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Abstract—Technology for the preparation of carbide and multicomponent powders from scrap of hard
alloys and tungsten anhydride for further use in the formation of eutectic coatings have been developed
in the laboratory. The temperature–time parameters of a process for obtaining powders with the
required chemical composition are determined. It is established that compositions with a controlled
melting point in the range of 1000–1200°C can be obtained when boron and silicon additives are intro-
duced into these powders in the quantitative ratios corresponding to eutectic compositions. Dross
mixtures based on Ni–Si–B and Ni–Cr–Si–B composite powders with reinforcing additives from
industrial and laboratory-synthesized refractory silicides and carbides are prepared. Eutectic coatings
whose solid component has a microhardness of 18–26 GPa and plastic matrix has a microhardness of
11–15 GPa are prepared by melting dross mixtures on the substrates made of steel and molybdenum.
The comparison of structural characteristics and properties of coatings shows that the high-speed
melting allows one to obtain the required thickness of the protective layer and to prevent excessive
embrittlement of the substrate due to the formation of boride phases. It is found that the addition of
molybdenum disilicide in a concentration of up to 50 wt % increases the homogeneity of the coating
without reducing its hardness. The coatings are characterized by high corrosion resistance at tempera-
tures around 1000°C.

Keywords: silicide composite, consolidation, thermal conductivity, multicomponent powder, rein-
forcing additive, dross mixture, eutectic coating
DOI: 10.3103/S1063457622030054

INTRODUCTION
The powder metallurgy and powder materials science are among the promising areas of physical mate-

rials science, which provide the development for many advanced technologies [1]. The efforts toward
improving known materials and developing new types of consolidated materials, which have practically
moved to a new research field of ultra- and nanodispersed powder ingredients, are very relevant.

Along with high heat resistance, the ability to form products with complex shapes is an important prop-
erty of refractory metal silicides in powder metallurgy. Naturally, it is necessary to optimize the processes
of consolidation of fine powders and to control both technological characteristics and performance of
final products in such studies [2, 3].

Currently, the main application area of materials based on refractory metal disilicides—primarily,
molybdenum disilicide—is the manufacture of high-temperature heating elements for electric resistance
furnaces, as well as crucibles, protective screens, covers, and other elements of high-temperature units and
devices for various industries [4]. Products are obtained using various technologies of consolidation of
powder raw materials [5, 6].

It should be borne in mind that most of the industrially developed technologies of compaction of sili-
cides involve the introduction of special additives to improve the technological effectiveness of the con-
solidation process or provide the material with special properties [7, 8]. The content of these additives can
be very complex [9, 10] and is nearly always the subject of know-how of the manufacturer, so their impact
on the properties and structure of the material is very difficult to evaluate. As a result, data on the proper-
ties of consolidated silicide materials and promising results on improving them may differ substantially in
studies of different authors.

PRODUCTION, STRUCTURE, PROPERTIES
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The preparation of high-purity low-oxidized powders obtained by physical or chemical methods of
synthesis in submicrometer and nanometer scales, the alloying and fusion of silicide powders with various
additives, and the creation of reinforced composites are important problems in the development of new
consolidated high-temperature silicide materials [11, 12].

EXPERIMENTAL
In the study of the consolidation processes of refractory metal disilicide powders, samples prepared

from MoSi2 and WSi2 powders with a dispersion of 5–10 μm were studied. Consolidation was performed
by vacuum sintering and hot vacuum pressing [13, 14]. To obtain samples with the maximum density scat-
ter, the technological conditions of consolidation were varied in a fairly wide range.

Both free f lowing powders and precompacted powders were subjected to sintering. The formation of
bodies is among the principal operations in the production of powder products. During molding, the
shape and size of the products and the basic properties of the material are determined.

Compaction (preliminary molding) of disilicide powders was performed on a hydraulic press in steel
cylindrical molds with a diameter of 10–12 mm at room temperature and with overpressures of 30, 60, and
100 MPa (discrete cold process in air with relatively slow increase of unidirectional pressure).

After cold molding, the powder blanks have weak mechanical properties, so the pressed blanks were
subjected to consolidation by sintering to ensure the required strength and provide other necessary phys-
icochemical properties.

