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Microstructure and mechanical properties of 
RB-SiC/MoSi2 composite 

C. B. L IM,  T. YANO,  T. ISEKI 
Research Laboratory for Nuclear Reactors, Tokyo Institute of Technology, Ohokayama, 
Meguro-ku, Tokyo 152, Japan 

Microstructure, high temperature strength and oxidation behaviour of reaction bonded silicon 
carbide, RB-SiC/17 wt% MoSi2 composite prepared by infiltrating a porous RB-SiC bulk 
(after removal of free silicon) with molten MoSi 2 were investigated. There was good bonding 
between the SiC and MoSi 2 particle, without a significant reaction zone and microcracking 
caused by the thermal mismatch stresses. A thin (~  2 nm) layer, however, was observed at the 
SiC/MoSi 2 interfaces. At room temperature, the composite exhibited a bending strength of 
410 MPa, which is ~20% loss in comparison to that of RB-SiC alone (containing ~ 10wt% 
free silicon). However, the composite strength increased to a maximum of 590 MPa in the 
temperature range 1100 and 1200 ~ and dropped to 460 MPa between 1200 to 1400 ~ after 
which the strength remained constant. The passive oxidation of the composite in dry air in the 
temperature range 1300 to 1400~ was found to follow the parabolic rate law with the 
formation of a protective layer of cristobalite on the surface. 

1. I n t r o d u c t i o n  
Reaction bonded silicon carbide (RB-SiC), because of 
its adequate mechanical strength and good oxidation 
resistance, is an obvious candidate for ceramic com- 
ponents in gas turbine engines, heat exchangers, 
and wear resistant seals. It can be fabricated into 
fully dense complex shapes without shrinkage during 
reaction bonding. From these characteristics, RB-SiC 
has an advantage over other structural ceramics and 
has great potent ia las  a high performance ceramic. 
The RB-SiC is typically fabricated by infiltrating a 
compacted body of SiC filler and graphite with molten 
silicon. The molten silicon rises through the porous 
compact by capillary action, converting the graphite 
to "new" SiC which bonds the original SiC together. 
These process and mechanical properties have been 
fully described elsewhere [1-4]. The major problem 
impeding the use of RB-SiC, as a high temperature 
structural material, is its mechanical property in that 
it's strength drops off rapidly at the melting tempera- 
ture of silicon (1410~ [1]. 

In order to improve the problem, this paper 
represents a new approach in producing a RB-SiC/ 
molybdenum disilicide (MoSi2) composite (without 
free silicon) that is fabricated by a molten MoSi 2 
re-infiltration type of operation into a nearly final shape 
with little if any dimensional changes. It is possible to 
re-infiltrate molten MoSi 2 into porous RB-SiC bulk 
after nearly-complete removal of free silicion, because 
the free silicon is linked to form a continuous network 
between the sturdy SiC skeleton within the RB-SiC 
bulk. MoSi2 was selected because it is a very attractive 
intermetallic compound with a much higher melting 
point of 2000 _+ 20 ~ C. It has many of the physical 
characteristics of metals, notably adequate high 

temperature strength and good thermal shock resist- 
ance [5]; its oxidation resistance at high temperatures 
is excellent, clearly the best of the silicides and nearly 
as good as SiC [6, 7]. 

Past investigations have revealed mechanical proper- 
ties in some types of SiC/MoSi 2 which were fabricated 
by infiltrating porous SiC body with molten MoSi 2 
and silicon at 2100 ~ C [8, 9], or at 1500 ~ C starting with 
an MoSi 2 suspension on the internal and external 
surfaces of the porous SiC body [10]. A similar 
approach has recently been developed which describes 
the toughening and strengthening of a MoSi2 matrix 
by the addition of SiC whiskers [1 l, 12]. Nevertheless, 
high temperature mechanical properties and micro- 
structural features in much greater detail have not 
been described to understand RB-SiC/MoSi 2 composite. 

The objectives of this paper are to demonstrate how 
a RB-SiC/MoSi2 composite is fabricated and to 
investigate the high temperature strength and oxi- 
dation resistance of the composite. Particular emphasis 
is also placed on the microstructural features, such 
as interfacial condition and fracture mode, which 
has been undertaken employing scanning electron 
microscopy (SEM) and transmission electron micros- 
copy (TEM). 

