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Molybdenum disilicide (MoSi2) is a promising candidate material for high temperature structural appli-
cations. It is a high melting point (2030 °C) material with excellent oxidation resistance and a moderate
density (6.24 g/cm3). However, low toughness at low temperatures and high creep rates at elevated tem-
peratures have hindered its commercialization in structural applications. Much effort has been invested
in MoSi2 composites as alternatives to pure molybdenum disilicide for oxidizing and aggressive environ-
ments. Molybdenum disilicide-based heating elements have been used extensively in high-temperature
furnaces. The low electrical resistance of silicides in combination with high thermal stability, electron-
migration resistance, and excellent diffusion-barrier characteristics is important for microelectronic ap-
plications. Projected applications of MoSi2-based materials include turbine airfoils, combustion
chamber components in oxidizing environments, missile nozzles, molten metal lances, industrial gas
burners, diesel engine glow plugs, and materials for glass processing. In this paper, synthesis, fabrication,
and properties of the monolithic and composite molybdenum silicides are reviewed.

1. Introduction 

Advanced gas turbine parts are subjected to increasingly se-
vere mechanical, thermal, and corrosive environments. Prior
efforts have resulted in the development of several generations
of superalloys. However, these alloys require cooling during
engine operation, and practical temperature limits for metallic
alloys (including active cooling) are now at <1100 °C, which
makes further turbine inlet gas temperature increases prohibi-
tively difficult and expensive. Since 1985 there have been no
major breakthroughs in the development of nickel-base super-
alloys (Ref 1). 

The drive toward advanced high thrust-to-weight ratio pro-
pulsion systems requires the development of high strength and
low-density structural materials capable of extended operation
at temperatures as high as 1600 °C. Intermetallics such as
nickel and titanium aluminides have been extensively studied
and are currently being developed. These intermetallics have
the advantage of a lower density than superalloys, but their
melting temperatures of 1400 to 1600 °C limit their maximum
use temperatures to approximately 1200 °C (Ref 2). 

Molybdenum disilicide (MoSi2) is a high melting point
(2030 °C) material with excellent oxidation resistance and a
moderate density (6.24 g/cm3), which is in use in high tempera-
ture furnaces because it can withstand prolonged exposure in
air. It is a promising candidate material for high temperature
structural applications, particularly in aircraft gas turbine en-
gines. Molybdenum disilicide-based composites have emerged
as important elevated temperature structural materials for ap-
plications in oxidizing and aggressive environments (Ref 2-5).

Current potential applications of MoSi2-based materials in-
clude turbine airfoils, combustion chamber components in oxi-
dizing environments, missile nozzles, molten metal lances,
industrial gas burners, diesel engine glow plugs, and materials
for glass processing. In microelectronic devices, thin silicide
layers are used as contacts and interconnections because they
have low electrical resistance, high thermal stability, high elec-
tron-migration resistance, and excellent diffusion-barrier char-
acteristics (Ref 6). 

Molybdenum disilicide was discovered in 1907 (Ref 7) and
was considered a high-temperature, corrosion-protective coat-
ing material for ductile metals. The first commercial heating
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elements were patented by Kanthal in 1953 (Ref 8). Figure 1
shows the binary molybdenum-silicon equilibrium diagram
(Ref 9). Three molybdenum-silicon stoichiometries have been
found, which are Mo3Si (cubic), Mo5Si3 (tetragonal), and
MoSi2 (tetragonal). The crystal structure of MoSi2 is C11b type,
space group I4/mmm. The lattice parameters are a = 0.3205 nm
and c = 0.7845 nm with c/a = 2.45 (Fig. 2). Molybdenum at-
oms occupy (0, 0, 0) and (1/2, 1/2, 1/2) positions, and silicon
atom positions are (0, 0, 1/3), (0, 0, 2/3), (1/2, 1/2, 1/6), and
(1/2, 1/2, 5/6). The unit cell can be thought of as consisting in
three squashed cubic pseudocells stacked in the c direction,
with each pseudocell containing an atom at its body center.

Until recently, it was believed that MoSi2 exhibited the
tetragonal C11b structure (low temperature α-phase) below
1900 °C and the hexagonal C40 structure (high temperature β-
phase) between 1900 °C and its melting temperature of 2030
°C. However, recent investigations reveal that the C11b struc-
ture (α-phase) is maintained up to the melting point, and the
previously reported high-temperature C40 phase (β-phase) is
stabilized by impurities (Ref 10).

2. Synthesis of Molybdenum Silicides

Conventionally silicides are processed either by arc melting
or siliciding of molybdenum powders. These processes are en-
ergy intensive and require long homogenization times in order
to obtain desired products. The high melting point of MoSi2
prohibits the conventional melting approach, and the loss of
silicon by volatilization during arc melting can result in the for-
mation of undesirable intermediate phases. In addition, the
silicide powders obtained by these routes have high oxygen
contents and other impurities, which are unacceptable for high-
temperature structural applications and for the fabrication of

microelectronic devices. Considerable interest and effort are
being invested in the development of MoSi2 with low oxygen
content (Ref 11).

2.1 Mechanical Alloying

Mechanical alloying is an intensive high-energy milling
process and has been used to synthesize MoSi2 from elemental
powder blends (Ref 11-17). The process involves repeated
fracturing and welding of powders (both metallic and non-
metallic) in a highly energized ball mill. The fracturing of the
powders by the grinding media produces clean surfaces, and
when these surfaces come in contact they are welded together.
The kneading of powders due to repeated fracturing and weld-
ing leads to alloying at the atomic level. The oxygen content of
MoSi2 powders can be reduced to 310 ppm by weight by using
high purity molybdenum and silicon powders and performing
mechanical alloying inside an argon-filled glove box (Ref 12).

The formation of MoSi2 and the relevant reaction rate dur-
ing mechanical alloying of molybdenum-silicon powder mix-
tures critically depend on the powder composition (Ref 11).
The abrupt formation of MoSi2 and the rapid reaction rate at the
stoichiometric composition indicate that a mechanically in-
duced self-propagating reaction (MSR) is principally responsi-
ble for the MoSi2 formation. The MSR does not occur at the
silicon-rich and silicon-poor compositions. Instead, the forma-
tion of MoSi2 at the nonstoichiometric compositions is charac-
terized by the gradual formation of both MoSi2 (α-phase and
impurities-stabilized MoSi2 (β-phase).

Although mechanical alloying has proven to be versatile in
processing amorphous and crystalline silicides, large-scale
production of mechanically alloyed materials has not been re-
alized. A significant problem with mechanical alloying is the
contamination of the powders/products by gases such as oxy-
gen and nitrogen as well as contamination by the media and the
container. These contaminants can form glassy phases and seg-
regate to grain boundaries, resulting in poor mechanical prop-
erties. In most systems, mechanical alloying requires ~10 h to
achieve equilibrium and stable phases.

High-energy attrition of conventional MoSi2 powder
(99.5% purity, –325 mesh, oxygen content: 0.54 wt%) in liquid
nitrogen for 30 h has produced nano MoSi2 (22 to 33 nm) pow-
ders with a very high oxygen content (4 to 6 wt%) (Ref 18). The
oxygen contamination possibly results from the condensation
of water vapor from the atmosphere onto the cold milling con-
tainer and the powder during or after the attrition run. A very
high nitrogen content (2 to 3 wt%) has also been observed due
to the milling of the powder in liquid nitrogen during the high
energy attrition (nitrogen content: 0.01 wt% in the starting
MoSi2 powder).

