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Abstract A new procedure for filamentary metal matrix
composite processing is described here. It consists in run-
ning carbon-coated SiC filaments through a liquid titanium
bath in levitation. The liquid metal/carbon interaction must
be significant enough to enable filament wetting and suf-
ficiently low to avoid composite embrittlement. To insure
both requirements, different configurations of the initial
ceramic filament can be used: (1) SiC(C) filament free of
any other coating, (2) SiC(C) filament coated with a car-
bide obtained by reactive chemical vapour deposition (R-
CVD), or (3) SiC(C) previously coated by a first metal
layer. In order to choose the best conditions for developing
the process, the different processing configurations were
studied through modelling and numerical simulations of
the filament/matrix interaction. The microstructure of the
interfacial zone between filament and matrix was investi-
gated through SEM and Auger electron spectroscopy
(AES) analyses. The microstructure of the interfacial zone
between filament and matrix was investigated through
SEM and AES analyses. The results show that in com-
parison to the first processing configuration, the best way to
obtain filamentary composite semi-products without ex-
cessive fibre/matrix interaction is to use the second con-
figuration. However, the latter requires preliminary R-CVD
operations, while the third configuration leads to moderate
carbon embrittlement effect without requiring additional
equipment.
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Introduction

SiC-fibre-reinforced titanium matrix composites (TMC) are
potential materials for high-temperature structural applica-
tions such as compressor bladed rings (blinks) in aircraft
engines, links and other applications requiring high stiffness
such as the examples of shafts in helicopter engines and
landing gear proposed by Salzar [1] and Hooker and
Doorbar [2]. However, the available processing methods for
manufacturing TMC are too costly for the related gain in
performance (Soumelidis et al. [3], Wei [4], Molliex et al.
[5], Gao and Zhao [6], Cotterill and Bowen [7], Bobet et al.
[8] and Thomas and Winstone [9]). Prior to hot compression
of TMC parts, filament/matrix coupling must be performed
through various methods which exhibit different disadvan-
tages. The Foil-Fibre-Foil method described by Nicolaou
et al. [10] and Hirose et al. [11] consists in the consolidation
of alternately stacked layers of about 100-pm-thick metal
foils and aligned ceramic filaments about 140 um in di-
ameter. The process requires a good formability of the
matrix and often leads to poor reinforcement distribution.
Plasma Spray coating of unidirectional layers of ceramic
filaments as depicted by Mackay et al. [12] provides better
reinforcement distribution in the matrix but the filaments are
partially degraded by thermal shock and metal droplet/ce-
ramic filament interaction. PVD methods which were par-
ticularly investigated by Leucht and Dudeck [13] enable
very uniform reinforcement distributions. However, in the
case of electron beam evaporation and deposition technique
(EBED), the composition of the matrix is not easily con-
trolled and the kinetics of deposition is rather low. As for
using the powder route through a method of filament coating
as proposed by Sanguinetti et al. [14, 15], it is difficult to
adjust the processing parameters to insure homogeneous
reinforcement distribution and good matrix densification by
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Fig. 1 SEM micrographs of
SiC filaments characterized by
a Carbon core and C/SiC
coating, b W core and C coating

hot pressing at temperature and pressure moderate enough to
prevent any chemical and mechanical filament degradation.

Alongside these traditional methods of manufacturing, a
new process based on the liquid route, resulting in a
filamentary composite semi-product has been proposed by
Dambrine et al. [16]. The process consists in running SiC
filaments through a liquid titanium alloy bath at very high
speeds to prevent excessive chemical interaction between
the protective carbon coating of SiC filaments and the
highly reactive liquid Ti. Indeed, previously, Toloui [17],
Cooke et al. [18] as well as Warrier and Lin [19] with
infrared heating attempted to use the liquid route to process
TMC. They have shown how fast the ceramic filament/
liquid metal coupling must be to maintain the potential
reinforcement performance. Although the proposed method
is very fast as the filament running speed is higher than
1 m s, the carbon transfer from C-coated SiC filaments
has to be monitored closely, firstly in order to prevent the
reinforcement degradation and secondly prevent Ti matrix
embrittlement. As a matter of fact and as shown by Duda
et al. [20], the liquid Ti/C coating interaction during the
filamentary composite processing gives rise to TiCy_,
formation both at the filament/matrix interface and within
the Ti coating surrounding the filament. On the other hand,
Feigenblum [21] showed that the presence of a very thin
carbide layer on the carbon-coated filament is required for
wetting the reinforcement with the liquid titanium and
covering it with a concentric titanium coating.