2. Experimental procedure 
2.1. Measurement of contact angles of MoSi 2 

on pressureless-sintered SiC 
The MoSi2 bulk was prepared by melting a commer- 
cial powder (MoSiz-F from Japan New Metal Co. 
Ltd, Osaka, grain size 2.1/zm) in vacuum (0.65 Pa) for 
30 rain at 2050 ~ C. A cubic specimen was cut from the 
ingot and beveled at the base to ensure a uniform 
advancing contact angle on melting. A pressureless 
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Figure 1 Schematic temperature-time 
schedule for the fabrication of a RB-SiC/ 
MoSt 2 composite. 

sintered (PLS) SiC (from Kyocera Co. Ltd, Kyoto) 
with densities of 3.10gcm -3 was cut into plate of 
20mm x 10mm x 4 m m a n d  polished to a ~ l # m  
diamond paste finish. 

Contact angles were measured by the sessile drop 
method. The sample was heated to a temperature near 
the melting point of MoSt 2 while a vacuum of 0.65 Pa 
was held to outgas the system. After the MoSt 2 melted, 
photographs of the plate and drop combination 
were taken at several temperatures. Contact angles 
were measured directly from the photographs with a 
protractor. 

2.2. Preparation of RB-SiC/MoSi 2 composite 
RB-SiC was prepared by the method previously 
described [3, 4]. The raw materials were c~-SiC filler 
(GC 2000 from Fujimi Kenmazai Kogyo Co. Ltd, 
Nagoya, grain size 7.9#m) and carbon black (Dia- 
black 1 from Mitsubishi Chemical Industries Ltd, 
Tokyo, grain size 0.02#m). Powders of c~-SiC and 
carbon were mixed in a ratio of 2 : 1, then uniaxially 
pressed into plates of about 26mm x 26mm x 
6 mm at 25 MPa in a graphite die. The plates were next 
isostatically pressed at 260 MPa in thin-walled rubber. 

Schematic temperature-time schedule for the 
fabrication of a RB-SiC/MoSi2 composite is shown 
in Fig. 1. All the plates were fired in graphite crucible 
inside a graphite resistance furnace under vacuum 
(0.65 Pa). The bulk density of porous RB-SiC after the 
removal of free silicon was ~ 2 . 8 5 g c m  -3, giving a 
porosity of  ~ 11%. The MoSt2 powder (grain size 
2.1#m) was used for re-infiltration into the porous 
RB-SiC bulk. X-ray diffraction (XRD) analysis 
confirmed the powder to be pure MoSt2 with no other 
crystalline species detected, and spectrochemical 
analysis revealed 0.12 wt % iron and 0.05 wt % carbon 
as the major impurities. The bulk density of  the 
resulting RB-SiC/MoSi2 composite was measured by 
Archimedes immersion technique using water, after 
surface-polishing to ~ 1 #m. 

2.3. Microstructural observations 
The phase identification was performed by XRD 
analysis. The polished surface was examined by 
optical microscopy and SEM after thermal etching for 
10 min at 1500 ~ C under vacuum. The microstructural 
features of the fractured surfaces and thinned speci- 
mens were examined by SEM and TEM, respectively. 

2.4. Measurement of thermal expansion 
coefficient, electrical resistance, high 
temperature strength and oxidation 
resistance 

The composite material was sectioned into a bar 
24 mm long by 4 mm wide by 2 mm thick and polished 
to ~ l#m in the longitudinal direction with section 
planes parallel to the infiltrating direction of molten 
MoSt2. 

The thermal expansion coefficient was measured 
using a differential dilatometer, from room tempera- 
ture to 1000 ~ C in argon (1 atm). 

Electrical resistance was measured using a four- 
contact circuit in which a current of 1 mA was passed 
through the sample and the voltage variation between 
a pair of probes 1 cm apart was measured. 

For  high temperature bending strength testing, the 
two edges on the tensile surface of the specimens were 
rounded, and a four-point bending test with an inner 
span of 10mm and outer span of  20mm, and a cross- 
head speed of 0 .5mmmin  -~ was carried out with 
elevating temperature under vacuum (1.3 x 10 .2 Pa). 