Sonochemical coreduction of MoCl5 and SiCl4 with so-
dium/potassium (Na/K) alloy in a hexane dispersion, followed
by annealing at 900 °C produces nanocrystalline MoSi2 pow-
ders (16 to 31 nm) with a 90% yield. However, this process is
limited to small quantities (up to 5 g), and large-scale experi-
ments have suffered from the incorporation of minor amounts
of the silicon-deficient byproduct phase Mo5Si3 (Ref 19).
Other efforts have also been made to synthesize nano MoSi2
powders (Ref 20).Fig. 2 Crystal structure of MoSi2 (Ref 6)
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2.2 Combustion Synthesis

The large negative enthalpy of formation for MoSi2 allows
it to be synthesized by thermal ignition of molybdenum-silicon
powdered compacts, a method known as combustion synthesis
or self-propagating, high-temperature synthesis (SHS) (Ref
21-27). Combustion synthesis utilizes the exothermic heat of
reaction between elements/compounds to synthesize useful in-
termetallic compounds. Combustion reactions take place either
in the self-propagating mode or the thermal explosion mode. A
self-propagating reaction occurs when the reaction is initiated
locally in the compact and propagates as a wave front through
the compact. In the explosion mode, the powder compact is
heated in a furnace until combustion occurs simultaneously in
the whole compact. Advantages of combustion synthesis in-
clude a simple reactor, a very low energy requirement, the abil-
ity to simultaneously synthesize and densify the product,
tailored microstructures and properties, higher purity of the
products, and the synthesis of metastable phases. One disad-
vantage is the generation of pores and cracks due to the violent
nature of the reaction, thermal shock, and steep thermal gradi-
ents.

Molybdenum disilicide has been prepared by many research
groups using the combustion synthesis route (Ref 21-27).
Stoichiometric MoSi2 has been obtained by igniting a compact
of stoichiometric elemental mixtures. Compact diameters of 20
mm and greater are needed to ensure a complete conversion of
reactants and to obtain single-phase MoSi2. Theoretical calcu-
lations of the adiabatic temperature for MoSi2 indicate that this
reaction is on the border of being self propagating. To ensure a
complete reaction, synthesis of MoSi2 was carried out in the
thermal-explosion mode and the chemical-oven approach in
addition to the self-propagating mode. Preheating the reactants
or using an inert atmosphere results in higher combustion tem-
peratures and combustion velocities. Quenching experiments
established the formation of MoSi2 in a single step during com-
bustion synthesis, while differential thermal analysis estab-
lished two reaction mechanisms for the formation of MoSi2.
With lower heating rates (<100 °C/min), a solid-state reaction
to form Mo5Si3 was followed by a reaction between Mo5Si3
and molten silicon to yield MoSi2. At higher heating rates
(>100 °C/min), a liquid silicon-solid molybdenum reaction oc-
curred, leading to the formation of MoSi2, which is typical of a
combustion reaction.

A field-activated combustion synthesis (FACS) process,
combined with the application of mechanical pressure, was
used to produce dense MoSi2 from molybdenum and silicon
powders (Ref 28). Combustion synthesis was carried out under
the combined effect of an electric field and mechanical pres-
sure. The process involved the application of pressure to the re-
actants under vacuum, the imposition of pulsed electric current,
followed by a continuous current until the maximum tempera-
ture was reached, and the cooling of the product at a constant
rate. No reaction between molybdenum and silicon powders
occurred at 1400 °C, but at 1700 °C, MoSi2 formed and densi-
fied. Highly dense molybdenum silicide up to (99.2%) was pro-
duced from elemental powders in one step. Minor amounts of
Mo5Si3 were present at the boundaries of MoSi2 grains in the
interior of samples made from stoichiometric reactants. The ad-

dition of 2.5 mol% Si excess resulted in Mo5Si3-free, dense
MoSi2 products. 

2.3 Shock Synthesis

The application of a high-energy shock wave to induce reac-
tions in a mixture of powders formed the foundation of the
shock synthesis process. Shock compression of elemental pow-
der mixtures can lead to chemical reactions resulting in the for-
mation of equilibrium and nonequilibrium compounds. Shock
application to powder mixtures results in extensive plastic de-
formation, fluidlike turbulent flow, particle comminution, and
the mixing of constituents having fresh and clean surfaces. In
addition, irreversible changes in the starting composition,
volumetric distribution of constituents, and shape of the void
space were produced as a result of shock compression. Shock
processes are best described in terms of departures from equi-
librium and can be classified into two types, shock-assisted and
shock-induced reactions (Ref 29).

Chemical reactions occurring in shock-modified powder
mixtures are termed shock-assisted reactions. Shock-assisted
reactions are initiated due to bulk temperature increases that
occur on the time scale of thermal equilibrium but at times sig-
nificantly greater than for pressure equilibrium. Shock-in-
duced reactions are those that are limited to, and occur within,
the time scales associated with pressure equilibrium. Shock-in-
duced reactions are difficult to monitor experimentally because
they occur with relatively small changes in bulk properties.

Shock synthesis has been used to synthesize molybdenum
silicides. Recovery experiments in the molybdenum-silicon
system reveal fully reacted, partially reacted, and unreacted re-
gions (Ref 30). Partial reactions are characterized by the pres-
ence of large pores/voids, while the unreacted regions are
consolidated to near theoretical density. Fully reacted regions
are characteristic of a completely reacted, melted, and resolidi-
fied material. The extent of a shock-synthesis reaction in-
creases with an increase in shock energy, temperature, and
enthalpy of the reaction. Based on electron microscopic obser-
vations, a self-sustaining mechanism for the formation of mo-
lybdenum silicides has been proposed. The reaction is initiated
at the interface between molybdenum and silicon. After initial
solidification, the product is spheroidized due to surface ten-
sion forces and eventually squeezed out into the interface, thus,
exposing a newer surface for the reaction to initiate. As a result,
a constant metal-molten silicon interface is maintained at all
times.

2.4 Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a process wherein va-
por phase reactants form a coating, which is deposited on a
heated surface. The process is versatile and can be used to ap-
ply coatings to a substrate in order to improve wear resistance,
corrosion resistance, strength, and electrical conductivity. The
most attractive feature of CVD is its ability to deposit thin films
in crevices and deep recesses that are encountered in electronic
circuits. Prior to conducting CVD in any system, it is necessary
to evaluate various process parameters such as precursor, depo-
sition temperature, substrate temperature, and substrate mate-
rial with the help of thermodynamic principles. When the
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process of CVD is used to infiltrate a porous body, it is called
chemical vapor infiltration (CVI). 

Chemical vapor deposition and chemical vapor infiltration
(CVI) have been used to deposit molybdenum silicides. The
source of silicon can be SiH4, SiH2Cl2, SiHCl3, or SiCl4, and
the source of molybdenum can be MoF6 or MoCl5 (Ref 31).
The characteristics of the deposited silicide films are influ-
enced by a number of variables. These include substrate tem-
perature, deposition temperature, pressure, and ratio of the
precursors. Substrate cleanliness is very important in order to
prevent any difficulties during subsequent processing steps
such as annealing or contact metallization.

Reactive vapor infiltration (RVI) has also been explored to
produce MoSi2 (Ref 32). Molybdenum in the form of a fine po-
rous powder compact is converted to MoSi2 by silicon vapor. In
the RVI process, a loosely compacted metallic molybdenum
powder is exposed to silicon vapor at temperatures slightly be-
low the melting point of silicon. Silicon vapor can be supplied
through a gas-phase decomposition of SiCl4 in the presence of
hydrogen gas. The sample cross sections show a thick MoSi2
external layer, a thin Mo5Si3 intermediate layer, and an unre-
acted molybdenum core. These observations suggest that, at
the onset of the process, molybdenum reacts with silicon to
form Mo5Si3 and a further supply of silicon converts Mo5Si3 to
MoSi2. As the process proceeds, silicon diffuses through the
surface MoSi2 layer, successively converting each molybde-
num particle to Mo5Si3 and then to MoSi2 so that distinct fronts
of Mo5Si3 and MoSi2 move progressively inward from the sur-
face of the compact.

