JOURNAL OF MATERIALS SCIENCE 33 (1998) 4461-4473

On the CVD of MoSi,: an experimental study from
the MoCl,-SiCl,—H,—Ar precursor with a view to the

preparation of C/MoSi,/SiC and SiC/MoSi,/SiC
microcomposites
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Laboratoire des Composites Thermostructuraux, UMR-47 (CNRS-SEP-UB]1),
Domaine universitaire, 3, allée de la Boétie, 33600-Pessac, France

The chemical vapour deposition of MoSi, on plane substrates (graphite or sintered-SiC) and
ceramic fibres has been studied from MoCl,-SiCl,—H,-Ar gas mixtures at 900 < 7 < 1400°C
and 2 < P < 40 kPa, according to an experimental approach. MoSi, is deposited as single
phase coatings for 2.5 < o = Pxsici,/Pvoci, < 10 and 10 < B = Py,/(Pwoci, + Psici,) < 20. The
deposition process appears to be thermally activated, the thermal variations of the growth
rate obeying one or two Arrhenius law(s) depending on P. It seems to remain rate controlled
by heterogeneous surface reactions as long as the gas flow-rate is high enough. Deposits
with a smooth surface aspect and homogeneous in thickness are obtained at low T, low
P and high Hy-dilution. Nicalon/MoSi,/SiC and C(T300)/MoSi,/SiC microcomposites are
prepared and tested in tensile loading at ambient and high temperatures. They exhibit

a brittle or quasi-brittle mechanical behaviour, with no (or almost no) matrix microcracking
before failure. It is anticipated that dense MoSi, deposited by CVD may not be a suitable
interphase material for SiC/SiC and C/SiC composite materials. © 7998 Kluwer Academic

Publishers

1. Introduction

Up to now, molydenum disilicide chemical vapour
deposition (CVD) films have been used mainly as: (i)
protective coatings to improve the oxidation resist-
ance of refractory materials including molydenum
itself and (ii) gates and interconnects in VLSI elec-
tronic devices [1]. These applications are related to
well established properties of MoSi,, namely: (i) its
high thermal stability (MoSi, melts congruently at
2030°C; (ii) its ability to form a surface oxide scale
(consisting mainly of silica), when heated in an oxidiz-
ing atmosphere (e.g. air) above about 950°C and
which remains protective up to ~1700 °C (as long as
the oxidation regime remains itself passive); and
finally (i) its high electrical conductivity.

From a mechanical standpoint, MoSi, is brittle at
room temperature as all ceramic materials. However,
it exhibits a brittle/ductible transition at about 950 °C
and behaves as a metal at high temperatures [2]. For
all these reasons, molybdenum disilicide has been
considered, more recently as a potential constituent
for thermostructural composite materials eigher as
a matrix [2] or as an interphase [3]. In a ceramic
matrix composite (CMC), brittle fibres are embedded
in a brittle ceramic matrix. CMCs exhibit the out-
standing property of being tough (even though their
constituents are intrisically brittle) when the
fibre-matrix bonding is not too strong [4]. The
fibre—matrix bonding is usually controlled through
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the use of an interphase material, which is a thin layer
(from 0.1 to 1 m) of a compliant material predeposited
on the fibre surface as a coating or formed in situ at the
fibre-matrix interface during CMC processing. The
main role of the interphase is to arrest or/and deflect
the matrix microcracks which are formed under load-
ing, thus protecting the brittle fibres from an early
failure by notch effect. The most commonly used inter-
phase material is pyrocarbon but boron nitride and
noble metals (which exhibit a much higher oxidation
resistance) have also been proposed [5]. MoSi,, on
the basis of its thermal stability, its plasticity at high
temperatures and its outstanding oxidation resistance,
might also be an interesting interphase material, as
very recently suggested by Evans et al. [3].
Molybdenum disilicide can be deposited from vari-
ous gaseous precursors, the most commonly cited
being SiCl,—MoCls-H, [6-9], SiH,—MoCls-H,
[10-12] and SiH,—MoF¢ [13—-14]. The choice of the
precursor depends on the nature of the application
and practical considerations. MoF4 and SiH, have the
advantage of being gaseous at room temperature
whereas SiCl, is liquid and MoCl;s solid. Thus, MoCl
has to be heated in order to achieve a high enough
vapour pressure which may raise technical problems
and under different the accurate control of the Mo-
source gas flow-rate. The formation of stoichiometric
MoSi, deposits from the SiH,—~MoF§ precursor oc-
curs at very low temperatures (i.e. &~ 200 °C), which
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might be an advantage in VLSI-technology. Con-
versely under such conditions the deposits are
amorphous and a significant shrinkage takes place
when they are further annealed for crystallization
[15-16]. Finally, the use of SiH, as a Si-source has
two drawbacks: (i) SiH, is a very unstable species
which should be handled with care; and (ii) its reactiv-
ity is much higher than that of the Mo-sources (e.g.
MoCls) with the result that silicon bearing gaseous by
products can be formed, with a loss of silicon. Con-
versely, SiCl, exhibits a higher thermal stability.

It has been shown [17] from thermodynamic and
practical considerations, that MoCl,—SiCl,—H,—Ar
gas mixtures are an appropriate precursor for the
CVD of MoSi, (as compared to mixtures of MoCls (or
MoF), for the Mo-source and SiH, (or SiH,Cl,) the
Si-source) [17]. Well controlled MoCl, gas flow rates
can be easily achieved by chlorinating a bed of molyb-
denum chips with a Cl,~Ar mixture and recording
semi-continuously (with a millibalance) the weight
loss of the Mo-bed (from which the MoCl, gas flow
rate, Q(MoCl,), is derived). Furthermore, thermodyn-
amic calculations have shown that the use of the
MoCl,-SiCl,—H,—Ar precursor has two important
advantages: (i) it yields a broad, pure MoSi, depos-
ition domain in the so-called CVD diagram (which
gives the nature of the phases present in the deposit at
equilibrium, as a function of the initial MoCl, and
SiCl, partial pressures); and (ii) it results in higher
MoSi,-thermodynamic yields (i.e. up to ~92%) with
respect to the SiCly-source, for temperature/pressure
conditions compatible with the chemical vapour infilt-
ration (VCI) process [5] which would be used for
depositing in situ a MoSi, interphase in a fibrous
preform.

