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CARBON-CARBON-TITANIUM CARBIDE COMPOSITE MATERIALS
OBTAINED BY CVI OF POROUS CARBON-CARBON SUBSTRATES

J.Y. Rossignol, R. Naslain, P. HAGENMULLER, Laboratoire de Chimie
du Solide du CNRS, Université de Bordeaux-I, 351, cours de la Li-
bération, 33405 - Talence-cédex, France

and

L. Héraud, J.J. Choury, Société Européenne de Propulsion,Etablis-
sement de Bordeaux, 33160 Saint Médard en Jalles, France

The 2D-carbon-carbon composites (2D-CC) are made of layers
of woven graphite fiber cloth linked together by carbon. They are
used in the space industry as well as in several other fields
(e.g. disk brakes or prostheses). However, they have some draw-
backs: poor resistance towards air oxidation at high (and even
medium) temperatures, strong anisotropy in their mechanical pro-
perties (with a tendency to delamination due to weak inter-layer

bonding).

It has been shown recently that part of these drawbacks can
be overcome by replacing (partially or totally) the carbon matrix
by a refractory material such as SiC. The CC-SiC composites, ob-
tained by chemical vapor infiltration (CVI) of porous CC-substra-
tes by SiC, are less anisotropic than the conventional 2D-CC com-
posites, their mechanical properties are much higher and their
resistance towards air oxidation remains excellent up to about
1500°C (1-3).

The use of the CC-SiC composites is limited in temperature
by the volatility of the SiOZ-protective layer (significant above
1500°C, in air) and the thermal decomposition of SiC (at about
2500°C). For this reason, a program of research is now in progress
for replacing SiC by more stable refractory materials. CC-TZC com-
posites (prepared by CVI of porous CC-substrates by TiC) will be
more particularly considered here. TiC has been chosen,in a first
step, as a compromise between thermal stability and ease of pro-



cessing (TiC only melts at 3070°C but is more easily CVI-intro-
duced in porous substrates than the more refractory hafnium or
tantalum carbides).

THERMODYNAMIC AND EXPERIMENTAL STUDY OF THE CVI OF 2D-CC POROUS
SUBSTRATES BY TiC

The CVD of TiC is commonly performed, from CH4-T1'C14-H2 gas
mixtures according to the overall equation:

Ha
Ti .
CH4(g)+ 1014(9) —t > T1C(S) + 4HCl(g) 1]

As shown elsewhere, such reaction (that usually implies several
by-products) can be studied, in a first approximation, by a ther-
modynamic approach (based on the minimization of the total Gibbs
free energy) assuming that states close to equilibrium are rea-
ched in the vicinity of the substrate. The method gives the com-
position of both the vapor and condensed phases, at equilibrium,
as a function of the initial gas mixture composition,temperature,
total pressure and nature of the substrate(4).It has already been
used by M.Duccaroir et al.to plot a "CVD-phase diagram” for TiC(5).

The thermodynamic calculations have been limited here to
those low values of temperature and total pressure which are com-
patible with the CVI-processing of porous substrates (1,3,6). The
main species that may be present at equilibrium are:Hz,HC1,CH4,
T1C14,T1C13 and TiC]z for the vapor phase as well as TiC and C
for the deposit. As shown in fig.l, the deposit is made of pure
TiC or of a TiC+C mixture depending on the initial composition
(a TiC14-excess is usually necessary to give a carbon-free depo-
sit).

The thermodynamic calculations have established that TiC+C
deposits are always obtained at 1200K when the initial composi-
tion does not contain elemental hydrogen (although CH4 theoreti-
cally contains enough hydrogen to reduce Tic14, as indicated by
equation |1|. Thus elemental hydrogen must be added to CH, and
T1C14(whatever the CH4/T1'C14 ratio), in order to get a carbon-
free deposit, at equilibrium.
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Fig.1-CVD-phase diagram of

Fig.2-Thermodynamic yields
titaniun-carbide
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Fig.2 gives the percentages Ty of TiCl4 which is reacted at
equilibrium (to give TiC or titanium sub-chlorides) or remains
unreduced, as a function of « = pﬁ2/p8H4(for p?ic14=l.5.10'2atm).
It appears that at 1200 K, a rather important percentage of TiC]4
remains unreacted and that TiCl3 is a significatn by-product of
the reaction, whatever a. In order to get a carbon-free deposit
and to minimize the amounts of T1C14 and TiCl3, an a value close
to a .= 20 has to be used. Under such conditions, the t7jc theo-
retical yield is Tow (27%) and the amount of unreduced T1C14 and
TiCl3 is very important. In order to increase tyic and decrease
both TTiClg and TTiCl3> temperature has to be raised; a finding
which is not compatible with the CVI of a porous substrate. The
results of the thermodynamic calculations have been qualitatively
confirmed by experiments run on graphite samples.

