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In this work, ultrafine MoSi2-WSi2 composite powders with different volume
fractions of WSi2 were controllably prepared via silicothermic reduction of
MoS2-WS2 mixtures. The micromorphology observation shows that the as-
prepared particles inherited the sheet-like morphology of MoS2 or WS2 and
consisted of ultrafine grains. The vacuum pressureless sintering results
indicated that the addition of WSi2 can greatly enhance the mechanical
properties of the MoSi2 matrix, attributed to the solid solution strength of
WSi2, grain refinement and increase of relative density of the samples caused
by the introduction of Fe element. When the volume fraction of WSi2 was
between 1% and 20%, after sintering at 1500�C for 2 h, the MoSi2-20 vol.%
WSi2 composite sample had the highest densification degree, hardness, and
flexural strength of 95.21%, 10.72 GPa and 297 MPa, respectively. The MoSi2-
10 vol.% WSi2 composite sample had a maximum fracture toughness value of
7.28 MPa m1/2.

INTRODUCTION

As a unique class of intermetallic compounds,
refractory metal silicides (e.g., MoSi2, WSi2, NbSi2
and TaSi2) have special physicochemical character-
istics, such as good electrical conductivity, ultra-
high melting point, great oxidation resistance and
excellent thermal stability, and have been widely
utilized in the field of microelectronics and ceram-
ics.1–6 Among them, MoSi2 has a high melting point
of 2030�C, a medium density of 6.24 g/m3, excellent
elevated oxidation resistance (> 1600�C), relatively
low thermal expansion coefficient (8.1 * 10�6 K�1)
and great thermal conductivity (25 W/m K).4 As a
result, MoSi2 has received much attention in vari-
ous application fields such as advanced aerospace,
electric heating elements, high-temperature struc-
tural materials, microelectronic devices and electro-
catalysts. However, the intrinsic limitations of low
ductility (< 1000�C),5 poor room temperature
toughness and high temperature creep strength

(> 1200�C), as well as ‘‘pesting’’ oxidation phe-
nomenon between 400�C and 600�C greatly limit
the application of MoSi2.6

To overcome these intrinsic limitations, many
researchers have focused on further improving the
mechanical properties of MoSi2 materials in terms
of material design and fabrication techniques.6–15

Among the material design strategies, reducing the
grain size7,8 and second-phase nanoparticle (hard
ceramic phase) reinforcement have been proved to
be effective avenues.4,9 Timothy et al. demonstrated
that reducing the grain size of MoSi2 to the
nanoscale can greatly enhance its mechanical prop-
erties, such as hardness, flexural strength and
fracture toughness.7 Additionally, many studies
have shown that the addition of the hard ceramic
phase nanoparticles such as ZrO2,10,11 SiC,11,12

Si3N4,13 Al2O3,14 Mo5Si3,15 etc., can enhance the
mechanical properties of MoSi2 matrix. Apart from
the above methods, alloying with Al,16,17 Re,17 or
W18 is also considered a promising strategy. In
particular, WSi2 has the same crystal structure and
nearly the same lattice parameters as MoSi2,19

enabling WSi2 to form a solid solution with MoSi2. A
major improvement in mechanical properties has
been realized by alloying MoSi2 with WSi2.5,18–21

(Received January 30, 2023; accepted June 19, 2023;
published online July 11, 2023)

JOM, Vol. 75, No. 11, 2023

https://doi.org/10.1007/s11837-023-05973-6
� 2023 The Minerals, Metals & Materials Society

4727

http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-023-05973-6&amp;domain=pdf


In recent years, many routes have been proposed
for preparing MoSi2-WSi2 composite powder,8,18,20–

22 such as mechanical alloying (MA),8,22 self-propa-
gating high temperature synthesis (SHS)18,21 and
mechanically assisted self-propagating high tem-
perature synthesis (MASHS).20 MA is the most
commonly reported method for preparing MoSi2-
WSi2 composite powders, but impurities such as
iron will be introduced during the ball milling
process. SHS can prevent the induction of impuri-
ties and guarantee the purity of the product, but in
most cases, coarse particles will be acquired.20 The
above methods all select pure Mo and W powder as
raw materials. However, the production of Mo from
MoS2 requires a long and complicated process,
resulting in high cost of Mo. Given these conditions,
Zhang et al.23–25 proposed a short, green and low-
cost route to synthesize ultrafine MoSi2 or WSi2
powders through silicothermic reduction of MoS2 or
WS2. Therefore, in this work, ultrafine MoSi2-WSi2
composite powders with different volume fractions
of WSi2 were synthesized via silicothermic reduc-
tion of MoS2-WS2 mixtures.

