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In this research MoSi, intermetallic compound was synthesized from the elemental powders using an
attritor mill in extended milling times (up to 30 h) followed by an annealing heat treatment. In order to
study the structural evolution of the products, X-ray diffraction and scanning electron microscopy were
employed. Since no solid solution and phase transformation was detected by X-ray diffraction pattern
analysis, therefore annealing of the milled powders was carried out by using an atmosphere controlled

conventional furnace. The heat treatment process resulted in the formation of dual MoSi, and MosSis
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phases above 1000 °C and single MosSi3 phase below 1000°C.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Intermetallic molybdenum disilicide (MoSi,) demonstrates
unique properties such as low density (6.24 g/cm?), high melting
point (2030°C), excellent oxidation resistance and high temper-
ature strength. Therefore, it can be an attractive candidate for
high temperature applications, especially in the aerospace industry
[1,2]. Its oxidation resistance originates primarily from the forma-
tion of self-heating SiO, coating under an oxidizing atmosphere
at temperatures above 1200 °C. MoSi; compound is dimorphous,
the tetragonal a-phase (C11y, type) is a stable phase up to 1900°C,
above which is transformed to the hexagonal [3-phase (C40 type)
[3]. Casting, conventional arc melting or powder metallurgy includ-
ing sintering, hot pressing and self-sustaining (SHS) combustion
are among the various methods that are being used to synthe-
size MoSi,. However, the high melting point and line compound
phase always limit the fabrication of MoSi, by these conventional
methods [4,5].

Mechanical alloying (MA) is a promising method for produc-
ing these kinds of intermetallics. This method is basically a solid
state process involving repeated welding, fracturing and reweld-
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ing of powder particles in a high energy ball mill. MA has been
extensively used to produce a variety of non-equilibrium phases or
alloys such as amorphous phases, supersaturated solid solutions,
meta-stable crystalline and quasi-crystalline intermediate phases
as well as nanostructured materials [6-10]. In the present work,
MoSi; has been synthesized using Mo-Si binary mixture by means
of mechanical milling followed by annealing heat treatment. In
addition, morphology and structural changes have been investi-
gated by scanning electron microscopy (SEM) and X-ray diffraction
(XRD) analyses of the milled samples. Additionally, solid state reac-
tions occurring in annealing process have been investigated by
means of X-ray diffraction method.

2. Experimental

In this investigation a stoichiometric composition of pure molybdenum and
pure silicon with an average diameter of 4 and 45 pm, respectively, was used for
the milling process. The mechanical milling was performed using an attritor mill
with stainless steel vial and balls (10 mm in diameter). The rotational speed was
360rpm and the ball-to-powder mass ratio was set to be 20:1. The powder sam-
ple and milling balls were loaded into the vial and 0.5 wt% stearic acid was used as
the process control agent (PCA) (also referred to as lubricant or surfactant) in order
to minimize the cold welding between powder particles. Milling was performed in
an Ar atmosphere. Water circulation kept the temperature of vial at room temper-
ature during the milling process. A Philips XPert X-ray diffractometer using CuK,
radiation was employed to investigate structural evolution of the powder samples
during the milling process. In order to study the microstructure and morphology of
the as-milled samples, a scanning electron microscope was used. It was also used
for measuring the particle size. Heat treatment of as-milled powders was carried
out with a constant heating rate of 10°/min in Ar atmosphere. The holding time at
the selected temperatures (900-1200°C) was 1h.
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Fig. 1. XRD pattern of powders milled for different times.

