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a b s t r a c t

The possibilities of the synthesis of submicron MoSi2 and MoSi2–Si3N4 composite powders were
investigated using inorganic salt-assisted combustion synthesis method. Combustion laws in the
MoO3–3Mg–2Si–NaCl and Mo–5Si–NaCl–Si3N4–N2 systems were studied. The main factors influencing
ccepted 16 June 2008

eywords:
olybdenum disilicide
oSi2–Si3N4 composite

elf-propagating high-temperature

the combustion parameters, phase composition and microstructure of products for both these systems
were determined experimentally. Optimum synthesis conditions of submicron MoSi2 and MoSi2–Si3N4

composite powders containing 30–40 wt.% of molybdenum disilicide were determined. Compacting con-
ditions for 30 wt.% MoSi2–70 wt.% Si3N4 composite using the hot pressing technique were found. Compact
samples 20 mm in diameter were obtained. Microstructure, phase and chemical compositions of the dense
samples were studied.
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. Introduction

Among the transition-metals’ silicides, molybdenum disilicide
MoSi2) is an attractive candidate for electronic, heating, and
igh-temperature structural applications [1–3]. Some of its charac-
eristics include a high melting point of 2020 ◦C, stable resistance
ver long periods of time, self-healing ability due to the forma-
ion of a highly protective amorphous silica layer, high electrical
onductivity (2 × 105 �−1 cm−1 at room temperature) and excellent
xidation resistance.

However, low fracture toughness at ambient temperature, steep
ecrease in strength and creep resistance at temperatures greater
han 1000 ◦C, and inferior oxidation resistance at intermediate tem-
eratures are some of the drawbacks that hinder the application
f MoSi2 as a fully viable structural material. Different approaches

ere used to overcome these problems, the composites route being
rominent among these [4–7]. Various composites of MoSi2 were
eveloped to improve the low-temperature ductility and the high-
emperature creep resistance, without any significant reduction in
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he oxidation resistance of MoSi2. Among them, MoSi2–Si3N4 com-
osites are of special interest. These materials possess numerous
esirable physical and mechanical properties [8–14]. First, at low
emperatures, these composites have higher fracture toughness
han either constituent phase alone [8,9]. Second, at elevated tem-
eratures (e.g. >1000 ◦C), MoSi2 is ductile, and as such, the addition
f MoSi2 can improve the fracture toughness of the Si3N4 through
uctile phase toughening mechanisms. Conversely, at these tem-
eratures the addition of Si3N4 may impart strength to the MoSi2.
hird, both constituent phases are thermodynamically compatible
nd possess similar oxidation mechanisms.

The technological importance of MoSi2 for various applications
as generated renewed interest in the manufacturing and process-

ng of pure MoSi2, and its composites. Conventionally, molybdenum
isilicide is produced by using arc melting, mechanical alloying
nd shock synthesis methods [15–18]. In the last two decades
he method known as self-propagating high-temperature synthe-
is (SHS), or combustion synthesis [19–25] was recognized as a
romising one to produce MoSi2 powder. Combustion synthe-
is, when compared to traditional processing techniques has the

dvantages of being extremely time- and energy-efficient. These
dvantages come from a highly exothermic chemical reaction
ecoming self-sustaining after only a short energy pulse initi-
tes the reaction. This technique was also successfully applied for
ne-step synthesizing MoSi2–Si3N4 composite powders [26,27]. In

http://www.sciencedirect.com/science/journal/13858947
mailto:khachat@ichph.sci.am
dx.doi.org/10.1016/j.cej.2008.06.013
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articular, studies on combustion process in the Mo–Si–N2 system
ave shown that phase composition of the final product depends on
i/Mo ratio and nitrogen pressure. The approach developed allowed
btaining composite powders with high content of molybdenum
isilicide reaching 60–90 wt.% [26].

However, in all the cases discussed above the products
btained by combustion reaction had relatively large particle sizes
10–20 �m) caused by the high reaction temperatures. To produce
anostructured molybdenum disilicide powders a new synthesis
oute coupling high-energy ball milling with self-sustaining reac-
ions has been proposed [28–30].

