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bstract

ttempts have been made to study the effect of milling energy and type of grinding media on the mechanical activation during the production of
oSi2 from a reaction between Mo and Si3N4. Powder mixtures of Mo and Si3N4 in the molar ratios of 1:1, 1:2 and 1:3 were ball milled using WC,

teel, and ZrO2 grinding media for mechanical activation. In order to evaluate the results obtained after high-energy ball milling and pyrolysis of
hese milled powder mixture, milling parameters have been converted to two energy parameters, namely, impact energy of the ball and total energy
f milling. The optimum impact energy of ball required for mechanical activation of Mo + xSi3N4 (x = 3, 2, 1) powder mixtures by WC grinding
edia was found to be in the range of 0.145–0.173 J, which leads to a reduction of pyrolysis temperature by 100–200 ◦C. Samples milled with
igher impact energy than the optimum range led to formation of undesirable phases, which dilutes the effect of mechanical activation. Samples
illed with both steel and ZrO2 grinding media having lower impact energies than the optimum show the presence of enormous contamination

uring milling and phases like ZrSi2, Fe3Si and Fe5Si3 were observed after pyrolysis without any significant reduction in pyrolysis temperature
equired for MoSi2 synthesis.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

The properties, which have made MoSi2 a well-known struc-
ural material, are low density (6.31 g cm−3), high melting
oint (2030 ◦C) and excellent oxidation resistance at elevated
emperatures.1–3 It can be produced in situ in several ways such
s combustion synthesis,4 spark plasma sintering,5 mechanical
lloying6–9 and mechanical activated synthesis.10–12 Mechan-
cal alloying is the most widely used technology to produce
anostructures, amorphous and non-equilibrium metastable
hases.8,9 There are several attempts on the production of MoSi2
y mechanical alloying including a few on the analysis of energy

equired for MoSi2 synthesis.13 It was observed that the energy
ransferred during milling influence the mechanical alloying
rocess.13–16
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However, the synthesis by mechanical alloying is limited to
he systems, which possess negative free energy of formation
t ambient temperature.17 The recently developed Mechanically
ctivated Synthesis (MAS),18 Mechanical Activated Annealing
rocess (MA2P)11 and Mechanical Activated Self propagating
igh temperature Synthesis (MASHS)19 is suitable for reac-

ions that have a positive free energy of formation at ambient
emperature and could generate nanostructured at low energy
onsumption.

Si3N4–MoSi2 composite materials possess potential high
emperature applications.20 Its most widely used method of pro-
uction includes two-stage hot pressing/hot isostatic pressing of
Si3N4 and MoSi2) powder mixture preferably in the tempera-
ure range of 1400–1700 ◦C.21 The composites produced by in
itu synthesis offer advantages over conventional powder pro-
essing in terms of morphology, agglomeration, SiO2 content,

article size and process cost. If mechanical activated in situ
ynthesis of MoSi2 from Mo + Si3N4 powders can be achieved
t lower temperature (in comparison to HP/HIP condition) then
ynthesis and densification of Si3N4–MoSi2 composites can be

mailto:sheela2k5@gmail.com
dx.doi.org/10.1016/j.jeurceramsoc.2008.11.005
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ccomplished in a single process. The present papers aims to
nvestigate the effect of milling energy and grinding media on
he mechanical activated synthesis of MoSi2 using (Mo + Si3N4)
owders in different molar ratio and also to optimize milling
arameter required for mechanical activation of Mo + Si3N4
owder mixture. The present study is newer in a sense that for the
rst time mechanical activation parameter has been optimized
nd milling map has been developed for MAS of Si3N4–MoSi2
n situ composites from Mo + Si3N4 powder mixtures.