The process of sintering was carried out in vacuum in a SShVE unit at temperatures of 1100–1500°C.
The duration of high-temperature exposure was 30–240 min. Free-flowing powders were sintered in
graphite crucibles, and tablets of precompressed silicides were sintered on alumina substrates.

External geometric parameters of the samples were not rigidly fixed; the shrinkage during sintering was
insignificant. For further research, sintered samples of a cylindrical shape with a height of 5–10 mm were
selected.

Powder consolidation conditions and technology determine the structural and phase state of the
obtained materials and their properties. For high-temperature applications of silicides obtained by powder
technology, it is very important to establish relationships between structural parameters, such as density
and porosity, and thermal properties (primarily with thermal conductivity). The density and apparent
porosity of the samples were calculated on the basis of measurements of the geometric sizes of cylindrical
samples (their diameter and height) and their actual weight. The weight of the samples was determined by
weighing on laboratory scales with an accuracy of 0.01 g; during the calculation, the weight of air in the
pores of the samples was neglected. Specific measured and calculated values are given in Table 1.

As a result of consolidation, samples with a density of up to 6.2 (for MoSi2) and 7.81 (for WSi2) g/cm3

were obtained, which agrees well with published data on the theoretical and experimental density. The
porosity of the samples of MoSi2 and WSi2 varied from 60 to <1% and from 74 to 15%, respectively.

The theory cannot accurately predict the thermal conductivities of specific substances, so the only
option for determining the value of thermal conductivity with the required reliability is an experimental
study [15]. In general, the thermal conductivity is a function of the structure, density, humidity, pressure,
and temperature, i.e., the condtitions under which the test substance is placed.

The basis of most methods for determining the thermal conductivity of solids is a theoretical analysis
of steady-state one-dimensional thermal and temperature fields in samples [16, 17]. This approach is
applied to samples with plate-like (f lat half-space) or cylinder-like (cylindrical half-space) shapes. A
number of special devices [18, 19] with a common control measuring and computing integrated unit have
been developed for standard thermal conductivity measurements; for example, an A-3M high-tempera-
ture device covers the thermal conductivity range from 5 to 20 W/(m °C) and operates in the range from
room temperature to 800°C, which is insufficient for such high-temperature materials as silicides of
refractory metals.

Studies of the thermal conductivity of disilicide samples were performed on a special device placed in
the vacuum chamber of a GDP-5M universal station. The steady-state heat f lux method was used to mea-
sure the effective thermal conductivity [20, 21]. The scheme of measurements is given in Fig. 1.

Heat f low meter 2 and sample 3 were placed between heat source 1 and heat sink radiator 4. The mea-
suring column composed of three cylinders with a diameter of 15 mm and a height of 17 mm each, which
were soldered at the bases and made of steel 12Kh18N9, was used as a heat f low meter. An increase in the
thermal conductivity of this steel in the temperature range from room temperature to 1400°C follows an
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almost linear pattern. The thermal conductivity ranges from about 12 to 28 W/(m °C), which facilitates
the measurement of small heat f luxes f lowing through the measuring cell.

The cylinder bases of the measuring column were in thermal contact with the heat source (upper bases)
and the sample (lower base). Accordingly, the upper base of the sample was in thermal contact with the

Table 1. Thermal conductivity and properties of disilicide samples

Tsint is the sintering temperature; HP stands for samples obtained by hot pressing; pmold is the excess pressure during molding
(pmold = 0 corresponds to bulk powders).

Silicide Tsint, °C pmold, 
MPa

λ, arb. unit at T (°C)
d, mm h, mm ρ, g/cm3 Porosity, 

%25 100 250 550

MoSi2 1100 0 Unsintered powder
30 0.58 0.72 0.97 1.48 11.7 2 3.72 49
60 0.90 1.12 1.69 2.22 12 2.8 4.42 27

1300 0 Unsintered powder
30 0.68 0.87 1.09 1.56 12 2 3.98 35
60 0.82 0.95 1.68 2.13 12 3 4.12 32

1500 0 0.50 0.68 0.95 1.28 11.9 8.8 2.45 60
30 1.48 1.52 1.98 2.68 11.4 3.5 5.32 13