For  the oxidation resistance measurement, the 
weight gain or weight loss per unit area of the samples 
was determined when oxidized at 1300~ for 200h 
and 1400~ C for 100h in dry air. An SEM observation 
and XRD analysis of  the oxidized surface of the 
samples were also carried out. 

3. Results and discussion 
3.1. Wetting of SiC by MoSi= 
The PLS-SiC was wet by MoSt 2 at 1970 ~ C, just below 
its melting point (2000 • 20~ with a contact 
angle of 42 ~ (Fig. 2). In the present experiment, the 
decomposition of MoSt2 did not occur up to 2050 ~ C, 
but it was sensitive a t>2100~  (primarily on the 
PLS-SiC bulk surface). There was, as shown in Fig. 2, 
no presence of a reaction at the SiC/MoSt2 interface 
(refer to Figs 4, 5 and section 3.2). 

Because the SiC is thus easily wet by the MoSt2, 
the molten MoSt2 can rise quite rapidly through the 
porous RB-SiC bulk. 

3.2. Microstructural observations 
The bulk density of the resulting composite was 
~ 3 . 3 9 g c m  3, giving a calculated MoSi2 content of 

17 wt %, and suggesting that there were ~ 2% pore 
with no free silicon within the specimens (see Fig. 11 
(IIa)). 

4145 



Figure 2 (a) Effect of temperature on contact angle o~ MoSi 2 on 
PLS-SiC. (b) Optical micrograph taken at MoSi2/SiC interface 
shows no chemical reaction zone. 

Figure 3 reveals a dense microstructure of the 
composite, in which the MoSi2 almost fills up the 
pores formed by the removal of free silicon. The TEM 
micrographs and bulk XRD results given in Figs 4, 5 
and 11 (IIa), which show that crystallographic phase 
of MoSi2 and SiC are tetragonal (t) and e, respectively. 
This agrees well with the fact that t-MoSi2 and e-SiC 
are more stable than the other polytype at > 800 ~ C 
[13] and at > 1800~ [2], respectively. During re- 
infiltrating of liquid MoSi2 into the porous RB-SiC, 
significant grain growth of SiC did not occur. The 
grain growth of e-SiC crystals, was noted in hot-pressed 
materials heat treated at 2200~ [14]. 

At room temperature, MoSi 2 behaves in a brittle 
failure, but at high temperature, some plastic defor- 
mation takes place. This is explained well by Fig. 4 
exhibiting sufficient dislocation in the MoSi2 domain. 
On the other hand, in the SiC domain, strain contrasts 
were observed with the contrasts due to stacking 
faults. 

Thermodynamic calculations indicate that SiC and 
MoSi2 should not react at 1600 to 1700~ tempera- 
tures [11]. The possibility exists that MoSi 2 at the SiC 
particle surfaces may have undergone a chemical 
reaction (3SIC + 4Mo ~-Mo4CSi3 + 2C) [15] 
as a result of the high temperature re-infiltration 
conditions (2050~ However, Fig. 5 reveals the 
absence of a reaction zone at the SiC/MoSi2 interface. 

It is speculated that the reaction zone, if present, is 
related to the iron and carbon impurities present in the 
MoSi2. The interfacial layer shown in Fig. 5 seems 
to contain amorphous material. Ness and Page [2] 
reported that SiC-SiC grain boundaries, SiC-SiC 
epitaxial boundaries and SiC-Si interfaces comprise 
a thin (~  1 nm) layer of amorphous SiC. It is not 
obvious whether this interfacial layer was formed 
during reaction-bonding or during MoSi2 re-infiltrating, 
in the present study. 

As can be clearly seen in the above microstructural 
observation results, there was good bonding between 
the MoSi 2 and SiC, without microcrack being formed 
during cooling down from its fabrication temperature. 
The microcracking possibility in this system, isdis- 
cussed in Section 3.4. 

3.3. Physical and mechanical properties 
3.3. 1. Thermal expansion coefficient and 

electrical resistance 
The considerable difference in physical properties, 
such as thermal expansion coefficient and electrical 
resistance was not found between the RB-SiC alone 
(containing 10wt% free silicon) and the RB-SiC/ 
17 wt % MoSi2 composite. It is considered that these 
causes are related to the pores present in the RB-SiC/ 
MoSi 2 composite. The results are summarized in 
Table I. 