The objective of the present contribution is to depict the
processing conditions and understand the mechanisms cor-
relating the processing parameters and the resulting filamen-
tary composite microstructures through the exploitation of
numerous numerical tests. Indeed, the same investigation
through experimental tests would be technically very difficult
and, above all, too expensive for a preliminary approach of the
process. The numerical investigation we proposed elsewhere
is based on a thermo-metallurgical model [22]. Only a small
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number of experiments allowed the feasibility of the process
to be shown and the modelling to be validated. If attention is
focused on carbon transfer from the reinforcement towards the
matrix, the use of the related numerical tool allows the influ-
ence of the processing conditions on filamentary composite
microstructures to be highlighted. As a matter of fact, the
significance of carbon transfer can be considered as a per-
formance indicator of the filamentary composite as it controls
both matrix embrittlement and reinforcement degradation.

Description and modelling of the process
TMC components

Although various kinds of ceramic filaments and metal al-
loys could be combined with the proposed high-speed liquid
coating process, the latter has been focused on two similar
types of SiC filamentary reinforcement and on one titanium-
based alloy matrix (Ti 6Al 2Sn 4Zr 2Mo), the microstructure
of which is near alpha (90 %) (Smith et al. [23], Ward et al.
[24]). Both ceramic filaments illustrated in Fig. 1 are con-
stituted of three components: (1) a carbon core for the SCS6
filament (case a) or a tungsten core for a new experimental
SiC filament (case b), (2) a surrounding SiC deposit and
finally (3) a protective 4-pum-thick coating of C/SiC mixture
in the case of the SCS6 filament (a) or quasi pure pyrolytic
carbon in the case of the experimental filament (b). In both
cases, the reinforcement/matrix coupling leads to a direct
contact between the liquid Ti-based matrix and the carbon
coating of the SiC(C) ceramic filament.

Main features of the high-speed liquid coating
process

With the help of the equipment illustrated in Fig. 2, the
high-speed liquid coating process can be described by the
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Fig. 2 High-speed metal coating apparatus

following steps performed in a tower chamber under
vacuum:

(1) the 148-pum-diameter ceramic filament at high run-
ning speed (several metres per second) is introduced
quickly into the bath of molten metal in electromag-
netic levitation, through one of the notches designed
in the RF induction heating water cooled crucible,

(2) after an incubation time of a few milliseconds, the
interaction between the carbon-coated filament and
the liquid bath may be sufficient to induce filament
wetting by the molten metal, thanks to the formation
of a carbide interphase at the liquid metal/C coating
interface,

(3) then, when the filament comes out of the liquid bath,
its wetting enables a liquid metal layer to cover the
filament with a thickness which is greatly dependant
on the filament running speed V as detailed else-
where (De Ryck and Quere [25], Feigenblum [21]).
Up to a speed threshold of a few metres per second,
the thickness of the metal coating increases slightly
due to the speed. However, for these rather low

speeds, the coating thickness remains too slight (a
few microns) to give rise to sufficient metal matrix
volume fractions in the related composites and to
avoid contact between reinforcing filaments after hot
compression of filamentary composite arrangements
(Fig. 3c). Above the speed threshold, the thickness
of the metal coating can reach a few tens of microns
leading to reinforcement volume fractions of about
30-35 % but it decreases slightly when the filament
running speed is increased. This evolution in thick-
ness enables the reinforcement volume fraction to be
adjusted, providing it is possible to perform metal
coating at very high speed which requires techno-
logical issues to be overcome.