Due to their high melting point, pressure-assisted
routes such as hot-pressing (HP) and spark plasma
sintering (SPS) are commonly used to sinter refrac-
tory metal silicides.4–6,9,10 However, pressure-as-
sisted methods are difficult to use for the sintering
of special-shaped samples.26 Generally speaking,
the prepared powder will adsorb gases such as O2,
N2 and other gases, and the adsorbed gases will
have a negative impact on the sintered product.
According to the ideal gas law Eq. 1, where p, V, n, R
and T are the gas pressure (Pa), gas volume (m3),
gas molar amount (mol), molar gas constant (8.31 J/
(mol K)) and temperature (K), respectively, a lower
p will lead to a lower n during the sintering process
of this work in the conditions of constant T and V.
Therefore, vacuum can reduce the interferences of
O2, N2 and other gases on the sample, making the
sample purer.20,21 Therefore, vacuum pressureless
sintering was used to sinter the ultrafine MoSi2-
WSi2 composite powders, prepared through sili-
cothermic reduction of MoS2-WS2 mixtures. Fur-
thermore, the sintering behavior of ultrafine MoSi2-
WSi2 composite powders and the mechanical prop-
erties of corresponding sintered samples were stud-
ied in detail.

pV ¼ nRT ð1Þ

MATERIALS AND METHODS

Raw Materials

MoS2 (98.5 wt.%), WS2 (99 wt.%) and Si (99 wt.%)
reagents were used as molybdenum, tungsten and
silicon sources, respectively. Both MoS2 and WS2

powders have sheet-like structures with lateral
dimensions of about 10 lm (see supplemental

material Fig. S1a) and several lm (see supplemen-
tal material Fig. S1b), respectively, and the Si
particles are composed of many Si nano grains
(�300 nm, see supplemental material Fig. S1c).
Additionally, CaO (99 wt.%) was utilized as desul-
furizer. MoS2, Si and CaO reagents were purchased
from Sinopharm Chemical Reagent Co., Ltd., and
WS2 reagent was purchased from Shanghai Macklin
Biochemical Co., Ltd.

Preparation of MoSi2-WSi2 Composite
Powders

Table I shows the raw material compositions for
preparing 20 g MoSi2-WSi2 composite powders with
1 vol.%, 5 vol.%, 10 vol.% and 20 vol.% WSi2. The
schematic illustration of the preparation for the
MoSi2, WSi2 and MoSi2-WSi2 composite powders are
shown in Fig. 1. In a typical synthesis, approxi-
mately 5 g of the mixed raw material (according to
Table I) was compressed into a cuboid, and seven
cuboids were placed in an alumina crucible and
wrapped with 20 g desulfurizer CaO. Next, the
crucible containing the sample was placed into a
quartz tube and reacted at 1100�C for 2 h in an Ar
atmosphere. After the reaction was completed, the
sample wrapped by desulfurization product layer
can be obtained, and there is a clear boundary
between the two; the target product was separated
from the desulfurization product for further char-
acterization and sintering.23 For comparison, MoSi2
and WSi2 powders were also prepared at 1100�C. In
addition, MoSi2 powders were also prepared at
1000�C and 1200�C to research the effect of the
grain size of MoSi2 powders on the sintering
behavior.

Sintering of MoSi2-WSi2 Composite Powders

The prepared MoSi2, WSi2 and MoSi2-WSi2 com-
posite powders were compressed into green com-
pacts (each green compact weighted about 5 g)
under a uniaxial pressure of 150 MPa with 2 wt.%
paraffin as a binder, and then the green compacts
were sintered at different temperatures under vac-
uum (1 * 10�3 Pa). The sintering procedure is
shown in Fig. 2. First, to completely remove the
binder paraffin in the sample, the temperature was
raised to 400�C at a ramping rate of 2�C/min and
maintained for 2 h. Next, the green body was
sintered at 1400, 1450 or 1500�C for 2 h at a
ramping rate of 5�C/min. After sintering, the sam-
ple was naturally cooled to room temperature.
Table II shows the composition and sintering tem-
perature of the samples in this work.