3. Results and discussion

Fig. 1 shows the XRD pattern of the mechanically milled pow-
ders for 0, 15 and 30 h. It can be seen that milling not only decreases
peaks intensities but also peak broadening takes place. It is espe-
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Fig. 2. Changes in average particle size during the milling process.

cially well pronounced for the case of Si peaks. This is due to the
fact that the reduction in peak intensity stems from Mo high X-
ray absorption coefficient [11]. The metallic radius of Mo and Si is
0.1363 and 0.132 nm, respectively. So when Si atoms dissolve in the
Mo lattice, the Mo reflection peaks will shift to larger angles [12].
Since no major shift in the Mo peak positions was observed, it can be
concluded that no reciprocal solid solution has occurred. Because
mechanism and amount of MoSi, produced during mechanical
milling is largely affected by the milling energy [10,13], it can be
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Fig. 3. Changes in the morphology of powders, prior to milling (a) pure Mo, (b) pure Si and Mo-Si stoichiometric mixture milled for (c) 2h, (d) 6h and (e) 20 h.
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Fig. 4. XRD patterns of samples milled for 30 h right after annealing.

deduced that the input energy in this system has not been enough
to produce MoSi,. Therefore, it can be said that as-milled powders
are well-mixed and highly activated only.

Fig. 2 shows the variation in average particle size during the
milling process. In the initial stages of milling, large decrease in
average particle size is a result of grinding of Si coarse powder
particles. Since Mo particles are subjected to compressive impact
forces and undergo plastic deformation, therefore metal powder
particles get flattened but welding of soft powder particles has not
occurred [14]. In extended milling times however new surfaces
in Mo powder particles created and the rate of welding between
powder particles increased. When the welding occurs, the average
particle size slightly increases. But in further milling, work hard-
ening happens and consequently due to an increased brittleness
of powders, particle size continuously decreases. This decrease can
happen mostly in the first 15 h of the milling process. Using SEM
it was found that the average particle size of the samples milled
for 30 h was approximately 140 nm. Fig. 3 shows the changes in
morphology of powders.

In order to investigate the effect of heat treatment on the for-
mation of MoSi, phase, annealing in Ar atmosphere was carried
out at different temperatures from 900°C to 1200 °C on the pow-
der samples milled for 30 h. Fig. 4 shows the XRD patterns of 30 h
milled samples right after the annealing heat treatment. As can be
seen in the XRD pattern of the sample heated at 900 °C, diffraction
peaks were identified as elemental Mo and Si powders and just
a small trace of MosSi3 was detected which could be the result
of solid state diffusion of Si in Mo [5,15]. In contrast, it is seen
in the XRD patterns of the samples heated at 1000°C and above
that Mo and Si can form MoSi;. The increase in heat treatment
temperature clearly leads to an increase in MoSi; (1 0 3) peak inten-
sity.

Fig. 5 shows changes in MoSi, (103) peak intensity at differ-
ent heat treatment temperatures. The effect of annealing is stress
relieving and grain growth, which leads to decrease in the peak
width and increase in sharpness of the peaks [11]. It is seen in
Fig. 4 that peak width reduces and MoSi, peaks are much sharper
in higher temperatures. Fig. 6 shows the variations in the ratio of
the intensities of the sharpest peaks of MoSi, and MosSis at dif-
ferent heat treatment temperatures. Since it is seen in Fig. 5 that
intensity of MoSi, peaks are continuously increasing as tempera-
ture increases, it can be concluded from the decline in the ratio of
the intensity of the sharpest peaks of MoSi; and MosSis in Fig. 6 that
the amount of MosSi3 phase has actually considerably increased at
1200°C. It has been justified in the literature that this increase is
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Fig.5. Variations in the MoSi; (10 3) peakintensity vs. heat treatment temperature.
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Fig. 6. Variations in the ratio of the intensities of the sharpest peaks of MoSi, and
MosSi3 vs. heat treatment temperature.

related to the following reaction [5]:
3MoSi, +7Mo = 2MosSi3

By increasing the heat treatment time, the amount of MosSi3
can be reduced again though [5].

4. Conclusion

1 By performing mechanical milling on pure Mo and Si powders
only grinding, mixing and mechanical activation happens and no
reciprocal solid solution was observed.

2 The average particle size of the powder samples milled for 30 h
was about 140 nm. Decrease in average particle size mainly hap-
pens in the initial 15 h of the milling process.

3 To produce MoSi, from activated powders, heat treatment of
samples milled for sufficient amount of time at temperatures
above 1000°C is required. In addition, the amount of inter-
metallics produced increases by increasing the heat treatment
temperature.
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