3.3.2. High temperature bending strength 
and fracture mode 

At room temperature, the RB-SiC/MoSi2 composite 
exhibited a bending strength of 410 MPa, which is low 
in comparison to that of RB-SiC alone (520MPa) 
(Fig. 6). However; the composite strength increased to 
a maximum (590 MPa) in temperature range 1100 to 
1200~ and dropped to 460MPa between 1200 to 
1400 ~ C, after which the strength remained constant. 
On the other hand, the strength of RB-SiC alone 
decreased to 240MPa at the temperature above 
1400 ~ C because of the loss of strength of silicon as the 
temperature approaches the melting point of 1410 ~ C. 

Since overall the MoSi 2 appeared to be strongly 
bonded to the SiC, the debonding at the MoSi2-SiC 
interface would not be expected at room temperature 
(Fig. 7a). There was, however, significant evidence 
of the debonding at the MoSi2-SiC interface with 

Figure 3 (a) Optical micrograph and (b) SEM micrograph of polished surface of RB-SiC/MoSi2 composite prepared by thermal etching at 
1500~ for 10 rain, exhibiting dense microstructure without grain growth of SiC. Dark part is SiC, and light (white) part is MoSi 2. 
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Figure 4 TEM micrograph showing grain boundary (interface) 
between MoSiz and e-SiC; diffraction pattern (lower left) taken at 
boundary indicates orientation relation of grains. Straight lines 
(arrowed A) in MoSi2 represent dislocation and dark areas (arrowed 
B) in e-SiC represent strain contrasts. 

transgranular fracture in the SiC at high temperature 
(Fig. 7c). In addition, during testing of the specimens, 
cracks appeared adjacent to the MoSi2 particle because 
of the applied stresses at room temperature (Fig. 7a), 
but there were no cracks at high temperature (Fig. 7c). 

In the composite systems, it is found that the 
important  strength-controlling factors include: (a) 
thermal expansion coefficients and the elastic prop- 
erties of  the two phases; (b) the volume fraction and 
average particle size of  the second-phase dispersion 
[16, 17]. Lange [18] postulated that a change in micro- 
structure of  the composite system may effect one of 
the strength-controlling factors more than the others. 
Relation equations (theory) concerning the stress 
system around particles in an isotropic medium due 
to a thermal expansion mismatch, as a function of  
volume fraction and particle size of the second phase 
dispersion, are therefore well established [16-20]. 
in general, these equations hold for the case of  
the composite system with second phase distributed 
as discrete particles within a matrix phase, but it 

Figure 5 TEM micrograph of MoSi2/SiC interface showing respect- 
ive lattice fringe image and interfacial layer width to be determined 
as ~ 2 nm. 

is doubtful whether they represent a satisfactory 
approximation for the case of  the RB-SiC/MoSi2 
composite with second phase (MoSi2) distributed 
as a continuous network within the SiC material. 
Consequently, only the effect due to thermal expansion 
mismatch between MoSi2 and SiC will be assessed in 
this study, 

The thermal expansion mismatch between MoSi 2 
and SiC (i.e., MoSi2 : 8.1 x 10 6 to8 .8  x 10-~~  
against SIC:4.3 x 10 - 6 t o  5.4 x 10-6~  - t ) c a u s e s  
residual stresses within and around the larger MoSi2 
crystal when the composite cools down from its 
fabrication temperature, as shown in Fig. 8. The 
residual tensile stress around MoSi 2 in the infiltration 
path is negligible because the width of  the path is very 
narrow. It is then expected that the radial tensile stress 
can induce tangential microcracks in the SiC around 
each MoSi2 particle. However, no microcrack forma- 
tion during cooling was recognized for the SiC and 
MoSi2 particle, as illustrated in Section 3.2, but a 
certain amount  of  strain was only observed in the SiC. 
According to Ness and Page [2], this strain in RB-SiC 

TA B L E I Room-temperature physical properties 

Description Porosity Thermal expansion coefficient (~ L) Electrical resistance (f~. cm) 

RB-SiC alone ~0 4.3 x 10 6 1.7 x 10 i 
(containing 
10wt% free Si) 

RB-SiC + ~ 2 
17 wt % MoSi 2 

4.2 x 10 6 3.1 x lO -2 
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Figure 6 Strength variations of RB-SiC/MoSi 2 composite and 
RB-SiC alone with temperature. Each point represents at least three 
individual tests. 