100 3.16 3.67 4.51 4.98 11.2 5.4 6.00 2
1350 (HP) 40 3.44 3.95 4.73 5.33 12 5.2 6.2 <1

WSi2 900 0–100 Unsintered powder
1100 0 Unsintered powder

30 0.89 0.97 1.52 1.77 12.2 2.8 5.5 37
60 1.03 1.04 1.80 2.25 12 3.9 6.25 29

1300 0 0.63 0.76 1.24 1.58 11 4.2 2.48 74
30 0.94 1.08 1.64 2.07 12.7 2.7 5.7 33
60 1.08 1.12 1.96 2.41 12 3.2 6.35 26

1500 0 0.63 0.81 1.37 1.62 11.5 5.7 2.2 71
30 0.94 1.08 1.75 2.23 12.1 3.8 5.96 31

100 2.94 3.24 3.84 5.04 11.8 5.9 6.37 22
1350 (HP) 40 4.28 5.63 7.03 8.84 12 5.1 7.81 15

Fig. 1. Schematic representation of the measuring cell.
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lower base of the measuring column, and the lower base of the sample with the surface of the heat
exchanger. The required thermal contact was achieved using a special clamping device.

To minimize heat losses due to heat dissipation into the environment, the measuring cell was placed in
a multilayer reflective container made of molybdenum and tungsten foil inside a chamber of a VUP-5M
device. Measurements were performed under a vacuum pressure below 10–3 Pa.

To measure the temperature of the corresponding surfaces, tungsten–rhenium thermocouples were
installed at the column junctions (T2 and T3), at the points of contact with the heater (T1) and the sample
(T4), and at the point of contact of the sample with the radiator (T5). Additional thermocouples T6 and T7
controlled the temperature of the clamping device.

In the calculations, the contact surface between the specimen under test and the measuring column is
taken as a starting point for the x coordinate. In this geometry, the heat transfer surface is located at point
x = 5.1 cm, and the heat sink surface is at point x = –h cm, where h is the height (in cm) of the cylindrical
sample (tablet thickness).

The steady heat f low through the heat f low meter from the electric heater was fed to the test sample
and then removed from it by a radiator, i.e., the heat sink exchanger whose role was played by a water-
cooled copper cylinder.

The measured temperature distribution at points T1–T5, the temperature difference on the sample at
T4–T5, predetermined thermal conductivity κc of contacts of the sample with the measuring column and
radiator [22], and the value of effective thermal conductivity λ1 of the material of the measuring column
were used to calculate effective thermal conductivity λ2 of the material under test.

Using Fourier’s law, the heat f low through a heat f low meter can be expressed as follows:

(1)

where q1 is the heat f low through the measuring column in the region between points T1 and T3, λ1 is the
thermal conductivity coefficient of the material of the measuring column, and ΔT/Δx is the temperature
gradient along the meter in the region between points T1 and T3.

The expression for heat f low q2 through the contact surface of test sample 3 with heat f low meter 2 (see
Fig. 1) has the following form:

(2)

where κc is the thermal conductivity of the contact between surfaces of the sample and the measuring col-
umn, T4 is the column temperature right above the contact surface, and  is the temperature of the sam-
ple right below the contact surface.

Heat f low q3 through the test sample is

(3)

where  is the temperature of the sample right below the contact surface between the sample and the heat
flow meter;  is the temperature of the sample right above the contact surface of the sample, i.e., the heat
sink exchanger; λ2 is the effective thermal conductivity of the sample; h is the height of the sample.

Heat f low q4 through the contact surface of the sample and the heat sink exchanger is equal to

(4)

where κh is the conductivity of the surface contact between the sample and heat sink exchanger, T5 is tem-

perature of the radiator right below the contact surface, and  is the temperature of the sample right above
the contact surface.

