abstract 

The properties of carbon fibre reinforced carbon pro- 
duced on the polymer route by impregnation and sub- 
sequently hardening the resin, carbonisation and 
graphitization depend on many variables. During 
processing mainly the polymer matrix (and the inter- 
face) undergoes a strong change of its structure and 
properties. Depending on the type offibre used, how- 
ever, also large structural fibre changes can be 
found. This is demonstrated in the present investiga- 
tion in which two types offibres are used: a HT-fibre 
(HTA of AKZO company) and a HA4-jibre (M40 J 
of Toray Company). The HT-fibre was found to be 
dimensionally and structurally unstable well below the 
maximum$bre processing temperature of 1400°C. The 
jbre shrinks (the in-frozen processing stress relaxes) 
at temperatures as low as 850” C. The shrinkage of the 
jibre bundle embedded in phenolic resin during the car- 
bonisation process is influenced by matrix shrinkage 
stresses and pyrolysis products. Above 1000°C the 
HTA carbon Jibre in carbon/carbon bundles con- 
tinuously changes its structure. After heat treatment at 
a temperature of 2800°C the structure (lattice distance, 
orientation of the crystallites, crystallite size) is very 
similar to that of HM-fibres. 0 1998 Elsevier Science 
Limited. All rights reserved 

Introduction 

Carbon fibre reinforced carbon is one of the most 
complicated composite materials. The reason is 

*Presently at Preussen Elektra, 30457 Hannover, Germany. 
tTo whom correspondence should be addressed. 

that during processing (starting with cured carbon 
fibre reinforced polymer, carbonisation at 1000°C 
and the following graphitization at 2100°C) all its 
components (fibre, matrix and interface) generally 
change considerably. A phenolic matrix with a 
modulus of 3-4GPa is transferred into a glass- 
carbon matrix with a modulus of 35 GPa during 
carbonisation.‘,* The phenolic resin shrinks during 
carbonisation linearly to 80% if the process is 
unhindered, so that the volume is reduced to 50% .2 
The stiff carbon fibre hinders this shrinkage in the 
axial direction of the fibre, whereas transverse to the 
fibres shrinkage can take place relatively unhin- 
dered. In multidirectional carbon/carbon the 
shrinkage is hindered in every single fibre direction. 
This leads to shrinkage stresses which gives rise to a 
typical shrinkage crack pattern, e.g. in 2-D carbon/ 
carbon with cracks occurring parallel to the differ- 
ent fibre directions (Fig. 1). Matrix cracking trans- 
verse to the fibres generally does not occur because 
the fibres prevent the formation and the extension 
of cracks in this direction due to crack bridging. 

The strength of carbon/carbon after carbonisa- 
tion (heat treatment temperature maximum 
1 OOO’C) generally is low (especially for low modulus 
carbon fibres). 3~5 The strength of carbon/carbon 
partly recovers (compared to the cured condition) if 
the material is treated at higher temperatures. This 
recovery is probably the result of:3-5 

l relaxation of shrinkage stresses; 
l structural change of the matrix (stress graphi- 

tization). 

Further, a reduction of the fibre strength due to 
the formation of carbonisation products in the 
matrix and a subsequently recovery due to the 
removal of these products is under discussion. 
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Fig. 1. Micrograph of characteristic damage state in 2-D C/C 
after carbonisation at 920°C. 

The mechanical properties of carbon/carbon are 
dominated by the carbon fibre. This is also valid 
for the costs of these materials. For this reason in 
many cases carbon/carbon is produced on the basis 
of low cost carbon fibres, which are the HT-type of 
carbon fibres produced from polyacrylonitrile pre- 
cursor. If these fibres are used the processing tem- 
perature during carbon/carbon production usually 
exceeds the maximum temperature reached during 
fibre production. This will lead to a structural 
change of the carbon fibre. In order to understand 
the properties of carbon/carbon it is thus necessary 
to deal with the properties of the carbon fibre as 
influenced by processing. Because of proprietary 
secrets the conditions under which a PAN-pre- 
cursor is transformed into a carbon fibre are not 
exactly known. The general processing scheme, 
however, consists of an oxidation treatment at 
250°C during which the fibres are stretched, fol- 
lowed by a carbonisation up to temperatures of 
1500°C and a final graphitization in the tempera- 
ture range of 150s2500°C (depending on the 
properties required).6 

