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A B S T R A C T
Porous materials made of commercial tungsten carbide (WC) with the addition of thermally obtained tungsten
silicides (WSi2 and W5Si3) were made. The main research's contribution is ﬁrstly ﬁnding optimal conditions for
synthesis tungsten silicides from elementary powders, and lately obtaining porous materials with excellent cavitation resistance. A phase transformation during synthesis of silicides was studied by changing temperature
and time of heating. Obtained silicides were added to WC in diﬀerent mass percentages. Mixtures were spark
plasma sintered. Nanoindentation tests were performed on sintered samples, as well as cavitation erosion testing
accompanied by measuring of mass changes and the proﬁlometry measurements to scan the surface.
Microstructure and morphology were determined by scanning electron microscopy (SEM), while porosity percentages based on SEM images were calculated by computer software QWin.

1. Introduction
In metallurgical industry and in advanced technologies, used materials are frequently subjected to extreme conditions such as chemical,
mechanical exposures, and operation under high temperatures [1].
Therefore, required materials have to be carefully chosen. Some refractory materials which possess high melting points (> 1800 °C),
chemically inertness, high hardness as well as toughness and good wear
resistant satisfy the requirements for extreme usage conditions [2].
Tungsten carbide phases, WC with the melting point above 2785 °C,
tungsten disilicide (WSi2) with the melting point above 2160 °C and
petatungsten trisilicide (W5Si3) with the melting point above 2320 °C
seems appropriate to operate in these conditions. WC has very high
hardness, low friction coeﬃcient, low reactivity, high oxidation resistance, and good thermal and electrical conductivity [2]. WSi2 has
low electrical resistivity and good thermal stability. Tungsten dislicide
is examined as a protective coating on W-based alloys because of its
excellent oxidation resistance [3,4,5,6].
During oxidation, two separate phases can be distinguished. At
lower temperatures, a protective layer of SiO2 is formed, and at higher
temperatures evaporative oxides SiO, WO2, and WO3 are formed
[4,5,6]. Kim et al. discussed WSi2 transformation into W5Si3 at elevated
temperatures, what Kharatyan et al. experimentally conﬁrmed [4,7].

⁎

W5Si3 coatings have great abrasive and adhesive wear resistance [8].
Densiﬁcation of tungsten carbide has been investigated systematically [9,10,11,12] often as cemented carbide, with an addition of Co
or similar low-melting point binders [13,14,15] but corrosion and
oxidation occur preferentially in the binder phase [16]. For this reason,
WSi2 and W5Si3 intrude as suitable materials for mixing with WC in
order to overcome the problem of oxidation in extreme conditions for
application in the metal and cutting tools industries.
On the other hand, it was found that tungsten carbide has potential
catalytic behavior similar to the one typical for metals of the platinum
group [17] the great number of research came after in order to replace
noble metals as catalysts [18,19,20,21,22]. Levy and Boudart [17] also
found that catalytic activity of WC is much lower than that of platinum
metal. Later, it was discovered that the surface area of tungsten carbide
is one of the key factors that determine its catalytic activity [23,24] and
that electrocatalytic properties of porous tungsten carbide are higher
than that of solid granular WC particle [25,26,27].
In this paper, authors present a synthesis of W-silicides powder as a
sintering additive and later spark plasma sintering of commercial
tungsten carbide with synthesized tungsten silicide powders. The
synthesis of tungsten silicides consists of simple thermal treatment of a
mixture of tungsten and silicon powders. The eﬀect of the temperature
and duration of heat treatment on a composition of the obtained
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Fig. 1. a) XRD pattern of starting powders after homogenization procedure b) XRD patterns of samples obtained after heating at diﬀerent temperatures for 2 h in an argon atmosphere. c)
XRD patterns of samples obtained at 1350 °C for diﬀerent amounts of heating time.

Fig. 2. Load–displacement curves of sintered samples: a) WC + 5 wt% WxSiy. b) WC + 10 wt% WxSiy.