Characterizations

Prior to characterization, the sintered samples
were ground with 600 to 2000 grit SiC sandpapers
and polished to remove surface contamination. The
phase compositions of the as-synthesized powders
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and sintered samples were characterized by X-ray
diffraction (XRD; TTR III, Rigaku Corporation,
Japan; X-ray wavelength, 1.5418 Å [Cu-Ka], the
step size and scan rate for the XRD experiment are

0.02� and 30 �/min, respectively.). Their morpholo-
gies, microstructures and element distributions
were analyzed by field-emission scanning electron
microscopy (FE-SEM; ZEISS SUPRA 55,

Table I. Composition of raw material mixtures for the preparation of 20 g 1 vol.%, 5 vol.%, 10 vol.% and
20 vol.% MoSi2-WSi2 composite powders

Sample

Raw materials (g) Products (g)

MoS2 WS2 Si MoSi2 WSi2

MoSi2-1 vol.% WSi2 21.06 0.32 14.81 19.70 0.30
MoSi2-5 vol.% WSi2 19.82 1.53 14.48 18.54 1.46
MoSi2-10 vol.% WSi2 18.32 2.98 14.11 17.15 2.85
MoSi2-20 vol.% WSi2 15.55 5.69 13.40 14.55 5.45

Fig. 1. Schematic illustration of the preparation and sintering schedule for the MoSi2, WSi2 and MoSi2-WSi2 composite powders.

Fig. 2. XRD patterns of the powders with different compositions (MoSi2, MoSi2-1 vo l%WSi2, MoSi2-5 vol.% WSi2, MoSi2-10 vol.% WSi2, MoSi2-
20 vo l%WSi2 and WSi2) prepared at 1100�C for 2 h.
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Oberkochen, Germany) equipped with energy dis-
persive X-ray spectrometer (EDS). The preparation
process of the powder sample for SEM observation is
as follows: First, the obtained product was gently
crushed and ground with an agate mortar and then
sieved (200 mesh). Subsequently, about 0.05 g pow-
der was dispersed on the conductive adhesive
(adhered to the aluminum plate). Finally, a conduc-
tive gold film was coated on the surface of the
powder for electron microscope observation.

The relative density of the sintered samples was
estimated from lattice parameters based on XRD
data. The theoretic density of the prepared MoSi2-
WSi2 solid solution phase can be calculated by Eq. 2,
where m, V and M are the mass, volume and
relative molecular mass of the prepared MoSi2-WSi2
solid solution phase single cell; a as well as c are the
lattice parameters; NA is the Avogadro constant
(6.02 9 1023). By Eq. 1, the theoretic densities of
MoSi2-1 vo l%WSi2, MoSi2-5 vol.% WSi2, MoSi2-
10 vol.% WSi2, MoSi2-20 vo l%WSi2 composites are
calculated to be 6.33, 6.46, 6.62 and 6.96 g/cm3,
respectively (see supplemental material Table S1).
The Vickers hardness (HV) of the sintered samples
was measured using a digital microhardness tester
(THV-1MDX, Test-tech Ltd., China) under a load of
98 N for 15 s, and the HV can be established by
Eq. 3

27

where F, S, a, d and P are the load (N),
surface area of the indentation (mm2), relative angle
of the indenter (136�), average diagonal length of
the indentation (mm) and load (kg), respectively. In
addition, the fracture toughness (KIC) value was
estimated by Eq. 4.6,28

q ¼ m

V
¼ M=NA

a2c
ð2Þ

HV ¼ 0:102 � F
S
¼ 0:102 �

2F sin a
2

d2
¼ 1:8544 � P

d2
ð3Þ

KIC ¼ A
E

H

� �1=2 P

c3=2
ð4Þ

where A, E, H, P and c are the constant of 0.016,
elastic modulus (440 GPa),29 Vickers hardness
(GPa), load (gf) and average of the four-surface
radial crack length (lm), respectively. The flexural
strength was measured at room temperature using
a three-point bending strength analyzer (CDW,
Changchun Chaoyang Test Instrument Ltd., China)
with a span length of 12 mm (bend sample dimen-
sion was 3 mm * 4 mm * 14 mm).

