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roperties and densification of nanocrystalline MoSi2–Si3N4 composite from
echanically alloyed powders by pulsed current-activated sintering
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a b s t r a c t

Nanosized MoSi2 and Si3N4 powders were synthesized from Mo2N and Si powders by high-energy ball
milling. A dense nanocrystalline MoSi2–Si3N4 composite was consolidated using the pulsed current-
activated sintering (PCAS) method within 3 min period from the mechanically activated MoSi2 and Si3N4
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powders. A highly dense MoSi2–Si3N4 composite, with relative density of up to 97%, was produced
under the simultaneous application of 80 MPa pressure and 2800 A pulsed current. The mean grain size,
hardness, and fracture toughness of the composite were investigated.

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

. Introduction

Transition-metal silicides have properties that make them quite
ttractive for high-temperature applications of up to 1300 ◦C or
igher. These include a high melting point, high modulus, high oxi-
ation resistance in air, and relatively low density [1,2]. Among
he metal silicides, MoSi2, in particular, has been examined regard-
ng its potential material for both high-temperature structural
pplications and in the electronics industry. MoSi2 provides a com-
ination of several desirable properties, such as high melting point
2020 ◦C), high modulus (440 GPa), good oxidation resistance in air,
elatively low density (6.24 g/cm3) [3], and the ability to undergo
lastic deformation above 1200 ◦C [4]. Combined with good ther-
al and electric conductivity, these properties have led to the

se of MoSi2 for heating elements in high-temperature furnaces

perating in air up to approximately 1700 ◦C [5,6]. However, as
ith many intermetallic compounds, MoSi2 exhibits low fracture

oughness below the ductile–brittle transition temperature and
ow oxidation resistance [7–9]. One method for improving the
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mechanical properties and oxidation resistance is the addition of
a second phase to form composites and nanostructured materi-
als [10–14]. One example is the addition of Si3N4 to MoSi2 to
improve the latter’s oxidation resistance [15]. At the same time,
nanostructured materials have been widely investigated, since the
comparatively large fraction of grain boundaries in such materials
can yield unusual or improved mechanical, thermal, photocatalytic,
magnetic, and biomedical properties [16–19]. Particularly, nano-
materials, in particular, have attracted more attention recently due
to their high strength, high hardness, excellent ductility, and tough-
ness [18,19]. It is well known that Si3N4 has a high thermal shock
resistance due to its low thermal expansion coefficient, as well
as good oxidation resistance compared to other structural mate-
rials [20,21]. The isothermal oxidation resistance of NbSi2–40 vol.%
Si3N4 composite prepared by spark plasma sintering (SPS) in dry
air at 1300 ◦C is superior to that of a monolithic NbSi2 compact
[22]. Moreover, the low-temperature cyclic oxidation resistance of
MoSi2–Si3N4 nanocomposite coating formed on a Mo substrate in
air at 500 ◦C is higher than that for monolithic MoSi2 [15]. This
effect is due to the larger amount of Si, which facilitates the for-
mation of dense SiO2 scale [15,22]. This suggests that Si3N4 may

be the most promising additive for reinforcement of MoSi2-based
composites.

However, the grain size of sintered materials is much larger than
that in pre-sintered powders, owing to the rapid grain growth that
occurs during the conventional sintering processes. Controlling

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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rain growth during sintering is, therefore, a key to the com-
ercial success of nanostructured materials. Recently, the pulsed

urrent-activated sintering (PCAS) method, which can produce
ense materials within 2 min, has been shown to be effective

n achieving rapid densification to nearly the theoretical den-
ity while preventing grain growth in nanostructured materials
23,24].

In this regard, the present study investigated the prepara-
ion of nanosized MoSi2 and Si3N4 powders from a mixture of

o2N and Si by high-energy ball milling and the consolidation of
ense nanocrystalline 8MoSi2–Si3N4 composite fabricated by the
CAS method. The mechanical properties of the nanostructured
oSi2–Si3N4 composite were evaluated.