3. Consolidation of Molybdenum Disilicide

Molybdenum disilicide-based heating elements are pro-
duced by powder metallurgy (Ref 33). In the process, the lubri-
cant mixed powder is extruded into straight rods of different
diameters for the terminals and heating zones. The rods are
dried, sintered, and cut into suitable lengths. The heating zones
are bent under heat to the desired shape and welded to the ter-
minals, one end of which is conically ground to the same di-
ameter as that of the heating zone. The other end of the terminal
is aluminized to ensure a good electrical contact.

Hot pressing has been used to consolidate MoSi2 specimens
(Ref 34-35). The MoSi2 powder was hot pressed for 15 min
from 1500 to 1920 °C to achieve a distribution of grain sizes.
High density (>97% of the theoretical) and uniform micro-
structures are obtained. Grain boundaries and secondary
phases were clearly visible without etching of the material.
Compacts prepared at temperatures from 1500 to 1800 °C con-
tained slight porosity along grain boundaries, independent of
grain size, with large pores approximately 10 µm in diameter,
while the specimen consolidated at 1920 °C was fully dense.
Small amorphous spherical SiO2 particles, which were inde-
pendent of grain size, were observed within the MoSi2 grains
and at grain boundaries in all specimens, with a median size of
2 µm. Above approximately 1750 °C, volatile SiO(g) and solid
Mo5Si3 were created from MoSi2 and SiO2. The increased sur-
face reactivity due to SiO volatilization is a likely mechanism
for the observed rapid increase in MoSi2 grain size. Above

1900 °C, a MoSi2-Mo5Si3 eutectic liquid was formed. In-
creased grain size and lack of porosity in the specimen consoli-
dated at 1920 °C were consistent with the effects of
liquid-phase sintering. Trace amounts of β-SiC likely resulted
from a liquid-phase reaction between liquid silicon and carbon
(die materials) at the compact surface.

Hot isostatic pressing (HIP) has also been used to evaluate
densification of MoSi2 specimens as a function of temperature,
pressure, and time (Ref 36-40). Molybdenum disilicide pow-
ders were consolidated by HIP at 207 MPa pressure, in the tem-
perature range of 1200 to 1400 °C for 1 and 4 h. The higher and
the longer the temperature and the time, the higher the densities
were. A relative density of 99% was observed in a specimen
consolidated at 1400 °C for 4 h. Grain sizes in the MoSi2 speci-
mens varied from 23 to 34 µm over the range of process condi-
tions considered. The grain size increase with temperature (∆T
= 200 °C) was of the order of 7 µm and that with time (δt = 3 h)
was at most 3 µm. The absence of fine grains in the consoli-
dated specimens suggested that diffusion was probably not the
primary densification mechanism. The presence of cusped
pores, the observed grain sizes, and the low diffusivities of the
constituents suggested that densification was most likely domi-
nated by power law creep (PLC). It was found that slow cooling
(<5 °C/min) under full pressure or slowly released pressure (~2
MPa/min) produced the best material. Rapid cooling or rapid
release of pressure at elevated temperatures resulted in mi-
crocracking in the consolidated material.

Hot isostatic pressing has also been used to consolidate
nanocrystalline MoSi2 powders produced by high-energy attri-
tion (Ref 18). It was found that the nanocrystalline MoSi2 pow-
ders are easy to process into bulk shapes as compared to
large-grained MoSi2 powders. Before HIP, large grained MoSi2
powders must be cold-isostatic pressed at lower pressures to
avoid fracture after consolidation.

Plasma spray processing is a promising near-net shape
manufacturing technology, combining melting, blending, and
consolidation into a single operation (Ref 41). Rapid solidifica-
tion rate (RSR) processing is an inherent characteristic of
plasma spray processing and yields fine-grained and chemi-
cally homogeneous microstructures. Low-pressure plasma
spraying (LPPS) and vacuum plasma spraying (VPS) are im-
portant processing methods for fabrication of RSR-processed
deposits. The advantages of VPS processing include dense and
oxide-free deposits. During VPS processing, the substrate-de-
posit system is exposed to high temperatures (800 to 900 °C)
due to a reduced rate of heat removal and adiabatic recales-
cence. This causes annealing of the VPS deposit, leading to
stress relief, improved interparticle bonding, and recrystalliza-
tion, without any significant grain growth.

Vacuum plasma spraying has been used to fabricate dense
MoSi2 (Ref 41-42). MoSi2 powder, with an average particle
size of –44 µm (–325 mesh) and oxygen content of 2400 ppm
has been used to generate deposits with a high hardness, inden-
tation fracture toughness, and flexural strength. It was ob-
served that annealing increased fracture toughness and flexural
strength due to improved interparticle bonding. Freestanding
forms of MoSi2 were annealed at 1100 °C in flowing argon for
24 h and furnace cooled. In the as-sprayed deposits, RSR proc-
essing associated with VPS produced the hexagonal allotrope
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of MoSi2 (impurities-stabilized β phase), which transformed to
the tetragonal structure upon annealing. Elevated-temperature
testing showed that MoSi2  increased ductility, which can be an
advantage in forming of these plasma-processed materials.

4. Single Crystal MoSi2

To further evaluate the feasibility of molybdenum disilicide
for high temperature applications, basic deformation mecha-
nisms and physical properties need to be determined. These
measurements are best conducted on single-crystal samples.
However, the preparation of single crystals of MoSi2 is a sig-
nificant technical challenge (Ref 43-46). Molybdenum dis-
ilicide melts at temperatures greater than most standard
crucible materials, preventing the application of conventional
techniques such as Bridgman or Czochralski methods. The va-
por pressure of silicon at the melting point of MoSi2 is 0.1 torr,
and stoichiometry during preparation and the growth of crys-
tals must be carefully controlled.

Many techniques such as electron beam float zone, induc-
tively coupled plasma pedestal growth, and induction float
zone in atmospheric and pressurized chambers have been ex-
plored for the synthesis of single crystals of MoSi2 (Ref 43).
One major concern is the high vapor pressure of silicon at the
melting point, which can result in silicon loss and the formation
of Mo5Si3. The degree to which silicon is lost is dependent on
the melting conditions (ambient pressure, temperature of the
melt, and overall time of melting) and is therefore unique to
each melting process. With appropriate additions of excess sili-
con, the composition can be controlled to yield crystals of
stoichiometric MoSi2. The pressurized induction float zone
method offers the best potential for compositional control dur-
ing crystal growth. Some success is demonstrated using induc-
tion float zone techniques, but, unfortunately, in order to
maintain a stable liquid zone, crystal growth rates three to five
times faster than typical float zone growth rates are necessary.
As a result, the size of crystals prepared thus far is limited to ap-
proximately 3 mm in diameter.

5. Alloys with Other Elements

One attractive feature of MoSi2 is that it can be metallurgi-
cally alloyed with other silicides to improve its properties. Ta-
ble 1 lists various potential high temperature silicides that may
be considered for alloying with MoSi2 (Ref 2). Such alloying
opportunities make MoSi2 materials more attractive relative to
silicon-base ceramics, thus allowing other mechanisms of
strengthening to be used in addition to the composite approach.

Tungsten disilicide (WSi2), which is also tetragonal C11b,
forms a complete solid solution with MoSi2 at all compositions.
Mechanical alloying has been used to produce Si2 powders
from mixtures of molybdenum, tungsten, and silicon powders
in the right proportions. The solid solution was formed in situ
by simultaneous mixing of all three constituents (Ref 12). Ther-
modynamic equilibrium was established when the mechani-
cally alloyed powders were annealed. X-ray diffraction
patterns taken from powder heated to 900 °C in a calorimeter

show the expected equilibrium phases (Fig. 3). Only one set of
Bragg peaks has been observed, which suggests that the an-
nealed equilibrium mixture of MoSi2 and WSi2 is a solid solu-
tion. Another important feature of the mechanical alloying
synthesis method is the chemical homogeneity of the alloy. In
the MoSi2-WSi2 alloys, homogeneity is essential for achieving
uniform properties. Mixtures of commercial alloy powders of
MoSi2 and WSi2 lack homogeneity (Ref 12). Combination of
MoSi2 with disilicides that have the hexagonal C40 structure
necessarily require the formation of a two-phase field between
the C11b and C40 phases with various ranges of solubility (Ref
10).