RESULTS AND DISCUSSION

Powder Preparation Analysis

Our previous work showed that the temperatures
required for synthesizing MoSi2 or WSi2 powders
via silicothermic reduction of MoS2 and WS2 are
about 1000�C and 1100�C, respectively.24,25 There-
fore, 1100�C was selected as the temperature for the
synthesis of MoSi2-WSi2 composite powders. The
XRD patterns of samples with different composi-
tions (MoSi2, MoSi2-1 vo l%WSi2, MoSi2-5 vol.%
WSi2, MoSi2-10 vol.% WSi2, MoSi2-20 vo l%WSi2
and WSi2) prepared at 1100�C for 2 h are shown in
Fig. 2. Since MoSi2 and WSi2 have similar crystal
structure, the Bragg peaks are quite close, making
it hard to distinguish MoSi2 and WSi2. By magni-
fying the local XRD patterns, it can be clearly found
that the diffraction peaks gradually deviate to a
lower angle with the increase of WSi2 content in the
powder. In general, the shift of XRD diffraction
peaks to lower angles implies an increase of the
lattice constant, which is usually due to the doping
of heteroatoms with a radius larger than that of the
host atoms.30 The atomic radius of Mo is 0.139 nm,
while that of W is 0.141 nm, so the solid solution of
WSi2 in MoSi2 will make the XRD diffraction peaks
shift to a lower angle.

The microscopic morphologies of the samples with
different compositions prepared at 1100�C for 2 h
are shown in Fig. 3. Apparently, the prepared
powder particles inherited the overall size and
sheet-like morphology of MoS2 or WS2, and the
synthesized powder particles consisted of a great

Table II. Temperatures for powder preparation and sintering as well as corresponding relative density of
the sintered samples

Number Powder preparation Sintering Relative density (%)

1 MoSi2-1100�C 1400�C 80.3
2 MoSi2-1100�C 1450�C 84.46
3 MoSi2-1100�C 1500�C 89.94
4 MoSi2-1000�C 1500�C 89.43
5 MoSi2-1200�C 1500�C 86.01
6 MoSi2-1 vol.% WSi2-1100�C 1500�C 91.09
7 MoSi2-5 vol.% WSi2-1100�C 1500�C 92.43
8 MoSi2-10 vol.% WSi2-1100�C 1500�C 94.36
9 MoSi2-20 vol.% WSi2-1100�C 1500�C 95.21
10 WSi2-1100�C 1500�C 85.22
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many of ultrafine grains. Additionally, the micro-
scopic morphologies of the MoSi2 powders acquired
at 1000, 1100 and 1200�C as well as the WSi2
powder synthesized at 1100�C can be found from
our previous report.24,25 The average grain sizes of
the MoSi2 particles synthesized at 1000�C, 1100�C
and 1200�C after reacting for 2 h were about
100 nm, 300 nm and 1 lm, respectively.24

To verify whether WSi2 is completely dissolved in
MoSi2, the elemental distribution of the as-prepared
MoSi2-20 vo l%WSi2 composite powder was
observed using FE-SEM equipped with EDS. As
Fig. S2 shows (see supplemental material), the
elements W, Mo and Si are uniformly distributed.
However, on some small particles (marked with red
or green circles), there are only W and Si but no Mo
elemental distribution. Therefore, WSi2 is not com-
pletely solid-dissolved in MoSi2 because of the lower

preparation temperature. Similarly, for the MoSi2-
WSi2 composite powders prepared by MA, WSi2 also
cannot completely form a solid solution with
MoSi2.20

Relative Density and Microstructure
of Sintered Samples

Relative Density Analysis

First, the effect of temperature on the sintering
was studied using MoSi2 powder prepared at
1100�C as raw material. The relative densities of
the sintered MoSi2 samples at 1400, 1450 and
1500�C for 2 h are shown in Table II. Obviously,
as the sintering temperature increases from 1400�C
to 1450�C and then to 1500�C, the relative density of
the samples increases from 80.30% to 84.46% and
then to 89.94%. Sintering temperature is an

Fig. 3. FE-SEM images of the samples with different compositions prepared at 1100�C for 2 h: (a) MoSi2-1 vo l%WSi2, (b) MoSi2-5 vol.% WSi2,
(c) MoSi2-10 vol.% WSi2 and (d) MoSi2-20 vo l%WSi2.
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important factor affecting sintering. In a certain
temperature range, high temperature is beneficial
to increase the atomic diffusion ability, promote the
formation and growth of sintered necks, and
improve the relative density of sintered samples.