Over the past few years molten salt-assisted SHS method of
ynthesizing nanostructured ceramic powders was extensively
mployed [31–33]. It is based on the use of various inorganic salt
dditives (e.g. NaCl, KCl) as inert diluents to control the combus-
ion temperature. Alkali metal halide aids in transportation of the
eactant species and prevents products’ grain growth by forming a
rotective layer around the particles. All these facilitate synthesis
t low temperature, and positively affects to the formation of fine
rain products.

The present work aims to study the possibility of salt-assisted
ombustion synthesis of fine MoSi2 and MoSi2–Si3N4 compos-
te powders and their characterization. Combustion laws in the

oO3–3Mg–2Si–diluent and Mo–5Si–diluent–N2 systems were
nvestigated. Hot pressing technique was applied to compact the
0 wt.% MoSi2–70% Si3N4 composite powder and some character-

stics of as-derived compact samples were studied.

. Experimental

.1. Combustion synthesis and characterization of products

All experiments were conducted in a laboratory constant-
ressure reactor (CPR-3l) using argon or nitrogen (purity 99.7%,
xygen content no more than 0.2%) atmosphere at pressure of
.5–5 MPa. At the start of the experiment, the combustion chamber
as sealed, evacuated, and purged with argon. The chamber was

hen filled with argon or nitrogen to the desired pressure. During
he experiments samples were placed into the reactor and combus-
ion was initiated by means of a tungsten wire located on the upper
urface of the sample and was programmed to produce a voltage
ulse of 12–18 V for 1.0–2 s. Power to the filament was immediately
iscontinued after ignition of the sample.

The raw mixtures were prepared using materials listed in
able 1. A green mixture of the reactants was homogenized in a
eramic mortar. Cylindrical samples of 20–50 mm in diameter and
eight of 40–50 mm were prepared from the green mixture. For
oO3–Mg–Si–diluent mixture the samples were made by cold uni-

xial pressing (30 kN). For the Mo–5Si–diluent system the mixtures

ere placed into the stainless steel gauze with 0.3 mm thickness.

The maximum combustion temperature (Tc) and the temper-
ture distribution on the combustion wave were measured by
ungsten–rhenium thermocouples (W/Re-5, W/Re-20, 100 �m in
iameter) previously covered with a thin layer of boron nitride.

m
c
o
s
i

able 1
he list of the reagents used for SHS processing

nitial powder Trademark

olybdenum oxide MoO3 Tech. condition of manufacturing No. 6-09-4471-7
olybdenum Mo Technical condition of manufacturing No. 48-19-00

ilicon Si KR-1 (Doneck Factory of Chemical Reagents, Donec
agnesium Mg MPF-3 (Russia)

odium chloride NaCl High Grade, (Michailosk Factory of Chemical Reage
ilicon nitride Si3N4 In-house SHS-derived (containing 20 wt.% of �-Si3
ring Journal 143 (2008) 331–336

hree thermocouple holes (3 mm in diameter, 10–25 mm deep)
ere drilled into each specimen perpendicular to the cylinder axis

t a spacing of ∼1 cm. The output signals of thermocouples were
ransformed by a data logger at the rate of 2 kHz, and were recorded
y computer. The average values of combustion velocity (Uc) were
alculated as follows: Uc = l/t, where l is the distance between
hermocouples; t is temporary distance between the signals of
hermocouples. The standard error of measurement for Tc and Uc

ere ±10 ◦C and 5%, respectively. Reacted samples were washed
ith deionized water and/or 5% hydrochloric acid. The contents of

ree (non-reacted) silicon in the washed powders were determined
y photocolorimetric analysis method [34]. As synthesized pow-
ers were ball milled (duration: 3 h) using zirconia grinding media
or further reducing in size of the particles and/or agglomerates.
he mass ration between balls (ball size: 2 mm) to powder was
0:1. After the milling procedure the wet mixtures were then dried
n a rotary evaporator at 75 ◦C for 10 h. The washed combustion
roducts and milled powders were studied by XRD analysis with
onochromatic Cu K� radiation (diffractometer PANalytical PW

040/60 X’Pert PRO). SEM (BS-300), high-resolution SEM (S4800,
itachi) and TEM (CM30, Philips) analyses were conducted to study

he microstructure of the powders. The particle size distribution of
he powders was measured using a Malvern Mastersizer X analyzer.
pecific surface area measurements were carried out with a Coulter
A3100 analyser.