Silicon forms very strong bonds with fluorine, chlorine, and
oxygen. Approximate average bond energies are silicon-fluo-
rine, 582 kJ/mol; silicon-chloride, 391 kJ/mol; silicon-oxygen,
336 kJ/mol; and silicon-silicon, 210-250 kJ/mol (Ref 47).
However, these energies do not reflect the ease of heterolysis of
bonds, which is usual in chemical reactions. In spite of the high
silicon-chloride and silicon-fluorine bond energies, com-
pounds containing these bonds are highly reactive. Because
charge separation in a bond is a critical factor, the bond ionici-
ties must also be considered when interpreting the reactivities
toward nucleophilic reagents. Thus silicon-chloride bonds are
much more reactive than silicon-silicon bonds because, though
stronger, they are more polar, rendering the silicon more sus-
ceptible to attack by a nucleophile such as OH–. Silica (SiO2) is
relatively unreactive toward Cl2, H2, acids, and most metals at
ordinary or slightly elevated temperatures, but it is attacked by

Fig. 3 X-ray diffraction patterns of mechanically alloyed (Mo,
W)Si2 (Ref 12)

Table 1 Potential silicide alloying species for MoSi2 [2]

Silicide Melting point, °C Crystal structure Density, g/cm3

MoSi2 2030 Tetragonal 6.24
WSi2 2160 Tetragonal 9.86
NbSi2 1930 Hexagonal 5.66
TaSi2 2200 Hexagonal 9.10
TiSi2 1500 Rhombohedral 4.04

Source: Ref 2

Journal of Materials Engineering and Performance Volume 8(3) June 1999295



fluorine, aqueous HF, alkali hydroxides, fused carbonates, and
so on (Ref 47).

Oxygen is invariably incorporated during the synthesis and
processing of MoSi2. Oxygen reacts with silicon to form a
glassy SiO2 second phase in the MoSi2 matrix, which is respon-
sible for the excellent oxidation and corrosion resistance of
MoSi2. The SiO2 formed during processing typically segre-
gates to the grain boundaries. The presence of this glassy phase,
with a softening temperature close to 1650 °C, is detrimental to
the high-temperature strength and creep properties of MoSi2.

Carbon has been added to MoSi2 to reduce oxides (Ref 48-
50). Additions of up to 4 wt% C to MoSi2 caused elimination of
the siliceous grain boundary phase in hot pressed samples as
well as the formation of small quantities of β-SiC and Mo5Si3C.
Both the hardness and fracture toughness of the carbon-con-
taining alloys exceeded those of the carbon-free (and oxygen-
rich) materials. The toughness for all carbon-containing alloys
at 800 to 1400 °C was independent of the level of carbon addi-
tion, although the hardness at all temperatures up to 1000 °C in-
creased with the level of carbon addition. Unstable fracture was
exhibited by all alloys tested below 1200 °C, while stable
cracking and high toughness (greater than or equal to 11.5 MPa
m1/2) was obtained in the 2 wt% C alloy at 1400 °C. However,
the large weight losses, which occur during hot pressing are
detrimental. It is preferable to deoxidize the MoSi2 chemically
prior to hot pressing and then add SiC to the deoxidized powder
to form a MoSi2/SiC composite. Leaching reaction-synthe-
sized MoSi2 powder in hot, concentrated sodium hydroxide has
been used to remove oxides before hot pressing. 

6. Synthesis and Consolidation of Molybdenum
Silicide Composites

The use of MoSi2 as a structural material was suggested in
the early 1950s because of its excellent oxidation resistance.
However, industrial application of MoSi2 has been limited be-
cause of the brittle nature of the material at ambient tempera-
tures, a high creep rate at temperatures above 1200 °C, and
accelerated oxidation at temperatures between 400 and 500 °C.
It was recognized in 1978 that MoSi2 was an important matrix
material for high temperature structural composites (Ref 51).
Both refractory and ceramic reinforcements have been used in
MoSi2 composites. It was reported in 1985 that niobium wire
reinforcement significantly improved the room temperature
mechanical properties of the MoSi2-Nb composite (Ref 52).
Great improvement in room temperature strength and fracture
toughness in SiC whisker-MoSi2 matrix composites was dem-
onstrated in 1985 (Ref 53). In 1988 it was established that sub-
micron SiC whisker-MoSi2 matrix composites exhibited
mechanical property levels within the range of high tempera-
ture engineering applications (Ref 54). In 1990, Los Alamos
National Laboratory won a Research and Development 100
Award for its development of MoSi2-SiC composites (Ref 2). 

It has been known that fracture toughness of brittle matrices
can be improved by the incorporation of a ductile second phase.
A key advantage in the use of refractory metal fibers is that they
can provide both high-temperature creep resistance and tough-
ness. The ductility of many refractory metal alloys coupled

with very high yield and tensile strengths gives their fibers a
large fracture energy and the potential to greatly increase the
damage tolerance of a brittle matrix composite. Niobium is a
suitable ductile reinforcement for MoSi2 because of its high
melting temperature and a thermal expansion coefficient,
which is close to that of MoSi2. The result will be much less ma-
trix cracking upon thermal cycling during processing and in
service (Ref 55-58). Studies have demonstrated that such a
composite system indeed exhibits a substantial increase in
toughness compared to the matrix alone. Refractory metals
such as tungsten, molybdenum, and tantalum have been used as
ductile reinforcements (Ref 59).

Several techniques have been used to fabricate MoSi2-Nb
composites utilizing niobium in the form of particles, random
chopped fibers, and aligned continuous fibers (Ref 55-58).
Continuous niobium filaments are necessary to produce sig-
nificant toughening at room temperature. However, a major
problem in using such a composite system is the reaction be-
tween the matrix and ductile reinforcement at high tempera-
tures, which leads to formation of brittle interfacial products
such as (Mo,Nb)5Si3. The formation of such interfacial com-
pounds on continuous ductile phases degrades toughness.
Therefore, using an inert diffusion barrier coating on the rein-
forcement prior to processing of composites is essential to re-
duce interfacial reactions during processing, as well as to
maintain the integrity of the reinforcement at elevated tempera-
tures.

Although several attempts have been made to apply inert
diffusion barrier coatings in MoSi2/Nb composites, none have
succeeded in completely eliminating the formation of inter-
facial reaction products. Alumina coatings on the surface of
niobium have been extensively studied to minimize interfacial
reactions between MoSi2 and niobium at high temperatures.
Al 2O3 is chemically compatible with MoSi2 up to 1700 °C and
with niobium up to 1500 °C. It also has a thermal expansion co-
efficient close to those of both MoSi2 and niobium, thus reduc-
ing the potential of interfacial crack initiation upon thermal
cycling during processing and in service. Several techniques
have been used to coat alumina on niobium, including sol-gel
coating, physical vapor deposition, and hot dipping in molten
aluminum followed by anodizing to form Al2O3. Physical va-
por deposition produces a dense coating and is the most effec-
tive diffusion barrier process for MoSi2/Nb composites.
Coatings formed by hot dipping and anodizing are the most po-
rous, while the sol gel derived coatings are cracked. The pres-
ence of SiO2 in the MoSi2 matrix can contribute to dissolution
of thin Al2O3 coatings and is a significant source of silicon to
react with the niobium reinforcement. Thus, improvements in
matrix chemistry should be pursued to improve composite per-
formance. Other coatings, such as ZrO2 and Y2O3 have been
studied.

