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ABSTRACT

The a-Mo/MosSiB; nanocomposite was synthesized by mechanical alloying of the elemental pow-
ders. The structural evolutions of powder particles during mechanical alloying were studied by X-ray
diffractometry, scanning electron microscopy and microhardness measurements. After 10 h of milling, a
supersaturated solid solution of Si and B in Mo was formed and a composite microstructure consisting
of fine boron and silicon particles distributed into molybdenum solid solution matrix was observed. In
addition, the crystallite size of Mo reached to less than 23 nm. After 20 h of milling, new peaks related to
MosSiB; appeared in X-ray diffractograms. The microstructure of 20 h milled samples showed a compos-
ite structure in which intermetallic phases were embedded in a continuous a-Mo matrix. At this time,
molybdenum crystallite size was 14 nm and a considerable increase in hardness value of powder particles
was yielded due to the formation of MosSiB,. By further increase of milling time to 40 h, the molybde-
num content of MosSiB; increased whereas the crystallite size decreased. The 40 h milled powders had

microhardness up to 1200 HV(; due to refinement of crystallite size.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

High temperature processes are becoming more and more com-
mon in today’s industrial society. With these processes comes
the demand for superior materials that will extend the maximum
operating temperature of components such as gas turbines, heat
exchangers and heating elements [1]. Structural materials used in
high temperature environments should have adequate strength,
excellent oxidation resistance, superior creep resistance and good
fracture toughness. In this regard, new materials have been devel-
oped to achieve all of these desired properties [2,3].

Molybdenum disilicide is of considerable interest due to its
excellent oxidation resistance, high melting temperature, and rel-
atively easy processing. Consequently, this compound is attractive
candidate material for potential applications in high tempera-
tures. However, MoSi, exhibits poor low temperature mechanical
strength, unfortunate creep resistance at high temperatures and
poor oxidation resistance at moderated temperature (600-800°C)
because of its ‘pesting behavior’ [4-7]. Therefore, the structural
application of MoSi; has encountered some limitations.

Another silicide, MosSis, is dynamically being investigated as a
possible material for high temperature applications. Although, this
material has superior creep resistance when compared to MoSiy,
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but, the oxidation resistance of this compound is poor [8]. However,
Meyer et al. [9-11] found that small additions (2 wt.%) of boron to
MosSi3 can noticeably improve the isothermal oxidation behav-
ior at high temperatures and can eliminate the pest oxidation at
moderate temperatures.

When B is added to the Mo-Si system, Mo, Si, and B can form
a ternary phase called T2 with a composition MosSiB,. T2 offers
an attractive property balance of high melting temperature, oxida-
tion resistance and useful high temperature mechanical properties
[12,13]. Since it possesses a complex tetragonal structure (D8I-
type structure), outstanding creep resistance is expected for this
compound at ultra-high temperatures [14]. It was reported that
the single crystal of MosSiB, exhibits some deformability and
extremely high strength at 1773 K in certain orientations [15-18].
Ito et al. [18] investigated high temperature strength and creep
properties of Mo5SiB, single crystal. They showed thatit has greater
excellent high temperature strength than that of MoSi, and MosSis
single crystals and their composites [18,19]. T2 is believed to pro-
vide excellent oxidation resistance from the boron-added silica
glass scale that forms when it is oxidized [3,20]. Therefore, MosSiB;
is a new, highly potential candidate for ultra-high temperature
applications. But the major challenge still lies in the inherent brit-
tleness of MosSiB; [3].

An optimum combination of room temperature fracture tough-
ness, high temperature creep and oxidation resistance possibly can
be achieved by using a microstructure in which MosSiB; is dis-
persed in a ductile a-Mo phase [21-23]. A further improvement of
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Fig. 1. Secondary electron SEM micrographs of as-received elemental powder particles: (a) Mo, (b) Si and (c) B.

mechanical properties can be achieved by decreasing of the grain
size to the nanometer scale.

The formation of alloys via solid-state reaction that occurs
during ball milling of elemental powders, called mechanical alloy-
ing (MA), is a useful way for production of such nanocomposites
[24-27]. During MA both matrix and reinforcement are formed
through an in situ process, which will promote good bonding
between matrix and reinforcement. Moreover, a homogeneous dis-
tribution of fine reinforcing particles can be obtained by the MA
process [28].

The synthesis of nanocrystalline alloys and intermetallic com-
pounds by ball milling has been successfully achieved by several
researchers [29-33].While many studies on MA for the Mo-Si
binary system [34-39] have been reported, there is very little infor-
mation about the synthesis of the Mo-Si-B ternary system by MA
process.