. Experimental details

Sinterable grade Mo powder (1–3 �m) and Si3N4 powder
<1.5 �m) were used in the present study. The energy disper-
ive spectroscopic analysis of the Mo powder showed 99.9%

o and 0.1% oxygen. Mixtures of powders of Mo and Si3N4
n the molar ratio of 1:1, 1:2, and 1:3 (MoSN1, MoSN2 and

oSN3 respectively) were chosen to produce Si3N4–MoSi2 in
itu composites. Powder mixtures were milled with steel, ZrO2
nd WC grinding media in a Fritsch (P5) planetary ball mill.
illing was carried out in toluene at a speed of 300 rpm with a

all to powder ratio (BPR) of 10:1 and 15:1 for various lengths
f time (10–70 h). For high productivity and effective milling
he charging volume was limited to 2/3rd of the volume of vial.
t has already been reported that overfilling of vial badly influ-
nces the milling process and also attributes to balls reciprocal
indering.13,22 50 numbers of balls of each type were used for
he present study. For a given BPR, the powder quantity was
djusted accordingly. The other details of the milling conditions
re mentioned in (Table 1). To evaluate milling energy,15 the lin-
ar velocity of balls was calculated according to the procedure
iven by Burgio et al.16 The samples were collected every 10 h of
illing, were taken out and analysed by X-ray diffraction (XRD)

sing a Philips diffractometer (PW 1840) with Co K� radia-
ion. The milled samples were compacted into pellets of 10 mm
iameter at a uniaxial pressure of 598 MPa for 60 s. The relative
ensity of each pellet was approximately 65% T.D. (Theoret-
cal density). The compacts were subjected to pyrolysis under
rgon atmosphere at different temperatures (1200–1600 ◦C) at a
eating rate of 20 ◦C/min. The pyrolysed samples were analysed
y XRD. The microstructure of the composite was studied by a
EOL JSM 5800 scanning electron microscope (SEM). Energy
ispersive X-ray microanalysis (EDS) of samples was carried
ut to estimate the phase composition.

. Results

.1. Effect of milling

.1.1. X-ray diffraction
Fig. 1(a)–(c) shows the XRD patterns of MoSN1, MoSN2 and

oSN3 samples, respectively, as a function of milling time for
PR of 10:1 with WC grinding media. The intensities of peaks of

o decreased to a great extent after milling for 10 h whereas the

eaks of Si3N4 decreased to small extent. A less intense peak of
C appeared after 10 h of milling and its intensity increases with

ncrease in milling duration and Si3N4 content. Further milling

m
l
t
w

ramic Society 29 (2009) 2069–2077

eyond 10 h caused a decrease in peak intensity of Mo and an
ncrease in peak breadth, suggesting a decrease in its crystallite
ize. After 30 h of milling Mo peaks more or less disappeared
rom the XRD pattern for MoSN3 and MoSN2. But some peaks
f Mo were still observed in MoSN1 sample at this stage. Further
illing beyond 30 h was not carried out because disappearance

f Mo phase in the two compositions is chosen as critical milling
uration.

Fig. 2(a)–(c) are the XRD patterns of MoSN1, MoSN2 and
oSN3 samples, respectively, as a function of milling time
illed with WC media at a BPR of 15:1. Up to 10 h of milling

he behaviour of the samples milled with the BPR 15:1 was sim-
lar to that of samples milled with the BPR 10:1, except that the
ntensity of X-ray diffraction peaks of WC was more prominent
n case of sample milled with BPR 15:1. On further milling the
amples to 30 h the X-ray diffraction peaks of Mo did not disap-
eared. In this case peaks of Mo vanished from the XRD patterns
n case of MoSN2 after 60 h of milling and in case of MoSN3
fter 70 h of milling. Peaks of Mo were observed in MoSN1
ample even after 70 h of milling. Interestingly, Mo reduces to
ne size and disappears from the X-ray diffraction pattern of the
amples milled with WC grinding media and BPR 10:1 and 15:1
n the following sequence MoSN2 → MoSN3 → MoSN1. No
eaction products or molybdenum silicides phase were detected
or the samples milled with BPR of 10:1 and 15:1.