Additions of aluminum to MoSi2 have also been studied
(Ref 60-61). Aluminum not only modifies the oxide phase pres-
ent as a coating on the MoSi2 with the reaction SiO2 + Al →
Al 2O3 + Si, but also significantly alters the matrix. Aluminum
has been reactively infiltrated into MoSi2 preforms with either
40 or 80% density. The resultant fully dense specimens con-
tained Mo(Al,Si)2 particles surrounded by aluminum metal.
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One important attribute of MoSi2 is that many potential ce-
ramic reinforcements such as SiC, Si3N4, Al2O3, Y2O3, TiC,
TiB2, and ZrB2 are thermodynamically stable with MoSi2 (Ref
2). This reinforcement compatibility becomes important for
creep and oxidation resistance of these materials. Composites
can exist in a MoSi2 matrix reinforced with a ceramic or a ce-
ramic matrix reinforced with MoSi2. It has been shown that the
addition of a ceramic phase to MoSi2 substantially improves
the elevated temperature strength, creep resistance, and room
temperature fracture toughness of monolithic MoSi2.

Silicon carbide reinforced MoSi2 shows improved low-tem-
perature fracture toughness and high-temperature strength (Ref
62-72). The creep properties of MoSi2 have also been success-
fully enhanced by the addition of SiC whiskers and particles.
Although creep mechanisms in MoSi2 composites are not
clearly understood, the overall process is possibly due to the
combined effects of grain boundary sliding and dislocation
glide/climb at high applied stresses, while grain boundary slid-
ing dominates at lower stresses. The chemical species SiC and
MoSi2 are thermodynamically stable, hence composites based
on these materials have excellent microstructural stability.
Composites of MoSi2 with various fractions of SiC particles
(up to 40 vol%) have been fabricated from powders by vibra-
tory milling of the powders, followed by hot pressing. It is con-
cluded that the fracture resistance of SiC-MoSi2 matrix
composites is primarily governed by the volume fraction of SiC
particles. It is observed that optimum toughness can be reached
in this material at a volume fraction of approximately 20% SiC.
Matrix cracking has occurred during consolidation of an SCS-6
fiber-reinforced composite with the matrix containing up to 40
vol% SiC to modify thermal expansion. Smaller volume frac-
tions of fiber or smaller diameter fibers will be required to mini-
mize matrix cracking. The SiC-C coating applied to SCS-6
fibers has been found to survive consolidation and provide lim-
ited debonding in the matrix.

MoSi2/SiC composites have been fabricated by many proc-
essing techniques including powder metallurgy, SHS, solid
state displacement reactions, exothermic dispersion (XD), and
spray forming methods (Ref 62-71). In situ synthesis by solid-
state displacement reactions or reactive plasma spraying has
been the focus of recent investigations. These techniques ap-
pear very promising to produce a homogeneous distribution of
the reinforcement phase throughout the MoSi2 matrix and to
minimize SiO2 at grain boundaries, which can lead to improved
mechanical properties (Ref 62-73). Reactive plasma spraying
to incorporate greater amounts of SiC and/or carbon particu-
lates into MoSi2 by utilizing a higher reactive gas (100% CH4)
has been studied. Low pressure plasma deposition (LPPD) of
MoSi2 using 100% methane as a reactive powder carrier has
yielded a material with ~6 vol% SiC, ~6% SiO2, and 13%
Mo5Si3 and Mo5Si3C (Ref 72).

The XD process, in which ceramic particles are formed in
situ in molten metal and intermetallic systems, has also been
used to fabricate MoSi2 composites (Ref 73-77). Because they
are precipitated in situ, the reinforcements are typically single
crystals of high purity with clean unoxidized interfaces. The
composite materials are crushed into powder and consolidated
by sintering. Particulate reinforced MoSi2 composites with 15
to 45 vol% SiC, TiB2, ZrB2, and HfB2, having average particle

diameters ranging from 1 to 5 µm, have been produced by the
XD process (Ref 76).

Displacement reactions are solid-state diffusional reactions
between elements and/or compounds to yield thermodynami-
cally stable phases compared to the starting reactants. Dis-
placement reactions have been applied to the processing of
MoSi2/SiC composites (Ref 78). Corresponding diffusion cou-
ples were homogenized to yield composites in accordance with
the following reaction: Mo2C + 5Si → 2MoSi2 + SiC. Reac-
tion zones in both diffusion couples exhibit an interwoven mor-
phology and contain a homogenous distribution of SiC
particulates with an average size of 1 µm in a matrix of MoSi2.
The composite was fabricated by hot pressing powder com-
pacts of Mo2C and Si at 1300 °C for 2 h followed by 1700 °C
for 1 h (Ref 21). The final composition in the hot-pressed sam-
ples lies in the three-phase field, constituting MoSi2-SiC-
Mo5Si3C. The reaction characteristics and reaction mechanisms
in the formation of MoSi2/SiC composites establish silicon as
the fastest diffusing species. The ternary phase (Mo5Si3C) is
the first to form, followed by the MoSi2 phase. The SiC phase
forms at the interface between the ternary phase and MoSi2 and
grows into the ternary phase. Although displacement reactions
have the ability to produce tailored compositions and micro-
structures, longer times are needed to homogenize the desired
product phases.

The thermal expansion of a fiber and composite matrix
should be closely matched in order to minimize thermal stress
that develops in a composite due to thermal expansion mis-
match. The thermal expansion of Al2O3 was close to that of
MoSi2, which means that Al2O3 fiber is the best selection (Ref
58-59, 78). Modification of the matrix thermal expansion is not
required due to the good thermal expansion match between
Al 2O3 and MoSi2. No cracks were observed in the composite
matrix during processing or repeated cycling from 1400 °C to
room temperature. The use of Al2O3 whiskers has been shown
to be very effective in improving mechanical properties. MoSi2
composites containing a dispersion of single-crystal Al2O3
whiskers and consolidated by extrusion have shown a substan-
tial improvement in flexure strength at temperatures up to 1527
°C. The absence of SiO2 can be attributed to reduction by car-
bon that originated in the organic binder used to fabricate the
composite. Al2O3 fiber bonds strongly to MoSi2, and a proper
debond coating is required.

Several techniques have been used to fabricate MoSi2-
Al 2O3 composites, including injection molding of MoSi2-
Al 2O3 aligned short fiber composites, hot isostatic pressing,
and plasma spraying of MoSi2-Al2O3 lamellar composites (Ref
58-59). Injection molding for fiber alignment consists of four
basic steps: feedstock production, fiber alignment, debonding,
and consolidation. Feedstock preparation consisted of mixing
the powders and fibers with a polymer binder. Fiber alignment
comprised injection of the feedstock through a nozzle. Injec-
tion was performed above the softening point of the polymer
binder. The binder was then removed, either thermally or
chemically. Final consolidation was accomplished by sintering
or pressure-aided sintering techniques. Dual injection ports al-
lowed spraying of two different powder types, Al2O3 and
MoSi2. Composites were formed by sequential deposition of
MoSi2 and Al2O3.
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The MoSi2-Si3N4 composite system is very interesting and
important (Ref 79-82). Additions of Si3N4 to a MoSi2 matrix
significantly improve the intermediate temperature oxidation
resistance of MoSi2 and its elevated temperature mechanical
properties. Additions of MoSi2 to a Si3N4 matrix allow for the
electrodischarge machining of Si3N4, and also lead to im-
proved fracture toughness and elevated temperature oxidation
characteristics. The addition of ZrO2 particles to a MoSi2 ma-
trix can produce significant transformation toughening effects
in MoSi2 composites (Ref 83). Continuously graded MoSi2-
ZrO2 materials with high density have been fabricated by
uniaxial wet molding, followed by hot pressing and hot
isostatic pressing. Hot pressed MoSi2-based composites con-
taining Mo5Si3, SiO2, CaO, and TiC as reinforcing second
phases have also been investigated in the temperature regime
from 1000 to 1300 °C (Ref 84). Fabrication of MoSi2 and α-
SiAlON or β′-SiAlOn composites has also been explored (Ref
85-86).