The aim of the present work was to establish the
feasibility of the MoSi,—CVD from the uncommonly
used MoCl,-SiCl,—H,—Ar precursor, according to an
experimental approach which is complementary to the
thermodynamic study [17]. More specifically, the ob-
jective of the present work was to establish: (i) the
CVD parameter ranges (temperature, total pressure,
gas flow rates and initial composition) compatible
with the CVI process and within which MoSi, is
deposited as a single phase; (ii) the relations between
the MoSi, growth rate and the CVD parameters as
well as those between the deposit morphology and the
CVD parameters; and finally (iii) the experimental
conditions under which the kinetics of MoSi, depos-
ition are controlled by the heterogeneous surface reac-
tions (which are those generally used in the CVI
process). The results of present study were used to
prepare one dimensional SiC/MoSi,/SiC and
C/MoSi,/SiC model microcomposites in order to es-
tablish whether MoSi, could be a suitable interphase
in SiC matrix reinforced with either silicon carbide or
carbon fibres.

2. Experimental procedure
2.1. General considerations
The CVD of MoSi, from the MoCl,—SiCl,—H,—Ar
precursor, proceeds according to the following
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overall equation
2SiCly(g) + MoCl,(g) + 6 H,(g)
— MoSi,(c) + 12 HCl(g) (1)

with GO®(1300 K)= — 156.2kJ and An=12 — 9 = 3.
The MoCl, source is formed in-line by direct chlorina-
tion at 673-923 K of a bed of molybdenum chips
(contained in a superalloy or carbon curcible), with
a Cl,—Ar mixture gas flow, according to the following
overall equation

2Cl,(g) + Mo(c) » MoCl,(g) ?)

with AGOR®(700K) = —313.5kJ and An=1-2

= — 1. It has been shown [17] from thermodyn-
amical calculations and experimental data, that pure
MoCl,(g) is formed quantitatively within broad
ranges of temperature and total pressure, provided the
Mo chips have been first deoxidized with a pretreat-
ment under a flow of hydrogen at 773 and 1273 K
[17]. The MoCl, gas flowrate is calculated from the
weight loss of the Mo chips bed, either discontinuous-
ly or semi-continuously, as explained in the next sec-
tion. The flow of SiCl,(g) is generated by pumping the
vapour in equilibrium with the liquid (the vapour
pressure being 0.3 kPa at equilibrium at room temper-
ature) and measured with a ball (or mass) flowmeter.
Then the MoCl,~Ar and SiCl,—H, flows are mixed
together inside the hot-wall deposition chamber just
above the substrates to be coated.

2.2. MoSi, CVD apparatus

Two different CVD apparatuses have been used. The
first (apparatus 1) was used for determining the CVD
parameter ranges within which MoSi, is deposited
as a single phase and for the preparation of the mi-
crocomposites. The second (apparatus 2) has been
previously designed and built for the study of the
deposition kinetics of refractory oxides (i.e. ZrO,,
Y,0; and ZrO,(Y,03)) from gaseous mixtures con-
taining metal chloride sources (i.e. ZrCl, or/and YCl;)
formed or vaporized in situ [18]. One of the two
chlorinators has been used to form the MoCl,-source.

2.2.1. Apparatus 1

The first CVD-apparatus is shown schematically in
Fig. 1. The main part is a vertical silica-glass tube
(diameter 50 mm), heated externally with two electri-
cal furnaces. The upper part is the chlorination zone
(heated height 220 mm) which contains the molyb-
denum chips bed in a superalloy crucible. The lower
part is the deposition zone (height 520 mm). It is of the
hot wall type and contains the substrates (usually one
plane substrate of graphite or sintered SiC and a
microcomposites holder). In between, a transition
zone (height 120 mm) allows one to preheat the
SiCl,—H, and MoCl,—Ar gas flows, on the one hand,
and to control independently the temperatures of the
chlorination and deposition zones, on the other hand.
All the gas flowrates were measured with Rosemount



R2-15-AAA Sho-rate ball flowmeters except that of
MoCl,, Q(MoCl,), which was calculated at the end of
the experiment from the crucible weight loss and the
duration of the experiment (assuming that Q(MoCly)
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Figure 1 First apparatus used for the CVD of MoSi, (schematic).

Mass flow

was constant). The gas mixture was pumped out of the
deposition zone with rotary vacuum pump through
liquid nitrogentraps and the total pressure controlled
with a S.A. Leybold MR16 pressure monitor. The
experiments were performed with a chlorinator tem-
perature ranging from 673 to 873 K and a deposition
temperature ranging from 1173-1373 K. The total
pressure was varied within the 2—40 kPa range.

2.2.2. Apparatus 2

The second CVD apparatus is schematically shown
in Fig. 2 and has been described in details elsewhere
[18]. The deposition chamber is a hot wall graphite
tube (diameter 60 mm; height 350 mm). The Mo chips
bed is set within a graphite crucible (diameter 40 mm;
height 120 mm) just above. They are heated in depen-
dently with r.f. coils and power supplies. The whole
assembly is set inside a water-cooled stainless steel
protective chamber. All the gas flow rates were mea-
sured with accurate ASM AFC 25 mass flowmeters
except that of MoCl, which was calculated from the
continuous recording of the weight loss of the
chlorinator crucible with Mettler PM400 millibalance.
Finally, the weight increase of the substrate during the
CVD experiment was (with an accuracy of
2.5x 107 % g) is time with a Setaram B85 microbalance
and used to calculate the growth rate.
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Figure 2 Second apparatus used for the CVD of MoSi, (schematic).
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The experiments were performed with a chlorinator
temperature ranging from 723 to 923 K and a depos-
ition temperature ranging from 1173 to 1723 K. The
total pressure was varied within the 2—40 kPa range
and controlled with a MKS 252 A pressure monitor.

