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Abstract 

Investigations on the reactive melt infiltration of silicon-l.7 and 3.2 at.% molybdenum alloys into microporous carbon preforms 
have been carried out by modeling, differential thermal analysis (DTA), and melt infiltration experiments. These results indicate that 
the pore volume fraction of the carbon perform is a very important parameter in determining the final composition of the reaction- 
formed silicon carbide and the secondary phases. Various undesirable melt infiltration results, e.g. choking-off, specimen cracking, 
silicon veins, and lake formation, and their correlation with inadequate preform properties are presented. The liquid silicon-carbon 
reaction exotherm temperatures are influenced by the pore and carbon particle size of the preform and the compositions of infiltrants. 
Room temperature flexural strength and fracture toughness of materials made by the silicon-3.2 at.% molybdenum alloy infiltration of 
medium pore size preforms are also discussed. 
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I. Introduction 

Research and development on silicon carbide based 
advanced ceramics and composites has attracted a 
great deal of attention in recent years [1-8]. The poten- 
tial applications of these materials include components 
for advanced propulsion systems, energy conversion 
devices, and other high-temperature structures. For 
these applications, the fabrication processes for the 
SiC-based ceramics should yield materials which 
generally display high strength, high toughness, and 
high termal conductivity and maintain these properties 
under oxidizing conditions. In addition, there are other 
critical issues in the fabrication of silicon carbide based 
ceramics which are mainly related to complex shape 
fabricability, processing time, and temperatures. A 
combination of these factors leads to higher manufac- 
turing cost of the final components. Owing to the above 
considerations, there is a strong need to develop 
processing approaches for silicon carbide based 
advanced ceramics which yield high strength and 
toughness, high thermal conductivity, good oxidation 
resistance, and cost effectiveness. 

In terms of achieving SiC ceramics with desirable 
properties, the reaction-forming process has many 
advantages over other conventional silicon carbide 
processing techniques. This process has near-net- 
shape and complex shape fabrication capabilities, 
shorter processing times, and lower processing temper- 
atures than other conventional processes. In this tech- 
nique, a microporous carbon preform is infiltrated with 
molten silicon or silicon-refractory metal alloys [3-5]. 
These molten infiltrants react with carbon to form sili- 
con carbide or silicon carbide and refractory disilicide 
phases. The physical properties (pore size and volume, 
densities etc.) of the microporous carbon preform can 
be controlled to yield tailored microstructures, compo- 
sitions, and properties of the final material. 

Recently, for example, silicon-molybdenum alloys 
have been used as infiltrants instead of pure silicon 
[4-6] in the reactive melt infiltration processing of 
silicon carbide ceramics. The amount of molybdenum 
disilicide phase in the reaction-formed material 
depends on the alloy composition and the relative 
carbon density of the preform, which is defined as the 
weight of the carbon divided by the volume of the 
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preform. Molybdenum disilicide as dispersed second 
phase provides certain advantages to the thermo- 
mechanical properties of reaction-formed silicon 
carbide ceramics. It has a brittle-to-ductile transition 
temperature around 1000 °C [9]. This phenomenon 
allows molybdenum disilicide particles to act as a 
dispersed ductile phase at high temperatures. In 
addition, as a dispersed phase with a thermal expansion 
coefficient higher than silicon carbide, it also provides 
toughening at lower temperatures. 

In order to understand various aspects of reactive 
infiltration, i.e. infiltration temperature, infiltrant com- 
position, and stability of various phases in the final 
material, it is very useful to have information on the 
phase diagrams of the molybdenum-silicon (Mo-Si) 
and molybdenum-silicon-carbon (Mo-Si-C) systems. 
The phase diagram of the binary molybdenum-silicon 
system [10] is given in Fig. 1. The eutectic at the sili- 
con-rich side of the diagram is at 1.7 at.% Mo 
composition and the eutectic temperature is 1400 °C. 
In order to achieve high volume fractions of molyb- 
denum disilicide in the reaction-formed silicon carbide 
materials, the infiltrant composition and infiltration 
temperature should be chosen accordingly. Nowotny et 
al. [11] have reported on the high-temperature phase 
diagram of the Mo-Si -C system at 1600 °C. In addi- 
tion, there is a three-phase field containing MoSi2, SiC, 
and Si indicating the stability of three phases in equi- 
librium. 