In the first step of the process-the oxidation- 
the flexible polyacrylonitrile molecule is trans- 
formed in a stable oriented cyclic molecule. In the 
following carbonisation step gaseous waste 
products (mainly nitrogen and hydrogen) are 
removed and the structure of the fibre is 
transformed now in a network of extended 
hexagonal ribbons (a turbostratic graphite struc- 
ture). The alignment of these ribbons in axial 
direction of the fibre is improved during the gra- 
phitization process. The orientation of the struc- 
ture can further be improved by stretching the fibre 
at very high temperatures (2500 to 3000”C7). 
During the different processing steps the stiffness 

of the fibre continuously increases. The influence 
of processing on the strength of the fibre is, 
however, more complicated. The purity and 
processing of the precursor plays an important 
role. Usually a maximum strength is reached at 
intermediate heat treatment temperatures, which 
results also in a lower modulus fibre 
(E = 200-250 GPa). 

The structure of the carbon fibre usually can be 
investigated with the aid of X-ray diffraction.’ The 
most important structural parameters are the lat- 
tice spacing (L&Q), the orientation of the crystallites 
(orientation parameter Z) and the crystallite size 
(L,) of the basal planes, respectively. The spacing 
dhkl between (hkl) lattice planes is given by Bragg’s 
law: 

1 = 2.dhkr. sin( @hkl) (1) 

where 1 is the used X-ray wavelength and 2@hk[ is 
the scattering angle (2 times the Bragg angle) at 
which the diffraction peak is found. 

In principle the crystallite dimension L, can be 
determined from the analysis of the line shape of a 
diffraction peak through use of the Scherrer 
formula 

L, = 
K./l 

Dooe -(@ooe> (2) 

where K is the Scherrer constant and Dooe is the 
integral breath of the (OOl)-reflexes. If we use the 
integral width Bh instead of Doal the Scherrer 
parameter K is equal to unity leading to: 

0 

(3) 

where b is the distance in the reciprocal space, 
while I(b) is the intensity distribution of the 
investigated Bragg reflex in the reciprocal space 

and L, is the maximum of the distribution. 
Carbon fibres are also characterised by complete 
rotational disorder with respect to the filament 
axis, but partial disorder with respect to the per- 
pendicular directions. An indicator of the preferred 
orientation of the basic structural units, relative to 
the fibre axis, is the azimuth spread of the carbon 
002 reflection. The frequently used orientation 
parameter Z, is the full width at half the maximum 
intensity, obtained in the azimuth scan, measured 
in degrees. However a more accurate measure of 
the orientation of crystallites is given by 
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n/2 
S I(4) .cos2 @sin #d4 

(cos2 cp) = O n,2 

s I($) sin @d@ 

(4) 

0 

where 4 is the azimuth angle of the do02 reflection 
arc of the carbon fibres and I(#) is the intensity 
scattering at angle 4. The preferred orientation of 
crystallites in carbon fibres is strongly influenced 
by the processing temperature and stretching con- 
ditions. Hot stretching and heat treatment lead to a 
substantially increase in preferred orientation. Also 
the crystal dimension increases during heat treat- 
ment if the applied temperature exceeds the max- 
imum processing temperature of the used carbon 
fibres. During the graphitization process usually 
the lattice spacing is reduced (do02 is approaching 
0.33539nm, which is the value for graphite crys- 
tals), the orientation improves ( (cos2 4) becomes 
smaller) whereas generally the crystallite size 
increases. This structural change is accompanied 
by a modulus increase. 

In the present investigation (which is a part of 
the thesis work of the first author,4 combined with 
X-ray investigations performed at BAM Berlin) we 
concentrate on the influence of carbon/carbon 
processing on the dimensional and structural sta- 
bility of the carbon fibre. 