2.3. Substrates

To different kinds of substrate have been used in the
CVD-experiments: (i) plane substrates (mainly for the
growth rate measurements and effect of the CVD-
parameters); and (ii) carbon Toray T300 carbon and
Nicalon Si—C-O fibres (for the study of the morpho-
logy of the deposit and the preparation of the micro-
composites).

Plane substrates of graphite or sintered-SiC of large
size (20 x 20 x 2 mm?) were used for the CVD experi-
ments performed with the first CVD unit (apparatus 1)
and the X-ray diffraction (XRD) analysis of the de-
posits. They would be referred to as PS-1 specimens in
the following. Plane substrates of smaller size either in
graphite (10 x 5x 2 or 5x 5 x 2 min?®) or sintered-SiC
(diameter 10 mm: thickness 1 mm) were used for the
CVD experiments performed with the second CVD
unit (apparatus 2) with a view to measure the growth
rate and to assess the effect of CVD parameters on the
growth rate. They would be referred to as PS-2 speci-
mens in the following.

Figure 3 Barrel holder and fibre substrates used for the preparation
of the C/MoSi,/SiC and one-dimensional SiC/MoSi,/SiC micro-
composites (schematic). Capacity =80 fibres.
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The fibre substrates, referred to as T300-FS or
Si—C-O-FS in the following, consist of about 80 single
fibres (60—80 mm in length) extracted from fibre tows
and attached with a high temperature cement to
a XXX barrel holder, as shown schematically in Fig. 3.
These fibres were used for the preparation of the
1D-C/MoSi2/SiC and 1D-Si-C-O/MoSi2/SiC model
microcomposites according to a two step CVI process:
the first step being the deposition of the MoSi, inter-
phase and the second that of SiC (which has been
described in details elsewhere [19]).

2.4. Characterization

The coatings have been characterized by XRD to
assess the nature of the phases and the occurrence of
preferred orientations of the grains and by Auger
electron spectroscopy (AES) to determine semi-quant-
itatively the overall chemical composition (from the
intensities of the MoL, and SiL, transitions in the
derivate d [EN(E)]/dE mode spectrum and according
to the peak to peak method). The morphology of the
coatings deposited on the FS specimens was charac-
terized by scanning electron microscopy.

Finally, tensile mechanical tests were performed on
the as-received fibres, MoSi,-coated fibres and micro-
composites, either at room temperature or high tem-
peratures, with a microtensile tester and a procedure
which have been described elsewhere [20]. The failure
stress data were analyzed according to the classical
Weibull statistics method [21].

3. Results and discussion
3.1. Experimental conditions yielding pure
MoSi, deposits

The domains of initial precursor composition (ex-
pressed in terms of initial partial pressures, Pgicy,,
Pyoci, and Py, or with the o = Pg;c),/Pyoc, and
B = Pu,/(Psic1, + Pwmoci,) ratios) within which MoSi, is
deposited as a single phase (i.e. free of either Mo-rich
silicides of silicon) have been calculated for given tem-
perature and pressure conditions according to a ther-
modynamic approach [17]. However, this approach
does not take into account the kinetic factors which
often play an important role in CVD, particularly at
low temperatures. Thus, complementary experiments
have been performed (with apparatus 1) in order to
assess: (i) the range of initial composition resulting
actually in pure-MoSi, deposits, for two different tem-
peratures and pressure conditions; and (ii) the influ-
ence of temperature and pressure on the nature and
porphology of the deposit.

3.1.1. Influence of the initial composition on
the nature of the deposit

The influence of the initial composition of the precur-

sor on the nature of the deposit (assessed by XRD

analysis) have been studied for two temperature and

pressure conditions thought to be compatible with the

CVI process, namely: (i) P =5kPa; T = 1273 K; and



(i) P =15kPa; T = 1373 K. In a first series of experi-
ments, the partial pressures of both SiCl, and H, were
maintained constant and that of MoCl, were allowed
to vary from 0.1 to 1kPa (and even 4 kPa in one
experiment), the partial pressure of argon being ad-
justed in order to maintain constant the total pressure.
In a second series of experiments Py,c, were main-
tained constant and Py, allowed to vary. After each
CVD experiment, the phases present in the deposit
(PS1 specimen) were characterized by XRD. The re-
sults are shown in Tables I and II and Fig. 4a—c.
Within a given series of experiments, i.e. when the
a-ratio (and correlatively the B-ratio) decreases (Table
I) or increases (Table II), the nature of the deposit is
observed to change in a significant manner. Initial
compositions rich in SiCl, and H, Yield deposits
consisting of MoSi, as a single phase (Fig. 4a) or even
mixed with free silicon (Fig. 4b). Conversely, initial

TABLE I Variation of the nature of the deposit as a function of
the partial pressure of MoCl, for different T, P, P, conditions
(PS1-substrates)

Psici,  Pwoci, XRD o Bb
results
1 0.1 MoSi, 10 2.7
0.2 MoSi, +? 5 2.5
0.5 MoSi, + MosSi; 2 2
T =1273K 1 MosSiy 1 1.5
P, =5kPa
Py, =3kPa 0.5 0.1 MoSi, 5 5
0.2 MoSi, + MosSi; 2.5 4.3
0.5 MosSis 1 3
1 Mo;Si 0.5 2
1 0.1 MoSi, 10 9.1
0.5 MoSi, + MosSi; 2 6
1 MosSiz + ? 1 5
T =1373K 4 Mo;Si + Mo 025 2
P, = 15kPa
Py, = 10 kPa 5 0.1 Si 50 2
0.5 MoSi, 10 1.8
1 MoSi, 5 1.7

o= PSiCl4/PMoC14~
bﬁ = Pﬂl/(PMoCl + PSicu)-

TABLE II Variation of the nature of the deposit as a function of
the partial pressure of SiCl, for different T, P, Py, conditions
(PS1 substrates)