In this work, the in situ synthesis of a~-Mo/MosSiB, nanocom-
posite was investigated by mechanical alloying. The phase
transformations, structural and morphological evolutions occur-
ring in MA process were also investigated.
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Fig. 2. X-ray diffractograms of powder mixture after different milling times (a).
Insert shows the displacement of (1 10) Mo peak (b).

2. Experimental procedure

The elemental powders of Mo (99.7 wt.% purity), Si (99.8 wt.% purity) and B
(99 wt.% purity) were used as starting materials. Fig. 1 shows the secondary elec-
tron micrographs of elemental Mo, Si and B powder particles. The Mo particles were
nearly uniform in size (~3 pwm) with a spherical morphology. Si particles had an
irregular shape with a size distribution of 5-100 wm and B particles had irregular
shape with a size distribution of 100-300 pm.

The Mo, Si and B powders with molar ratio of 5:1:2 were mixed according
to stoichiometric composition of MosSiB,. MA process was carried out in a high
energy planetary ball mill, nominally at room temperature under Ar atmosphere.
The milling media consisted of nine 20 mm diameter balls confined in a 250 ml vol-
ume vial. In this regard, hardened steel vials and balls were used for ball milling. The
ball-to-powder weight ratio and milling speed were 15:1 and 300 rpm, respectively.
The total powder mass was 20 g with 0.3 wt.% stearic acid as a process control agent
(PCA) to prevent the agglomeration of powders during milling. Samples were taken
at selected time intervals and characterized by X-ray diffraction (XRD) in a Philips X’
PERT MPD diffractometer using filtered Cu K, radiation (1 =0.1542 nm). The crystal-
lite size and internal strain of powders were estimated using the Williamson-Hall
method [40]:
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Fig. 3. Change of lattice parameter of Mo with milling time.
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Fig. 4. (a) XRD patterns of powder mixture just before and after formation of T2. Inserts show variation of molybdenum intensity with increasing milling time (b) and the

displacement of MosSiB, peak (c).

where 0 is the Bragg diffraction angle, D the crystallite size, ¢ the average internal
strain, A the wavelength of the radiation used, B the diffraction peak width at half
maximum intensity, K the Scherrer constant (0.91) and A is the coefficient which
depends on the distribution of strain; it is near to unity for dislocations.

Morphology and microstructure of powder particles were characterized by SEM
in a Philips XL30 at an accelerating voltage of 30 kV. The mean powder particle size
was estimated from SEM images of powder particles by image tool software. The
average size of about 50 particles was calculated and reported as mean powder par-
ticle size. For measurement of microhardness, a small amount of powder particles
was mounted. Prior to indentation, the surfaces of samples were polished using
a sequence of increasing grit sandpaper followed by a series of diamond pastes.
The Vickers microhardness at the polished cross-section of powders was measured
with a microhardness tester at a load of 100g and dwell time of 10s. Ten Vickers
indentation marks were performed on each sample.

3. Results and discussion
3.1. Structural evolution

Fig. 2 shows X-ray diffractograms of Mo-12.5 mol% Si-25 mol%
B powder mixture after different milling times. After 1 h of milling,
the diffraction pattern shows strong Mo peaks with relatively weak
and broad Si peaks and B peaks cannot be displayed because of high
mass absorption coefficient of Mo. The intensity of Si diffraction
peaks decreases with increasing milling time. Increasing milling
time to 10 h led to complete disappearance of Si peaks. The reduc-
tion in the intensity of the Si peaks is commonly observed during
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Fig. 5. Mo-MosSiB; (T2) pseudo binary phase diagram [19].

mechanical alloying of Mo-Si which can be attributed to the inti-
mate mixing of the two elements, the strong absorption of Mo
and dissolution of Si into Mo lattice during mechanical alloying
[41-43].

Furthermore, during MA from 1 to 5h, Mo peaks shift toward
lower angles and after that Mo peaks shift to higher angles with
increasing milling time from 5 to 10 h (Fig. 2b). The displacement
of Mo peaks toward lower or higher angles can be related to lattice
expansion or contraction. The lattice parameter of Mo in pow-
der mixture was determined at different milling times by using
Nelson-Riley function [44]. The effect of milling time on the lat-
tice parameter of Mo has been shown in Fig. 3. Primarily, a gradual
increase in Mo lattice parameter is observed which reaches a max-
imum value after 5h, then, it decreases rapidly. The atomic radii
of carbon, nitrogen, hydrogen, and boron are lower than 2 A, so,
an interstitial solid solution can be formed between a metal and
one of these elements [44]. Here, an interstitial solid solution of B
in Mo is expected to be formed. The interstitial addition of B to
Mo is always accompanied by an increase in the volume of the
unite cell. The increase in lattice parameter of Mo leads to shift
of Mo peaks to lower angles. Thus, it can be suggested that B has
been dissolved in Mo with increasing milling time from 1 to 5h.
With increasing milling time from 5 to 10 h, the lattice parameter
of Mo decreases rapidly. The decrease in lattice parameter could
be attributed to substitutional dissolution of Si atoms in Mo lattice.
Since Si has significantly smaller atomic radius than Mo, the lattice
parameter of Mo decreases by alloying with Si. The formation of
substitutional solid solution of Si in Mo has been reported in the
literature [37,43,50]. According to mentioned discussions, it can be
concluded that Mo(Si,B) solid solution can be formed after 10 h of
milling.