.2. Compaction of MoSi2–Si3N4 and characterization of dense
amples

The synthesized composite powder, 30 wt.% MoSi2–70 wt.%
i3N4, was mixed with 3.5 wt.% Y2O3, (H.C. Starck, Grade C) and
.5 wt.% Al2O3, (Alcoa, CT3000SG) as sintering additives in isopropyl
lcohol. Additionally, after the mixing process 1 wt.% polyvinyl
utyral (PVB) (Mowital B 20H, Clariant GmbH, Germany) as a
inder was added to the obtained slurry. The wet powder mix-
ure was then dried in a rotary evaporator and passed through a
25 �m sieve. Dried and sieved powder was compacted into discs
f 20 mm in diameter by uni-axial pressing (30 kN). The powder
ompacts were sintered in BN-coated graphite dies by hot pressing
using KCE, Model HPW150/200-2200-100-LA and Thermal Tech-
ology Inc., Model 383-40 presses) with a pressure of 9.5 kN in
.1 MPa argon atmosphere at temperatures up to 1700 ◦C. Compact
amples were then polished and plasma etched for the microstruc-
ural analysis using scanning electron microscopy (SEM, VEGA TS
136 Tescan, CZ). Phase composition of sintered materials was
xamined by X-ray analysis with Cu K� radiation on a diffractome-
er (PANalytical PW 3040/6092 X’Pert PRO). X-ray photoelectron
petroscopy (XPS) by a PHI-Quantum 2000 technique (excitation
ource monochromatic Al K� (h� = 1486.6 eV) was used to deter-

ine chemical composition of the compact samples’ surfaces. To

lean the samples from contaminations (adsorbed carbon dioxide,
xygen, nitrogen) argon etching at 2 kV was performed. To compen-
ate for surface charging during measurements electron and argon
on flood gun neutralizers were used.

Purity (%) Particle size (�m)

7 (Pobedit Co., Russia) 99.7 ≤5
-80 (Pobedit Co., Russia) 99.5 ≤10
k, Ukraine) 99.0 ≤10

99.9 150–300
nts, Russia) 99.9 ≤20
N4) Nitrogen −37.3 wt.%; free

silicon −0.6 wt.%
≤5



Kh.V. Manukyan et al. / Chemical Engineering Journal 143 (2008) 331–336 333

F
M

3

3
s

p
i
M
r
w
(
r
d
a
n
w
X
p
a
n
t
d

d
(
(
t
a
c
c
a
i
o
r
i
s

w
a
m
t
t
s

i
m

Fig. 2. Microstructure of washed products formed at the combustion of
MoO3–3Mg–2Si mixture at different NaCl amounts: (a) n = 3 and (b) n = 6.

Fig. 3. XRD pattern of the washed product for the MoO3–3Mg–2Si–3NaCl initial
mixture.
ig. 1. Combustion temperature (Tc) and velocity (Uc) vs. n value for the
oO3–3Mg–2Si–nNaCl system at P = 1 MPa.

. Results and discussion

.1. Combustion features in the MoO3–3Mg–2Si–NaCl system and
ynthesis of MoSi2 powder

Combustion in the MoO3–3Mg–2Si system at P(Ar) = 5 MPa take
lace very violently, caused by realizing great amount of heat dur-

ng the process. In addition, the product obtained tends to be MgO,
oSi2, Mo5Si3, non-reacted Si and small amounts of MgSiO3. To

educe the combustion temperature the MoO3–3Mg–2Si mixture
as diluted by sodium chloride. The results obtained have shown

Fig. 1) that as the amount of salt (n, moles) is increased in the
eacting mixture, the combustion temperature and the velocity
ecrease. As the combustion temperature decreases (for n values
veraging from 2 to 6.5), the reacting system forms MoSi2 and mag-
esia. The products formed in the salt environment were washed
ith deionized water and 5% hydrochloric acid examined by SEM,
RD and chemical analyses. The results of SEM analysis show that
roduct particles decrease in size significantly with increasing salt
mount. In particular, the size of particles for product formed at
= 3 averages between 5 and 15 �m (Fig. 2a). One important point

o note is that product particles formed at high contents of the
iluent (more than 5 moles) are smaller than 1 �m (Fig. 2b).