If we consider the process to be steady and neglect heat loss through to the environment and structural
elements of the measuring cell, then the equality of all heat f lows must be observed, i.e.,

(5)

Δ= −λ
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By excluding unknown values of  and  from the equations, we obtain the following expression for
the effective thermal conductivity of the sample:

(6)

Mean temperature gradient ΔT/Δx in the measuring column used in this expression was calculated by
the method of least squares from the values of temperature at points T1, T2, and T3, and the distances
between these points; the averaging was performed for five separate measurements. On the basis of the
same data, five arithmetic mean values of the temperature of the measuring column were calculated and
then averaged over five groups of data. The obtained value of T was used to calculate thermal conductivity
λ1 of the heat f low meter. A similar method was used to determine mean temperature difference between
points T4–T5, which was used to determine the effective thermal conductivity of the sample and the mean
temperature of the sample.

The thermal conductivity of the 12Kh18N9 steel was determined according to [23]. Thermal conduc-
tivity κc of the contacts of the sample was determined by precalibration.

It should be noted that the used methodology and reference data do not allow one to determine the
absolute values of thermal conductivity in standard physical units. The values obtained in some conven-
tional units ultimately lead to adequate qualitative estimates of the temperature dependence of the thermal
conductivity of silicides [24].

Consolidation of the samples by hot pressing or vacuum sintering made it possible to vary the density
and porosity of the products in a wide range (between values differing by a factor of 30). With a porosity
of more than 10%, the thermal conductivity of the samples is relatively small and depends little on the
porosity value. A noticeable increase in the thermal conductivity was observed in dense samples with a
porosity of 1–3%.

Temperatures in the range of 1300–1500°C are acceptable for sintering. Smaller temperature values do
not allow one to gain the required properties. Higher temperature is impractical, only worsens the energy
consumption of the process rather than lead to a noticeable change in the density.

There is some increase in the thermal conductivity with an increase in the temperature of sintering of
the samples, but no specific quantitative estimates were possible. The observed increase can be explained
by structural changes in the samples, namely: the higher sintering temperature increases the contact area
of individual powder particles and accelerates diffusion, which strengthens the bonding between particles
and promotes heat transfer.

With the same porosity of the samples obtained by sintering and hot pressing, the thermal conductivity
achieved with hot pressing is higher. This result is quite predictable; it only confirms the well known data
on the positive effect of hot pressing on the mechanical properties of the material. Comparison of data on
the porosity and thermal conductivity confirms the logical conclusion that the porosity is a determining
factor in the final value of thermal conductivity.

Practice shows that the use of multiphase and multicomponent coatings, which can often be consid-
ered as an independent composite unit, is an acceptable and often the best option for protection against
multifactorial destructive effects [25, 26]. Varying the composition of the coating makes it possible to
adjust its properties without substantially changing the overall functionality of the material. This approach
meets the modern requirements for a critical attitude toward the universality of functional materials and
strengthening the role of specialized technical solutions aimed at achieving the best results under specific
operating conditions [27, 28].

If products operate under conditions of high-temperature corrosion and abrasive wear with variable
load, then composite materials in which the solid reinforcing phase is placed in a plastic matrix show the
best performance. Eutectic-type alloys capable of providing temperature stability of metal-coating sys-
tems up to a temperature of 0.9 eutectic melting point are an important class of refractory materials for the
formation of wear-, corrosion-, and heat-resistant functional coatings [29, 30]. Improvements in the
structure and properties of coatings are achieved by creating a heterogeneous dispersed/ordered or fairly
homogeneous amorphous/crystalline structure.

Although chemical heat treatment (CHT) is the simplest and most common technology for forming
functional coatings, this technique often requires quite high temperatures, and is time and energy con-
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suming. It should be noted that prolonged thermal exposure can lead to a substantial change in the
mechanical properties of the substrate due to recrystallization and diffusion processes.

These drawbacks can be overcome to some extent by using compositions that form relatively low-melt-
ing eutectic alloys. The process of coating formation can be enhanced by increasing the rate of diffusion
of saturating elements in the liquid eutectic layer formed when the components of the saturating mixture
come into contact with the surface of the material to be protected. Quite a lot of studies have been devoted
to studying the formation of various coatings of eutectic compositions [31, 32]. The coatings of Ni–Cr–
Si–B compositions that sometimes contain solid additives are among the most actively studied multicom-
ponent silicon-containing coatings [33, 34].

