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Abstract: MosSi3-20%A1,0; (mass fraction) nanocomposite was synthesized by mechanical alloying (MA) of mixture of MoQs, Mo,
Si and Al powders. The structural evolutions of powder particles during mechanical alloying were studied by X-ray diffractometry
(XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM) and differential thermal analysis (DTA).
Results show that MosSi;-20%A1,05 was obtained after 10 h of milling. The spontaneous reaction of powders takes place in an
explosive mode. The crystallite sizes of MosSi; and Al,O; after milling for 30 h were 36.3 nm and 21.9 nm, respectively. With longer
milling time, the intensities of MosSi; and Al,O3 peaks decreased and became broad due to the decrease in crystallite size. Thermal
analysis results and XRD analysis results show that the MosSi3-Al,0; nanocomposite powders are very stable during milling (up to

30 h) and heating (up to 1 000 °C) and no transformation takes place.
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1 Introduction

The Mo-Si ternary system materials have been the
focus of significant research and development effort
during the last ten years [1-5]. This intermetallic
compounds possess an attractive combination of the high
melting point, high corrosion resistance and low density
[6]. Some recent studies indicate MosSi; and
MosSiz-based composites(such as MosSi;-AlL,O;) as a
promising creep resistant material with good high
temperature oxidation resistance [7]. Further, MosSi; and
MosSiz-based composites have superior creep resistance
as compared with monolithic MoSi, in the temperature
range of 1 100—1400 °C. Many studies on the MoSi,
have been reported. But the synthesis of MosSi; and
MosSi;-based composites has hardly attempted.

Mechanical alloying (MA) technique is one of the
important methods in powder metallurgy because of its
high flexibility, sample control of process parameters and
ability to produce a wide spectrum of materials [8]. The
easy control and ability to produce nanocrystalline make
this method attractive for the powder metallurgy of
nanoscale materials. It has been used to synthesize
nanostructured alloys, oxide-dispersion strengthened

alloys, various intermetallics compounds, etc [9-11].
The mechanical alloying method has already been
efficiently applied to synthesis of pure MoSi, and
MoSi,-based composites with different second phases
such as, ZrO,, SiC, Si;Ny, TiB, and Al,05 [12-15].

In the present work, we used MoOs;, Mo and Si
powders as materials and Al as reducing agents for the
synthesis of MosSi3-20%A1,05 nanostructured composite
powders by mechanical alloying. MoO;, Mo and Si
powders were milled and then the morphology, particle
size and phase constitution of powders were investigated
with SEM and XRD methods, respectively. The solid
state reactions occurring during the MA process as well
as during subsequent annealing process were
investigated.

2 Experimental

Mo005(99.5% purity and particle size 3—5 pm),
Mo(99.5% purity and particle size <8 pm), Al(99.5%
purity and particle size 10—35 pm), Si(99.9% purity and
particle size <3 pm) elemental powders were used as
starting materials. Mechanical alloying was performed in
a planetary ball milling at a rotation speed of 200 r/min
and nominally at room temperature under air atmosphere.
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The vials are stainless steel containers with a capacity of
120 mL. The mass ratio of ball to powder (BPR) was
15:1 and diameter of ball was 8 mm in the MA process.
A total of 20 g powder without process control agent was
used in all runs. Samples for analysis were removed by
interrupting the ball mill at various intervals. The surface
temperature of the vial was measured with a digital
thermometer at fixed intervals. When an obvious and
abrupt temperature increase was observed, as reported by
ATZMON [16], the time was considered to be the critical
ball milling time of the self-propagating reaction during
mechanical alloying.

Phase transformation and crystallite size evolution
during milling were determined by X-ray diffractometer
(D/Dmax—2400, Rigaku) with Cu K, radiation (1=
0.154 18 nm). Crystallite size was evaluated using the
Williamson-Hall method. Scanning electron microscope
(SEM, JSM—6700F, JEOL) and transmission electron
microscope (TEM, JEM-2010) were employed to
observe particulate morphology and electron diffraction
pattern. The thermal properties were examined using
differential thermal analyzer (DTA, STA/449C,
NETZSCH). The procedure was performed under a flow
of nitrogen atmosphere and the heating rate was 10
°C/min.