XRD patterns of products obtained at medium contents of the
iluent (from 2 to 5 moles) exhibit only diffraction lines for MoSi2
Fig. 3). At the same time chemical analysis shows low content
1–1.5 wt.%) of non-reacted silicon. In the case of n > 5 XRD pat-
erns of products display diffraction lines of the MoSi2 (Fig. 4a)
nd traces of the Mo5Si3 phase. The amount of non-reacted sili-
on in these products was approximately 5–6 wt.%. To increase the
ompleteness of the combustion reaction, and thus to reduce the
mount of non-reacted silicon the diameter of reacting samples was
ncrease from 20 to 50 mm. It is caused by the fact that the diameter
f initial sample plays dominant role in regulating the temperature
egime of interaction in post-combustion stage. In our experiments
ncreasing the diameter allowed to reduce amount of non-reacted
ilicon down to 2–2.5 wt.%.

MoSi2 powder synthesized at high contents of the diluent (n = 6)
as milled for further reducing in size of the particles and/or

gglomerates. XRD analysis of milled powder shows (Fig. 4b) that
illing leads to a significant broadening of the diffraction peaks. At

he same time the intensities of the peaks decrease by four to five
imes. This feature probably was caused by the reduction of particle

izes and/or the introducing of micro-strains in the crystallites.

The specific surface area of powders were calculated from BET
sotherm model. Note, that specific surface area measured before

illing of MoSi2 powder was 1.04 m2/g. After the milling the spe-
Fig. 4. XRD pattern of the washed product for the MoO3–3Mg–2Si–6NaCl initial
mixture befor (a) and after milling (b).
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Fig. 5. Microstructure of MoSi2 powder after milling.

ific surface area increased significantly (24.5 m2/g). In order to
eveal ball milling effect on microstructure of MoSi2 powder high-
esolution SEM and TEM analyses were also carried out. It was found
hat short time ball milling leads to significant reduction of prod-
cts’ particle size. Particularly, the results of these investigations
Fig. 5) show that milled (duration: 3 h) powder has a particulate
tructure with irregular shapes and sizes below 0.5 �m.

.2. Combustion in the Mo–5Si–NaCl–N2 system and synthesis of
oSi2–Si3N4 composite powders

Experiments indicate that the self-sustaining regime of inter-
ction in the Mo–5Si–N2 system is possible for samples with a
elatively low density (down to 0.45) and nitrogen pressures more
han 1.5 MPa. In our previous investigation [27] it was shown that
t combustion of Mo + 5Si mixture in nitrogen the reaction tem-
erature changed from 1800 to 2000 ◦C, yielding the products
ontaining MoSi2, Si3N4 and significant amount of non-reacted sil-
con. In addition the product contains coarse particles (up to1 cm)

ith metallic glance. XRD analysis was testified that these particles

epresent pure silicon, probably formed due to the coalescence of
elted silicon drops in the interaction zone. It is expected that the

resence of molten sodium chloride will prevent coalescence sili-
on drops and by this way promotes the fast nitriding of silicon.
or this purpose combustion of the initial Mo–5Si–nNaCl mix-

o
m
p
3
r

ig. 6. Combustion temperature and velocity vs. n value for the Mo–5Si–nNaCl––N2

ystem at P = 5 MPa.