alone may be due to the residual stress caused by the 
thermal expansion mismatch. The room-temperature 
strength reduction of the composite shown in Fig. 6 
may be, therefore, attributed to the residual tensile 
stress. Recently, Carroll and Tressler [21] investigating 
the static load-dependent strength of RB-SiC, reported 
that the strength decrease is related to the residual 
tensile stress alone. The cracks shown in Fig. 7a may 

be due to the overlap applied stress to areas with high 
level of concentrated residual stresses including residual 
tensile stresses. In the RB-SiC/MoSi2 composite 
system, the strength decrease by the stress concen- 
tration due to elastic moduli differences and pores do 
not appear because (1) the elastic moduli of SiC and 
MoSi 2 are nearly the same (SiC:420GPa, MoSi2: 
410 GPa), and (2) the size of the pores is much smaller 
than that of the SiC and MoSi2 particle, and are 
located at the centre of larger MoSi2 particle (refer 
to Fig. 10a); effect of pores on strength has been 
explained by Davidge [17]. 

It is thought that the possible reasons for the 
increase in fracture strength of the composite at high 
temperature are (1) lowering the thermal mismatch 
stresses compared with that at room temperature, and 
(2) the brittle-to-ductile transition of MoSi2, at 
< 1000~ Claussen et al. [22] reported that at high 
temperature, the thermal mismatch stresses in the 
composite are much lower than at room temperature 
and the interracial layer has softened such that some 
modulus load transfer has become operative. Hillig 
et al. [23] reported that the increase in the transverse 
strength in the Si/SiC composite (SILCOMP, General 
Electric Co., Schenectady, New York) between 900 
and 1300~ is attributed to the ability of the silicon 

Figure 7 SEM micrographs of RB-SiC/MoSiz composite fractured (a, b) at room temperature and (c, d) at 1500 ~ C. At room temperature, 
transgranular cracks (arrows) domain caused by the applied stress occasionally appeared in the SiC domain adjacent to the MoSiz crystal. 
At 1500 ~ C, there was significant evidence of debonding at MoSi2-SiC interface. 
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Figure 8 Schematic of effects of localized stresses caused by thermal 
expansion mismatch, a: thermal expansion coefficient. T and C 
represent radial tensile stresses and tangential compressive stress, 
respectively. 

to deform plastically without losing too much strength, 
thus alleviating the effect of stress raisers. Conse- 
quently, at least as > 1000 ~ the cracking shown 
in Fig. 7a is not observed, which is probably due 
to tensile stress reduction. The debonding at the 
MoSi2-SiC interface shown in Fig. 7c, has become 
more effective due to ductility of MoSi2. 

3.3.3. Oxidation behaviour 
The passive oxidation of the RB-SiC/17wt % MoSiz 
composite in dry air under 1 arm pressure at 1300 and 
1400~ followed a parabolic behaviour, as shown in 
Fig. 9a and b where the square of the weight gain is 
plotted as a function of exposure time. The parabolic 
rate constants (kp) for the oxidation of the composite 
were 3 x 10-9g2cm-4h J at 1300~ and 5.1 x 
l0 9g2cm-4h-I at 1400~ 

It is well known that Si, SiC and MoSi2 are all 
thermodynamically unstable in air at high tempera- 
ture, but the degree of oxidation is commonly limited 
by the formation of a protective silica layer [24-27]. 
The so called "passive oxidation" is characterized by 
the formation of the protective silica layer according 
to: 

Si(s) + O2(g) ~ SiO2(s) (1) 

SiC(s) + 3/202(g) ~ SiO2(s) + CO(g) (2) 

MoSi2(s) + 7/202(g) ~ MoO3(s) + 2SiO2(s) (3) 

5MoSi2(s) + 702(g) ~ M%Si3(s ) + 7SiO2(s) 

(4) 