The effect of steel and zirconia grinding media for the MoSN1
omposition at a BPR of 10:1 is shown in Fig. 3(a) and (b)
espectively. In Fig. 3(a) after 10 h of milling X-ray diffraction
eak of iron was observed. With increase in milling to 30 h iron
ppeared as the major phase with low intensity peaks of Mo
nd Si3N4. When the sample was milled with zirconia grind-
ng media (Fig. 3(b)) large amount of tetragonal zirconia, ZrO2
T), was observed after 10 h of milling and appeared, as the
ajor phase with low intensity X-ray diffraction peaks of Mo

nd Si3N4. With increase in milling to 30 h, the X-ray diffrac-
ion peak of Molybdenum and Si3N4 completely disappeared.
imilar results were obtained for MoSN2 and MoSN3 samples
illed with steel and zirconia grinding media. Only the amount

f contamination pick up in MoSN2 and MoSN3 samples was
elatively higher than that of MoSN1 samples.

.1.2. Crystallite size and micro-strain
Assuming that transformation from microstructure to nanos-

ructure depends on the transferred mechanical energy.23 The
pparent size of Mo crystallites was evaluated from XRD profile
nalysis is shown in Table 2. A rapid decrease in the crystallite
ize and increase in microstrain was observed for molybdenum
articles with increase in milling time. MoSN1 samples milled
ith BPR of 15:1 show larger reduction in crystallite size than

he samples milled with BPR 10:1. After 30 h of milling Mo crys-
allites of 56 nm were observed for MoSN1 sample milled with
PR 15:1. No further reduction in crystallite size was observed

or the sample milled beyond 30 h. MoSN2 and MoSN1 samples

illed for 10 h with BPR 15:1 show greater reduction in crystal-

ite size than that of sample milled with BPR 10:1. Beyond 10 h
he reduction in crystallite size was more for the sample milled
ith BPR 10:1. This may be due to large amount of WC pick in
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Table 1
Milling and energy parameters of (Mo + xSi3N4) samples milled at 300 rpm with different grinding media.

Composition Sample identity BPR Diameter of ball (mm) Weight of ball (g) Milling media Milling time (h) vb (ms−1) E′
b
(J) Et (30 h) kJ/g

MoSN1 M1 15:1 8.14 5.685 WC 0–70 7.27946 0.149 5.750
M2 10:1 8.11 5.61 WC 0–30 7.27989 0.147 3.839
M3 10:1 8.0 2.25 ZrO2 0–30 7.76240 0.067 4.359
M4 10:1 8.0 3.323 Steel 0–30 7.72718 0.098 4.320

MoSN2 M5 15:1 9.0 7.668 WC 0–70 7.26728 0.200 5.732
M6 15:1 8.51 6.569 WC 0–10 7.27421 0.172 5.743
M7 10:1 8.33 6.084 WC 0–30 7.27676 0.159 3.831

MoSN3 M8 15:1 8.56 6.62 WC 0–70 7.27350 0.173 5.742
M9 10:1 8.07 5.54 WC 0–30 7.28046 0.145 3.836
M10 10:1 8.50 2.88 ZrO2 0–30 7.75355 0.0857 4.352
M11 10:1 8.03 3.367 Steel 0–30 7.71844 0.0995 4.310

Fig. 1. Plots of XRD patterns obtained after different milling times of (a) MoSN1, (b) MoSN2 and (c) MoSN3 samples milled with WC grinding medium at ball to
powder ratio of 10:1.

Table 2
Effect of milling time on crystallite size (dc), % of micro-strain (ε) of molybdenum particles.