Reinforcing additives of industrially manufactured molybdenum and titanium disilicides, and WC and
WC–Co carbide materials obtained independently in laboratory conditions were used to create technol-
ogies for the formation of multiphase composite coatings.

The disposal of scrap and waste of hard alloys and their processing into powders of the WC–Co or
WC–Ni composites with the needed composition and dispersion is an option for obtaining carbide addi-
tives for their further use in the formation of composite coatings [35].

According to the traditional technology of production of WC–C carbide compositions, a mixture of
polyhedral WC and C powders (particle size about 1 μm) is pressed and sintered or subjected to hot press-
ing. The sintering is carried out at a temperature of about 1400°C. This temperature is higher than the
melting temperature of the eutectic between WC and Co, and a liquid phase is formed during processing.
Complex changes occur in the process of annealing, but a simplified version of the process provides an
adequate model to explain the final microstructure [36]. During sintering, tungsten carbide diffuses into
solid cobalt, which turns into liquid at a content of about 30% WC1. The liquid is able to wet the remaining
WC particles until reaching equilibrium (at 50% WC). The volume of components is greatly reduced
during sintering. Moreover, recrystallization and an increase in the size of WC particles occur. During
cooling, the liquid phase release carbide particles and completely solidifies at a temperature of about
1320°C in accordance with the eutectic reaction. Further release of carbides was observed in the solid state
until reaching the room temperature, at which WC is barely soluble in cobalt.

In large-scale industrial production, various processing schemes for scrap hard alloys have been imple-
mented. The vast majority of them is based on the chemical dissolution of the hard alloy, the release of
tungstic acid H2WO4 and cobalt oxides, subsequent reduction of tungsten and cobalt with hydrogen, and
repeated high-temperature synthesis of WC. All chemical methods are associated with environmentally
friendly production and considerable costs of washing sludge from impurities. The described technologies
are acceptable in large-scale production of products from hard alloy with stable mass demand, but less
expensive technologies are required for small-scale production of a wide range of products. Direct grind-
ing of hard alloys by crushing in different mills leads to substantial wear of expensive components, and the
resulting powder does not provide the required quality of products because of impurities and structural
changes. Direct dispersion of the WC–Co carbide eutectic composite is inefficient due to the high
strength and adhesion of the reinforcing phase in the case of sufficient viscosity and ductility of the matrix.

To strengthen the composite, the following technological scheme was implemented:
— preliminary embrittlement of the carbide material in the case of single or multiple pulsed vacuum

annealing (T ≈ 1600°C);
— dissolution of the cobalt matrix with zinc;
— removal of zinc;
— grinding of the synthesized material.
Cobalt is easily soluble in molten metals, such as iron and refractory metals. The choice of zinc as a

solvent is connected with its availability, low melting (419° C) and boiling (906°C) points, rapid evapora-
tion during heating in vacuum, and the simplicity of the distillation process.

It should be noted that zinc is easily distilled off at temperatures when cobalt is not sublimed, quite
resistant to oxidation (especially in vacuum and inert atmosphere), and does not form strong compounds
with crucible material and cobalt at temperatures above 900°C. The possibility of combining dissolution
and distillation processes in one plant and the absence of reactions of zinc with hydrogen and carbon
monoxide in the case of reduction of oxides and oxycarbides of cobalt and tungsten were taken into
account.

1 Hereinafter, the content of the components is indicated in wt %.
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The scrap of hard alloy VK8 was precrushed, grinded, mixed with granular zinc in the required pro-
portions, and poured into a crucible made of graphite MPG-7. Zinc that was preliminarily distilled one
time at 460°C to remove inclusions and oxides was used to dissolve the hard alloys. The crucible was
placed in a SShV vacuum oven and closed with a graphite beaker so that the lid of the beaker was in the
cold zone under the cooled upper f lange of the vacuum unit. The capacitor was made of molybdenum
sheet or graphite.