In the reactive melt infiltration process, no external 
pressure is applied to the system and infiltration takes 
place by capillary action. The rate of infiltration 
depends on the wetting of the preform by the melt, 
which generally increases with increasing infiltration 
temperature. The wetting behavior of carbon and 
silicon carbide with silicon has been reported by a 
number of authors [12-15]. The contact angle of 
silicon on silicon carbide was reported to be 38 ° at 
1430 °C [13]. Using the values of surface tension at this 
temperature, the work of adhesion is calculated to be 
1311 m J m  -z for the Si-SiC system at 1430 °C. A 
recent report by Nikolopoulos et al. [15] indicates that 
molten silicon wets a-SiC more easily than fl-SiC. The 
data on the wetting behavior of silicon-molybdenum 
alloys with carbon or silicon carbide are not available 
in the literature. Choh and Oki [16] reported that the 
alloying of aluminum by transition elements like 
molybdenum and niobium increases its wetting with 
silicon carbide due to the tendency of solutes to form 
carbides. 

The objective of this paper is to study the effect of 
the carbon preform characteristics on the melt infiltra- 
tion process. This is accomplished just by theoretically 
evaluating the effect of initial pore volume fraction of 
the preform on the amount of molybdenum disilicide 
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Fig. 1. Phase diagram of molybdenum-silicon system [10]. 
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and residual silicon phases in reaction-formed silicon 
carbide ceramics. Next, the effect of carbon preform 
pore size and infiltration material (silicon and 
silicon-molybdenum alloys) on the exothermic reac- 
tion temperature is experimentally evaluated. Finally, 
the microstructures and preliminary mechanical 
properties (flexural strength and fracture toughness) of 
the reaction-formed silicon carbides are discussed. 

2. Experimental  details 

The porous carbon preforms used in this study were 
made from a mixture of furfuryl alcohol resin, 
diethylene and triethylene glycol, and p-toluene 
sulphonic acid. This mixture is polymerized to form a 
porous solid polymer which is heated up to 700 °C to 
yield a porous carbon preform. By varying the ratios of 
the constituents in the polymer system, carbon pre- 
forms with a wide variation of pore volumes, pore 
sizes, and morphologies have been obtained. These 
porous carbon preforms have been infiltrated with 
silicon-l.7 and 3.2 at.% molybdenum alloys at tem- 
peratures of 1425-1500 °C for different periods of 
time. The selection of processing time and temperature 
is critical to avoid cracking of the specimens due to 
thermal expansion mismatch and volume change. After 
infiltration, samples were cross-sectioned and polished 
for metallographic studies. Powder X-ray diffraction 
analysis was used for the identification of different 
phases. 

Differential thermal analysis (DTA) studies have 
been carried out in a Netzsch STA differential thermal 
analyzer system using a heating rate of 10 °C rain-1 in 
a flowing helium atmosphere. Infiltration materials 
(silicon-molybdenum alloys) were placed at the top of 
the porous carbon preform discs. Porous carbon pre- 
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forms with two pore sizes, i.e. 0.2 and 1.8-2 ktm, were 
used for DTA studies. 

Four-point flexural strength testing of reaction- 
formed silicon carbide materials was performed with 
MIL-STD-1942 (MR) configuration B with 20 mm 
inner span and 40 mm outer span. The flexure speci- 
mens were 50 × 5 × 4 mm in length, width, and height 
respectively. A loading rate of 0.5 mm min-~ was 
employed in the flexural test. Fracture toughness was 
measured using the single-edge-precracked-beam 
(SEPB) method. Fracture surfaces of tested specimens 
were examined by optical and scanning electron 
microscopy. 

3. Results and discussion 

ual silicon or silicon and refractory disilicide as the 
secondary phases. However, under certain experi- 
mental conditions, it is quite possible to have residual 
free carbon and a small amount of porosity in the final 
material. Inadequate properties of the carbon preforms 
(non optimal pore volume, shape and/or size) lead to 
undesirable infiltration results. Some commonly 
observed undesirable features as shown in Fig. 2 are 
choking-off, unreacted carbon, specimen cracking, and 
silicon vein and lake formation. These undesirable 
attributes can be controlled by the careful selection of 
the morphology and porosity of the carbon preform 
and the kinetics of the reactive infiltration. In the 
following sections, theoretical modeling and experi- 
mental results to deal with some of these issues will be 
discussed in detail. 