Milling hours MoSN1 MoSN2 MoSN3

BPR 15:1 BPR 10:1 BPR 15:1 BPR 10:1 BPR 15:1 BPR 10:1
dc (nm), % ε dc (nm), % ε dc (nm), % ε dc (nm), % ε dc (nm), % ε dc (nm), % ε

10 84, 0.300 97, 0.274 96, 0.256 124, 0.326 109, 0.249 151, 0.211
20 74, 0.336 79, 0.312 82, 0.284 73, 0.331 73, 0.324 69, 0.342
30 56, 0.397 66, 0.338 69, 0.339 25, 0.730 66, 0.346 58, 0.386
40 56, 0.397 64, 0.348 62, 0.363
50 55, 0.399 58, 0.360 54, 0.396
60 55, 0.399 – 53, 0.403
70 55, 0.399 – –
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ig. 2. Plots of XRD patterns obtained after different milling times of (a) MoSN
owder ratio of 15:1.

he MoSN2 and MoSN3 sample milled for 10 h with BPR ratio
f 15:1. The contamination pick up in the sample could depend
n several factors such as BPR, Impact energy of ball, grinding
edia and also with nature of reactants.22

.2. Effect of pyrolysis
.2.1. X-ray diffraction
In our previous work it was observed that irrespective of

illing time (10–70 h), all of the milled samples behave in a

a
M
f
p

ig. 3. Plots of XRD patterns obtained after different milling times of MoSN1 samp
f 10:1.
) MoSN2 and (c) MoSN3 samples milled with WC grinding medium at ball to

imilar way as a function of temperature.24 So only results are
hown which was obtained after pyrolysis of samples milled for
he maximum milling time. The XRD spectra of 70 h milled and
yrolysed (WC grinding media, BPR 15:1) MoSN1 samples as
function of temperature is shown in Fig. 4. In the as-milled

amples Mo diffraction peaks were observed. Milled samples

fter pyrolysis at 1200 ◦C show the presence of Mo, Si3N4 and
o5Si3 phases. Pyrolysis of the samples at 1400 ◦C led to the

ormation of minor amounts of MoSi2 along with major Mo5Si3
hase. Increase in the temperature to 1500 ◦C led to the com-

les milled with (a) steel and (b) zirconia grinding media at ball to powder ratio
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ig. 4. XRD patterns of MoSN1 samples milled for 70 h with WC grinding
edia at ball to powder ratio 15:1 after pyrolysis at different temperatures.

lete formation of MoSi2. Further increase in temperature to
600 ◦C, caused a decrease in the intensity of MoSi2 phase. In the
nmilled MoSN1, complete formation of MoSi2 was observed
t 1600 ◦C. Milling can thus be seen to induce mechanical acti-
ation resulting in a decrease in the pyrolysis temperature by
00 ◦C.

The XRD spectra of 70 h milled and pyrolysed MoSN2 sam-
les (WC balls, BPR 15:1) as functions of temperature are shown
n Fig. 5. Peaks of Mo were absent in case of 70 h as-milled

oSN2 samples. Milled samples after pyrolysis at 1200 ◦C
howed the presence of Mo, Si3N4 and Mo5Si3 phases. With
ncrease in temperature to 1400 ◦C, Mo5Si3 was observed to be

he major phase along with the presence of phases of Si3N4 and

inor amounts of SiC. With further increase in temperature to
500 ◦C, tetragonal MoSi2 (T) became the major phase along

ig. 5. XRD patterns of MoSN2 samples milled for 70 h with WC grinding
edia at ball to powder ratio 15:1 after pyrolysis at different temperatures.
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ith presence of minor phase of MoSi2 (H), Si3N4. MoSi2 (H)
s not a stable phase at higher temperatures and was absent for
he samples pyrolysed at 1550 ◦C. A new phase corresponding to
oSi2 was observed at 1550 ◦C. At both 1550 ◦C and 1600 ◦C,
hases observed were only MoSi2 (T) and CoSi2. Complete
onversion to MoSi2 (T) without any phases of lower silicide
ccurred at 1550 ◦C. In the unmilled samples complete forma-
ion of MoSi2 could be achieved at 1600 ◦C. Thus the mechanical
ctivation of MoSN2 sample decreased the pyrolysis tempera-
ure required to form complete MoSi2 by about 50 ◦C. Presence
f new phase corresponding to CoSi2 and SiC were observed in
ddition to MoSi2.