As already underlined by F. Christin et al. in the case of
the CC-SiC composites, the CVI of a porous substrate by a refrac-
tory material (in-depth deposition within the open pores) is much
more difficult than the corresponding CVD-overcoating (deposition

on the external substrate-surface). In order to favor the former,



the values of the parameters commonly recommended in CVD have to
be strongly modified. Thus, the substrate-temperature and the to-
tal pressure have to be kept as low as possible (to increase the
mean life time and the mean free path of the reactant molecules,
allowing them to diffuse as far as possible within the pores befo-
re reacting). At the same time, the gas flow rates must be rather
slow.Under such conditions,the deposition rate is much lower than
in CVD and the duration of CVI-runs is usually very important
(1,3.,6).

On the basis of the thermodynamic study and of the results
of experiments run on CC-porous substrates, the most suitable
CVI-conditions for TiC were found to be: 900<T<1000°C,
0.025<p<0.070 atm. To avoid the appearance of elemental carbon in
deposits and to fulfil technical requirements, the initial gas com-
position was characterized by P;1014= 0.015atm and a ~ 20. As pre-
dicted by the thermodynamic study, an important amount of TiCl3 is
formed under such conditions. The porous samples to be CV-infiltra-
ted were located within a graphite susceptor heated, in a vertical
silica glass chamber, by an RF coil.

CHARACTERIZATION OF THE CC-TiC COMPOSITES

The substrates were made of carbon fiber (ex-rayon or PAN
types) cloth layers linked together by a small amount of pyrocar-
bon. Their residual open porosity was of the order of 25 to 35
vol.%. The open pores left by the pyrocarbon predensification were
mainly of large size (~100um) and located between the carbon yarns
of the cloth Tayers (the pores of much smaller diameter located
between the fibers themselves, within the yarns, being already fil-
led with pyrocarbon or closed).

CC-TiC composites having TiC vol. fractions up to 0.325 and
almost no residual open porosity have been obtained by CVI. Fig.3
shows a micrograph of a cross section of a partially densified
CC-TiC composite. Microcracks in the TiC-deposit are clearly appa-
rent. They are probably due to the difference in thermal expansion
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Fig.3-Micrograph of a partially CV-infiltrated
CC-TiC composite (VTiC= 0.20)

that exists between TiC and the CC-substrates. Microprobe analy-
sis has shown that the deposit is made, within the accuracy 1i-
mits of such a method, of nearly stoichiometric titanium carbide

(79.7 < T]hexp.< 80.5; Ti%theor.: 79,95).

Compression and shear tests have been performed on samples
characterized by increasing vTiC(O(VT1C<O'20 to 0.30)and thus
decreasing residual porosity (since VC+VTiC+Vp=1 and Vc=cons-
tant). They were loaded to failure in a direction parallel to
the fiber cloth layerc (the direction of weakest resistance for

a 2D-composite).

Fig.4 shows that the CC-Ti composites are, as expected,
brittle materials at room temperature whatever VTic(their mecha-
nical behavior remaining elastic up to failure). As illustrated
in fig.5,the ultimate compression stress gg,the Young modulus gy
and the shear stress to failure 15 linearly increasewith increa-
sing VTiC as already found by F.Christin et al.for the related
CC-SiC composites {2,3). The highest values ofcﬁi , E, and 15

obtained for VTiC=O.20-O.3U)are significantly greater than those
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reported for the corresponding CC-composites totally densified
with pyrocarbon (3).

The analysis of the samples loaded to failure indicates that
failure occurs by interlayer delamination for Tow VTiC values (the
porous C-TiC matrix remaining the weakest point). The tendency to
interlayer delamination disappears very rapidly (VTiC>O'10) in
the case of the composites made of the rather weak ex-rayon fi-
bers. On the contrary, this tendency partially remains (even for
vTiC ~ 0.25)in the case of the much stronger ex-PAN fibers. How-
ever, in both cases replacing partially the carbon matrix by a
TiC-matrix significantly reinforces the strength of the material
and the inter layer-cohesion. As expected, the CC-TiC and CC-SiC
composites have almost the same mechanical characteristics for a
given value of VTiC or VSiC‘

Oxidation tests were performed inair onCC-TiC composites ha
ving almost no residual open porosity (VT1C=0'325) .Fig.6 shows that
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Fig.6-Weight variation of CC-TiC composites
during oxidation tests in air

‘the behavior of the materials remains good for temperatures up to
" 1000°C,an increase in weight being observed due to the formation of
a T102-layer.Athighertemperatures,an important weight loss occurs,
probably related to the oxidation of the fibers, oxygen diffusing in
the TiC-matrix defects.

The authors wish to thank Dr. C.BERNARD for his assistance
in the thermodynamic calculations. This work was supported by the
French Ministry of Defense (D.R.E.T.).
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