PM0C14 Psicy, XRD ol Bb
results
0.2 0.5 MoSi, + MosSi;3 2.5 29
1 MoSi, 5 1.7
2.5 MoSi, + Si 12.5 0.7
T =1273K
P, =5kPa
Py, =2kPa 1 0.5 Mo;Si 0.5 1.3
2 MoSi, + MosSi; 2 0.7
0.5 0.1 Mo 02 15
T =1373K 1 MoSi, + MosSi, 2 6
P, = 15kPa 5 MoSi, 10 1.6
Py, =9kPa

‘o0 = Pg;ci,/MoCly.
PB = Py, /(Pmoci, + Psici,)-

compositions rich in MoCly result in deposits contain-
ing Mo-rich silicides (Fig. 4c) and even molybdenum
itself (Table I) These results are qualitatively in good
agreement with those presented earlier [17], on the
basis of the thermodynamic approach (see Table
I [17] Fig. 10.

It appears from Tables I and II, that MoSi, is
deposited as a single phase when the a-ratio falls
between two limits, i.e. for o; < o, with oy ~ 2.5 and
os ~ 10. For o ~ o;, MoSi, is mixed with Mo-rich
silicides (e.g. MoSi3) and for a > ay, it is deposited as
a mixture with free silicon, as previously predicted by
the thermodynamic calculations (see [17] Fig. 12).

For given temperature and pressure (e.g
T =1273K and P =5kPa) and when o is main-
tained constant (with a o-value resulting in a single
phase MoSi,-deposit, e.g. o = 5), varying the initial
hydrogen partial pressure (and thus, the value of )
does not change markedly the nature of the deposit
(which remains pure MoSi,), at least as long as there is
enough hydrogen. Conversely, diluting the source spe-
cies with hydrogen, i.e. increasing the value of B has
a pronounced influence on the morphology of the
MoSi,-deposit, as shown in Fig. 5a,b by scanning
electron microscopy (SEM). Smooth MoSi, deposits
(Fig. 5a) are observed for high p-values (i.e.
B = 10-20) whereas rough MoSi,-deposits (Fig. 5b)
are formed when B is low (i.e. B = 1-2).

Finally, the relative intensities I/I, of the De-
bye—Schener peaks observed for the MoSi, deposits
(Fig. 4) are similar to those reported for MoSi,-
powders, suggesting that the deposits are not textured
in a noticeable manner. This feature is in agreement
with the pole figure study which has been reported
elsewhere [22].

3.1.2. Influence of total pressure and
temperature

The influence of both the total pressure and the depos-
ition temperature on the nature of the deposit, has
been studied in a new series of CVD experiments
performed for oo = 4 and = 8§, (i.e. under conditions
of initial composition expected to yield MoSi, single
phase deposit). Total pressure and deposition temper-
ature were varied within the range 5-50 kPa and
1273-1423 K, respectively.

The XRD analysis has shown that the deposit ac-
tually consisted of pure MoSi, whatever the values
given to P and T, as expected. Furthermore, temper-
ature was observed to have no noticeable effect on the
morphology of the MoSi, deposit, at least within the
temperature range studied (which is rather narrow
owing to the CVI process requirement, as already
mentioned). Conversely, the total pressure was found
to have a significant effect on the morphology of the
MoSi, deposit, as shown in Fig. 6a, b. The MoSi,
coatings deposited at a given temperature (e.g.
T = 1273 K) on a fibre substrate exhibited a rough
surface aspect with many quasi-spherical nodules
when formed under relatively high total pressures
(Fig. 6b) and, conversely a smooth surface at lower
total pressures (Fig. 6a).
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Figure 4 Debye-Scherrer patterns of MoSi,-based films deposited at 1273 K and P = 5 kPa from MoCl,-SiCl,~H,—-Ar gas flows of different
initial compositions: (a) single phase MoSi, deposit; (b) MoSi, (H) deposit containing free silicon (@); and (c) MoSi, (H) deposit containing
MosSi; (@) sintered SiC substrate). (a) Puoci,) = 0.1 kPa, Pc,) =0.5kPa, Pyy,y=3kPa, a=5, B=2; (b) Puoc,) =02kPa,
Pgici,) = 2.5kPa, P,y = 2kPa, o = 12.5, B = 0.7; (¢) Pwoci,) = 0.5 kPa, Pgici,) = = 1kPa, Py, =3kPa,a =2, B =2.

3.1.3. Conclusion on the CVD conditions
yielding single phase MoSi, deposits
From the experimental results presented above, the
following main conclusions can be drawn. (i) MoSi,
is deposited as a single phase deposit from the
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MoCl,-SiCl,—H,—Ar precursor, under temperature
and pressure conditions compatible with the CVI pro-
cess, when o = Pg;cy, /Pwmocy, ratio falls within the range
ooy (with of ~ 10 and o; ~ 2.5); (ii) the MoSi, de-
posit exhibits a smooth surface aspect for high enough



Figure 5 Morphology of MoSi, single phase films deposited on
a fiber substrate at T =1273K and P =5kPa from
MoCl,-SiCly-H,-Ar flow gas of different initial compositions
(SEM  micrography): (a) Puoci,) = 0.06 kPa Py, = 0.3 kPa;
Py, =46kPa; ao=5 and B=128 and (b) Pyec, = 0.2kPa;
Pgic;, = 1kPa; Py, =2kPa;a=5and = 1.7.

values of B = Py,/(Pyoci, + Psici,) ratio, e.g. 10-20
and when it is formed at low total pressures. Con-
versely, the deposition temperature has no noticeable
effect on both the composition and morphology of the
deposit within the range 1273-1423 K. Thus, the fol-
lowing study of the growth kinetics has been per-
formed (with apparatus 2) under conditions taking
into account these main conclusions (PS2 substrates).