Materials and Experiments 

Surface treated and sized carbon fibres (M40 J 
produced by Toray Co. and HTA produced by 
AKZO with properties as given in Table 1) were 
used as reinforcement in carbon/carbon composites 
(C/C). The unidirectional C/C specimens were 
produced by impregnation of untwisted loose bun- 
dles of 12000 carbon filaments with phenolic resin 
and a following carbonisation/graphitization pro- 
cess. The impregnation was carried out by taking 

Table 1. Fibre properties according to the suppliers data 
sheetsiOa’ 1 

Tenax A440 
HTA-12000 JB-12000-50B 

Tensile strengtha (MPa) 3959 4520 
Modulus” (GPa) 238.8 380 
Density (gcmp3) 1.77 1.78 
Filament diameterb (pm) 6-95 5.15” 
Fibre bundle cross sectional 0.455 0.250 

area (mm2) 
Sizing (% of weight) 1.38 1.3 

“Determined on impregnated and cured bundles according to 
DIN 65382.12 
bDetermined by gravimetry. 
‘Fibre cross-section kidney-shaped. 

off the fibre bundles from the bobbin and pulling 
them through a heated (60°C) impregnation bath 
of phenolic resin. After this they were wound 
around an aluminium plate and cured at 180°C in a 
vacuum bag at an autoclave pressure of 1 bar. The 
volume fraction of the carbon fibres in the C/C 
bundles, was about 60% for the HM- and 65% for 
the HT-fibre reinforced C/C bundles, respectively. 
Some of the cured impregnated bundles are selec- 
ted for tensile testing, the others are pre-carbonised 
at a temperature of 500°C at DLR Koln or 
carbonised in an inert atmosphere for 4 h at a 
temperature of 920°C at Schunk Company. After 
carbonisation an additional heat treatment was 
performed at different temperatures (1000, 1400, 
1800, 2100 and 2800°C for 20h). The heat treat- 
ment procedure at 2100°C was carried out at 
Schunk Company, at 2800°C at the University of 
Karlsruhe (Inst. fur chemische Technik) and at the 
remaining other temperatures at DLR Kiiln. 

The modulus of the impregnated bundles was 
determined in a displacement controlled tensile 
test, making use of an extensometer with a gauge 
length of 40mm. The contribution of the matrix to 
the modulus is neglected, so that the measured 
strain is considered to be the result of the fibres 
loaded to a stress determined by dividing the load 
by the total fibre cross-sectional area given in 
Table 1. 

The axial thermal expansion of loose and differ- 
ently treated C/C bundles was measured in vacuum 
with the experimental set-up given in Fig. 2. The 
loose and C/C bundles, with a gauge length of 
100 mm between the grips, were resistance-heated 
with the temperature being measured with a 
pyrometer in the range of 500 to 2000°C. Heating 
and cooling was performed with a rate of 
200”Cmin’. The axial elongation of the heated 
bundle was measured under a constant small 
weight of mainly the lower grip (F = l-5 i?) with 
the aid of an inductive strain gauge placed at the 
bottom of the vacuum chamber. 

The temperature and elongation data were 
stored in a data recording device with a rate of 
1 Hz. After application of the different heat treat- 
ments, the structure of the carbon fibre in the 
bundles was characterised at BAM Berlin, making 
use of X-ray diffraction technique. The crystalline 
structure was described in terms of lattice distance, 
orientation parameter and crystallite size. For 
additional information on shrinkage some dilat- 
ometer experiments (equipment Bahr 803) were 
performed on unidirectional and two-directional 
(2-D) reinforced C/Cs produced by Schunk Com- 
pany. These materials carbonised for 4 h at a max- 
imum temperature of 1100°C also contained the 
two types of fibres HTA and M40 J. 
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Fig. 2. Experimental set-up to measure the elongation of loose 
and C/C bundles due to resistance heating up to maximum 

temperature of 2000°C. 

Results 

The dimensional stability of loose HTA carbon 
fibre bundles was investigated by heating the bun- 
dles in a vacuum chamber as depicted in Fig. 2. 
Figure 3(a) shows that initially the length of the 
bundle increases due to thermal expansion. Above 
-8OO”C, however, the bundle shrinks. This shrink- 
age process is terminated at -1100°C and the 
bundle expands again at higher temperatures. On 
cooling down from 1600 to 500°C the slope of the 
length change is smaller than on heating. This is 
due to the structural change taking place at higher 
temperatures. The higher degree of graphitization 
of the fibre gives rise to a reduction of the coeffi- 
cient of thermal expansion leading to the smaller 
slope on cooling down. 