The XRD spectra of 70 h milled (WC balls, BPR 15:1) and a
yrolysed MoSN3 sample as a function of temperature is shown
n Fig. 6(a). In the as-milled sample peaks of Mo were absent.
fter pyrolysis at 1200 ◦C, peaks corresponding to the phases
f Mo2C, Mo5Si3 and Si3N4 could be observed, although the
eaks of Mo2C were not very distinct. Increase in temperature
o 1400 ◦C led to a complete formation of MoSi2. At 1400 ◦C
hases corresponding to SiC and Si3N4 could also be observed.
he source of carbon for the formation of SiC could be Mo2C,
hich occurs by reduction of WC with Mo (reaction (i)). Mo2C

n turn could react with Si3N4 to form MoSi2 and SiC (reaction
ii)). To confirm this possibility, a powder mixture of Mo and

C in the molar ratio of 1:2 was pyrolysed at 1000 ◦C for 0.5 h
nd the formation of Mo2C could be confirmed (Fig. 6(b)). Since
o has a high solubility for tungsten, peaks of tungsten could

ot be observed in milled and pyrolysed samples (reaction (iii)).

Mo + WC → Mo2C + W (i)

1
2 Mo2C + Si3N4 → MoSi2 + 1

2 SiC + 5
3 N2 + 1

6 Si3N4 (ii)

o + W → Mo(W) (iii)

ntensities of MoSi2 peaks were found to be maximum for the
illed samples pyrolysed at 1400 ◦C. In the unmilled samples

omplete formation of MoSi2 was observed at 1600 ◦C. Thus
echanical activation obtained by WC grinding media caused
decrease in pyrolysis temperature by 200 ◦C and produces

Si3N4–MoSi2/SiC) composite. In addition of molybdenum sili-
ides phases of SiC and intermediate phase of Mo2C were
bserved.

Sample milled with steel and zirconia grinding media did not
how reduction in pyrolysis temperature required for the MoSi2
ormation. Sample milled with steel and zirconia grinding media
ndicated the formation of prominent Fe5Si3 and ZrSi2 phases,
espectively, on pyrolysis at 1600 ◦C (Table 3).

.2.2. SEM and EDS
Fig. 7(a)–(c) shows the SEM microphotograph of the

echanically activated sample after pyrolysis. It was observed
hat mechanical activated synthesis has led to the formation of
iscrete and equiaxed MoSi2 (�1 �m) particles (Fig. 7(a)). With

ncrease in milling hours the amount of discrete MoSi2 parti-
le increases (Fig. 7(b)). In Fig. 7(b) ultrafine phase of MoSi2
as observed to present in the matrix of Si3N4. The volume

raction of MoSi2 phase was estimated to be more than 50%.
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Fig. 6. (a) XRD patterns of MoSN3 samples milled for 70 h with WC grinding media at ball to powder ratio 15:1 after pyrolysis at different temperatures. (b) XRD
patterns of (Mo + WC) pyrolysed at 1000 ◦C for 0–0.5 h.

Table 3
Effect of milling parameters on mechanical activation of (Mo + Si3N4) powders.