The chamber was filled with technical argon to atmospheric pressure and annealed. To increase the
dissolution rate, the process should be carried out in the liquid phase, so the zinc content should be suf-
ficiently high. The maximum allowable dissolution temperature is limited by the boiling point of zinc.
With this purpose, a temperature range of 700–850°C and a component ratio of approximately 90% Zn–
10% Co were chosen for the dissolution process on the basis of the Co–Zn phase diagram. For the initial
scrap of hard alloys with the 92% WC–8% Co (alloy VK8), this roughly corresponds to a mixture of 50%
VK8–50% Zn. The insolubility of tungsten and tungsten carbide in liquid zinc and the fact that no sub-
stantial distillation of zinc should occur in the process of dissolution were taken into account when choos-
ing the ratio of components.

An increase in the dissolution temperature causes an increase in the pressure of argon in the chamber
to 1.22 × 105 Pa. The measurements showed that no more than 10% of the initial amount of zinc evapo-
rates in 1–3 h at temperatures of 800–880°C under such a pressure, so its content in the alloy was not cor-
rected.

The kinetics of dissolution was monitored using the method of metallography (MIM-8) by measuring
the thickness of the unreacted hard alloy layer. Experiments have shown that the reaction penetrates to a
depth of 6–9 mm at temperatures of 700–800°C for 90 min and to a depth of 20 mm at 850°C. Thus, it
was found that the time of complete dissolution of the matrix metal does not exceed the above time inter-
val (1–3 h) in the case of preliminary crushing of carbide waste to pieces with a size of 1–3 cm.

After completion of the stage of high-temperature dissolution of the matrix metal, the chamber was
evacuated and then the procedure of distillation and condensation of zinc was performed. The process is
activated at temperatures of 800–880°C, at which intensive evaporation begins and then is inhibited. This
fact is explained by the uneven content of cobalt and zinc on the surface and in the depth of WC–Co–Zn
alloy samples. If the cobalt content in the alloy exceeds 30%, then the composition crystallizes and the
diffusion rate of Zn to the distillation surface sharply decreases.

If these temperatures are used, then the distillation of zinc from the WC–Co–Zn alloy with a layer
thickness around 20–30 mm is completed in 50–150 h. To accelerate the distillation, it is advisable to con-
duct the process at temperatures above the boiling point of zinc. Experiments have shown that all zinc is
distilled off from the alloy in 1–3 h at temperatures of 950–1050°C, after which a loose porous product
remains in the crucible, the volume of which is three times larger than the volume of the initial load of the
hard alloy. The final dispersing of the powder was performed in a vibrating mill with a polyurethane con-
tainer and corundum grinding bodies.

To optimize the temperature and time parameters of processing at different stages of the technological
process and after its completion, X-ray f luorescence and chemical analyses of materials were performed
(Table 2). Uncontrolled impurities (less than 0.1%) are not specified.

The obtained results show that the selected process parameters (line 4 in Table 2) allow one to obtain
a powder of the required chemical composition and to condense almost pure zinc for further utilization.

Table 2. Chemical compositions of the crude and synthesized materials

No. Material
Content, wt %

WC Co Zn

1 Initial VK8 92.0 8.0 −

2 VK8–Zn alloy 46.1 4.1 49.7

3 Alloy after vaporization for 1 h at 1050°C 87.7 6.11 6.17

4 Alloy after vaporization for 3 h at 1050°C 92.0 7.95 0.01

5 Condensate of Zn vaporized for 3 h at 1050°C − 0.01 99.9
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The optimized process of direct processing of tungsten anhydride into a fine powder of tungsten mono-
carbide in vacuum is another technology used.

The main source material in the production of tungsten carbide and hard alloys based on it is tungsten
trioxide WO3. In large-scale industrial production, tungsten trioxide is most often reduced with hydrogen
to metal, and then tungsten carbide is obtained by heating in a mixture with carbon black. The main prob-
lem with this technology is to obtain the content of bound carbon in an amount close to the theoretical
value. At the same time, the content of free carbon, oxygen, and nitrogen should be kept as low as possible.
Optimal technical composition of tungsten carbide contains 6.1–6.15% of carbon (including 0.05–0.1%
of free carbon) required for the binding of impurities, primarily oxygen, which gets into the charge at dif-
ferent stages of the technological process.

Direct production of tungsten carbide from mixtures of tungsten trioxide and carbon is much less com-
monly used. This method is not widely used in industrial applications despite its undeniable advantages,
such as being a single-step process, increased safety due to the use of anhydrous equipment, a low tem-
perature of the process, and the fine dispersity of the product.