3 Results and discussion

3.1 Mechanical alloying
As-received MoO;, Mo, Al and Si powders were

mixed on stoichiometric ratio (MosSi3-20%Al,05)
according to following reaction:

MoO;+2Al—-Mo+AlL0; (1)
Mo+Si—Mo;Si+MosSis 2)
or

25 65 25

—MoO; +§Mo +?A1+3S1 — MosSis +

25
22 AL,O, (3
18 18 205 ()

Figure 1 shows the XRD patterns of powder
mixture after different milling time. After 0.5 h of
milling, the powders are mixture of the starting reactant
materials, characterized by sharp Bragg peaks of MoQs;,
Mo, Al and Si. Increasing the MA time (0.5—5 h) leads to
a decrease in peak intensity and broadening of the Bragg
reflection. This phenomenon indicates the refinement of
crystalline size of the powders and an increase in atomic
level strains. After 10 h of MA the XRD peaks of the raw
materials virtually disappeared due to the reaction of
MoOj;, Mo, Al and Si to give MosSi; and Al,O; phase
upon reaction (3). This suggests that the reaction of
MoOs;, Mo, Al and Si takes place in an explosive mode,
analogous to self-propagating high temperature synthesis
reaction. Typically, AH/C>2 000 K is required for the

propagation of a self-sustaining reaction [17]. This value
for reaction (1) is 4 285 K [18]. Consequently, the
propagating of the reaction takes place during milling of
MoQO;, Mo, Al and Si powder mixture. The change of
vial temperature during milling of powder mixture is
shown in Fig. 2. It is clear that, after 7 h of milling, the
temperature of vial shows a sudden increase, suggesting
that the exothermic combustion occurs among MoQOs;,
Mo, Al and Si powders. This can be promoted by the
dynamically maintained high reaction interface areas, as
well as the short-circuit diffusion path provided by the
large number of defects such as dislocations and grain
boundaries induced during ball milling.

*—MoO,
o—Mos Sl
. =—Si

v—Al
o—Mo
v—AlLO;

IV

20 30 40 50 60 70 80

20/(°)
Fig. 1 XRD patterns of powder mixtures after different milling
time
90
& 70
=
E
g
2 50
£
o
[_.
30
| 0 1 1 1 1
0 2 4 6 8 10
Milling time/h

Fig. 2 Variation of vial temperature versus time during milling
of powder mixture

The apparent sizes of MoO;, Mo, Al, Si, Al,O; and
MosSi; crystallites were obtained from XRD profile
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analysis by the Williamson-Hall method and are listed in
Table 1. The figures show the crystallite size of the
starting powders as a function of the mechanical-
activation time. There is a remarkable decrease in the
crystallite size during the initial 5 h of mechanical
activation. Further increase in the milling time led to a
state reaction rapidly. In the final stage of milling, Al,O3
and MosSi; had a crystallite size of about 21.9 nm and
36.3 nm, respectively.

Figure 3 shows SEM images of the milled powders.
It can be seen from the morphologies that the powder
particles are uneven and irregular after 0.5 h of MA (Fig.
3(a)). With increasing milling time to 5 h the size and
irregularity of powders decrease but still there is a
distribution of agglomerate sizes (Fig. 3(b)). High
magnification image reveals that some small particles
attached tightly to the rough surface of the relatively

Table 1 Grain size evolution of powders during milling
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large particles. After 30 h of milling powder particles
become spherical in shape. In this stage the particles and
agglomerates are very small (Fig. 3(d)). The average size
of powder particles after 10 h is 1-3 um.

Figures 4(a) and (b) present a bright-field TEM
image and selected area diffraction pattern (SADP) of
powder milled for 10 h, respectively. It is obvious that
the particle (about 200 nm in size) is composed of some
smaller grains. The crystallite size of obtained
MosSi3-20%Al1,0; after milling for 30 h is very fine. The
measured crystallite sizes of MosSi; and Al,O3 according
to XRD pattern of 30 h-sample were 36.3 nm and 21.9
nm, respectively. Figure 4(b) shows the corresponding
selected area diffraction pattern of the particle. The
selected area diffraction rings clearly demonstrate that
the particles are nanocrystalline. The EDS pattern of
particles (Fig. 4(c)) suggest that the particles consist of

Milling time/h d(Mo)/nm d(Si)nm d(MoOs)/nm d(Al)/nm d(MosSis)/nm d(Al,03)/nm
0.5 87.7 104.8 66.4 59.8 - -
3 57.1 88.1 38.6 55.7 - -
5 36.6 84.8 20.7 50.4 - -
10 - - - - 58.7 51.8
20 - - - - 40.2 31.0
30 - - - - 36.3 21.9

L
G

Fig. 3 SEM images of powders milled for different time: (a) 0.5 h; (b) 5h; (¢) 10 h; (d) 30 h
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Fig. 4 Bright-field TEM image (a), selected area diffraction
pattern (b) and EDS pattern (c) of powder mixtures milled for
10h

the fine MosSi; and Al,O; grains.