Sample name Et kJ/mole of Mo (30 h) Milling time (h) Mo peaks Reduction in pyrolysis
temperature (◦C)

Product phases obtained
upon pyrolysis (vol.%)

30 h 60 h 70 h

M1 551.66 10–70 P P P 100 92MoSi2, 8 Si3N4

M2 367.93 10–30 P 100 >95MoSi2, <5Si3N4

M3 418.20 10–30 NP 0 75ZrO2, 9Zr, 10Si3N4, 6MoSi2
M4 414.46 10–30 P 0 76Fe5Si3, 15Si3N4, 9MoSi2
M5 549.93 10–70 P NP NP 50 80MoSi2, 6Si3N4, 14CoSi2
M6 550.98 10 – – – 100 91MoSi2, 9Si3N4

M7 367.55 10–30 NP 100 >95MoSi2, <5Si3N4

M8 550.88 10–70 P P NP 200 68MoSi2, 8Si3N4, 24SiC
M9 417.34 10–30 PLD – – 100 93MoSi2, 7Si3N4

P: Present, NP: Not present, PLD: Present but less distinct.

Fig. 7. SEM photomicrographs of milled samples after pyrolysis for 1 h in argon (a) 30 h milled MoSN3 and pyrolysed at 1400 ◦C, (b) 50 h milled MoSN3 and
pyrolysed at 1400 ◦C and (c) 70 h milled MoSN1 and pyrolysed at 1500 ◦C.
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s per the existing literature if the MoSi2 phase content in
ore than 26 vol.% then the composite morphology changes

rom dispersed phase to interconnected network.1 But in the
resent study it was observed that upon longer hours of mechan-
cal activation dispersed phase of MoSi2 in Si3N4 matrix could
e obtained even at higher volume fraction of MoSi2. Similar
bservation was observed for MoSN2 samples. In MoSN1 sam-
le milled for 70 h and pyrolysed at 1500 ◦C for 1 h, MoSi2
as present as aggregate of ultrafine and equiaxed particles

Fig. 7(c)). 4.35, 11.36 and 6.12 wt% of tungsten was detected
y EDS analysis, respectively, in MoSN1, MoSN2 and MoSN3
ample milled for 70 h (BPR 15:1) after pyrolysis at 1600 ◦C for
h.

. Discussion

.1. Energy

All the above results can best be understood if one considers
he thermodynamic feasibility of molybdenum silicides forma-
ion from Mo + Si3N4 reactant and the energy transferred during
illing. The free energy change of Mo and Si3N4 reactions lead-

ng to the formation of MoSi2, Mo5Si3 and Mo3Si is sufficiently
ositive at ambient temperature and becomes slightly negative
ith increase in temperature.24 The energy of each ball15–16

uring the milling process is given by

b = 1
2 (mbv

2
b) (iv)

here Eb is the energy of each ball, mb is the mass of one ball
nd vb is the linear or absolute velocity of the ball. It (vb) can
e calculated following the process given by Burgio et al.16 The
mpact energy of each ball can be given as E′

b = ΦbEb, where
b is the correlation factor for different degrees of the filling

f the vial.13–16 The total energy transferred per unit weight of
owders for a given time can be expressed as

t = νE′
bnbt

Wp

(v)

here Et is the total energy transferred per unit weight of pow-
ers, nb the number of balls, t the milling time (h), Wp the weight
f powders. The frequency of impact (ν) according to Burgio et
l.16 is given by

= K(ωp − ωv)

2π
(vi)

is the proportionality constant and approximately equal to 1,
p the angular velocity of the disc and ωv that of the vial. All

he milling parameters are accounted for two energy parameters,
.e. the impact energy of each ball (E′

b) and the total energy
ransferred (Et) to the powder after certain duration of milling.
hese parameters were evaluated and shown in Table 1.
.2. Milling of Mo containing powder

During the milling process Mo was refined to nano size and
isappeared from the X-ray diffraction pattern of samples. Fig. 8

M
o
p
a

ig. 8. Impact energy of ball used during milling vs. total energy transferred per
nit weight of (Mo + xSi3N4) powder mixtures.