In the ternary Mo-Si-B phase diagram at 1600 °C, reported by
Nunes et al. [45], a-Mo contains about 1 at.% B and 2-3 at.% Si [46].
However, Sakidja and Perepezko [46,47] have recently reported
that solubility of B in Mo is negligible. On the other hand, Schneibel
[48] has reported the presence of 3.2 at.% B in the a-Mo phase in
the arc-melted ingots of Mo-19.5W-12Si-8.5B alloy can be due to
the effect of W in formation of solid solution with Mo. It should be
noted that solubility limit of B in a-Mo is still under investigation.
The solid solubility limit of B and Si in Mo can be extended as a
result of MA process leading to the formation of a supersaturated
solid solution of Si and B in Mo due to the high dislocation density,
large amounts of structural defects and the local stresses produced
during MA.
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Fig. 6. Variation of crystallite size and internal strain of Mo (a) and MosSiB; (b) with increasing milling time.
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Fig. 8. Cross-sectional SEM images of powder mixture after (a) 5, (b) 10, (c) 20 and (d) 100 h of milling times.
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Fig. 4 shows X-ray diffractograms of powder mixture just before
and after formation of MosSiB5. After 10 h of milling, only Mo peaks
are seen. With increasing milling time to 20 h, new peaks related
to MosSiB, appeared. Also, broadening of Mo peaks and decreas-
ing of its intensity are seen. Further increasing of milling time led
to broadening of Mo and MosSiB, peaks due to the decreasing of
their grain size and increasing of lattice strain during MA. After 40 h,
the intensity of Mo peaks approximately reaches to zero (Fig. 4c).
Moreover, during ball milling from 20 to 100 h, MosSiB; peaks
shift toward higher angles (Fig. 4b). This indicates that a quantity
of Mo is dissolved into the lattice of MosSiB, and Mo content of
MosSiB; is increased. Fig. 5 shows phase diagram of Mo-MosSiB,.
It can be seen that Mo can dissolve in MosSiB; and the Mo con-
tentin MosSiB, decreases with decreasing temperature. It has been
reported in the literature that the high dislocation density, large
amounts of structural defects and the local stresses produced dur-
ing MA can enhance solid solubility. Therefore, the solubility of Mo
in MosSiB; can increase by mechanical alloying.

The direct formation of a-Mo/MosSiB, during milling process
has not been reported yet. Although Yamauchi et al. [49] reported
the formation of MosSiB; by combination process of mechani-
cal alloying and spark plasma sintering but they could not obtain
this phase by mechanical alloying. Furthermore, they could not
obtain a-Mo/MosSiB, by mechanical alloying. Kurger et al. [50]
had investigated formation of a-Mo-Mos5SiB,-Mo3Si by mechani-
cal alloying. They could not achieve this composite by mechanical
alloying and only after consolidation they obtained the composite.

The crystallite size and the internal strain of Mo and MosSiB;
phases were obtained from XRD analysis using the Williamson-Hall
method. In this method, both broadening contributions, due to the
strain and crystallite size, are taken into account.

The crystallite size and internal strain of the Mo and MosSiB,
calculated from the line width are shown in Fig. 6 as a function of
MA time. Three parts are seen in Fig. 6a. At early stages of milling,
crystallite size of Mo does not change with increasing milling time
but internal strain changes very slowly. With increasing milling
time from 5 to 10 h, the crystallite size of Mo rapidly decreases and it
receives to less than 23 nm after 10 h of MA. Also, the internal strain
increases quickly to a high value of about 0.9% after 10h of MA.
Further refinement of the crystallite size occurs gradually to 14 nm
after 20 h of MA and the strain approaches a steady-state value of 1%
at this time. The MosSiB; phase after 20 and 40 h milling times had
a crystallite size of 70 and 23 nm and a lattice strain of 0.7% and
1%, respectively. Further refinement of the crystallite size occurs
gradually to 17 nm after 60 h of MA and the strain approaches a
steady-state value of 1.2% at this time.