7. Physical Properties 

The properties of MoSi2 make it interesting as a high tem-
perature structural material (Ref 2-5). MoSi2 has a high melting
point of 2030 °C and superb high temperature oxidation resis-
tance because it forms a thin coherent, adherent, and protective
silica layer. In polycrystalline form, MoSi2 exhibits a brittle-to-
ductile transition in compression in the vicinity of 1000 °C. In
some orientations of MoSi2 single crystals macroscopic ductil-
ity is apparent at much lower temperatures. The material is
thermodynamically stable with a wide range of structural ce-
ramics, including Si3N4, SiC, Al2O3, ZrO2, mullite, TiB2, and
TiC. There is a significant potential for composite develop-
ment. It can also be alloyed with other high melting point
silicides such as WSi2 and NbSi2. Due to the metallic nature of
its bonding, MoSi2 can be electrodischarge machined, thus
making it easier to machine than most structural ceramics. Fi-
nally, MoSi2 is an abundant, relatively low cost material, which
is also environmentally benign.

In terms of engineering properties, MoSi2 has thermal con-
ductivity between that of Si3N4 and SiC. High thermal conduc-
tivity is very beneficial for increased cooling effectiveness of
engine components. The elastic modulus of MoSi2 is close to
that of SiC. While the high temperature oxidation resistance of
MoSi2 is similar to that of SiC, maximum oxidation rates in
MoSi2 actually occur at a temperature of 500 °C. MoSi2 has a
thermal expansion coefficient close to that of Al2O3, which is
beneficial for minimizing thermal stresses and improving ther-
mal shock resistance. Thermal expansion is also important
when designing a composite system. Matching thermal expan-
sion coefficients of matrix and reinforcement is important to
minimize the effects of interfacial cracks on subsequent me-
chanical properties. 

The fracture toughness behavior in both MoSi2 and silicon-
base ceramics is similar. They both fracture in a brittle manner
resulting in low toughness. The toughness levels of monolithic
MoSi2 and silicon-base ceramics are in the same range. Thus, it
is possible to utilize classical ceramic composite approaches to
toughen MoSi2 composites. Commonly, ceramics are rein-

forced with other ceramic fibers (continuous and discontinu-
ous), whiskers, or particles, with weaker interfacial bonds to
permit crack bridging or deflection processes as dominant
toughening mechanisms. Other techniques involve phase
transformation toughening and elongated grain structures. In
each case, the effects are moderate.

In the case of high temperature creep mechanisms, these
two classes of materials differ significantly. While silicon-base
ceramics exhibit grain boundary sliding and cavitation creep
(at low- and high-applied stresses), MoSi2 deforms via matrix
dislocation glide and climb (at high stresses), and grain bound-
ary sliding (at low stresses). Both continuous and discontinu-
ous fibers have been used in ceramic materials to improve
creep properties. Here it is important that the fiber-matrix inter-
face be strong to impart the load transfer that is necessary to im-
prove creep resistance. Also, elongated grain structures are
shown to have beneficial effects by making it difficult for
grain-over-grain sliding to occur. Finally, because grain bound-
ary silica contributes to high temperature creep deformation in
ceramics, there have been attempts to modify the grain bound-
ary silica phase by additions such as Al2O3 and Y2O3. This is,
however, a difficult approach because the same silica phase is
necessary for densification of these ceramics.

7.1 “Pest” Oxidation

One major obstacle for MoSi2 applications is structural dis-
integration during low temperature oxidation, which is known
as the “pest”  effect (Ref 87-92). MoSi2 disintegrates to a pow-
der when subjected to oxidizing environments at 400 to 600 °C.
This phenomenon was discovered in 1955 and has been re-
ferred to as MoSi2 pesting. It has been suggested that the cause
is grain boundary embrittlement produced by short-circuit dif-
fusion of O2 and subsequent dissolution into the grain-bound-
ary areas. However, the exact nature of the pest effect is not
clearly understood. 

There are two possible oxidation reactions for MoSi2:

2MoSi2 (s) + 7O2 → 2MoO3 (s) + SiO2 (s) (1)

5MoSi2 (s) + 7O2 → Mo5Si3 (s) + 7SiO2 (s) (2)

Both reactions are thermodynamically feasible, but reaction 1
is favored, which results in pesting between 400 and 600 °C.
Recent studies on poly- and single-crystalline MoSi2 have
shown that the pesting of MoSi2 is associated with a substantial
volume expansion, and the disintegrated powdery product con-
tains mainly crystalline MoO3 whiskers (or platelets), amor-
phous SiO2 clusters, and residual MoSi2 crystals. The pest
reaction apparently has nucleation and growth stages.

The pest reaction in single-crystalline MoSi2 occurs at a
much slower rate than in polycrystalline counterparts (Ref 87).
There is no noticeable change in the surface morphology on
single crystals oxidized at 500 °C for a few hours. After longer
periods (~50 h) of oxidation, the sample surfaces begin to show
signs of pesting. The reaction has been found to be highly het-
erogeneous, only occurring at local areas. The reaction is char-
acterized by the formation of erupted blisters, which exhibit
different morphologies on different surfaces and are found to
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have compositions similar to Si-Mo-O. Further oxidation of the
single crystals has not resulted in blisters but does produce
MoO3 whiskers and SiO2 clusters. This suggests that blisters
may represent an early transient state, and that the Si-Mo-O
surface oxide is metastable, evolving further into the thermo-
dynamically stable products MoO3 and SiO2 after prolonged
oxidation. Disintegration of the MoSi2 single crystals occurs
only after prolonged oxidation (>1000 h). Volume diffusion of
oxygen is the predominant process in single-crystal MoSi2.
Figure 4 presents schematic drawings illustrating the evolution
of reaction products during various stages of volume diffusion
(Ref 87). Volume diffusion of oxygen gives rise to the forma-
tion of a Si-Mo-O surface oxide, erupted blisters, and eventu-
ally loosely bound MoO3 and SiO2, which in turn causes
massive oxidation and surface recession of the sample. 

Polycrystalline MoSi2 is much more susceptible to pest dis-
integration at 500 °C. Both hot-pressed and arc-melted poly-
crystalline samples have disintegrated into powdery products
within a short period of time (10 to 30 h). Pesting also involves
grain boundary diffusion of oxygen. Grain boundary diffusion
of oxygen causes preferential oxidation of intergranular inter-
faces and the formation of protruding MoO3 whiskers. These
would result in the formation of internal tensile stresses, which
destroy intergranular cohesion.

Experimental results have indicated that MoSi2/AlN and
MoSi2/Al2O3 composites also exhibit pest disintegration after
oxidation at 500 °C. The time required for complete disintegra-
tion of MoSi2-Al2O3 is much longer (140 h) than that (20 h) for
the MoSi2-AlN, suggesting that the reinforcement can affect
the kinetics of pesting.

7.2 High Temperature Oxidation

No pesting has been observed in MoSi2 during oxidation
above 600 °C. Reaction 2, which does not produce volatile
MoO3, appears dominant. Both static and cyclic oxidation
characteristics of MoSi2 materials have been studied (Ref 93-
96). Isothermal oxidation experiments have been conducted on
specimens exposed in air for 24 h at 800 to 1500 °C. MoSi2
composites have significant isothermal oxidation resistance
relative to intermetallic compounds based on titanium, nio-

bium, and tantalum XD composites and the single-crystal,
nickel-base superalloy (Ref 2). The protective silica layers are
excellent barriers to oxidation attack because of low oxygen
permeation rates. MoSi2 is known to exhibit excellent high
temperature oxidation behavior up to 1600 °C.