The reaction of Si, SiC and MoSi 2 with O2 occurs at 
the Si-SiO2, SiC-SiO2 and MoSi2-SiO2 interface, 
respectively. For the oxidation behaviour of MoSi2, in 
the initial stages, the oxide layer is formed according 
to the Reaction 3. However, preferential oxidation of 
silicon, occurring according to Reaction 4, results in 
the formation of Mo5 Si3. The growth of silica layer in 
the MoSi 2 system is detected by the rate of diffusion of 
silicon from the MoSi2-M%Si 3 boundary through the 
lower silicide, and by the diffusion of the reacting 
components through the oxide layer to the boundary 
of the reaction where the formation of new portions of 
SiO2 occurs [28]. The state of the silica layer is thus 
decisive in the progress of the reaction and the rate of 
oxidation essentially follows a parabolic law. How- 
ever, the weight gain obtained on the RB-SiC alone 
observed after 160 h were less than that observed from 
80 to 120h (Fig. 9a). Why this should occur is not 
obvious. The weight loss of silicon which occurred 
after 20h at 1400~ is not due to active oxidation 
but due to only volatilization of the silicon (as the 
melting point of 1410~ is approached). Figure 10d 
reveals a very rugged surface with pores, in which the 
silicon is volatilized. 

In Fig. 10, the formation of cracks on the oxidized 
surface, which is completely covered with a protective 
layer of silica, is due partially to differences in thermal 
expansion and elastic properties of SiC and cristobalite 
[24]. In addition, the oxidized layer over the MoSi 2 
crystals shown in Fig. 10a clearly protruded. This may 
be due to the MosSi3 which bonded together by 
cristobalite. However, the MosSi 3 could be also 
oxidized with elevating temperature [27] (refer to the 
XRD result, Fig. 11). It is therefore thought that the 
composite is found to have developed completely 
smooth oxide layers by oxidation and removal of 
MosSi3, as shown in Fig. 10c. In Fig. 10a, the larger 
pore (arrow) in the oxide layer is not caused by CO(g) 
which bursts through this oxide layer, but is one of 
that produced during the fabrication of the composite. 
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Figure 9 Oxidation behaviour of (O) RB-SiC/17wt % MoSi 2 composite and (e) RB-SiC alone, exposed in dry air at (a) 1300~ and (b) 
1400 ~ C. 
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Figure 10 SEM micrographs of surface of (a, c) RB-SiC/MoSi 2 composite and (b, d) RB-SiC alone involved in oxidized behaviour. (a, b) 
and (c, d) specimens exposed in dry air at 1300~ for 200h and 1400~ for 100h, respectively. 

4. Conclusion 
1. The PLS-SiC was wet by MoSi2, with a contact 

angle of < 90 ~ 
2. During infiltrating of molten MoSi2 into the 

porous RB-SiC bulk, significant grain growth of SiC 
did not occur. There was good bonding between the 
SiC and MoSi2, without significant reaction zone 
and microcracking caused by the thermal mismatch 
stresses. A thin (~ 2 nm) layer at the SiC-MoSi 2 inter- 

face and a certain amount of strain in the SiC domain 
adjacent to the interface were observed. 

3. The considerable difference in thermal expansion 
coefficient and electrical resistance was not found, 
between the RB-SiC alone (containing 10wt% free 
silicon) and RB-SiC/17 wt % MoSi2 composite. 

4. At room temperature, the composite exhibited 
a bending strength of 410 MPa, which is low in com- 
parison to that of RB-SiC alone (520 MPa). However, 
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Figure 11 Relative X-ray intensities of (Ia, Ib, Ic) RB-SiC 
alone and (IIa, IIb, IIc) RB-SiC/MoSi 2 composite (with a 
CuKc~ line source). (la) and (IIa) show that of as-prepared 
specimens. (Ib, lib) and (Ic, IIc) show that of specimens 
oxidized at 1300~ for 200h and 1400~ for 100h, 
respectively. 
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the composite strength increased to a maximum 
(590 MPa) in the temperature range 1100 to 1200~ 
and dropped to 460 MPa between 1200 to 1400 ~ C, after 
which the strength remained constant. The fracture 
mode in the composite was primarily transgranular 
and predominantly brittle at room temperature. How- 
ever, there was significant evidence of the debonding 
at the MoSi2-SiC interface at high temperature. 

5. The passive oxidation of the composite in dry air 
in the temperature range 1300 to 1400 ~ C was found to 
follow the parabolic rate law with the formation of a 
protective layer of cristobalite on the surface. The 
surface of composite oxidized at 1400~ exhibited 
very smooth oxide layer in comparison to that oxidized 
at 1300~ C. 
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