3.2. Influence of the CVD parameters on
the kinetics of growth of MoSi, on plane
substrates

3.2.1. MoSi, growth rate measurement

As already mentioned in Section 2.2, the growth rate

(i.e. the mass of MoSi, deposited per unit of time and

unit of substrate surface area) is derived from the

continuous (or semicontinuous) recording of the speci-
men mass versus time, with a microbalance (apparatus

2, Fig. 2). An example of such a mass recording is

shown in Fig. 7 for a sequence of three deposition

experiments which have been performed successively
at 900 950 and 1000 °C, all the other CVD parameters
being maintained constant. In these experiments, the
specimen mass has been recorded semicontinuously

(with a period of 30 s). The mass—time curve exhibits

three kinds of domain. The first domains, referred to

as lc, 2c and 3c correspond actually to the MoSi,
deposition sequence at 900 950 and 1000 °C. Within
each of these domains, the growth rate is contant and

Figure 6 Morphology of MoSi, coatings deposited at 7' = 1273 K
on a fibre substrate from MoCl,—SiCl,—H,—Ar gas flow (with oo = 4
and B = 8:(a) at P = 5kPa and (b) at P = 15 kPa).
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Figure 7 Semi-continuous recording of the specimen (PS2 substra-
te) mass variations (with a microbalance) during a sequence of
MoSi, CVD experiments performed successively at 900, 950 and
1000°C (with P = 5kPa, Qyoci, = 4s.ccm., Qgic, = 16s.cem,,
QOu, = 200s.ccm. and Q4 = 180s.ccm.). The growth rates are
calculated from the slopes of the linear segments 1 ac, 2¢ and 3c.

its values are calculated from the slopes of the straight
lines (the slope being observed to increase as the
temperature is raised, as expected). The domains refer-
red to as 2a and 3a correspond to temperature in-
creases, from 900 to 950°C and 950 to 1000 °C,
respectively, which require about 30 min. During
these intermediate stages, the reactant gas flowrates
(O0(MoCly) Q(SiCly) and Q(H,) were maintained
at zero and there was no deposition (i.e. no mass
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increase). Finally, when the substrate temperature was
again stabilized the reactant gas flows were rein-
troduced in the deposition chamber, some time being
necessary to achieve a steady state regime (domains 2b
and 3b, respectively). This experimental procedure
previously used for SiC [19], BN [23], ZrO, [18] and
Y,0; [18], allowed one to assess, with a limited num-
ber of experiments, the large amount of data necessary
for a kinetics study.

3.2.2. Influence of temperature

The Arrhenius plots of the thermal variations of the
MoSi, deposition rate are shown in Fig. 8. Within the
temperature range studied (i.e. 900 < T < 1400 °C)
these thermal variations obey different laws depending
on the wvalue of the total pressure (with
5 < P <40 kPa). As low total pressures (i.e. for P = 5
or 10 kPa), the thermal variations of the deposition
rate, In R =f(1/T), obey two different Arrhenius laws
with an apparent activation energy
E,=67+4kJmol™ ! for 1173 < T < 1373 K and
E, =192+ 9kJmol™! for 1373 < T <1673 K, re-
spectively. Conversely for higher total pressures,
namely P = 20 and 40 kPa, no transition is observed
in the thermal variations of the deposition rate (or it is
shifted at much higher temperatures). Under such
conditions, the data obey, one single Arrhenius law
corresponding to an apparent activation energy
E; =63+ 4kJmol™! (ie. similar to that reported
above, for low total pressure experiments performed
at low temperatures, 67 + 4 kJ mol~!). Finally, no
transition towards a deposition regime controlled kin-
etically by transfer across the boundary layer is ob-
served (such a transition has been reported for many
CVD systems, at high temperatures). Thus, the MoSi,
deposition process seems to remain controlled by
heterogeneous surface phenomena within the whole
temperature and all presure ranges studied. It is note-

T(°C)
1400 1200 1100 1000 900

0 | 1 1 | |
. 1929 kJ mol™
-1 el
NA —2 =
£ i
(37
c _a
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E -4+
e 1 65+4 kJ mol™
o
-4 -5 —
_6 -
-7 . T . , —T .
0.5 0.6 0.7 0.8 0.9

1000/T

Figure 8 Arrhenius plot of the thermal variations of the MoSi,
deposition rate for various total pressures (with Qyeci, = 4 s.c.c.m.,
Osic1, = 16 s.cem., Qy, =200s.ccm. and Q,, = 180s.ccm). (O)
5kPa; (@) 10 kPa; (A) 20 kPa; (H) 40 kPa.
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worthy that a similar conclusion has been previously
drawn by Sipp in his study of the kinetics of growth of
zirconia from ZrCl,—CO,—H,—Ar precursors [18].

3.2.3. Influence of total pressure

The variations of the deposition rate of MoSi, (for
o =4 and B = 10) as a function of the total pressure
are shown in Fig. 9a, b for various temperatures with-
in the range 900—1400 °C. The data show that there is
a total pressure threshold (lying at about 10—15 kPa)
beyond which the deposition rate regularly increases
as P is raised. Below this threshold, the effect of the
total pressure on the deposition rate is weak at low
temperatures (ie. 900 < T < 1100°C (Fig. 9a). Con-
versely, it is very pronounced, for high temperatures
(i.e. 1200 < T < 1400°C), the highest deposition rate
being achieved at T =1400°C for P~ 10kPa
(Fig. 9b).

It is worthy of note that there is no total pressure
domain within which R could be considered as inde-
pendent of P. This feature suggests that the kinetics of
growth of MoSi, remain controlled by heterogeneous
chemical reactions whatever the value of P.