hows the plot of impact energy of ball used during milling vs.
otal energy transferred per unit weight of (Mo + xSi3N4) pow-
er mixture. The region in which Mo peaks disappeared after
illing the samples with WC grinding media having BPR 10:1

nd 15:1 is segregated as region A and B respectively. In region
, it is observed that when the impact energy of WC balls was
igh, i.e. 0.159 J (M7, MoSN2), the disappearance of Mo peaks
ccurred after 30 h on imparting a total energy of 3.831 kJ/g
o the powder mixture. But when the impact energy of sam-
les was low, i.e. 0.145J (MoSN3, M9) disappearance of Mo
eaks was not observed to be completed after 30 h on impart-
ng a total energy of 3.836 kJ/g. It shows that with decrease in
mpact energy the amount of total energy required to reduce
he Mo grain size to the nanometer range (Table 2) increases
nd therefore it takes longer milling time for the Mo phase
o disappear from the X-ray diffraction pattern of the sam-
le (Fig. 1(b) and (c)). When MoSN1 sample was milled with
mpact energy of 0.147 J/ball (M2), the X-ray diffraction peaks
f Mo did not disappear up to 30 h (Fig. 1(a)). It designates
hat increase in volume fraction of ductile phase in the pow-
er mixture increases rewelding due to which a difference in
he intensity of XRD peaks of Mo was observed in 30 h milled

oSN1 (M2, E′
b = 0.147 J, Et = 3.839 kJ/g) and MoSN3 (M9,

′
b = 0.145 J, Et = 3.836 kJ/g) samples.
Similar result was observed for samples milled with BPR

5:1 in Region B (Fig. 8). The impact energies of ball for
oSN3, MoSN2 and MoSN1 samples milled with BPR 15:1

re 0.173, 0.2 and 0.149 J respectively. Mo particles reduced
o fine nano size (Table 2) and it peaks disappeared after 70 h
Fig. 2(a)) of milling in MoSN3 (M8, Et = 13.401 kJ/g) and after
0 h (Fig. 2(b)) of milling in MoSN2 (M5, Et = 11.232 kJ/g).
o peak was observed even after 70 h (Fig. 2(c)) of milling in

oSN1 (M1, Et = 13.438 kJ/g). It indicates that the refinement

f Mo to fine nano size and its disappearance from the XRD
rofile of sample could thus depend on impact energy of ball
nd total energy supplied during milling.
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Interestingly, it was observed that Mo particles require more
nergy to reduce to nano size and disappear from X-ray diffrac-
ion pattern of samples milled with BPR 15:1 (Region B). It was
bserved that when the impact energy of samples milled with
PR 10:1 (M2) and 15:1 (M1) lies in close proximity to each
ther (Table 1), samples milled with BPR of 15:1 shows larger
eduction in crystallite size than the samples milled with BPR
0:1 (Table 2). This could be due to larger amount of total energy
ransferred to the sample milled with BPR 15:1 (Table 1) than
hat of 10:1. But when the values of impact energy of the sam-
les milled with BPR 15:1 (M5 and M8) are much higher than
hose milled with BPR 10:1 (M7 and M9, Table 1) then samples

illed with BPR of 15:1 took longer time to refine Mo to fine
ano size (Table 2). This could be due to the reduction in total
nergy transferred to the powder mixture due to contamination
WC) pick up during milling. The amount of contamination pick
p in the sample was largest for the sample milled with highest
mpact energy of the ball (MoSN2, refer Section 3.2.2). That
s why peaks of Mo disappeared much later in the MoSN2 and

oSN3 samples milled with BPR of 15:1 as compared to the
amples milled with BPR of 10:1.