(4) as soon as the filament comes out of the bath, the
liquid metal coating is cooled by both radiation and
forced convection characterized by a coefficient
h and performed, thanks to a specific device which
blows helium or argon through several small
nozzles,

(5) Finally, once the layer of the metal coating has
solidified, the resulting filamentary composite is
wound around a pulley.

In conclusion, the time of filament immersion in the
liquid bath must be long enough to generate the formation
of carbide required for filament wetting. However, the time
must also be short enough to avoid excessive carbon
transfer leading to reinforcement degradation and matrix
embrittlement by Ti carbide formation in parts or the whole
metal coating (Fig. 3).

Modelling and numerical simulation of the process

The description of the process modelling and related nu-
merical tool based on the classical heat and mass diffusion
equations was the objective of another contribution re-
ported elsewhere [22]. However, in order to understand the
present contribution, it is necessary to keep in mind the
following assumptions:

(1) the required simplification of reinforcement and
matrix complexity has led the matrix to be consid-
ered as pure titanium and the reinforcement to be
considered as pure carbon-coated filaments,

(2) the displacement speed of the liquid metal layer
coating the filament is the same as the speed of the
filament,

(3) the carbon transfer from the filament coating towards
the liquid metal matrix is the only mass transfer
considered in the present study,

(4) consequently, carbide is the only phase formed
within the liquid metal,
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Fig. 3 Microstructure of titanium base matrix obtained for various SiC/Ti filamentary composites and as presented by Duda [26]: a TiCx within
bi-phased zone. b Width of bi-phased zone. ¢ Thin Ti coating completely bi-phased

(5) Dbefore substantial carbide formation, the carbon
transfer is controlled by the mechanism of disso-
ciation of the carbon coating in contact with the
liquid titanium. After that, it is controlled by carbon
diffusion through the formed carbide layer. The
transition between the two controlling mechanisms
of carbon flow occurs when the C diffusion flow
through the formed TiC,_, layer is lower than the C
dissociation flow.

(6) the phase equilibriums involved in the process can
be related to the Ti/C phase diagram given by
Massalski [27],

(7) longitudinal heat and mass transfer is not taken into
account owing to the high running speed of the
filament,

(8) the axisymmetry of the whole system enables the use
of cylindrical coordinates to simulate the process,

(9) the time is directly correlated to the longitudinal
position of a considered filament section in the liquid
bath.

The combination of the three previous assumptions al-
lowed a 2D model to be used to perform the numerical
simulation of the process.

More details related to the conditions of the numerical
simulation (equations as well as initial and boundary con-
ditions) and above all the validation of the modelling through
some preliminary experiments were provided in [22].

Simulation of various processing configurations

The main issue to overcome for obtaining high perfor-
mance SiC(C)/Ti filamentary composite semi-products is
related to the interaction between filament C coating and
liquid Ti.

On the one hand, for a given height of the Ti liquid bath,
the filament running speed V must be sufficiently moderate
(for instance, 1 m s~ 1) to allow filament wetting, thanks to
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a sufficient Ti/C contact time leading to carbide formation.
If it is not the case, the Ti coating geometry cannot be
correct giving rise to an exocentric matrix coating with
respect to the reinforcement. On the other hand, the fila-
ment running speed must be high enough to prevent ex-
cessive C transfer into the matrix and to permit a sufficient
Ti thickness e surrounding the ceramic filament, to be
brought out of the Ti liquid bath as demonstrated by De
Ryck and Quere [25].

In order to reduce expensive and time-consuming ex-
perimentation to highlight the importance of the main
processing parameters (e, V, h), three processing con-
figurations were simulated to evaluate their ability to ren-
der the previous requirements compatible.

(1) The first configuration is related to the entry of
C-coated SiC filaments (SiC(C)) free of any addi-
tional carbide into the liquid bath, that is to say, the
use of the initial ceramic filaments illustrated in
Fig. la.

(2) The second case corresponds to the use of filaments
previously coated with a TiC carbide layer before
their entry into the molten Ti bath. Arvieu et al. [28]
have shown that such a carbide coating can be
obtained by R-CVD.