ure under the nitrogen atmosphere (P(N2) = 5 MPa) was studied.
ccording to results obtained (Fig. 6) for the Mo–5Si–nNaCl–N2
ystem both the combustion parameters show complex charac-
er (curves with a maximum) from the n value and a combustion
imit was registered at n = 1.8. The results of chemical analyses
how that NaCl addition leads to significant change in complete-
ess of silicon nitriding. In particular, a steep decrease in free silicon
mounts (from 10 to 0.7 wt.%) was observed when NaCl (more
hen 0.5 moles) introduced into the green mixture. Simultaneously
ignificant amount of Mo5Si3 was detected by XRD analysis of
he products. A possible explanation for molybdenum-rich Mo5Si3
hase formation is that sodium chloride provides better conditions
or silicon nitriding thus decreasing amount of silicon for MoSi2 to
e produced. Nevertheless, it is not excluded the partial nitriding
f the formed MoSi2 by the reaction:

5MoSi2 + 14N2 → 3Mo5Si3 + 7Si3N4 (1)

Therefore, for further optimization of the process it is necessary
o prevent formation of Mo5Si3. For this purpose silicon nitride was
ntroduced into the Mo–5Si–0.5NaCl mixture as the second diluting
ompound.

Experiments for the Mo–5Si–0.5NaCl–mSi3N4 + N2 system (m is
oles of Si3N4) in nitrogen (P = 5 MPa) show that addition of silicon

itride leads to decrease in combustion temperature from 2050 to
750 ◦C. Accordingly, the combustion front velocity was reduced by
bout 2.5 times (from 0.1 down to 0.04 cm/s). Moreover, addition
f 1.7 moles of silicon nitride resulted in a combustion limit.

Hence, decreasing the combustion parameters by this way
akes it possible to regulate the phase composition of the combus-

ion products. Particularly, within the 0 ≤ m < 0.7 range the products
ontained MoSi2, Si3N4, NaCl, as well as significant amounts of
o5Si3. The product formed in the 0.7 ≤ m ≤ 1.65 interval contained
oSi2, Si3N4, NaCl, and the amount of free silicon was small enough

0.5–0.7 wt.%).
For exploring the effect of nitrogen pressures a series of exper-

ments using samples made from Mo–5Si–0.5NaCl–Si3N4 initial
ixtures (with a relative density of 0.37) was conducted. The

esults obtained have shown that this mixture does not combust
t nitrogen pressure less than 1 MPa. In the vicinity of the combus-
ion limit the registered combustion parameters (Tc and Uc) have

inimal values of 1680 ◦C and 0.02 cm/s, respectively. Increasing
he pressure from 1 to 3 MPa resulted in increasing the combus-
ion parameters (Tc = 1880 ◦C and Uc = 0.06 cm/s). In this interval of
ressure unstable (pulsing) propagation of combustion wave was

bserved. At P ≥ 3 MPa transition of pulsing to stable combustion
ode takes place without significant change in the combustion

arameters. It was shown by XRD analysis that at pressures below
MPa combustion products contain significant amounts of non-

eacted silicon. The products obtained at nitrogen pressures higher
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ig. 7. XRD patterns for milled 30 wt.% MoSi2–30 wt.% Si3N4 composite powder.

han 3 MPa exhibited diffraction lines for MoSi2, �-Si3N4 and small
mount of �-Si3N4. In addition, the amount of non-reacted silicon
as about 0.6–0.8 wt.%.

Thus, optimization of combustion conditions by the amounts of
iluents (NaCl and Si3N4) and the nitrogen pressure allows the con-
rol main parameters of the process and to synthesize MoSi2–Si3N4
owders containing from 30 to 40 wt.% MoSi2.

As synthesized 30 wt.% MoSi2-70 wt.% Si3N4 composite pow-
er was milled in ball mill for 3 h. XRD analysis of milled powders
as shown (Fig. 7) diffraction lines for MoSi2 and �-Si3N4. In addi-
ion small amount of �-Si3N4 was also detected by XRD analysis.
he results on particle size distribution for the 30% MoSi2–70%
i3N4 composite after the milling (Fig. 8) have shown that approx-
mately 40 vol.% of the particles are of a submicron size. The size
f 50 and 90 vol.% of particles is less than 1.5 and 3.5 �m, respec-
ively. The specific surface area of composite powder measured
efore milling was 0.85 m2/g. After the milling the specific surface
ecomes 22 m2/g. High-resolution SEM and TEM analyses (Fig. 9)
how that milled composite powder has two characteristic ranges
or particle dimensions: from 0.5 to 1.5 �m and from 100 to 500 nm.