. Experimental procedures

The starting materials were Mo2N (<1 �m, 99.993% pure, High purity chemicals
aboratory) and Si (−325 mesh, 99.5% pure, Aldrich Products) powders. The required
mounts of starting materials were mixed by a high-energy ball mill (Pulverisette-5
lanetary mill) at 250 rpm for 20 h. Tungsten carbide balls (5 mm in diameter) were
sed as grinding media in a sealed cylindrical stainless steel vial under an argon
tmosphere. A charge ratio (ratio of mass of balls to powder) of 30:1 was used. The
rain size and internal strain were calculated from X-ray diffraction (XRD) data using
he formula [25]

r(Bcrystalline + Bstrain)cos � = k�

L
+ � sin � (1)

here Br is the full width at half-maximum (FWHM) of the diffraction peak after
n instrument correction; Bcrystalline and Bstrain are the FWHM attributable to small
rain size and internal stress, respectively; k is a constant (with a value of 0.9);
is the wavelength of the X-ray radiation; L and � are the grain size and internal

train, respectively; and � is the Bragg angle. The parameters B and Br follow Cauchy’s
ormula in the relationship B = Br + Bs, where B and Bs are the FWHM of the broadened
ragg peaks and standard sample’s Bragg peaks, respectively.

The ball-milled mixture was packed in a graphite die (with outside diameter
5 mm, inside diameter 20 mm, and height 40 mm) and placed into the PCAS sys-
em, as shown schematically in the literature [23,24]. The four major stages in the
ynthesis are as follows: evacuation of the system to 40 mTorr (stage 1), applica-
ion of a uniaxial pressure of 80 MPa (stage 2), activation of a pulsed current of
800 A, maintained until densification is achieved as indicated by a linear gauge
easuring the level of sample shrinkage (stage 3), and cooling to room tempera-

ure (stage 4). The temperatures were measured using a pyrometer focused on the
urface of the graphite die during the entire process. The relative density of the
intered sample was measured using the Archimedes, method. Prior to microstruc-
ure observation, the sintered samples were polished and etched for 1 min at
oom temperature using a solution composed of HF (15 vol.%), HNO3 (35 vol.%)
nd H2O (50 vol.%). The composition of the products was analyzed by XRD and
he microstructure was examined by field emission scanning electron microscopy
FE-SEM) with energy dispersive X-ray analysis (EDAX). The Vickers hardness was

easured by the indentations method with a load of 20 kg and a dwell time of
5 s.

. Results and discussion

Fig. 1(c) shows XRD patterns from the high-energy ball-milled
owders. The products, MoSi2 and Si3N4 were detected but the
o2N, and Si reactant powders were not seen. A minor phase

Mo5Si3) was, however, observed. The presence of Mo5Si3 in the
ample suggests a deficiency of Si. It is believed that this observa-
ion is due to entrapped oxygen in the pores of the interior portion
f the sample, which may in turn be caused by the oxidation of Si
uring the ball milling process.

It can be concluded from the above result, that 8MoSi2–Si3N4
omposite was synthesized from the Mo2N and Si powders by the
all milling process. The interaction relating these phases, i.e.,

Mo2N + 19Si → 8MoSi2 + Si3N4, (2)
s thermodynamically feasible.
Moreover, the high-energy ball milling resulted in a significant

ecrease in grain size of MoSi2 and Si3N4. The average grain sizes
f MoSi2 and Si3N4, as measured using Eq. (1), were approximately
0 and 18 nm, respectively.
Fig. 1. XRD patterns of the raw materials: (a) Mo2N, (b) Si and (c) milled
4Mo2N+19Si.

Fig. 2 shows the variation in shrinkage displacement and the
surface temperature of the graphite die as a function of heating
time during densification of 8MoSi2 + Si3N4. As the pulsed current
was applied, thermal expansion was observed up to approximately
1000 ◦C. Shrinkage displacement then occurred as the temperature
was increased further to approximately 1150 ◦C.