7.3 Strength and Ductility

The major problem impeding use of MoSi2 is its mechanical
properties. Because its brittle-ductile-transition temperature
(BDTT) is around 1000 °C, its low temperature strength (below
1000 °C) is limited by brittle fracture, while high temperature
(above 1000 °C) strength is governed by plastic flow. In this re-
spect and because of its mixed covalent-metallic atomic bond-
ing, MoSi2 is a borderline intermetallic compound. For its
effective use as a high temperature structural material, it be-
comes necessary to toughen the material at lower temperatures
(below 1000 °C) while simultaneously improving the strength
at higher temperatures (above 1000 °C). Studies on single crys-
tals have shown that as-grown crystals have a low dislocation
density with 〈331〉 dislocations being found in crystals with a
low growth rate and  〈100〉 dislocations in crystals with a high
growth rate (Ref 97-98).

The ultimate yield stress of the MoSi2-based composites
will be higher than the composite yield stress (Ref 2). MoSi2-
based composite ultimate yield stress values will have to be de-
termined by tensile testing because of the plasticity that occurs
at elevated temperatures. MoSi2-based composite yield stress
values are comparable with or exceed structural ceramic ulti-
mate stress values at 1200 °C. At 1500 °C, structural ceramic
ultimate yield stress levels are higher than the present MoSi2-
based composite yield stress levels. However, a structural ce-
ramic cannot be used at its ultimate yield stress because it will
have a 100% probability of catastrophic fracture. Because
MoSi2-based composites are at present in their infancy, it is
very likely that, with future materials development, the MoSi2-
based composite yield stress levels at 1500 °C can be increased
by a factor of 2 and perhaps more.

MoSi2-based composites exhibit significant ductility above
the MoSi2 BDTT (900 to 1000 °C). The ductility of MoSi2-
based composites is at least an order of magnitude greater than

Fig. 4 Schematic drawings of the pesting reaction in a single crystal MoSi2 (Ref 87)
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that of the structural ceramics at high temperatures. This ductil-
ity means that MoSi2-based composites will have much higher
fracture toughness and resistance to catastrophic fracture at
elevated temperatures than the structural ceramics. Thus, com-
ponents made from MoSi2-based composites will be more reli-
able than components made from structural ceramics.

Studies on single-crystal deformation of MoSi2 and WSi2
indicate that the strength of these single crystals (although ani-
sotropic) is very good at elevated temperatures (1000 to 1500
°C) (Ref 99-100). The MoSi2 strength at orientations near [001]
is significantly higher than for other orientations studied. Such
an observation suggests that significant strength improvements
(and probably toughness) of polycrystalline silicides could be
attained by crystallographic texture control via hot working de-
formation processing. A 2 wt% C addition to MoSi2, which re-
moves the silica grain boundary phase on MoSi2 particles,
improves the Vickers hardness (100 gf load) of the base mate-
rial (Ref 101). In addition, carbon interacts with MoSi2 to form
SiC. Microhardness data at room temperature and at 1000 °C
for the carbon-containing alloy shows marked improvement
over carbon-free MoSi2. 

7.4 Fracture Toughness

The addition of 2 wt% C improves the fracture toughness of
MoSi2 dramatically between 800 and 1400 °C, while the frac-
ture toughness of the carbon-free MoSi2 decreases with in-
creasing temperature (Ref 101). The fracture mode has
changed from intergranular (no carbon) to transgranular (with
carbon) because of removal of a silica grain boundary phase by
reaction with carbon. In impure MoSi2 (without carbon), the
viscosity of the grain boundary silica decreases with increasing
temperature, resulting in grain boundary sliding with cavita-
tion, thereby decreasing toughness. On the contrary, the addi-
tion of 2% carbon reduces the grain boundary sliding and
improves high temperature toughness because of dislocation
motion plasticity.

Generally, a second-phase reinforcement (either brittle or
ductile) to MoSi2 has been tried to improve its mechanical
properties. Such reinforcement has resulted in two effects,
namely improvement of room temperature fracture toughness
and improvement of high temperature strength and creep prop-
erties, without degrading oxidation resistance.

This improvement has been attributed to crack-deflection-
crack branching processes or to the residual stresses at the par-
ticle-matrix interfaces. In the XD processed composites, SiC is
refined to approximately 2 to 3 µm, giving rise to larger incre-
ments in toughness at approximately 20 vol% SiC. On further
increasing the SiC volume fraction, the toughness decreased.
In this case, it has been observed that the SiC particles fracture.
At volume fraction levels greater than 20%, the fractured SiC
particles have formed a continuous path, thereby lowering the
fracture toughness. On the contrary, TiB2 reinforcements by the
same XD process seem to lower toughness because the TiB2
particles are pulled out due to weak particle-matrix interfaces.
Interestingly, addition of 20 vol% SiC platelets shows the same
amount of toughening as SiC particles (Ref 102). 

In contrast, MoSi2-ZrO2 particulate composites exhibit a
monotonic increase in fracture toughness with increasing vol-
ume fraction of the ZrO2 reinforcement (Ref 103). These com-

posites contain particles of partially stabilized ZrO2, which has
a metastable tetragonal crystal structure. In the vicinity of the
crack tip stress field, the tetragonal particles transform to the
monoclinic crystal structure with an associated volume in-
crease of approximately 4%. This crack-induced phase trans-
formation thus produces compressive microstructural stresses,
which shield the crack tip from applied external tensile
stresses, leading to increased transformation toughening in the
composite.

There are limited fracture toughness data on ductile rein-
forcements. These refractory reinforcements always result in
strong matrix-particle interfacial reactions. It is clear that duc-
tile phase reinforcements can result in fairly large improve-
ments in the toughness properties of silicide intermetallics at
low temperatures but with a penalty in strength and density, to-
gether with high temperature environmental degradation. 

7.5 Creep Deformation

Monolithic MoSi2 deforms rapidly at 1200 °C, with creep
rates two orders of magnitude higher than SiC whisker-rein-
forced composite materials (Ref 104-107). The presence of SiC
significantly reduces creep rates in the composite. The appar-
ent activation energies are 430 kJ mol–1 and 590 kJ mol–1 for
monolithic and composite MoSi2, respectively. The latter com-
pares well with similar activation energies in Si3N4 compos-
ites. These activation energies are higher than lattice diffusion
energies of silicon in MoSi2. Although such high apparent acti-
vation energies have been observed in other materials such as
metal matrix composites and dispersion-strengthened alloys,
mechanistic understanding is still unclear. In the present case,
the overall creep process can be due to the combined effects of
grain boundary sliding and dislocation glide and climb mecha-
nisms at higher applied stresses, while grain boundary sliding
processes can be dominant at lower stresses.

8. Applications 

MoSi2-based materials have been applied in some interest-
ing industrial applications. These applications are driven by the
elevated temperature mechanical properties of these materials,
in combination with other properties such as electrical conduc-
tivity and oxidation/corrosion resistance (Ref 3).

8.1 Heating Elements

MoSi2 materials have been employed for a long time as
heating elements for air furnaces. The recent Kanthal (Kanthal
AB, Hallstahammar, Sweden) Super 1900 heating elements
can operate at an element temperature of 1900 °C in air and oxi-
dizing environments. These Super 1900 elements are actually a
solid solution alloy of MoSi2 and WSi2. The major problems
with MoSi2-based heating elements are brittle fracture, which
makes the elements difficult to handle, and high temperature
creep, which causes the elements to deform and limits their up-
per use temperature. Both of these aspects limit element life, as
well as affect furnace design. Current elements are u-shaped
and typically hung vertically due to limitations in mechanical
properties. As both the fracture toughness and creep resistance
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of MoSi2-based materials continue to improve by composite
and alloying approaches, there will be significant improvement
in furnace element lifetime as well as greater flexibility in fur-
nace design.