The effect of particle sizes of prepared powders on
the sintering was studied using the MoSi2 powders
obtained at 1000, 1100 and 1200�C as raw materi-
als, and the green compacts were sintered at 1500�C
for 2 h under vacuum. As Table II shows, the
relative densities of the sintered samples are
89.43%, 89.94% and 86.01%, respectively. In gen-
eral, finer powders have greater sintering activity.5

However, the size of the particles also affects the
relative density of green body. Specifically, density
measurements showed that the relative densities of
the green compacts of MoSi2 powders obtained at
1000, 1100 and 1200�C were 45.06%, 49.22% and
49.53%, respectively. That is, during sintering,
compacts with the powder obtained at 1000�C
require greater shrinkage to achieve the same
relative density than samples with the powders
obtained at 1100�C or 1200�C. This results in
powders prepared at 1000�C not showing a signif-
icant densification advantage over those prepared
at 1100�C and 1200�C under the current sintering
conditions.

The melting points of MoSi2 and WSi2 are 2030�C
and 2160�C, respectively. As Table II shows, the
relative density of the sintered WSi2 sample is only
85.22%, which is lower than that of MoSi2 (89.43%)
under the same sintering conditions, indicating that
WSi2 is more difficult to densify than MoSi2. There-
fore, the densification degree of sintered MoSi2-
WSi2 composite samples should decrease with the
increase of WSi2 volume fraction.5 However, as the
volume fraction of WSi2 in MoSi2-WSi2 composite
powder increases from 0% to 1%, 5%, 10% and then
to 20%, the relative density of the sintered samples
increases from 89.94% to 91.09%, 92.43%, 94.36%
and 95.21% (Tables II and S1). This is contrary to
the expected result; the reason for this anomaly will
be explained in the next section.

Phase and Microstructure Analysis

XRD patterns of the sintered samples with dif-
ferent compositions obtained at 1500�C are shown
in Fig. 4. Similar to the XRD patterns of powders
shown in Fig. 1, the diffraction peaks also gradually
deviate to a lower angle with the increase of WSi2
content in the sample.

The backscattered electron (BSE) image and
corresponding element distribution maps of the
sintered MoSi2-10 vol.% WSi2 sample are shown in
Fig. 5. Clearly, Mo and W elements are uniformly
distributed throughout the field of view, proving
that WSi2 is completely dissolved in MoSi2 after
sintering. In the BSE image, two distinct phases can
be found, the gray matrix phase and white sec-
ondary phase. The EDS spectrum corresponding to

the position A exhibits that only Mo, W and Si
elements can be identified, while in the white
secondary phase (corresponding to position B), Fe
element can be found in addition to Mo, W and Si.

The BSE images of the sintered samples of MoSi2,
MoSi2-1 vo l%WSi2, MoSi2-5 vo l%WSi2 and MoSi2-
20 vo l%WSi2 are shown in Fig. 6a, b, c, and d,
respectively. Apparently, for the sintered MoSi2
sample, only the gray matrix phase can be found. In
addition, white secondary phases can be found in
the sintered 1, 5 and 20 vol.% MoSi2-WSi2 compos-
ite samples, and its proportion increases with the
increase of WSi2 volume fraction. Therefore, the Fe
element in the product should be introduced by the
raw material WS2.

The FE-SEM image and corresponding element
distribution maps of WS2 reagent are shown in
Fig. 7. It can be found that the WS2 reagent contains
a small amount of Fe element, and the EDS
spectrum shows that the amount of Fe in WS2

reagent is about 0.42 wt.%. Furthermore, the Fe
content in the WS2 reagent and sintered samples
was accurately assessed depending on Chinese
national standard GB/T 6730.5-2022. The results
show that the Fe contents in the WS2 reagent and
the sintered samples of MoSi2-1 vo l%WSi2, MoSi2-5
vo l%WSi2, MoSi2-10 vo l%WSi2 and MoSi2-20
vo l%WSi2. composites were 0.49 wt.%, 0.01 wt.%,
0.04 wt.%, 0.09 wt.% and 0.14 wt.%, respectively.