The region in which Mo peaks disappeared after milling the
amples with steel and zirconia grinding is segregated in region
. In region C, the disappearance of the Mo peak in M3 and
10 sample might not be caused by mechanical activation but

y the enormous contamination pick up in the samples during
illing (Fig. 3(b)). It further indicates that an abrasive wear of

rinding media occurs during milling due to the presence of
i3N4. A similar result was observed for samples milled with
teel grinding media. The Mo peaks gets diluted due to (Fe)
ontamination pick up during milling (Fig. 3(a)). So milling
ith low impact energy of ball (<0.1 J/ball) is not suitable for
echanical activation of (Mo + xSi3N4) powder mixture.
Formation of MoSi2 has not been observed during milling

ven though the total energy (Et) supplied (Table 3) to the powder
ixtures after 30 h of milling is much more than that required

or MoSi2 formation at ambient temperature (+300.4 kJ/mole of
o).24 It indicates that mechanical activated synthesis of MoSi2

oes not only depend on thermodynamics but also on its kinetics
arameter.11

.3. Temperature of formation of MoSi2

Milling of powder mixtures with WC media tends to decrease
he temperature of formation of MoSi2 by 50–200 ◦C. Fig. 9
hows impact energy of the samples milled with different grind-
ng media as a function of milling time. The region of mechanical
ctivation, which led to reduction in pyrolysis temperature
equired for MoSi2 formation without presence of undesirable
hases, is shown by dotted contour in the figure. Samples (M1,
2, M6, M7 and M9, Table 3) milled with low impact energy

f 0.145–0.16 J/ball have led to the reduction in temperature of
00 ◦C (Table 3) and product phases are MoSi2 and Si3N4. Sam-

les (M8) milled with high impact energy of 0.173 J/ball led to
he reduction in pyrolysis temperature of 200 ◦C, but an addi-
ional phase of SiC was observed. Milling the samples (M5) with
mpact energy of 0.2 J/ball showed a large amount of contamina-

i
o
m
e

ig. 9. Impact energy of the (Mo + Si3N4) samples milled with different grinding
edia as a function of milling time.

ion pick up and only 50 ◦C decrease in the pyrolysis temperature
as noticed. It indicates that for mechanical activation, milling
ith impact energy of ball in the range of (0.145–0.173 J)

ppears beneficial both in terms of product quality and pyrolysis
emperature. It further designates that milling beyond the opti-

um impact energy of balls (0.145–0.173 J) dilutes the effect of
echanical activation. With increase in milling time the amount

f total energy supplied to the samples increases. But it does
ot led to further reduction in pyrolysis temperature due to
ncreased contamination. It shows that milling with WC medium
or 5–10 h is sufficient to get mechanical activation leading to
eduction in pyrolysis temperature.

The impact energy of sample milled with steel and zirco-
ia grinding media is less than 0.1 J/ball. But due to very high
ontamination of zirconia and iron, mechanical activation has
ot been effective and impurity phases such as ZrO2, ZrSi2 and
e5Si3 were observed, respectively, upon pyrolysis (Table 3).
hese impurity phases were prominent than molybdenum dis-

licides and silicon nitride phase. No significant reduction in
yrolysis temperature was observed. The reduction in pyrolysis
emperature and the final product were not same for all samples
nd depend on the impact energy of balls during milling.

.4. Conclusions

Considerable degree of mechanical activation could be
chieved in (Mo + Si3N4) powders of different composi-
ions (Mo:Si3N4 = 1:1/2/3) through milling with WC grinding

edium. There exists an optimum impact energy range (in
he present case 0.145–0.173 J/ball), which leads to reduction
n pyrolysis temperature. For the samples milled with impact
nergy outside the optimum range, the contamination pick up in
he samples reduces the effect of mechanical activation. Milling
or (10–70) h led to the same reduction in temperature. Further,

t has been observed that the impact energy of a ball which
nly depends on the density of the grinding medium for a given
illing conditions, seems to be more important than the total

nergy transferred in the process of mechanical activation. Steel
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23. Rahouadj, R. and Gaffet, E., Shock transfer in ball milling: nanocomposite
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nd ZrO2 grinding media having lower impact energy than the
ptimum do not lead to mechanical activation. For efficient
echanical activation, the wear resistance of the grinding media
ust be higher than that of the sample chosen for milling. Steel

nd zirconia grinding media possessing lower wear resistance
han Si3N4 have led to enormous contamination pick up in the
ample during milling.
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