To study the influence of dwell times at higher 
temperatures a loose bundle was heated with a rate 
of 200”Cmini up to 1000°C and this temperature 
was kept for 30min. After cooling down to room 
temperature a second cycle was performed by 
heating the sample up to 1600°C. Figure 3(b) 
shows that the shrinkage process begins at -830°C 
and is not terminated when the dwell temperature 
of 1000°C is reached. At 1000°C a minimum length 
is reached after which the fibres increase in length 
again but at the end of the 1000°C period shrink- 
age is not completely overcome. During the second 
cycle only a small shrinkage occurs which takes 
place above -1200°C. After the two cycles the 
bundle has a greater length, whereas if only the 

dwell cycle is performed the bundle final length is 
smaller than the original one. 

Carbon/carbon bundles with the HTA fibre type 
were also investigated in relation to the long- 
itudinal elongation due to a heat treatment. The 
carbonisation of these bundles was performed at 
920°C for 4 h at Schunk Company as mentioned 
before. The length change of a C/C bundle heated 
up to 1600°C at a rate of 200”Cmin’ is given in 
Fig. 4. It demonstrates that at -1150°C a shrink- 
age process begins, which is terminated at 

-1450°C. 
Dilatometer experiments (limited to a maximum 

temperature of 1350°C due to equipment require- 
ments) on unidirectional and two-directional C/C 
materials with the two types of fibres (HTA and 
MAO J) were also performed on material carbo- 
nised at 1100°C. The results in Fig. 5 indicate that 
the material with HM-fibres does not show any 
shrinkage. The unidirectional material with HTA 
fibre shows a strong shrinkage, whereas the 2-D 
material only shows moderate shrinkage. A repe- 
tition of the thermal cycle indicates that the process 
of shrinkage is irreversible and practically com- 
pleted after the first cycle. 
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Fig. 3. Thermally induced change of the loose HTA fibre 
bundle length as a function of temperature: (a) from 500 to 
1600°C (heating and cooling rate f 200”Cmin’); (b) cycle 1, 
heating to 1000°C with dwell for 30min and cool down cycle 

2, heating to 1600°C and cool down. 
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Fig. 4. Thermally induced length change of C/C bundle with 
HTA fibres (carbonised at 920°C for 4h) as a function of 

temperature (rate * 200°C min-‘). 

Measurements of the tensile modulus of the 

cured impregnated bundles and carbonised bun- 

dles treated at the different temperatures are 

presented in Fig. 6. The bundles with the HT-fibres 

clearly undergo a modulus change after heat 

treatments at and above 1000°C. After a heat 
treatment at 2800°C the modulus of the bundle 
closely approaches the modulus of the bundle with 
the HM-fibres. The heat treatment, however has 
practically no influence on the modulus of the 
bundles containing the HM-fibres except for the 
2800°C treatment which increases its modulus 
slightly. 

1501 
: UD-C/C 

100; HTA-fibre 

500 1000 
temperature [“C] 

X-ray diffraction 
To archive the structural parameters of the exam- 
ined specimens, an X-ray diffraction apparatus was 
used according to a Guinier set up. It consists of an 
X-ray tube with a focusing monochromator, a dif- 
fractometer were the axis of rotation is parallel to 
the line of the tube focus and a counter tube with 
subsequent electronics and data processing. To 
avoid asymmetric line profiles caused by divergent 
X-rays a Soller slit system was used. The specimens 
were mounted with the orientation of the reinfor- 
cing fibres coaxial to the axis of rotation. The cali- 
bration of the angle scale (to determine the exact 
Bragg angle of the carbon diffraction peak) was 
done with the help of CaWo4 powder as a refer- 
ence. The measured data are analysed by a com- 
puter code taking into account the appropriate 
corrections and calibrations. A lorenzian profile 
was fitted to the intensity distribution of the dif- 
fraction peak, which delivered the lattice spacing 
[from the centre of the profile according to eqn (l)] 
and the crystallite size [according to eqns (2) and 
(3)]. The mean crystallite orientation distribution 
was estimated according to eqn (4) The results for 
the two types of fibres are illustrated in Fig. 7. The 
data of the loose jibre bundles are given by open 
circles for the HTA- and open triangles for the 
HM-fibres, respectively. The data for the C/C 
bundles are represented by the corresponding 
closed symbols. The first data point of each series 
is representing the property of the as delivered 
loose fibre bundle. The data agree very well with 
the data given in the literature.g 
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Fig. 5. Dilatometer results on length change in fibre direction for UD-C/C and 2-D-C/C material (HTA and M40-J fibre-reinforced 
carbon, carbonised for 4 h at 11 OO°C). 
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Fig. 6. Tensile modulus of the C/C bundles as a function of 
heat-treatment temperature. 