(3) The third case is related to the use of filaments
previously coated with a thin titanium layer of about
10-20 um, developed thanks to a first run through
the bath, that is to say filamentary composites
obtained at low processing speeds. This insures
filament wetting without expecting to bring a
sufficient matrix thickness out of the Ti bath. The
second run aims at obtaining suitable reinforcement
volume fractions. In this case, initial filament is
constituted by the basic C-coated SiC filament, the
TiC layer formed during the first run and the related
thin Ti alloy coating similar to the one illustrated in
Fig. 3c.
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For most numerical simulations, when the processing
conditions are not specified, the filament running speed was
V =2 m s, the filament surrounding Ti thickness was e
= 50 pum and the heat transfer coefficient characteristic of
the cooling conditions was 4 = 300 W m > K~'.

Initial SiC filaments

When the filament is initially free of any deposit, except for
the initial protective C coating, the amount of carbon
transferred from the filament towards the matrix increases
with the matrix thickness as illustrated in Fig. 4 through the
increase in width of the bi-phased zone. Indeed, the thicker
the surrounding liquid matrix, the longer the solidification
time is. During this time, the high C transfer kinetics in-
creases both the TiC,_, interphase thickness and the width
of the bi-phased zone, as illustrated in Fig. 5. However,
Fig. 5 shows that this increase is rather moderate which can
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Fig. 4 Concentrations in various Ti coating of carbon transferred
from the filament towards the titanium matrix (indication is related to a
matrix thickness of 50 pm) (V =2 m s land h =300 W m2 K1)
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Fig. 5 Evolution of TiC interphase thickness and matrix bi-phased
zone width when the Ti coating thickness is increased (V =2 m s~
and h = 300 Wm 2 K™

be explained by the nonnegligible efficiency of the TiC,_,
interphase as diffusion barrier. Consequently, as illustrated
in Fig. 6, the ratio between the volume fractions of the
more brittle bi-phased zone and the ductile mono-phased
external zone decreases when the whole matrix volume
fraction is increased in the filamentary composite. On the
other hand, decreasing the matrix volume fraction tends
towards a matrix thickness threshold below which the
composite matrix is completely bi-phased.

Similarly, when the filament running speed is increased,
the bi-phased zone width decreases and tends to stabilize
for the highest running speeds (see Fig. 7). Such an evo-
lution is related to the high kinetics of C transfer at the
beginning of the C/Ti interaction before the development
of the carbide layer. It leads to a quasi irreducible bi-
phased zone whatever the further increase in filament
running speed is.

As for the influence of the cooling speed which can be
increased, thanks to the cooling device, Fig. 8 shows that
raising the cooling speed is similar to an increase in fila-
ment running speed, giving rise to significant decreases in
TiC,_, interphase and bi-phased zone thicknesses. This
similitude shows that the most significant part of the carbon
transfer occurs during the cooling period of the filamentary
composite outside the liquid bath, when the formed carbide
interphase is still thin. As illustrated in Fig. 9, experimental
tests performed with either argon or helium atmospheres
have confirmed the expected influence of the cooling speed
on the carbon transfer.

Regardless of the influence of the three main processing
parameters (1/e, V, h), the higher their values, the lower is the
unfavourable transfer of carbon from the filament towards
the Ti matrix. Furthermore, as already mentioned, the
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previous results show that the C transfer occurs pre-
dominantly when the filament is outside the liquid bath,
when the thickness of the formed interphase is not thick
enough to impede further C diffusion during the relatively
long cooling time. Consequently, the use of SiC(C) filaments
coated by a TiC deposit prior to liquid Ti coating could be a
suitable method for obtaining immediate wetting of ceramic
filaments while reducing the amount of C transfer.

