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a b s t r a c t

Dense nanostructured MoSi2 was sintered from a mechanically synthesized powder of MoSi2 within
1 min using a high-frequency induction heating method. MoSi2 with a relative density of up to 97% was
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produced by the simultaneous application of a 60 MPa pressure and an induced current. The average
grain size of the MoSi2 sample was approximately 100 nm. The hardness and fracture toughness of the
sample was 1203 kg/mm2 and 4.2 MPa m1/2, respectively.

© 2010 Elsevier B.V. All rights reserved.
intering
echanical properties

. Introduction

MoSi2 has been investigated as a potential material for high-
emperature structural and electronic applications. MoSi2 has a
esirable combination of a high melting temperature (2020 ◦C),
igh modulus (440 GPa), good oxidation resistance in air, a rela-
ively low density (6.24 g/cm3) [1], and the ability to undergo plastic
eformation above 1200 ◦C [2]. Combined with the good thermal
nd electric conductivity, these properties led to the use of MoSi2 as
heating element material in high-temperature furnaces operat-

ng in air up to approximately 1700 ◦C [3,4]. However, as in the case
f many such compounds, there is considerable concern regard-
ng its low fracture toughness below the ductile–brittle transition
emperature [5,6]. The fabrication of nanostructured materials has
een found to be effective in improving the mechanical properties
f these materials. Nanocrystalline materials have attracted consid-
rable attention as advanced engineering materials with improved

hysical and mechanical properties [7,8]. More attention has been
aid to the application of nanomaterials on account of their high
trength, high hardness, excellent ductility and toughness [9,10].
ecently, nanocrystalline powders have been developed by ther-
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mochemical and thermomechanical processes, such as the spray
conversion process (SCP), co-precipitation and high-energy milling
[6,11,12]. However, the grain size in sintered materials is much
larger than that of the pre-sintered powders due to the rapid
grain growth that occurs during conventional sintering. Therefore,
although the initial particle size is <100 nm, the grain size increases
rapidly up to 500 nm or larger during conventional sintering [13].
Therefore, controlling grain growth during sintering is essential to
the commercial success of nanostructured materials. In this regard,
the high-frequency induction-heated sintering method, which can
produce dense materials within 2 min, has been shown to be effec-
tive in achieving this goal [14,15].

This paper reports an investigation of the fabrication of MoSi2
nanopowders by high-energy ball milling and the consolidation
of dense nanostructured MoSi2 (within 1 min) starting with the
reacted nanopowder. The mechanical properties of the resulting
nanostructured MoSi2 were evaluated.

2. Experimental procedure

Powders of 99.999% molybdenum (−325 mesh, Alfa Products) and 99% pure sil-
icon (−325 mesh, Aldrich Products) were used as the starting materials. Mo and Si
powder mixtures were first milled in a high-energy ball mill (Pulverisette-5 plane-
tary mill) at 250 rpm for 10 h. Tungsten carbide balls (5 mm in diameter) were used

in a sealed cylindrical stainless steel vial in an argon atmosphere. A charge ratio
(ratio of mass of balls to powder) of 30:1 was used.

The interaction between the Mo and 2Si during was milling is thermodynami-
cally feasible according to the following reaction:

Mo + 2Si → MoSi2 (1)

dx.doi.org/10.1016/j.jallcom.2010.06.119
http://www.sciencedirect.com/science/journal/09258388
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approximately 100 nm.
The Vickers hardness of the polished sections of the MoSi2 was

measured using a 1 kg load and a 15 s dwell time. The calculated
hardness of MoSi2 was 1203 kg/mm2. This represents an average
of five measurements. Indentations with sufficiently large loads
Fig. 1. XRD patterns of the raw materials: (a) Mo, (b) Si and (c) milled Mo + 2Si.

Fig. 1 shows the X-ray diffraction (XRD) patterns of the raw materials and milled
owder. During milling, MoSi2 was synthesized from Mo and 2Si powders, as shown

n Fig. 1(c). Milling resulted in a significant decrease in the grain size of MoSi2.
he grain size and internal strain were calculated using Suryanarayana and Grant
orton’s formula [16]:

r (Bcrystalline + Bstrain) cos � = k�

L
+ � sin � (2)
here Br is the full width at half-maximum (FWHM) of the diffraction peak after
n instrument correction; Bcrystalline and Bstrain are FWHM caused by the small grain
ize and internal stress, respectively; k is a constant (with a value of 0.9); � is the
avelength of the X-ray radiation; L and � are the grain size and internal strain,

espectively; � is the Bragg angle. The parameters, B and Br , follow the Cauchy’s form
ith the relationship: B = Br + Bs , where B and Bs are the FWHM of the broadened
mpounds 505 (2010) L31–L34

Bragg peaks and the standard Bragg peaks of the samples, respectively. The mean
grain size of MoSi2 determined using Suryanarayana and Grant Norton’s formula
was approximately 41 nm.