8.2 Aerospace Gas Turbine Engines

Pratt & Whitney has been developing advanced materials
for a blade outer air seal (BOAS) hot section component of its
gas turbine engines (Ref 3). In the engine, the BOAS is a sta-
tionary part, which is located directly opposite the rotating hot
section turbine blades. The purpose of the BOAS is to maintain
a small gap of stable dimensions between itself and the turbine
blade. If this gap widens during operation of the turbine, it di-
rectly affects the turbine efficiency. Although stationary, the
BOAS is exposed to high turbine gas temperatures and signifi-
cant thermal stresses.

Gas burner testing by Pratt & Whitney has shown that
MoSi2-SiC and MoSi2-Si3N4 composites possess significant
thermal shock resistance in a simulated jet fuel combustion en-
vironment. These materials have survived 250 cycles from
room temperature to 1500 °C with no failure. Recent work at
NASA Lewis Research Center (Cleveland, OH) has concen-
trated on MoSi2-Si3N4 composites reinforced with SiC con-
tinuous fibers. Thermomechanical Charpy impact tests have
demonstrated that these composite materials absorb significant
impact energy at both room temperature and elevated tempera-
tures.

8.3 Diesel Engines

The Toyota Central Research and Development Facility in
Japan has recently developed MoSi2-Si3N4 composite diesel
engine glow plugs (Ref 3). The MoSi2-Si3N4 glow plugs con-
tain 30 to 40 vol% MoSi2 phase in a Si3N4 matrix. These glow
plugs have two distinct practical advantages over metal glow
plugs. First they are highly resistant to the diesel fuel combus-
tion environment and thus have a long lifetime of approxi-
mately 13 years. Second, they can be heated at higher heating
rates with the result that the diesel engine can be started faster.
An inner composite cylinder with an interconnected MoSi2
phase provides the necessary electrical conductivity. An outer,
nonconducting sheath of the same MoSi2-Si3N4 phase compo-
sition is employed as a cover for the inner conducting compos-
ite and has the same thermal expansion coefficient and thermal
conductivity. This microstructural tailoring of the MoSi2-Si3N4
composite allows for optimum performance of the diesel glow
plug.

8.4 Industrial Gas Burners

The gas burner industry is in the process of developing burn-
ers for oxygen-natural gas mixtures rather than air-natural gas
mixtures in order to reduce NOx environmental emissions (Ref
108). Because such oxygen-natural gas burners must operate at
higher temperatures than air-natural gas burners, there is a need
to develop new materials that are resistant to the oxygen-natu-
ral gas combustion environment. Studies have shown that
MoSi2 has significant resistance to oxygen-natural gas com-
bustion at high temperatures. After an initial transient period,
material stability is achieved through the formation of a stable

Mo5Si3 layer. Stability occurs under both stoichiometric and
fuel-rich combustion conditions. Prototype MoSi2 gas burners
have been fabricated by a plasma spray forming process (Ref
109).

8.5 Molten Metal Lances

Some foundry operations require that gases be injected into
molten metals. Microlaminate MoSi2-Al2O3 composite tubes
have been fabricated by plasma spray forming (Ref 110). These
tubes have been tested as inert gas lances in molten aluminum
alloys at 725 °C and in molten copper at 1200 °C. The MoSi2-
Al 2O3 composites perform very well in both molten metals.
The MoSi2-Al2O3 microlaminate tube can withstand at least 4
h in the molten copper, while a graphite tube has lasted for 15
min, and a SiC tube has thermal shocked upon immersion in the
molten copper. The MoSi2-Al 2O3 composite tube is resistant to
chemical attack by the molten copper due to the presence of the
Al 2O3 phase, while it exhibits thermal shock resistance and
“ graceful failure”  mechanical behavior due to plastic deforma-
tion of the MoSi2 phase.

8.6 Glass Processing

At the present time, metals and ceramic refractories are pri-
marily employed in applications and components requiring
contact with molten glasses. Molybdenum is highly resistant to
corrosion when immersed in molten glass. However, due to its
poor oxidation resistance, it cannot be employed at or above the
molten glass line. The precious metal platinum is also em-
ployed in contact with molten glasses, but this material is very
expensive. The alumina-zirconia-silica (AZS) multiphase re-
fractory ceramic is also used for containing molten glasses but
suffers from relatively poor mechanical properties.

Recently, it has been shown that MoSi2 is a material that is
quite resistant to corrosion by molten glasses (Ref 111-113).
MoSi2 shows excellent corrosion resistance below the glass
line due to Mo5Si3 formation and excellent oxidation resistance
above the glass line due to SiO2 formation. While corrosion
rates of MoSi2 are somewhat higher at the glass line than below
the glass line, it has been reported that anodic protection of the
MoSi2 significantly lowers corrosion rates at the glass line.
This corrosion resistance of MoSi2 to molten glasses in combi-
nation with its elevated temperature mechanical properties has
recently led the Kanthal Corporation to market a new MoSi2
immersion tube for the injection of gases into molten glass. A
CRADA (Cooperative Research and Development Agree-
ment) between the Los Alamos National Laboratory and
Schuller International Inc. has been initiated. (Schuller Interna-
tional is a major U.S. producer of fiberglass.) The objective of
the CRADA is the development of MoSi2-based materials for
fiberglass processing applications and components (Ref 3).

9. Other Efforts 

Although MoSi2 has excellent oxidation resistance at tem-
peratures in excess of 1600 °C in air, it has a high creep rate
above 1200 °C, making it unsuitable for high temperature load
bearing. Pentamolybdenum trisilicide (Mo5Si3) has a high
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melting point of 2160 °C and a more complex unit cell that may
lead to better creep resistance. A major drawback to its applica-
tion has been the fact that its oxidation resistance is greatly in-
ferior to that of MoSi2. Undoped Mo5Si3 exhibits pest
oxidation at 800 °C. Mass loss occurs in the temperature range
of 900 to 1200 °C due to volatilization of molybdenum oxide,
indicating that the silica scale that forms does not provide a pas-
sivating layer. 

Recently it has been shown that small additions of boron to
Mo5Si3 significantly improve oxidation resistance (Ref 114).
The addition of boron results in protective scale formation and
parabolic oxidation kinetics in the temperature range of 1050 to
1300 °C. The oxidation rate of Mo5Si3 is decreased by five or-
ders of magnitude at 1200 °C by doping with less than 2 wt%
boron. Boron doping eliminates catastrophic pest oxidation at
800 °C. The mechanism for improved oxidation resistance of
boron-doped Mo5Si3 is viscous sintering of the scale to close
pores that form during the initial transient oxidation period due
to volatilization of molybdenum oxide. Additionally, the boron
forms a multiphase composite material consisting in Mo5Si3Bx,
Mo5(SiB)3, Mo3Si, MoSi2, and MoB, with the exact phase
composition depending on the level of boron addition. Boron-
Mo5Si3 materials have been reported to possess good elevated
temperature creep resistance.

10. Conclusions

The following conclusions have been drawn in this article:

• Molybdenum disilicide (MoSi2) and its composites have
become an important class of high temperature structural
materials. They are borderline ceramic-intermetallic com-
pounds, and thus both metal and ceramic processing tech-
niques are very important in developing these silicide based
materials. MoSi2 composites are important elevated tem-
perature structural materials for applications in oxidizing
and aggressive environments.

• Molybdenum disilicide-based heating elements have been
used extensively in high-temperature furnaces. The low
electrical resistance of silicides in combination with higher
thermal stability, electron-migration resistance, and excel-
lent diffusion-barrier characteristics are important for mi-
croelectronic applications. 

• Current potential applications of MoSi2-based materials
also include combustion chamber parts, missile nozzles,
molten metal lances, industrial gas burners, diesel engine
glow plugs, and materials for glass processing. Much inter-
est and effort have been invested in the research and devel-
opment of MoSi2-based materials, and they are expected to
enter other applications soon. Improvements in low tem-
perature fracture toughness and high temperature creep re-
sistance are still the most challenging tasks.
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