3.2. Morphological changes

SEM images of powder particles after different milling times are
shown in Fig. 7. After 5 h of milling (Fig. 7a), uniform distribution
of small and large particles is seen. Smaller particles have equiaxed
morphology with mean particle sizes of 2 um. The larger particles
have irregular shapes with smooth surface and their particle size is
about 15 p.m. Smooth surface of large particles indicates that these
particles are created from brittle fracture of larger particles. Boron
and silicon elemental powders had irregular morphology with very
large particle sizes and molybdenum powders had spherical mor-
phology with particle sizes of 3 um. The comparison of morphology
and size of elemental powders and milling powders confirms that
only fracture of powder particles has occurred during milling up to
5h and particle sizes of boron and silicon powders have decreased
sharply. After 10 h of milling (Fig. 7b), particles have uniform shapes
with non-uniform size distribution. Both small and large particles
are seen but fraction of small particles is more. Similar shapes of all
particles and 3D shapes of large particles indicate that cold welding
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Fig. 9. Microhardness values of powder mixture as a function of MA time.

process between powders and fracturing of powder particles occur
with increasing milling time. The Cold welding process led to the
formation of large particles with similar shapes and then a number
of these large particles are broken. After 20 h of milling (Fig. 7c),
agglomeration of powders is the main phenomenon. Particles have
similar shapes. Similar to earlier, a distribution of small and large
particles is seen. Large particles in this stage are in fact an agglomer-
ation of many smaller particles. X-ray diffractograms showed that
a-Mo/MosSiB, composite formed after 20 h of milling. In this com-
posite, a-Mo is matrix and MosSiB, is reinforcement. a-Mo can act
as a binder between different particles and therefore, agglomera-
tion of powders take place. Increasing milling time to 100 h led to
the formation of small and uniform particles (Fig. 7d).

3.3. Microstructural observations

Fig. 8 shows cross-sectional SEM images of powder particles
after different milling times. As can be seen, no composite or lamel-
lar microstructure is seen at early stages of milling and elemental
powders clearly are seen (Fig. 8a). Since back scatter (BS) signals
are correlated to the atomic number of elements, bright, grey and
dark areas in SEM images correspond to Mo, Si and B respectively.
After 10 h of milling time, a composite microstructure consisting of
cold welded Mo, Si and B phases is formed (Fig. 8b). This compos-
ite has the fine and uniform microstructure comprising fine boron
and silicon particles distributed into molybdenum matrix. This
composite microstructure is a result of repeated cold welding and
fracturing of powder particles. This fine microstructure includes an
extensive interface area between Mo, Si and B phases which pro-
motes the interdiffusion of atoms through high diffusivity paths
(dislocations and grain boundaries) and therefore, can increase the
formation kinetics of MosSiB, at ambient temperature. After 20 h of
milling, MosSiB; phase is formed. The microstructure of the powder
particles consists of the desired distribution of the intermetal-
lic particles in a continuous «-Mo matrix (Fig. 8c). Investigation
by X-ray diffraction analyses proofs that MosSiB, phase forms at
this time. At longer milling times a featureless microstructure is
observed on SEM (Fig. 8d) indicating that «-Mo/Mo5SiB; nanocom-
posite is completely formed in consistence with XRD results.

3.4. Microhardness measurements

Fig. 9 shows the average value of microhardness of Mo-Si-B
powder particles after different milling times. After 20 h of milling
time a considerable increase in hardness value of powder particles
is yielded. This increase in hardness value is due to the formation
of MosSiB; phase, consistent with XRD results. Refinement of grain
size after 40 h of milling time increases the microhardness value to
1200 HV.
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4. Conclusion

Mechanical alloying of Mo-12.5mol% Si-25mol% B powders
leads to the synthesis of ®-Mo/MosSiB, nanocomposite. The forma-
tion mechanism of this nanocomposite can be envisaged as follows.
At early stages of milling, an interstitial solid solution of B in Mo is
formed and further milling leads to substitutional dissolution of
Si in Mo. Therefore, after 10 h of milling, a solid solution of Si and
B in Mo is formed and a composite microstructure consisting of
fine boron and silicon particles distributed into molybdenum solid
solution matrix is observed. This fine microstructure includes an
extensive interface area between Mo, Si and B phases which pro-
motes the interdiffusion of atoms through high diffusivity paths
and therefore, can decrease the activation energy of formation of
MosSiB, at ambient temperature. This leads to formation of a-
Mo/Mos5SiB, nanocomposite after 20 h milling time.
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