The data shown in Figs. 8 and 9 suggest that: (i) the
kinetics of MoSi, deposition remain controlled by
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Figure 9 Variations of the MoSi, deposition rate as a function
of total pressure (with Quyec, =4s.ccm., Qg = 16s.ccm,
Qu, =200 s.c.cm. and Q4, = 180 s.c.c.m.) for various temperatures
(PS, specimens). (@) 900 °C; ([J) 1000 °C; (A) 1100 °C (Q) 1200 °C;
(M) 1300°C; (A) 1400 °C.



chemical reactions when both T and P are varied
within the ranges 900—1400 °C and 2—40 kPa, respec-
tively; and (ii) several kinetic regimes are present. The
occurrence of these regimes are shwon, schematically,
in Fig. 10. In both domain A and C the apparent
activation energies of the deposition process are
similar and equal to about 67 kJ mol~! whereas in
domain B, the apparent activation energy is
192 kJ mol~ 1, as already mentioned (see Fig.8). In
order to assess whether the deposition kinetics remain
controlled by the heterogeneous surface chemical re-
actions (or eventually by mass transfer), a new series of
experiments was performed for different total gas flow
rates (PS2 specimens).

3.2.4. Influence of total gas flow rate

The variations of the MoSi, deposition rate as a func-
tion of the total gas flow rate, for CVD conditions
corresponding to domains A-C, are shown in
Figs 11-13. In domain A (low T and low P), no
transition is observed (i.e. R seems to increase regular-
ly as Q,, is raised; (Fig. 11a). However under such
conditions, the values of R are extremely low (typically
of the order of 5x 10”3 mg min~! cm~2) and the un-
certainty considered as very large (Fig. 13). On the
basis of this low dependence on Q,, and of the data
shown in Figs 8 and 9a, it will be assumed that the
deposition of MoSi, in domain A is rate controlled by
heterogeneous surface reactions.

In domains B and C a transition between two kin-
etic regimes is clearly observed as the total gas flow
rate is raised (Figs 11b and 12). Below this transition
value of Q. (ie. for Q. < 200 s.c.c.m, in domain
B and Q,, < 3000 s.c.c.m. in domain C), the MoSi,
deposition rate is strongly dependent on Q,, sugges-
ting that the deposition process is rate controlled by
mass transfer. Conversely, beyond this transition
value, the MoSi, deposition rate is almost constant
(Fig. 13) and the deposition process assumed to be

40 -
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Figure 10 Kinetic MoSi, deposition domains (schematic) as drawn
from the data shown in Figs 8 and 9. The CVD experiments were
performed with Qyecr, = 4s.cem., Qg = 16s.cem, Qy, =
200 s.c.c.m. and Q,, = 180 s.c.c.m.
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Figure 11 Variations of the MoSi, deposition rate (PS, specimen)
as a function of the total gas flow rate at T = 1000 °C (with o0 = 4
and B = 10): (a) for P = 5 kPa (domain A) and (b) for P = 20 kPa
(domain C).
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Figure 12 Variations of the MoSi,-deposition rate (PS, specimen)
as a function of the total gas flow rate at T = 1300°C; P = 5 kPa,
o =4 and B = 10 (domain B).

kinetically controlled by heterogeneous surface reac-
tions.

3.2.5. Conclusions of the kinetics study
The data shown in Figs 8—13 and discussed above
suggest that the deposition process of MoSi, from
a MoCl,-SiCl,—H,—Ar gas flow remains rate control-
led by the heerogeneous surface reactions, within rela-
tively large T and P ranges, as long as the total gas
fow rate is large enough.
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3.3. Application to one-dimensional model
microcomposites

3.3.1. CVD preparation

A microcomposite is an axisymmetrical assembly of
one single fibre coated first with a thin layer of an
interphase material (here MoSi,) and then with the
matrix (here SiC). Its mechanical behaviour in tensile
loading can be considered as representative of that of
actual one-dimensional CMCs when: (i) it is straight
and uniform in cross-section all along its length
(which supposes that both the interphase and matrix
are uniform in thickness); (ii) the volume fractions are
appropriate (in order to allow the matrix to undergo
microcracking without an early failure of the fibre;
and (iii) the fibre-matrix bonding via the interphase is
similar to that in actual composites. Such require-
ments have been successfully achieved for both
SiC/PyC/SiC and SiC/BN/SiC microcomposites. Cor-
relations between mechanical properties and micro-
structural consideration are rather straight forward

0.15
1300 °C ; 5kPa
E 0.0 -
[$]
C
€
E’ n
= 0.05 1000 °C ; 5 kPa
1000 °C ; 20 kPa
0.00 T T T

0 200 400 600 800 1000
Total gas flow rate (s.c.c.m)

Figure 13 Variations of the MoSi, deposition rate (PS, specimen)
as a function of the total gas flow rate drawn from the data of
Figs 11 and 12 and shown to the same scale (& = 4 and = 10). (@)
Domain A; (B) domain B; (A) domain C.

but the preparation and testing of such specimens
should be done with care [21].

As far as the MoS, potential interphase is con-
cerned, the objective in present work was to establish,
with a limited number of additional experiments, the
CVD conditions yielding a MoSi, deposit on single
fibres (T300 carbon fibres and Si—~C—O Nicalon fibres)
which should be stoichiometric, of uniform thickness
along the fibre length (60 mm) and with a smooth
surface aspect.

On the basis of the results presented and discussed
in Section 3.1, the values of o (which controls the
deposit composition) and B (which has a strong effect
on the surface morphology) has been chosen as oo = 4
and B =~ 10. The remaining CVD parameters to be
optimized were T, P and Q,,;. They varied within the
following ranges. 950 < T < 1300°C;2 < P < 20kPa
and 100 < Q,, < 400 s.c.c.m., according to an experi-
mental procedure using the sample holder and the
CVD apparatus shown in Figs 1 and 3 and the trends
drawn in the kinetics study and reported in Section 3.2.