Fig. 3(a) and (b), respectively, show the XRD patterns and FE-
◦
SEM image of the etched surface of the samples heated to 1300 C

under pressure of 80 MPa. MoSi2 and Si3N4 were detected in the
XRD patterns along with a minor phase (Mo5Si3). The structure
parameters, i.e. the mean grain size of the MoSi2 and Si3N4 phases,
were obtained from Eq. (1) [25]. The average grain sizes of the
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Fig. 2. Changes in temperature and shrinkage displacement with respect to heating
time during the densification of 8MoSi2–Si3N4.

Fig. 3. (a) XRD patterns and (b) FE-SEM image of the 8MoSi2–Si3N4 composite
sintered at 1300 ◦C.
Fig. 4. (a) Vickers hardness indentation and (b) median crack propagation in the
8MoSi2–Si3N4 composite.

MoSi2 and Si3N4 as prepared using the PCAS method, were approx-
imately 100 and 90 nm, respectively. The FE-SEM image also shows
the nanophases of the MoSi2–Si3N4 composite.

Vickers hardness measurements were made on the polished sec-
tions of the 8MoSi2–Si3N4 composite using a 20 kg load and a 15 s
dwell time. The hardness of the 8MoSi2–Si3N4 composite was cal-
culated to be 1230 kg/mm2. This value represents an average of five
measurements. Indentations with sufficiently large loads produced
median cracks around the indent. Fracture toughness values can
be determined from the length of these cracks using the following
formula reported by Anstis et al. [26]:

KIC = 0.016
(

E

H

)1/2
· P

C3/2
(3)

where E is Young’s modulus, H is the indentation hardness, P is the
indentation load, and C is the trace length of the crack measured
from the center of the indentation. The modulus was estimated by
the rule of mixtures for a 0.815 volume fraction of MoSi2 and a
0.185 volume fraction of Si3N4 using E(MoSi2) = 440 GPa [27] and
E(Si3N4) = 313 GPa [28]. The toughness obtained from this calcu-
lation is 6 ± 0.3 MPa m1/2. These fracture toughness and hardness

values for the nanostructured 8MoSi2–Si3N4 composite are higher
than those of monolithic MoSi2 (fracture toughness; 2.58 MPa m1/2

hardness; 8.7 MPa) [29] owing to the addition of the Si3N4 hard
phases. As in the case of hardness, toughness value is also the aver-
age of five measurements. Fig. 4(a) presents a typical indentation
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attern for the 8MoSi2–Si3N4 composite. One to three additional
racks were observed to propagate from the indentation corner.
ig. 4(b) shows a view under higher magnification of the inden-
ation median crack in the composite. This shows that the crack
ropagates deflectively (↑).

Suryanarayana [30] has reported that the density, hardness
nd fracture toughness of MoSi2–5 wt%Si3N4 produced by vac-
um hot pressing at 1400 ◦C and 2000 psi for 1 h are 74.9%,
010 kg/mm2, and 2.8 MPa m1/2, respectively. Comparing the above
tudy with ours, the relative density and mechanical proper-
ies of the MoSi2–Si3N4 composite sintered by the PCAS method
re higher than those of the composite sintered by hot press-
ng, even though the sintering temperature for PCAS is lower
nd the required time shorter. This could be explained in
erms of fast temperature rise due to Joule heating, the pres-
nce of plasma in pores separating powder particles [31], and
he intrinsic contribution of the current to fast mass transport
32–34].

. Summary

Nanosized MoSi2 and Si3N4 powders were synthesized from
o2N and Si by high-energy ball milling for 20 h. The 8MoSi2–Si3N4

omposite was consolidated within 3 min by the pulsed current-
ctivated sintering (PCAS) method. The relative density of the
omposite was 97% at an applied pressure of 80 MPa. The aver-
ge grain sizes of MoSi2 and Si3N4 in the composite prepared by
he PCAS method were approximately 100 and 90 nm, respectively.
he average hardness and fracture toughness of the nanostruc-
ured 8MoSi2–Si3N4 composite were 1230 kg/mm2 and 6 MPa m1/2,
espectively. It can be concluded that the addition of Si3N4 and sus-
enance of nanostructure both enhance the mechanical properties
f MoSi2.
cknowledgement
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