The lattice spacing was found to be 
doo2 = (0.3472 f 0.0005) nm for the HTA-fibre 
and do02 = (0.3439 f 0.0005) nm for the HM- 
fibre, respectively. For the HTA fibres an orienta- 
tion of the crystallites of (cos* 4) = O-075 f 0.003 
and a crystallite size of L, = (3.0 f 0.1) nm, 
respectively, was determined. The HM-fibres have 
with L, = (4.5 f 0.1) nm, a bigger crystallite size 
and with (cos* $) = 0.030 f 0.003 a much better 
orientation of the crystallites. The thermal treat- 
ment turns the HT-fibre into a HM-fibre so that 
after the maximum heat treatment temperature of 
2100°C the structural parameters of the two types 
of bundles become very similar. The orientation of 
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Fig. 7. Structural parameters as a function of heat treatment 
temperature of loose and C/C bundles with HTA and M40 J 
fibres. Top: lattice spacing duoa; middle: orientation of the 

crystallites; bottom: crystallite size L,. 

the crystallites increase to (cos’ #J) = 0.027 for HT- 
and (cos* 4) = 0.022 for HM-fibres, whereas the 
lattice spacing reduces to do02 = 0.3421 nm for the 
HT- and do02 = 0.3426 nm for the HM-fibres, and 
the crystallite size increases to L, = 5.9 nm and 
L, = 6.3 nm, respectively. As depicted in Fig. 6, 
the structural change of the HT-fibre is accom- 
panied by a strong modulus increase, whereas the 
significant change of the structural parameters of 
the HM-fibre bundles at 1800°C and higher is 
reflected only by a relatively small modulus 
increase after heat treatment at 2800°C. 

So far the expected behaviour of the loose fibre 
bundle (open symbols in Fig. 7) is observed. If we 
use the carbon fibres as a reinforcement in a carbon 
matrix produced on the polymer route, the situation 
changes significantly. For heat treatment tempera- 
tures up to 1000°C the lattice spacing of the used 
HTA fibre increases drastically up to 
&Q = 0.3507 nm accompanied by a reduction of the 
orientation of the crystallites ((cos2 $) = 0.087) and 
a minor growth of the crystallite size (L, = 3.2 nm, 
see closed circles in Fig. 7) in comparison to the data 
archived for the loose fibre bundles. In principle the 
HM-fibres in a carbon matrix shows a similar 
behaviour but only to a much smaller extend (see 
closed triangles in Fig. 7). At the heat treatment 
temperatures of 1400°C the lattice spacing increa- 
ses slightly to d 002 = 0.3447 nm whereas the orien- 
tation of the crystallites remains almost the same 
((cos* 4) = 0.030). This behaviour is probably 
related to the process of shrinkage of the fibre. Its 
occurrence is not expected, because it has been 
suggested, that the structure of the carbon fibre 
does not change as far as the heat treatment tem- 
perature does not exceed the production tempera- 
ture of the involved carbon fibre. This is not the 
case as can be seen in Fig. 7. 

Discussion 

The present investigation on carbon/carbon bun- 
dles with the HT- and HM-fibre shows that espe- 
cially the HT-fibre undergoes a structural change 
as a function of the heat treatment temperature. 
Although the fibre is produced at a maximum 
temperature of -1400°C it shows a structurally 
and dimensionally unstability even below this tem- 
perature. The occurrence of shrinkage of the loose 
HT-carbon fibre bundle (starting at 8OCG35O”C) 
indicates, that the structural and dimensional sta- 
bility is not only influenced by the applied tem- 
perature, but also by the axial stress applied to the 
fibre and the duration of the treatment. The HTA- 
fibre bundle is processed by the fibre producer at 
1400°C under (an unknown) tensile stress, but in a 
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relatively short time. Probably for this reason the 
in-frozen processing stress in the bundle relaxes 
which leads to a higher disorder or a reduced orien- 
tation. After this relaxation the graphitization pro- 
cess restarts also at temperatures lower than the fibre 
processing temperature. Investigations on carbon/ 
carbon with two-dimensional fibre reinforcement, 
carbonised at 920°C have shown4 that, if a suf- 
ficient high tensile load is applied onto the speci- 
men, shrinkage can be hindered during, e.g. an 
additional heat treatment at 1000°C. Thus the carbon 
fibre bundle (either loose or in the carbon matrix) will 
show shrinkage due to relaxation followed by 
elongation as a result of further graphitization. 