2. Materials and methods

were used as starting materials for the synthesis of tungsten silicide
powders. They were homogenized in acetone for 24 h. Starting powders
were used in the stoichiometric ratio while the ball-to-powder ratio was
5:1. After homogenization and air drying, acetone evaporated. The
prepared mixture was thermally treated at diﬀerent temperatures ranging from 1250 to 1400 °C, with the increment of 50 °C. The heating
rate was 10 °C/min. The mixture was placed in a tube furnace. The heat
treatment was conducted in argon ﬂow for diﬀerent holding times — 2
and 4 h. After the treatment, the furnace was cooled to the room temperature.

2.1. Preparation of tungsten silicide powder

2.2. Preparation of the SPS composites

For this study, commercial tungsten powder (Koch-Light
Laboratories, LTD, purity 99.9%) of average grain size of 1 μm according to manufacturer speciﬁcation, and commercial silicon powder

Obtained tungsten silicide powders were mixed and homogenized
with commercial tungsten carbide powder. The amount of added
tungsten silicides were 5 and 10 wt%. These mixtures were spark

powders were studied. The powder obtained under chosen optimal
conditions was used as a sintering additive. According to our knowledge, this composite is made and sintered for the ﬁrst time. Hardness
and Young's elastic modulus were determined. Cavitation erosion test
was performed to investigate behavior and possible application of this
composite material under extreme conditions of the cavitation exposure. Surface topography scanned and characterized before and after
each cavitation test to follow any changes in the materials' surface.
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Fig. 4. 3D projection of 5% WSi surface topography after ﬁnal cavitation.
Fig. 3. Mass loss of sintered samples during the cavitation erosion testing: a) WC + 5 wt
% WxSiy b) WC + 10 wt% WxSiy.

2.5. Cavitation erosion testing and proﬁlometry
The ﬂuid dynamic system of the cavitation erosion methodology
used here to produce ultrasonic cavitations is explained in detail elsewhere [30]. The cavitation erosion testing was accomplished utilizing
the recommended standard values: the frequency of the vibration was
20 ± 0.2 kHz, the amplitude of the vibration at the top of the transformer was 50 ± 2 μm, the gap between the test specimen and the
transformer was 5.0 mm, the temperature of water in the bath was
25 ± 1 °C. These parameters were controlled throughout the testing
process. The measurements were performed after subjecting each test
specimen to cavitation for 30 min. The cumulative duration of the tests
was 300 min.
Mass losses of the test specimens were done on an analytical balance
with an accuracy of ± 0.1 mg. The measurements were performed after
subjecting each test specimen to cavitation for 30 min.
Proﬁlometry was used to scan the surface topography, obtain an
image and three-dimensional proﬁle of the tested surface before and
after each cavitation. Surface topography of WC/WSix was analyzed
using a non-contact 3D optical surface proﬁler (Zygo New View 7100,
USA). Surface parameters (average surface roughness, Ra and corresponding root-mean-square roughness, rms) were determined using
MetroPro software (licensed by Zygo Corporation, USA).

plasma sintered (SPS). SPS was carried out using Dr. Sinter SPS-625
(Fuji Electronic Co. Ltd., Japan) at 1600 °C at a heating rate of 100 °C/
min and a load of 50 MPa for 5 min in a vacuum.

2.3. XRD analysis
All powders and solids were characterized by X-ray diﬀraction
(XRD) using X-ray diﬀractometer (Rigaku Ultima IV, Japan) with Cu
Kα1 radiation and Ni ﬁlter. The scanning of samples was done at a
speed 2°/min in a range of diﬀraction angle 2θ 5–80°, with the angular
resolution of 0.02° for all XRD tests.

2.4. Nanoindentation measurements
After sintering, obtained compacts were investigated using a
Berkovich indenter. Maximum load used was 6000 μN. Load pattern
was triangular with 10 s of loading, 10 s of unloading and with no
holding time. There were 15 indents per sample. There was 10 μm of a
gap between the indents. Elastic modulus and hardness of materials
were determined by the well-known Oliver-Pharr method [28,29] from
an average value of those 15 indents.