The melting point of Fe is 1535�C, which is lower
than that of MoSi2 and WSi2, and Fe is reported to
be an effective sintering aid for TiB2 (with a melting
point of 2980�C) and B4C (with a melting point of
2450�C) + TiB2.31,32 Therefore, herein, the presence
of Fe also acts as a sintering aid for MoSi2-WSi2
composites, which explains why the relative density
increases with the increase of WSi2 volume fraction
in the sintered samples.

Mechanical Properties of Sintered Samples

Figure 8 and Table III show the room tempera-
ture mechanical properties of the sintered samples.
The Vickers hardness, fracture toughness and flex-
ural strength of the sintered MoSi2 and WSi2
samples are 8.02 GPa and 7.23 GPa, 2.33 MPa m1/

2 and 2.36 MPa m1/2, as well as 211 MPa and
157 MPa, respectively. Many works have demon-
strated that WSi2 has higher hardness than
MoSi2,33,34 and the inferior mechanical properties
of the sintered WSi2 sample in this work can be
attributed to the lower densification degree
(85.22%). The mechanical properties of the cur-
rently sintered MoSi2 sample are much higher than
those of the MoSi2 sample obtained by vacuum
pressureless sintering at 1550�C with micron-sized
Si and Mo as raw materials.36 This is because the
MoSi2 powder particles prepared in this work are
composed of a many of ultrafine grains and have
good sintering activity. However, the mechanical
properties of the sintered MoSi2 sample are lower
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than those of the MoSi2 samples prepared by HP
and SPS process.5,6,37–40 Table III shows that even
at a temperature of 1200�C, a sintered MoSi2
sample with a relative density of 94.74% can be

acquired by HP sintering, and the relative density
increases with the increase of temperature. Like-
wise, the Vickers hardness and fracture toughness
of the sintered WSi2 sample in this work are lower

Fig. 4. XRD patterns of the sintered samples with different compositions (MoSi2, MoSi2-1 vol.% WSi2, MoSi2-5 vol.% WSi2, MoSi2-10 vol.%
WSi2, MoSi2-20 vol.% WSi2 and WSi2) obtained at 1500�C.

Fig. 5. BSE image and corresponding element distribution maps of the sintered sample with composition of MoSi2-10 vol.% WSi2.
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than those of the WSi2 sample prepared by HP
sintering.41 Obviously, the relative density of the
sintered samples is an important factor affecting its
mechanical properties.

The Vickers hardness of the sintered MoSi2-WSi2
composite samples increases with the increase of
WSi2 volume fraction, with the highest Vickers
hardness of 10.72 GPa achieved by sample MoSi2-
20 vol.% WSi2. Chen et al.5 have proved that the
Vickers hardness of MoSi2-WSi2 sintered samples
increases with the increase of WSi2 volume fraction
(Table III). In addition, the increase in relative
density is also favorable to improve the Vickers

hardness. Figure 8 also exhibits that with the
increase of the WSi2 volume fraction, the fracture
toughness of the sintered MoSi2-WSi2 composite
samples first increases and then decreases. The
sintered MoSi2-10 vol.% WSi2 sample has the high-
est fracture toughness of 7.28 MPa m1/2, which is
3.12 times that of pure MoSi2 in this work. Fur-
thermore, this value is close to that of the MoSi2-
10 vol.% WSi2 sample obtained by vacuum pres-
sureless sintering at 1550�C (6.69–7.32 MPa m1/2)20

and higher than the MoSi2-10 vol.% WSi2 sample
(5.89 MPa m1/2) prepared using the SPS sintering
process.5

Fig. 6. BSE images of the sintered samples of (a) MoSi2, (b) MoSi2-1 vo l%WSi2, (c) MoSi2-5 vo l%WSi2 and (d) MoSi2-20 vo l%WSi2.