3.2 Thermal analysis

In order to study the reaction mechanism of
powders and the effect of milling on this reaction,
thermal analysis of the as-blended and ball milled
powders were carried out. The DSC patterns of MoOs,

Mo and Si powders milled with Al are presented in Fig. 5.
All samples were heated to 1 000 °C in Ar atmosphere at
a heating rate of 10 °C/min and cooled to room
temperature.

As observed in Fig. 5(a), three peaks appear in DSC
curve. A sharp endothermic peak appears at about 659 °C
(point 4), due to the melting of Al in the starting material.
Then this melt reacted with MoO; powder and an
exothermic peak (point B) appears at about 778 °C. The
XRD analysis results show that the sample after 30 h of
MA mainly consists of MosSi; and Al,O;. Therefore, the
exothermic peak (point C) should be attributed to the
reaction of Mo and Si to give MosSi;. After 30 h of MA
there is no significant peak in the alloy powders,
confirming that the reaction has been completed after 30
h (Fig. 5(b)). Therefore, with respect to the thermal
analysis results and XRD analysis results mentioned in
the previous section, the process has the appearance of
just blending MosSi; and Al,O3; powders with increasing
the MA time.
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Fig. 5 DSC patterns of mixture powders milled for different
time: (a) 0.5 h; (b) 30 h

3.3 Heat treatment

Thermal stability of MosSiz-Al,O; composite
structure was investigated by annealing of milled
powders at 1 000 °C for 1 h. Figure 6 shows the XRD
patterns of powder milled for 30 h and then annealed at
1 000 °C for 1 h. The powder includes MosSi; and Al,O;
and no reaction takes place after being annealed at 1 000
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Fig. 6 XRD patterns of powder mixtures milled for 30 h (a) and
then annealed at 1 000 °C (b)

°C. The width values of XRD peaks of MosSi; and Al,O4
decrease and their intensities increase due to the
reduction of lattice strain as well as grain growth. The
grain size of MosSi; increases from 36.3 nm to 65 nm
and the lattice strain decreases from 2.56% to 0.12%.
Thermal analysis results and XRD analysis results show
that nanocomposite powder is stable during heating from
room temperature to 1 000 °C.

4 Conclusions

1) Mos5Si3-20%A1,0; nanocomposite was
successfully synthesized by ball milling of mixture of
MoO;, Mo, Al and Si powders. It is found that MosSis-
Al,0; nanocomposite formed with high rate.

2) Reaction mechanism is a rapid self-sustaining
combustion reaction and reaction completes in less than
10 h. This synthesis method does not require heating and
starting materials easy to obtain; thus, it may be used for
large scale production of this composite.

3) In the final stage of milling, Al,O; and MosSis3
have a crystallite size of about 21.9 nm and 36.3 nm,
respectively.

4) Thermal analysis results and XRD analysis
results show that the MosSi;-Al,O; nanocomposite
powder is very stable during milling (up to 30 h) and
heating (up to 1 000 °C) and no transformation takes
place.
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AR AL 98 B R 1R H & MosSis-AlL,O; K E S A
% 3, & %, RKE
2N TS WA A ES R A S K s =, 221 730050

# E: DL MoO;¥r. Mo ¥+ Si Bk Al KA skl, SRAVME SA0EE T 91K MosSis-20%AL0,(J5 ik 73 )
SEMAE. KM XRD. SEM. TEM 1 DTA 58X E AR ATERR B R rh G50 AR AT TP S5 R R Bk
10 h J5 & B MosSiz-20%A1L,0; B Ak A, N LABEFERE T . BRES 30 h J5, MosSi; A1 ALO; [F ks R sF 43l
$936.3 nm F121.9 nm. B EREEINE)HEE K, MosSis Al ALO; HkE RS AR /N, fy Sl 540 R BE G . DTA Fil
XRD 4 REW, FAEMARREIFHRGEEE, BREE 30 h 54 1 000 °CIBK 1 h FE AR KAV
KA MosSis-ALO;; AKi: MG &4k: &RALEY)
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