Generally, the reactive infiltration of molten silicon 
or silicon alloys into porous carbon preforms with 
optimum properties leads to complete conversion of 
carbon to silicon carbide under suitable experimental 
conditions. The completely converted materials 
contain silicon carbide as the primary phase and resid- 

3.1. Theoretical pore  vo lumes  

Theoretical details of the pore volume calculations 
for the infiltration of silicon and silicon-refractory 
metal (Mo, Nb) alloy into polymer and slurry derived 
preforms have been presented elsewhere [17-18]. 

(a) 

Fig. 2. Undesirable results of melt infiltration showing: (a) choking-off; (b) unreacted carbon; (c) cracking and silicon vein; and (d) 
silicon lake formation. 
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Experimental results have shown that the external 
dimensions of a porous carbon preform do not change 
during the reactive melt infiltration process. As the 
reactive infiltration proceeds, the pores or channels 
through which the infiltrants travel become narrower, 
which reduces the flow of infiltrant to the reaction 
front. For initial pore volume fractions less than a 
critical value, the channels will be closed and the flow 
will stop. This phenomena is called choking-off of the 
infiltration. 

The computational results obtained for the silicon- 
1.7% molybdenum alloy infiltration are given in Fig. 
3. This plot shows the relationship between the initial 
pore volume fraction of the carbon preform and the 
volume fractions of reaction products, i.e. silicon 
carbide (Vsic), molybdenum disilicide ( V M o S i  2 ) ,  and free 
silicon (Vs~) in the reaction-formed silicon carbide 
material. According to these results, for initial pore 
volume fractions less than 0.379, the porous carbon 
preform will not be completely converted due to 
choking-off of the infiltration. The infiltration passages 
become narrow and are ultimately closed as a result of 
the specific volume change during conversion from 
carbon to silicon carbide. The preforms with an initial 
pore volume fraction of 0.379 will yield silicon carbide 
and molybdenum disilicide. Preforms with greater than 
0.379 pore volume fraction give final materials which 
have silicon carbide with molybdenum disilicide and 
silicon phases. The dependence of the choking-off pore 
volume fraction on the concentration of molybdenum 
in the silicon-molybdenum alloy is given in Fig. 4. 

The preforms used in this work were made by the 
pyrolysis of a high-char yield polymer, which resulted 
in a porous glassy carbon preform. The density of 
glassy carbon is 1.5 g cm -3. However, the density 
values for the other carbon types, e.g. graphite, can also 
be used in the computations as shown in Fig, 4. 

The capillary flow and reaction of silicon-molyb- 
denum alloy in pore channels and around carbon par- 
ticles results in the formation of silicon carbide and the 
precipitation of molybdenum disilicide from the alloy 
melt. The reaction of carbon with molten silicon- 
molybdenum alloy is as follows: 

(1 + 2 x + y ) S i ( 1 ) + x M o ( 1 )  
C(s)+ 

Si-Mo alloy 

= SiC(s) + xMoSiz(s ) + ySi(s) (1) 

The amount of molybdenum disilicide in the final 
material depends on the concentration of molybdenum 
(x) in the starting Si-Mo alloy. The liquid silicon- 
carbon reaction is exothermic with an adiabatic tem- 
perature (Tad) of 1775 K. The adiabatic temperature 
calculations for the reaction of silicon and molyb- 
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Fig. 4. Dependence of choking-off pore volume fraction on the 
concentration of Mo in the Si-Mo alloys. 

denum with carbon indicate that there is a reduction in 
the adiabatic temperature with increase in the amount 
of molybdenum in the reactant [19]. 