.3. Densification of 30 wt.% MoSi2–70 wt.% Si3N4 composite
owder

Combustion synthesized 30 wt.% MoSi2–70 wt.% Si3N4 compos-
te powder was compacted by hot pressing in a low-pressure
0.1 MPa) argon atmosphere. The hot pressed samples were pro-

uced in a disc shape with a diameter of 20 mm and a thickness
f 3–5 mm. The hot pressing conditions, absolute shrinkage (s) and
ts differential curve are illustrated in Fig. 10. The heating cycle was
eveloped to produce high-density composite according to liter-

ig. 8. Particle size distribution for the 30 wt.% MoSi2–70 wt.% Si3N4 composite.

a
w
t

c
b

F

Fig. 9. Microstructure of MoSi2–Si3N4 composite powder after milling.

ture data [13,14]. It may be seen that main shrinkage of powder
akes place at temperatures from 1500 to 1700 ◦C. The first max-
mum on the ds/dt curve was registered when 3–4 kN force was
pplied on the sample. The second maximum on the same curve

as registered at a constant pressure (9.5 kN) of pressing during

he increasing temperature.
After the hot pressing, the surfaces of the sintered discs were

leaned by diamond grinding. The density of discs, measured
y water displacement method, was 0.98–0.99 of the theoretical

ig. 10. Sintering curves for the 30 wt.% MoSi2–70 wt.% Si3N4 composite powder.
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ig. 11. SEM micrograph of compact sample obtained at hot pressing of combustion
ynthesized MoSi2–Si3N4 composite powder.

ensity. The compacts consolidated by this way have two-phase
tructure consisting MoSi2 and �-Si3N4. Note that no crystalline
hases containing Y and Al were observed in the XRD patterns.
EM investigation of the dense material has shown that MoSi2
rains (with particles 2–4 �m in size) have irregular shape and are
omogeneously distributed in the Si3N4 matrix (Fig. 11).

The surface chemical composition of compact discs was ana-
yzed by XPS method. On each sample two survey measurements

ere made: one on the surface of “as received” and the second one
fter argon ion sputtering. On the surfaces of the “as received” discs
efore etching considerable amounts of carbon and oxygen were
etected. After the sputtering the concentrations of these elements
ere reduced significantly. Particularly, the carbon concentration
ecreased from 25–30 to 2–4 at.%. Oxygen concentrations on sput-
ered discs varied from 11.5 to 17.5 at.%. Argon sputtering helps
lso for increasing the peak intensities on XPS spectra for nitrogen,
ilicon and molybdenum. On the surface of the samples contamina-
ions of iron and zirconium were registered. The results of analyses
ave shown that yttrium and aluminium are absent on the disc
urfaces.

. Conclusions

1) The results of investigation were shown that the combustion
parameters (Tc and Uc) in the MoO3–3Mg–2Si system can be
regulated using sodium chloride as an inert diluent with the
respect to synthesis of MoSi2. Addition of sodium chloride helps

to regulate also size of product’s particle and to synthesize
MoSi2 particles below 1 �m.

2) In the Mo–5Si–N2 systems both the reaction conditions and
phase composition can be regulated with combined NaCl–Si3N4
diluent. Optimum conditions for synthesizing MoSi2–Si3N4

[
[
[
[
[

ring Journal 143 (2008) 331–336

powders containing 30–40 wt.% of molybdenum disilicide were
determined.

3) It was shown that the synthesized MoSi2–Si3N4 composite
material could be hot pressed with the standard technique for
silicon nitride to 0.98–0.99 theoretical density. Dense materi-
als produced by this way have two-phase structure consisting
of MoSi2 and �-Si3N4. Nitrogen, silicon and molybdenum were
determined as main elements on the surfaces of sintered disks
by means of XPS method.
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