From the results of the CVD experiments on fibre
substrates (Table III) the following remarks can be made.

(i) When the temperature is raised (and whatever
the total pressure), MoSi, crystals of rather large size
are present in the deposit (Fig. 14a): the size of these
crystals increases as the temperature is raised. These
MoSi, crystals, when present in the MoSi, interphase,
embrittle the microcomposites.

(i) When, at a given temperature, the total pressure
is raised, the formation of MoSi, nodules is favoured
(Fig. 6b) giving a rough aspect to the MoSi, coating
(whose thickness is no longer constant). This nodule
formation is thought to be related to nucleation in the
gas phase near the hot substrate surface (soot forma-
tion) and should be avorded (ie. by lowering the total
pressure).

(iii)) Under conditions of high temperature and low
pressure (e.g. T = 1300 °C and P = 5-10 kPa) or vice
versa (e.g. P =20 kPaand T = 1100 °C, the quality of

TABLE III Growth rates and morphology of MoSi, films deposited on Si—C(O) or C fibres from MoCl,-SiCl,—H,—Ar

P (kPa) 5¢ 10 20
T (°C) Qi = 100 s.c.cm. Qiot = 400 s.c.cm.
0.28° 0.26 12 1.5
950 VHQ; hom. VHQ; hom. LQ GQ
MS S numerous modules S and hom.
0.38 0.31 1.6 1.7
1000 VHQ; hom. HQ but micropores LQ GQ
S S numerous modules S and hom.
0.7 0.55 2.5 2.7
1100 GQ GQ VLQ high aspect surface
S (few crystals) S (few crystals) numerous modules pores non-homogeneous
Ot = ~ 12 ~ 11 5.8 5.9
150 s.c.cm. VLQ MQ deposit non homogeneous
rough with crystal
1300 Qo = ~ 15 ~ 15 S with few modules and crystal
400 s.c.c.m. S (few crystals) S but porous

“Experiments with P = 2 kPa yield similar results

PDeposition rate (in pm per hour). VHQ, very high quality; GQ, good quality; MQ, moderate quality; LQ, low quality; VLQ, very low quality;
S, smooth surface aspect; MS, moderately smooth; hom, homogeneous in thickness along the fibre length.
(With o = 4 and B ~ 10) under various T—P—-Q,,,, conditions (Q,,; = 150 s.c.c.m. unless specified and the deposition duration was 3 h.
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MoSi, films
MoCl,-SiCl4—H,—Ar flow gas (with o = 4 and B = 10) on Si-C(O)
(Nicalon) fibre substrates, under various CVD conditions:
(@) T =1573 K; P = 10 kPa; P oci,) = 0.1 kPa; Pici,) = 0.4 kPa;
P, = 5kPajand (b) T = 1273 K; P = 5 kPa; Ppoci,) = 0.05 kPa;
Psici,) = 02 kPa; Py, = 2.5 kPa.

Figure 14 Morphology of deposited  from

the deposit is poor at low gas flow rates but it is
improved when Q,,, is raised (a feature which might be
related to the transition from a mass transfer rate-
controlled regime to a regime kinetically controlled by
surface reactions, as discussed in Section 3.2 and
shown in Figs 11-13).

(iv) Under conditions of simultaneous high temper-
atures and high total pressures (e.g. T = 1300 °C and
P =20 kPa), the quality of the deposits is moderate
(smooth surface aspect with few crystals and nodules),
whatever the gas flow rate. However, the deposit is
strongly non-homogeneous in thickness along the
fibre length. This feature is obviously related to the
fact that the growth rate being high and the CVD
performed in a hot wall chamber, a reactant depletion
occurs along the silica tube even for high Q. values,
with the result that the MoSi, thickness is much lower
near the bottom of the sample holder (Fig. 3).

(v) Finally, the best MoSi, interphase coatings, in
terms of surface aspect and thickness homogeneity
(Figs 5a and 14b) are formed at relatively low temper-
ature (T < 1100°C) and pressures (P < 5 kPa), with
a high enough gas flow rate (Q,, ~ 150 s.c.c.m., for
apparatus 1).

In a second step, the MoSi, precoated T300 or
Nicalon fibre were coated, under ICVI conditions
[19], with a layer of 2.5 um of the SiC matrix.

3.3.2. Mechanical behaviour
The as-received Nicalon and T300 carbon fibres, the
fibres coated with various thickness of MoSi, and the

Nicalon (or T300)/MoSi, /SiC microcomposites were
tested in tensile loading in order (i) to study the effect
of the MoSi, coating on the mechanical behaviour of
the fibres and (ii) to establish whether or not the
MoSi, interphase acts as “a mechanical fuse” (i.e.
deflects the matrix microcracks parallel to the fibre
axis in the microcomposites allowing the matrix to
undergo microcracking and preventing the fibre from
an early failure). The tests were performed at room
temperature, except fo the microcomposites which
have been tested both at ambient and high temper-
atures (i.e. below and beyond the brittle/ductile
transition of MoSi, and the processing temperature).

3.3.3. Effect of the MoSi, coating on the
fibre strength
Batches of as-received and MoSi,-coated Nicalon and
T300-carbon fibres were tested with a gauge length of
10 20 and 50 mm (each batch consisting of about 30
single specimens). The data were treated according to
a two-parameter Weibull statistics approach in order
to calculate the value of the failure stress ¢, 5 corres-
ponding to a failure probability of 50% and so-called
Weibull parameter m. Typical data are shown in Table
IV (for a gauge length of L = 25 mm) and the corres-
ponding Weibull plots are represented in Fig. 15.
The data show that the MoSi, film deposited on the
fibre surface at about 1000°C from the
MoCl,-SiCl,—H,—Ar precursor has two effects on the
mechanical behaviour of the fibres. (i) It slightly re-
duced their Young’s modulus by (9% and 14% for the
Nicalon and T300 carbon fibres, respectively); and
(i) more importantly it embrittles the fibres, as sup-
ported by the decreases in fibre failure stress (i.e. 34%
for Nicalon fibres and 31% for T300 carbon fibres)
and Weibull modulus (50% for Nicalon fibres and
37% for T300 carbon fibres). This second feature
suggests that the brittle MoSi, coating introduces new
flaws on the fibres surface.