Fig. 7. FE-SEM image and corresponding element distribution maps of WS2 reagent.
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Similar to the Vickers hardness, the flexural
strength of the MoSi2-WSi2 composite sample
increases with increasing WSi2 volume fraction,
which can be attributed to the increase in the
relative density of the samples. The MoSi2-20 vol.%
WSi2 composite sample has the highest flexural
strength of 297 MPa, which is 40.76% greater than
that of the sintered MoSi2 sample prepared under
the same conditions. The bending fracture mor-
phologies of the sintered samples with different
compositions are shown in Fig. 9. Figure 9a1, a2, f1,
and f2 shows that there are obvious pores in the
sintered MoSi2 and WSi2 samples, suggesting the
low densification degree. In particular, the relative
density of the sintered WSi2 sample is only 85.22%,
which is lower than that of MoSi2 (89.43%) under
the same sintering conditions, indicating that WSi2
is difficult to densify compared to the other five
samples. Additionally, Figure 9a1, a2 to e1, and e2
shows that the dominant fracture mode of MoSi2 is
transgranular, while the fracture of MoSi2-WSi2
composite samples is more tortuous and intergran-
ular than that of the MoSi2 sample, bringing about a
significant improvement of fracture toughness.5

According to the dislocation theory, grain bound-
aries are obstacles for dislocation movement. Under
the action of external force, to produce shear
deformation in the adjacent grains, the grain
boundary must generate a large enough stress
concentration. Since grain refinement means more
grain boundaries, if the grain boundary structure
remains unchanged, a greater external force must
be applied to generate dislocation accumulation,
thereby strengthening the material.42 In addition,
based on the Hall-Petch relationship (Eq. 5, where
r0 and k1 are constants, and d is the grain diame-
ter), the fracture strength rf is inversely propor-
tional to the square root of the grain diameter d,

that is, the smaller the grain, the higher the
fracture strength will be.43 In this work, the grain
size distributions of the sintered samples were
determined by software Image J based on Fig. 9,
and the results are shown in Fig. S3 (see supple-
mental material). As Fig. S3 shows, the average
grain sizes of synthesized MoSi2, MoSi2-1 vol.%
WSi2, MoSi2-5 vol.% WSi2, MoSi2-10 vol.% WSi2,
MoSi2-20 vol.% WSi2 and WSi2 are 11.9, 8.3, 9.4,
7.5, 5.4 and 1.5 lm, respectively. Clearly, the grains
are gradually refined with the increase of WSi2
fraction volume. Consequently, the improved
mechanical properties of the MoSi2-WSi2 sintered
samples can be attributed to the grain refinement.

rf ¼ r0 þ k1d
�1

2 ð5Þ

For brittle ceramic materials, the relationship
between fracture strength rf and porosity can be
expressed by Eq. 6, where r0 is the theoretically
fracture strength of the sample without pores; P is
the volume fraction of porosity, and b is a material-
dependent constant between 4 and 6.44 The relative
density of the sintered MoSi2-WSi2 composite sam-
ples increases with the addition of WSi2, that is, the
porosity of the samples decreases gradually. There-
fore, there will be an enhancement of mechanical
properties of the sintered samples of MoSi2-WSi2.

rf ¼ r0 expð�bPÞ ð6Þ

In conclusion, ultrafine MoSi2-WSi2 composite
powders were obtained by silicothermic reduction
of MoS2-WS2 mixtures, and sintered MoSi2-WSi2
composite samples with competitive mechanical
properties were acquired via vacuum pressureless
sintering. Compared with the sintered MoSi2 sam-
ple, the improved mechanical properties of the
sintered MoSi2-WSi2 composite samples can be

Fig. 8. Mechanical properties of sintered samples.
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ascribed to the solid solution strength of WSi2, grain
refinement and the increase in the relative density
of the samples caused by the introduction of Fe
element.

CONCLUSION

This work proposed a new route to synthesize
ultrafine MoSi2-WSi2 composite powders with dif-
ferent volume fractions of WSi2. Subsequently, the

Table III. Room temperature mechanical properties of sintered MoSi2, WSi2 and MoSi2-based samples (*
represents this work)

Composition
Sintering
condition

Relative
density (%)

Vickers
hardness
(GPa)

Fracture
toughness
(MPa m1/2)

Flexure
strength
(MPa)