2.6. Microstructure and phase composition
The microstructure and chemical composition of the obtained
11
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Fig. 5. Change in surface roughness parameters during
cavitation erosion testing for sintered samples: a)
WC + 5 wt% WxSiy b) WC + 10 wt% WxSiy.

suﬃciently high for conversion of starting materials to tungsten based
silicides without any remains of unreacted tungsten and silicon, but the
impurities like WC are present in a material, probably due to present
carbon content in the furnace, so reaction with tungsten occurred to
form WC.
Considering the presence of impurities at 1400 °C, and only small
amount of elementary W and Si in sample heated for 2 h at 1350 °C, the
inﬂuence of holding time on phase evolution, while the temperature
was constant has been tested. It was concluded that 4 h of heating time
at this temperature leads to complete conversion of those elementary
powders to WSi2 and W5Si3, which is clearly conﬁrmed at Fig. 1c.
After choosing powder, obtained at 1350 °C and 4 h of heating time,
as optimal, and mixing with commercial tungsten carbide powder in
diﬀerent mass percentages, and later after sintering, as stated before,
composition of solid sample was determined by X-ray diﬀraction, as
shown at Fig. 1d.

sintered solids were examined using a Tescan Vega TS 5130MM scanning electron microscope coupled by EDS Oxford Instruments INCA
PentaFET-x3. The porosity percentage of samples was calculated by the
quantitative image analysis processing using Q-win computer-assisted
image analyzer. The porosity was determined from SEM microphotographs.
3. Results and discussion
3.1. XRD analysis of tungsten silicides
XRD analysis was performed to follow every step of the synthesis of
materials, including the eﬀect of temperature and annealing time on
phase evolution of tungsten silicides. According to results of XRD
analysis, it is possible to select the optimal conditions for preparing
tungsten based silicides.
Fig. 1a shows the composition of dried powder after mixing of
elementary tungsten and silicon. It reveals that starting powders did not
react with acetone during the mixing process.
Fig. 1b shows the XRD patterns of samples after heating at diﬀerent
temperatures for 2 h in an argon ﬂow and presents the eﬀect of temperature on phase composition. Tungsten and silicon (1250 °C) react to
form tungsten dislicide (WSi2) and pentatungsten trisilicide (W5Si3) at
higher temperatures (1300 to 1400 °C). The temperature of 1400 °C is

3.2. Nanoindentation results
For simplicity of displaying the results, typical examples of load–displacement curves obtained from nanoindentation of sintered samples
with 5 and 10 wt% of silicides are presented in Fig. 2.
As loading takes place, deformation occurs both elastically and
plastically, so ﬁnal displacement is less than maximum one [31].
12
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Fig. 6. SEM micrographs of sintered samples: a)
WC + 5 wt% WxSiy b) WC + 10 wt% WxSiy. EDS
analysis of sintered samples: c) WC + 5 wt%
WxSiy d) WC + 10 wt% WxSiy.

Table 1
The porosities of sintered samples.

H=

Sample

Porosity, AA (%)

WC + 5 wt% WxSiy
WC + 10 wt% WxSiy

43.5 ± 12.9
36.7 ± 3.7

Where Pmax is maximum load, and Ar represents the indentation area.
Calculated average values of hardness for samples with 5 and 10 wt
% of silicides, with corresponding standard deviations, are
16.71 ± 1.42 and 16.48 ± 1.67 GPa, respectively.
In literature there are lots of studies dedicated to ﬁnding correlation
of the orientation of WC crystals and their hardness, namely to understand the relation between microstructure and hardness of a material [32,33,34]. These studies are based on an investigation of WC in
form of cemented carbide, preferably WC-Co. They found that basal
plane hardness is higher than one for a prismatic plane. In our study,
hardness measurements are surface measurements, and values were
determined by the average of 15 readings for each test condition. So,
the hardness approaches an average value for both basal and prismatic
planes, including hardness of a binder phase.