After milling, the powder was placed in a graphite die (outside diame-
ter = 45 mm, inside diameter = 20 mm, and height = 40 mm) and introduced into a
high-frequency induction-heated sintering system, which is shown schematically
in Ref. [17]. The synthesis was performed in four major stages. The system was
evacuated to 40 mTorr (stage 1), and a uniaxial pressure of 60 MPa was then applied
(stage 2) followed by the activation of an induced current (≈50 kHz), which was
maintained until densification was achieved, as indicated by a linear gauge measur-
ing the shrinkage of the sample (stage 3). The temperatures were measured using
a pyrometer focused on the surface of the graphite die. At the end of the process,
the sample was cooled to room temperature (stage 4). The process was carried out
under a vacuum of 40 mTorr.

The relative density of the sintered sample was measured using the Archimedes
method. Microstructural information was obtained from the product samples that
had been polished and etched for 1 min at room temperature using a solution of HF
(10 vol.%), HNO3 (20 vol.%), and H2O (70 vol.%). The composition and microstructure
of the products were determined by XRD and scanning electron microscopy (SEM)
with energy dispersive X-ray analysis (EDAX). The Vickers hardness was measured
by performing indentations on the sintered samples at a 1 kg load and a dwell time
of 15 s.

3. Results and discussion

Fig. 2 shows the changes in shrinkage displacement and temper-
ature of the surface of the graphite die with heating time during the
sintering of MoSi2. As the induced current was applied, the spec-
imen initially showed small (thermal) expansion, and shrinkage
displacement increased gradually with temperature to approxi-
mately 1100 ◦C, and then continuously to 1300 ◦C. Fig. 3 shows SEM
(secondary electron) images of (a) the powder after milling, (b) the
specimen heated to 1400 ◦C. The XRD patterns of the milled powder
(Fig. 4(a)) show only the peaks pertaining to MoSi2. However, when
the temperature was increased to 1400 ◦C, XRD showed peaks for
MoSi2, as indicated in Fig. 4(b), along with those for a minor phase
(Mo5Si3), as shown in Fig. 4(b). The presence of Mo5Si3 in the sam-
ple suggests a Si deficiency. It is believed that this observation is
related to the entrapped oxygen in the pores of the interior portion
of the sample during pressing or possibly to the slight oxidation of
Si during heating.

The structure parameter, i.e. the average grain size of the sili-
cide phases was estimated using Suryanarayana and Grant Norton’s
formula [16]. Fig. 5 shows a plot of Br sin � as a function of cos �.
The intercept (K�/L) can be used to calculate the crystallite size (L).
The average grain sizes of MoSi2 prepared using this method were
Fig. 2. Variations in temperature and shrinkage displacement with heating time
during the densification of MoSi2.
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ig. 3. Scanning electron microscope images of the Mo + 2Si system: (a) after milling
nd (b) after the consolidation of MoSi2.

roduced median cracks around the indent. From the length of
hese cracks, the fracture toughness can be determined using two
xpressions. The first expression, proposed by Anstis et al. [18] is

( ) ( )

IC = 0.016

E

H

1/2 P

C

3/2
(3)

here E is Young’s modulus, H is the indentation hardness, P is the
ndentation load, and C is the trace length of the crack measured

ig. 4. XRD patterns of the Mo + 2Si system: (a) after milling and (b) after the con-
olidation of MoSi2.
Fig. 5. Plot of Br cos � versus sin �: (a) after milling, and (b) after the consolidation
of MoSi2.

from the center of the indentation. The second expression proposed
by Niihara et al. [19] is

KIC = 0.023
(

c

a

)−3/2
Hv a1/2 (4)

where c is the trace length of the crack measured from the center of
the indentation, a is the half of average length of two indent diag-
onals, and Hv is the hardness. The toughness values were derived
from an average of five measurements. The toughness values calcu-
lated using the two methods were 4.3 ± 0.3 and 4.2 ± 0.3 MPa m1/2,
respectively. These fracture toughness and hardness values of
nanostructured MoSi2 were higher than those (fracture toughness;
2.58 MPa m1/2 hardness; 8.7 MPa) of microstructured MoSi2 [20]
due to the refinement of the grain size.

4. Summary

MoSi2 was synthesized mechanically from elemental powders
of Mo and 2Si during high-energy ball milling for 10 h. Using the
HFIHS method, the MoSi2 was consolidated within 1 min using
mechanically activated MoSi2 powders. The relative density of the
MoSi2 was 97% of the theoretical at an applied pressure of 60 MPa.
The average grain size of MoSi2 prepared by the HFIHS method

was approximately 100 nm. The average hardness and fracture
toughness was 1203 kg/mm2 and 4.3 MPa m1/2, respectively. These
fracture toughness and hardness of the nanostructured MoSi2 were
higher than those of microstructured MoSi2.
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