MoSi2 * Vacuum pressureless, 1500�C 89.43 8.02 2.33 211
WSi2 * Vacuum pressureless, 1500�C 85.22 7.23 2.36 157
MoSi2-1 vol.% WSi2* Vacuum pressureless, 1500�C 91.09 9.16 3.91 241
MoSi2-5 vol.% WSi2* Vacuum pressureless, 1500�C 92.43 9.52 5.22 252
MoSi2-10 vol.% WSi2* Vacuum pressureless, 1500�C 94.36 10.09 7.28 273
MoSi2-20 vol.% WSi2* Vacuum pressureless, 1500�C 95.21 10.72 6.09 297
MoSi2

36 Vacuum pressureless, 1550�C 78.7 0.871 - 97.75
MoSi2

35 HP, 30 MPa, 1700�C > 96 10 2.58 -
MoSi2

37 HP, 41.4 MPa, 1640�C 95.3 - 2.5–3 140 � 160
MoSi2

6 HP, 5.5 GPa, 1300�C 99.7 15 10.7 -
MoSi2

38 HP, 30 MPa, 1650�C 98.4 8.7 3.1 253
MoSi2

39 SPS, 40 MPa, 1300�C 99.3 9.3 2.8 249
MoSi2

40 SPS, 30 MPa, 1500�C 97.29 9.5 4.1 255
MoSi2

5 SPS, 40 MPa, 1200�C 94.74 9.69 2.63 -
WSi2

40 HP , 60 MPa, 1300�C 96.5 13.43 3.3 -
MoSi2-5 vol.% WSi2

5 SPS, 40 MPa, 1200�C 96.63 11.55 6.02 -
MoSi2-10 vol.% WSi2

5 SPS, 40 MPa, 1200�C 96.27 13.91 5.89 -
MoSi2-15 vol.% WSi2

5 SPS, 40 MPa, 1200�C 95.87 14.55 5.07 -
MoSi2-20 vol.% WSi2

5 SPS, 40 MPa, 1200�C 95.74 16.47 4.79 -
MoSi2-20 vol.% WSi2

20 Vacuum pressureless, 1550�C 87.27 9.72 6.69 210
MoSi2-20 vol.% WSi2

20 Vacuum pressureless, 1550�C 91.13 10.56 6.69 242
MoSi2-20 vol.% WSi2

20 Vacuum pressureless, 1550�C 96.49 10.78 7.32 327

Fig. 9. Bending fracture morphologies of the sintered samples with different compositions: (a1 and a2) MoSi2, (b1 and b2) MoSi2-1 vol.% WSi2,
(c1 and c2) MoSi2-5 vol.% WSi2, (d1 and d2) MoSi2-10 vol.% WSi2, (e1 and e2) MoSi2-20 vol.% WSi2 and (f1 and f2) WSi2.
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vacuum pressureless sintering behavior of the pre-
pared powders was studied. Additionally, the
microstructure and mechanical properties of the
sintered samples were further explored. The follow-
ing conclusions can be drawn:

1. MoSi2-WSi2 composite powders with different
WSi2 volume fractions (1 vol.%, 5 vol.%,
10 vol.% and 20 vol.%) were successful synthe-
sized via silicothermic reduction of MoS2-WS2

mixtures. FE-SEM images showed that the
prepared MoSi2-WSi2 composite powder parti-
cles inherited the overall size and sheet-like
morphology of MoS2 or WS2, and are composed
of many ultrafine grains.

2. The elemental distribution maps of the prepared
MoSi2-WSi2 composite powders showed that
WSi2 was not completely dissolved in MoSi2.
After vacuum pressureless sintering at 1500�C,
WSi2 was completely dissolved in MoSi2.

3. The Fe element introduced by WS2 reagent
acted as sintering aid and improved the relative
density of the sintered MoSi2-WSi2 composite
samples.

4. The addition of WSi2 to MoSi2 matrix can
significantly improve its mechanical properties,
attributed to the solid solution strength of WSi2,
grain refinement and increase of relative den-
sity of the samples caused by the introduction of
Fe element. When the volume fraction of WSi2
was between 1% and 20%, after sintering at
1500�C for 2 h, the MoSi2-20 vol.% WSi2 com-
posite sample had the highest densification
degree, hardness and flexural strength of
95.21%, 10.72 GPa and 297 MPa, respectively.
The MoSi2-10 vol.% WSi2 composite sample had
a relative density of 94.36% and a maximum
fracture toughness value of 7.28 MPa m1/2.
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