Oliver–Pharr method [28] was used to calculate the hardness and
the elastic modulus from the load-displacement curves for each indentation.
The slope of the unloading curve at maximum load (dP/dh) gives
Stiﬀness (S).

S=

dP
dh

This value is used in to calculate reduced Young's elastic modulus
(Er) using [29]:

Er =

1 π
β 2

Pmax
Ar

3.3. Cavitation erosion test

S
Ap (h c )

The mass loss during the cavitation erosion experiment is illustrated
in Fig. 3. The data shows that the sample exhibited excellent resistance
to the erosion cavitation testing. The mass loss was minimal about
0.0008 g (0.027% mass loss of the starting material) after 300 min of
testing for the sample with 5 wt% of added silicides. Sample with 10 wt
% of added silicides recorded no weight loss during the same experimental test.

Where Ap(hc) is the projected area of the indentation at the contact
depth hc, and β is a geometrical constant on the order of unity. And
ﬁnally, actual elastic modulus (E) is calculated:

(1 − ν2i )
1
(1 − ν 2)
=
+
Er
E
Ei

3.4. Surface topography analysis – non-contact proﬁlometry

Elastic moduli (Ei) and Poisson's ratio (νi2) of an indenter are taken
as 1141 GPa and 0.07 respectively. Poisson's ratio used for the sample
(ν) is 0.24.
The calculated average elastic modulus (and related standard deviation values) for the samples with 5 and 10 wt% of tungsten silicides
are, respectively, 393.27 ± 5.31 and 340.79 ± 6.67 GPa.
The average hardness, where hardness is presented as a function of a
projected area of the hardness impression, is estimated from:

Eﬀects of cavitation process on materials' surface features and
characteristic parameters were determined by optical white-light proﬁlometry, prior and after each cavitation step.
Example of the three-dimensional projection is presented in Fig. 4.
Correlation between mass loss and surface parameters due to cavitation can be observed. Hence, when there is an overall change in
13
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surface roughness for factor 3.5, there is the corresponding decrease in
mass of sample with 5 wt% of added silicides, Fig. 5a) Also, changes of
surface parameters for factor 1.2 is corresponding to no signiﬁcant mass
loss of sample material with 10 wt% of added silicides, Fig. 5b) Surface
proﬁle parameters Ra, and rms are shown in the Fig. 5a) and b) for
samples with 5 and 10 wt% of added silicides.
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3.5. Microstructure and phase composition
The SEM micrographs of sintered samples are shown in Fig. 6. For
each sample same magniﬁcations are shown. Obtained samples have
diﬀerent porosities but with similar microstructure.
EDS analysis, presented in Fig. 6b and c. showed that light gray
regions consist of W and C, while dark gray regions are made of W and
Si.
Porosity percentage of the projected area of examined sample was
calculated by the quantitative image analysis processing using the
standard image analysis technique with adequate computer software
(QWin). The porosity of samples was determined from SEM microphotographs (Fig. 6a and b) which were taken at a magniﬁcation of
2000 ×. Calculated results are given in Table 1. These results should be
taken as estimated values.
4. Conclusion
In this work homemade mixtures of WSi2 and W5Si3 were made.
Change in temperature and heating time was observed to ﬁnd optimal
experimental conditions for synthesis of those silicides. After adding
them to commercial WC powder, and spark plasma sintering, porous
materials were made. Calculated porosities of materials were 43.5% for
the sample with 5 wt% and 36.7% for the sample with 10 wt% of additives. These materials exhibit great cavitation erosion resistance
presented by the minimal loss of mass. The results show that in spite of
high porosity obtained materials have an excellent resistance to the
erosion cavitation testing. According to authors' knowledge, this is ﬁrst
time mixture of tungsten carbide and tungsten silicides is made, so
these materials have a potential for further researches in improving or
changing some of the material properties.
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