SiC(C) filament previously coated by TiC

The use of TiC-coated SiC(C) filaments as a starting ma-
terial for the process requires a preliminary additional op-
eration of R-CVD based on the reaction of TiCl, at high
temperature with the C-protective coating of the
SiC(C) filaments in the presence of hydrogen. To be sure of
the continuity of the TiC layer, a minimum carbide thick-
ness of about 25 nm must be performed without exceeding
a maximum of about 200 nm. Above this maximum
thickness, the carbide deposit splits as illustrated in Fig. 10.
Thus, the numerical investigation of this processing con-
figuration was related to TiC deposits, the thickness of
which ranged between 25 and 200 nm which are already
nonnegligible thicknesses compared to those spontaneously
formed during the process. The results illustrated in Fig. 11
show how efficient the initial TiC deposits are in reducing
the bi-phased zones of the Ti-based matrix substantially.
As illustrated in Fig. 12, thickness measurement by AES of
the filament/matrix TiC interphase obtained after ex-
perimental tests has confirmed that an initial carbide de-
posit of 200 nm is not increased during the operation of
titanium coating.

Figure 13 shows the correlation between the previous
TiC coating and the final titanium carbide layer, that is to
say, the sum of previous TiC layer and TiC,_, layer
formed. It can be observed that the TiC diffusion barrier is
effective enough to obtain final TiC layers much thinner
than those obtained without any initial carbide deposit. In
fact, the deviation of the whole resulting titanium carbide
thickness as a function of the previous TiC deposit thick-
ness is merely the combination of the increase in TiC de-
posit and the decrease of the formed TiC,_, interphase.
The result is a 120 nm minimum for a previous TiC deposit
of about 100 nm. This means that, in the presence of the
previous 100-nm-thick deposit, only a 20-nm-thick TiC,_,
layer forms spontaneously whereas a 535-nm-thick TiC,_,
layer forms without previous TiC deposit (see Fig. 5 for a
Ti thickness of 50 um).

In addition, it is noteworthy that this optimal 100-nm
deposit thickness corresponds, as illustrated in Fig. 14, to
an inflection of the function representing the deviation of
the bi-phased zone width versus the previous TiC deposit
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Fig. 10 Electron micrographs of SiC(C) filament coated by R-CVD TiC deposits of different thickness: a 175 nm; b 220 nm; ¢ 245 nm
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Fig. 11 Concentrations in Ti coating of carbon transferred from the
filament various thickness of previous TiC deposited at the filament
surface (V=2ms 'and h =300 Wm > K1)

thickness. The presence of this TiC preliminary deposit
allows the bi-phased zone width to be divided by two.

Finally, not only has the efficiency of a preliminary TiC
deposit been clearly established, but also immediate wet-
ting of TiC-coated filament should allow very high filament
running speed. The latter makes obtaining suitable matrix
volume fraction possible, without using excessive liquid
bath height.
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Fig. 12 AES measurement of TiC interphase thickness at the

filament/matrix interface

SiC(C) filaments previously coated by a thin Ti layer

Another possibility aiming at process improvement con-
sists in avoiding the rather slow R-CVD operation by
performing the reinforcement/matrix coupling through a
first Ti coating at low filament running speeds. This allows
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only thin Ti coatings to be formed as illustrated in Fig. 3c.
So, a second Ti coating is then necessary at high filament
running speed, to reach sufficient Ti thickness which cor-
responds to suitable reinforcement volume fractions (3040
vol. %).

The first Ti coating at about 1 m s~ gives rise to a
15-pm-thick metal coating as measured experimentally and
a 200-nm-thick TiC,_, interphase as determined nu-
merically and confirmed experimentally by SEM mea-
surement. As shown in Figs. 3c and 15, the whole Ti
coating is bi-phased.

If a second Ti coating is performed at the same speed of
1 m s, the first Ti coating melts again. The 200-nm-thick
TiC,_, interphase impedes significant C transfer from the
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Fig. 15 Concentrations in Ti coating of carbon transferred from the
filament towards the titanium matrix for a double Ti coating of 15 um
(V=1ms 'and h =300 Wm 2K

filament towards the liquid Ti, but the carbon already
present in the first Ti coating is free to diffuse within the
liquid Ti. Thus, the TiC,_, volume fraction in the bi-
phased zone and more particularly the width of the eutectic
zone are expected to decrease. This is confirmed by the
numerical simulation illustrated in Fig. 15. The resulting Ti
coating thickness is identical to the one resulting from the
first run (about 15 pm), but part of the C amount which was
transferred from the filament towards the Ti coating during
the first run, diffuses into the surrounding liquid bath
during the second run.