3.2. D T A  studies 

Our experimental results [4-5] and literature data 
[20-21] confirm that the reaction of porous carbon 
with molten silicon and silicon alloys is exothermic and 
the reaction time is very short. The degree of exother- 
micity of this reaction depends on a number of param- 
eters including the surface area of the reactants (pore 
size and the pore volume of porous carbon) and 
wetting behavior. DTA curves for the reaction of a 
small pore size ( -0 .2  #m) carbon will silicon and sili- 
con-3.2 at.% molybdenum alloy are given in Fig. 5 (a) 
and (b). It is clearly evident from this figure that the 
exothermic temperature in the case of alloy infiltration 
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Fig. 6. DTA curves for the reaction of medium pore size carbon 
preform with (a) Si, and (b) Si-3.2 at.% Mo alloy. Heating 
rate = 1 0 °C min- t; atmosphere = He. 

is lower than that with pure silicon. In silicon experi- 
ments, there is another endotherm at 1430 °C in 
addition to one due to melting of silicon. However, 
there is no similar endotherm in the silicon-3.2 at.% 
molybdenum alloy system. This phenomenon may be 
explained on the basis of thermodynamics of the liquid 
silicon and carbon reaction and the nucleation and 
growth of the second phase. Owing to the exothermic 
nature of the reaction, under certain conditions, the 
dissolution of carbon takes place in molten silicon 
solution and silicon carbide precipitates [5]. 

The exothermic reaction temperatures observed in 
the DTA studies for the reaction of medium pore size 
( -1 .8 -2  pm) carbon preforms are given in Fig. 6 (a) 
and (b). In Fig. 6(a), there is an initial incubation period 
in the reaction (observed via DTA) before the exo- 
therm starts. The cause of this phenomenon has been 
speculated by various researchers for the case of 
carbon fiber-liquid silicon reaction [8,20,21]. The 
exotherm temperature in the case of silicon-3.2 at.% 
molybdenum alloy is again lower than for the pure 
silicon. 

In order to explain the reaction mechanism of the 
infiltrant(s)-carbon system, the liquid silicon-carbon 
system is chosen for discussion (that is, without any 
alloying of the silicon melt). For this system, there is a 
higher exothermic reaction temperature of liquid 
silicon with medium pore size carbon in comparison 
with the exothermic reaction temperature of small pore 
size carbon preforms. One reason for this may be the 
fact that in the case of small pore size carbon preforms, 
the reaction and infiltration front move almost at the 
same time. But in the case of the medium pore size 
preform, the infiltration front moves faster than the 

reaction front. Liquid silicon infiltrates throughout the 
preform and there is no control over the reaction. This 
leads to the higher exothermic reaction temperatures. 

In the reactive infiltration process reported here, the 
controlling factors are the wetting and infiltration of 
the porous carbon preform by molten silicon. The 
formation of primary silicon carbide is a result of the 
heterogeneous reaction of carbon with silicon melt and 
subsequent crystallization of SiC (fl). The reactions 
occurring at various interfaces are as follows: 

Si(1) + C(s) = SiC(s) (2) 

Si(1) + C(s) = Si/C(sol) (3) 

Si/C(sol) = SiC(s) (4) 

Recent studies by various authors [5,8,20,21,23] 
confirm that the primary silicon carbide dissolves in 
the molten silicon and then reprecipitates as secondary 
silicon carbide. Owing to the low coefficients of diffu- 
sion of carbon and silicon in silicon carbide, the growth 
of silicon carbide by solid state reaction at the 
carbon-liquid silicon interface should be insignificant. 
In addition, the diffusion coefficients of carbon in 
silicon carbide are two orders of magnitude higher than 
that of silicon in silicon carbide [22]. 

On the other hand, for the alloy-carbon system, two 
main factors influence the alloy infiltration. First, due 
to molybdenum alloying of silicon, the wetting behav- 
ior with carbon improves due to its tendency to form 
molybdenum carbide (Mo2C) [16]. Second, the 
molybdenum disilicide precipitates may also act as a 
heat sink leading to a reduction in the exotherm for the 
reaction of silicon-3.2 at.% molybdenum alloy with 
carbon. 
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3.3 Melt infiltration studies 

A scanning electron micrograph of the fracture 
surface of a medium pore size carbon preform is given 
in Fig. 7. This micrograph shows uniform struts and 
pores indicating the ability of this process to produce 
carbon preforms with homogeneous microstructures. 
Fig. 8 is the cross-section of a silicon-3.2 at.% 
molybdenum alloy infiltrated preform (medium pore 
size), showing the complete conversion of carbon by 
the reactive melt infiltration of the alloy, and uniform 
distribution of molybdenum disilicide, and silicon 
phase throughout the silicon carbide matrix. The X-ray 
diffraction pattern of this material indicates the pres- 
ence of silicon carbide, molybdenum disilicide and 
residual silicon phase. There is no evidence of other 

Fig. 7. Micrograph of the fracture surface of a porous carbon 
preform. 

binary or ternary phases of molybdenum-carbon or 
molybdenum-silicon-carbon. The uniformity of the 
microstructure indicates that the alloying of the melt is 
quite useful for introducing uniformly distributed 
second phases in reaction-formed silicon carbide 
materials. 