3.3.4. Microcomposite mechanical
behaviour

Nicalon (or T300)/MoSi, /SiC composites with MoSi,
interphase thicknesses ranging from 0.15 to ~1 pm
and a SiC matrix thickness equal to 2 or 5 um, were
tested at 25500800 and 1050 °C (the latter temper-
ature being beyond the usually accepted brittle/ductile
transition of MoSi, ). All the specimens tested at ambi-
ent exhibited a brittle behaviour. (i.e. failure occurred
within the linear elastic domain with no matrix micro-
cracking before failure). This feature suggests that the
MoSi, interphase did not act as a mechanical fuse.
Similar results were also obtained for the tests per-
formed at 500 and 800 °C.

Even when tested beyond the brittle/ductile
transition of MoSi, and slightly above the processing
temperature i.e. for a test temperature of 1050 °C, the
microcomposites were observed to exhibit either a
fully brittle (no matrix microcracking before failure)
or a quasi-brittle (with statistically less than one
matrix microcrack before failure) behaviours. The first

4471



TABLE 1V Tensile test and Weibull treatment data for as-
received and MoSi,-coated Nicalon and T300 carbon fibres (gauge
length L = 25 mm)

Si—C-O Nicalon fibres  T300 carbon fibres

As-received MoSi,-  As-received MoSi,-

coated” coated”
Number of
specimens ~30 ~30 ~30 ~30
Go.5 (MPa) 2285 1377 2365 1463
G (MPa) 2184 1433 2321 1592
Standard devi-
ation (672) (670) (574) (412)
m 43 22 3.8 2.4
E (GPa) 205 187 236 202
Standard devi-
ation 27) (26) (31) (72)

“e(MoSi,) = 0.7 um.

Failure stress, o, (GPa)
0.1 0.20.30.4 0.71.0 2.03.04.0

InIn 1/P;

(a) In oy

Failure stress, o, (GPa)
0.1 0.20.30.4 0.7 1.0 2.03.0 4.0

In oy

Figure 15 Weibull plots for as-received single fibres (¢), MoSi,-
coated single fibres (@) and related SiC—matrix microcomposites
(M) drawn from ambient tensile test data (gauge length = 25 mm;
MoSi, thickness = 0.7 um, calculated Weibull parameters between
(1)): (a) Nicalon fibres and (b) T300-carbon fibres.

behaviour was observed for all the T300/MoSi,/SiC
specimens as well as the Nicalon/MoSi2/SiC micro-
composites with a thin (0.15-0.3 pm) MoSi, inter-
phase. The second was noticed for the Nicalon/
MoSi,/SiC microcomposites with a thicker interphase
(i.e. 0.7-1 pum).

By comparison, Nicalon/PyC/SiC and Nicalon /
BN/SiC similar microcomposites were reported to ex-
hibit up to 20 matrix microcracks (responsible for the
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Nicalon/MoSi, SiC

Extraction zone
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Deflection (um)

Figure 16 Schematic tensile behaviour of Nicalon/PyC/SiC [21]
and Nicalon/MoSi, /SiC (present work) microcomposites tested at
ambient showing that the PyC interphase acts as a mechanical fuse
but not the MoSi, interphase.

non-linear stress—strain curve) when properly pro-
cessed according to a closely related CVD/CVI tech-
nique and tested with the same apparatus as ambient
(Fig. 16) [24]. It thus appears from this preliminary
study that MoSi, is not a suitable interphase material
for C/SiC and SiC/SiC composites, from a mechanical
standpoint. This feature might be reated to (i) the high
cohesion of the crystal structure of MoSi, (absence of
crystallographic planes of weak debonding energy)
and (ii) too strong fibre-MoSi, bonding.

4. Conclusions
From the data presented and discussed in Sections 2
and 3 the following general conclusions can be drawn.

1. MoSi, single phase coatings can be deposited
from MoCl,—SiCl,—H,—Ar gas mixtures as long as the
o = Psic1,/Pwmoci, and B = Py,/(Pyoci, + Psic1,) Tatios
are large enough (ie. for 25<a <10 and
10 < B < 20, either on plane graphite or sintered SiC
substrates or on ceramic fibres (carbon or Nicalon
fibres). Lower o-values yield deposits containing
MoSi, mixed with Mo-rich silicides whereas higher
a-values results in MoSi, + Si deposits. Lower
B values give deposits with a rough surface aspect.

2. The deposition of MoSi, is thermally activated
within the 900—1400 °C temperature range and obeys
one or two Arrhenius laws depending on the value of
the total pressure. The deposition seems to remain
rate-controlled by the heterogeneous surface reac-
tions, when T and P are varied within the
900—1400 °C and 2—40 kPa ranges, as long as the total
gas flow rate is high enough.

3. Nicalon/MoSi,/SiC  and  T300/MoSi,/SiC
microcomposites, with a MoSi, interphase of uniform
thickness and smooth surface aspects, can be prepared
by deposition of MoSi, from a MoCl,—SiCl,—H,—Ar
gas flow (ax~4 and B~ 10) at ~ 1000°C and

~ 5kPa. These microcomposites exhibit a brittle

mechanical behaviour when tested in tensile loading
either at ambient or high temperatures suggesting that
dense MoSi, may not be an appropriate interphase
material in SiC/SiC or C/SiC composites.
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