If the second Ti coating is performed at a running speed
over 3 m s, it is possible to increase the Ti coating
thickness up to 50-70 pm. In this case, the carbon accu-
mulated during the Ti coating first run spreads over the
thicker Ti coating second run and may be partly present in
the surrounding liquid bath, as illustrated in Fig. 16. Thus,
such a second run gives rise to some kind of ho-
mogenization of the C composition within the Ti matrix
which enables the elimination of strong volume fractions of
TiC,_, for the thickest coating.

Heat treatment of the resulting filamentary Ti
matrix composites

After using the proposed high-speed procedure to
manufacture Ti-coated SiC(C) filaments, the resulting
filamentary composite semi-products must be arranged into
structures and submitted to hot compression for insuring
densification and consolidation. The corresponding metal-
lurgical transformations occurring in the Ti-based matrix
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Fig. 17 Electron micrograph of interfacial zone after heat treatment

of a filamentary composite obtained with V=3ms ',
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can be simulated by performing identical temperature cy-
cles through isothermal heat treatments at 950 °C during
75 min.

During such a thermal treatment, the thickness of the
TiC interphase is slightly increased, which tends to em-
brittle the filamentary semi-products through higher notch
effects when the brittle interphase cracks and as shown by
the model proposed by Metcalfe [29].

However, the main evolution induced by the heat
treatment is related to a significant homogenization of the
carbon distribution over the whole Ti matrix and a trans-
formation of its microstructure as illustrated in Fig. 3a
directly after coating and in Fig. 17 after heat treatment.
The fine quasi B microstructure with TiC, precipitates

Matrix thickness (um)

Fig. 18 Comparison between the carbon amounts transferred for Ti
coatings performed after a previous TiC R-CVD deposit and for
double Ti coating performed without initial TiC deposit

resulting from the vigorous quenching effect related to
high-speed processing transforms into a coarser o/f mi-
crostructure. The proportion of o phase is directly depen-
dent on the carbon content in solution within the matrix.

Thus, any increase in the carbon transfer from the fila-
ment towards the matrix tends to embrittle the filamentary
semi-products through the TiC interphase and the propor-
tion of o phase within the Ti-based matrix.

Finally, when on the one hand, the strong ho-
mogenization effect induced by the semi-product hot
compaction renders useless the advantageous homogeniz-
ing effect of the third configuration, and on the other hand,
avoiding any additional equipment and time-consuming
R-CVD operations is an important economic advantage.
Otherwise, as illustrated in Fig. 18, the second processing
configuration enables much lower carbon transfer and
consequently allows higher composite mechanical perfor-
mance to be expected.

Conclusion

The use of a numerical simulation allowed the assessment
of an original liquid route processing method for the
manufacturing of filamentary semi-products of titanium
matrix composite reinforced by SiC filament to be per-
formed. The simulation was applied to three different
processing configurations allowing a further experimental
approach of the process to be guided by numerical results.

The investigation of the first configuration related to the
use of coating free SiC(C) filaments as a starting material
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has shown that the thickness of the brittle carbide inter-
phase formed at the filament/matrix interface and the
proportion of unfavourable bi-phased Ti/TiC alloy in the Ti
matrix are decreased when the reinforcement volume
fraction is lowered, when the processing speed of the
filamentary semi-product is raised and when the cooling
speed of the semi-product is higher.

The numerical simulation of the second processing con-
figuration has established that a previous TiC coating of the
SiC(C) filaments is very efficient for limiting the unfavourable
interaction between filament and matrix but leads to additional
expense related to a rather slow R-CVD operation.

To avoid such an additional operation, the simulation of
a double run in the equipment devoted to carrying out the
process has shown the great interest of this third processing
configuration for reducing carbon transfer. However, this
method is not as efficient as the second processing con-
figuration even if it leads to a more homogeneous com-
position of the Ti matrix which can be also reached through
heat treatment.
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