3.4. Mechanical properties 

Room-temperature flexural properties of the reac- 
tion-formed silicon carbide materials described above 
were determined using the four-point bend technique. 
The average value of flexural strength for five samples 
was 288+  15 MPa. The room-temperature fracture 
toughness of this material, determined using the single- 
edge-precracked-beam (SEPB) method, was 3.3 + 0.2 
MPam 1/2. This value is the average of three specimens. 
There is a slight improvement in the toughness over 
commercial reaction-bonded silicon carbide as well as 
our silicon containing reaction-formed silicon carbide 
materials (2.5 + 0.2 MPa m 1/2) [24]. 

The fracture surfaces of these specimens were 
examined under the scanning electron microscope. 
The mirrors were broad and poorly defined. However, 
some fracture surfaces exhibited optically reflective 
mirror-like regions which contained directional frac- 
ture lines pointing to the fracture origin at the tensile 
surface. The strength-limiting flaws in this material 
included unreacted carbon, pores, and surface damage 
caused by machining. The failure mode was typically 
brittle and cracks either originated at the machining 
flaws at the surface or at unreacted carbon inside the 
specimen. Fig. 9 shows a typical brittle failure of 
material with 320 MPa strength. Fig. 10 shows the 
fracture surface of a lower-strength bar where the 
failure origin is unreacted carbon in the material. 

Fig. 8. Polished cross-section of Si-3.2 at.% Mo alloy infiltrated 
material. 

320 MPa 

Fig. 9. Fractograph showing a typical brittle fracture. 



M. Singh, D.R. Behrendt 

220 MPa 

/ Materials Science and EngineeringA194 0995) 193-200 199 

molybdenum alloy requires higher initial pore  volume 
fraction in the preform to prevent  the choking-off. The  
mechanism of s i l icon-carbon reaction is a combination 
of interface-limited and solution reprecipitation type 
and depends on the pore  and particle size of the 
carbon. Th e  s i l icon-molybdenum alloy infiltrants 
result in in-situ formed molybdenum disilicide phase 
which is advantageous in improving the fracture tough- 
ness of react ion-formed silicon carbide materials. 

" FI S l k ~ l ~ ,  w 

Fig. 10. Unreacted carbon in the sample as the origin of flaw. 
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4. Summary of results 

Using the combination of modeling, melt infiltration, 
and DTA results, it has been concluded that the initial 
pore  volume and pore  size of the carbon preform are 
very critical parameters  in the melt infiltration process. 
Modeling results indicate that carbon preforms with 
initial pore  volume fractions of 0.379 and higher can 
be infiltrated with silicon-1.7 at.% molybdenum alloy. 
The  initial pore  volume fraction needed to prevent  the 
choking-off increases with the increasing content of 
molybdenum in the alloy. DTA results indicate that the 
lower reaction exotherms can be obtained using sili- 
con -molybdenum alloy infiltration instead of pure 
silicon and by using small pore  size ( - 0.2/xm) carbon 
preforms. The  reaction mechanism of carbon with 
silicon is a combination of interface-limited and 
solution reprecipitation type, depending on the pore  
and particle size of the carbon. 

Preliminary evaluation of strength data suggest that 
the strength of these materials appears to be limited by 
machining flaws and the presence of processing-related 
flaws such as unreacted carbon. 

5. Conclusions 

T h e  findings of this work suggest that use of sili- 
con -molybdenum alloys instead of pure silicon as the 
infiltrant has beneficial effects in terms of reduced 
reaction exotherm temperature  during the processing 
of react ion-formed silicon carbide ceramics. The  
increasing amount  of molybdenum in the silicon- 
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