Now the question arises, if the shrinkage of the 
matrix due to the carbonisation process can 
enhance the shrinkage of the fibres. As mentioned 
in the introduction, shrinkage stresses are present 
in the matrix due to the transformation of the 
polymer matrix into the glass carbon matrix. The 
shrinkage of the matrix induces a compressive axial 
stress in the fibre. For this reason it can be expec- 
ted that this axial stress causes an additional 
shrinkage of the fibre. This is based on the 
assumption that if shrinkage of the fibre can be 
prevented by a tensile stress, shrinkage can be 
increased if a compressive stress is applied. A 
comparison of the elongation of the loose fibre 
bundle [Fig. 3(b), second cycle after the simulated 
carbonisation cycle l] with the elongation of the 
carbon/carbon bundle during a heating cycle [from 
500 to 1600°C with a rate of 200”Cmin-’ (Fig. 4)] 
shows an elongation of the loose bundle of 
0.07mm. On cooling down to 500°C the carbon/ 
carbon bundle however shows a total shrinkage of 
0.11 mm after completion of this thermal cycle. A 
calculation of the stress enforcing the increased 
shrinkage is not possible, as in contradiction to the 
effect of thermal expansion (without structural 
change) the fibre modulus during the shrinkage 
process is unknown. Experiments are under pre- 
paration to determine the fibre modulus during the 
shrinkage process. 

Figure 5 shows that the shrinkage in 2-D carbon/ 
carbon material with HTA-fibres is much less than 
in 1D material. The shrinkage process in the 2-D 
material seems to be delayed to higher temperatures. 

A phenomenon not well understood in the pre- 
sent stage of investigation is the shift of fibre 
shrinkage to higher temperatures in the carbon/ 
carbon bundles in comparison with the loose bun- 
dles. As shrinkage stresses in the matrix probably 
are completely established at the end of the 920°C 
carbonisation cycle it is not clear why the fibre at 
this stage has not undergone the total shrinkage 
process. A treatment at higher temperatures is 
necessary to complete the fibre shrinkage process. 

In this work no attempt is made to correlate the 
development of the strength of unidirectional C/C 
with the development of the structural parameters 
as a function of the treatment temperature. 

As mentioned in the introduction the strength of 
unidirectional C/C with M40 J- and HTA-fibres 
passes through a minimum after carbonisation at a 
maximum temperature of 1000”C.4~5 It is tempta- 
tive to correlate this minimum strength with the 
structural parameters, especially with the lattice 
spacing. Widening of the lattice spacing through 
penetration of gaseous carbonisation products in 
between the basal planes could introduce crystal- 
lographic stresses leading to early failure. A direct 
prove of this phenomenon has however not (yet) been 
given, so that this explanation is rather speculative. 

Conclusions 

Thermal treatment at temperatures below the 
maximum fibre processing temperature of 1400°C 
of loose carbon fibre HTA-bundles and these car- 
bon fibre bundles in a carbon matrix (carbonised at 
temperatures up to 920°C) shows axial shrinkage 
of the fibre (relaxation of in-frozen axial processing 
stress) followed by an elongation. The investigation 
of the structural parameters (lattice spacing, orien- 
tation and crystallite size) has shown, that this 
relaxation is accompanied by an increase in dis- 
order of the HTA-fibre, whereas the subsequently 
following graphitization process (producing a 
higher order) increases the fibre length. The M40 J 
fibre shows this behaviour only in tendency due to 
the higher fibre processing temperature of 2400°C. 
Axial shrinkage of the HTA-fibres and the struc- 
tural disorder during the carbonisation process is 
influenced by induced matrix shrinkage stresses or 
gaseous carbonisation products. For this reason 
the dimensional and structural stability of the HTA 
carbon fibre is not only a question of temperature 
but also of axial stress, environment and time. 

Starting at 1000°C heat treatments of carbon/ 
carbon with HTA-fibres show a continuous change 
of the structural parameters (lattice distance, 
orientation of the crystallites with respect to the 
fibre axis, crystallite size) until after a heat treat- 
ment at 2800°C the structural parameters are 
very identical to those for carbon/carbon with the 
M40 J fibres. 
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