Tungsten trioxide and calcined carbon black or graphite are used for the synthesis of carbide at a ratio
of 5.37 : 1, i.e., about 90% of the theoretical amount of carbon corresponding to reaction WO3 + 4C =
WC + 3CO, because the carbon monoxide formed in the reaction is involved in further carburization
reactions.

The components of the charge were mixed using an aqueous solution of polyvinyl alcohol, because the
components are poorly mixed in dry form in view of the large difference in density. The charge was placed
in a graphite container and annealed in vacuum at a pressure of about 10–2 Pa with activation of the mix-
ture during synthesis. The activation can be achieved by mechanical stirring or using vacuum plasma pro-
cesses.

Reduction of tungsten trioxide with carbon begins at a temperature of 650°C, but a product free of oxy-
gen is obtained only at a temperature of 1500°C. Experiments on the synthesis of tungsten monocarbide
have shown that it is acceptable stepwise annealing in the following modes:

— heating with any rate up to 1050°C;
— exposure to a temperature of 1050–1100°C for 1 h;
— heating to a temperature of 1500°C with a rate of up to 0.5–0.8 °C/s;
— exposure to this temperature for up to 5 min;
— cooling together with the oven after the power is turned off.
As a result, tungsten carbide powder with a particle size of 0.5–15 μm was obtained. An X-ray diffrac-

tion analysis of the obtained powder showed the presence of traces of lower carbide W2C in addition to
tungsten monocarbide, which indicated incompletion of the reduction process. If the proportion of car-
bon ingredients in the mixture was increased by 5%, then no lower carbide W2C was identified in the final
product.

The developed technological process was optimized using the results of mass spectrometric analysis of
the gaseous medium in the working chamber during the synthesis [37]. To collect gas samples at different
stages of the process, an MX-7304 monopole mass spectrometer with an autonomous pumping system
was connected to the working chamber of an SShV-1.2,5/25I2 vacuum station.

Under the conditions of high-temperature reactions with concentration changes, controlled compo-
nents of the gaseous medium (CO+, CO2+, N2+, C+, O+, O2+, and H2O+) were selected, after which
the ionic current intensities of these characteristic components were continuously measured. The end of
the synthesis process was determined at the time when the current intensities of all controlled substances
went to a minimum level. Mass spectrometric control of the composition of the gaseous medium during
the synthesis of tungsten carbide showed that the selected modes were close to optimal ones. The pro-
posed method of diagnostics allows one to adjust the parameters of the technological process during its
implementation in each separate case. Thus, it is possible to create an automatic control system for this
process on the basis of an automated mass spectrometric complex, which will optimize energy consump-
tion and appreciably bring the composition of the reaction products to the required substances.

A preliminary study of the process conditions and composition for the synthesis of tungsten carbide
was performed with sample weights of up to 10 g.

After testing the conditions, the laboratory synthesis of tungsten carbide was carried out in an SShV
vacuum unit with a working chamber with a diameter of 100 mm and a length of 300 mm. The graphite
crucible had an inner diameter of 75 mm and a length of 250 mm. The initial portion of the charge con-
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tained 100 g of WO3 and 18.6 g of carbon black. The processing gave 106 g of tungsten carbide, which
agrees well with theoretical calculations.

The maximum load of this crucible is 3.5 kg. In this case, the required power of the furnace is 8.5 kW.
The time of the complete cycle of tungsten carbide production is 4.5 h, of which direct synthesis takes 1.5
h and the heating–cooling cycle takes 3 h. The process can be shortened by using pass-through furnaces
with lockchambers for introducing and removing crucibles from the workspace.

The basic composition containing nickel, boron, and silicon (sometimes with chromium addition) was
chosen as a base for composite metal–ceramic coatings. Carbide, hard alloy, and molybdenum disilicide
powders were used as additional reinforcing additives.

The starting materials for the slurry were electrolytic nickel PNE-1 (purity 99.9%); polycrystalline sil-
icon of the KPS-3 brand (99.9%), amorphous boron (99.8%), and chromium electrolytic scaly ERC-1
(99.9%). If necessary, the ingredients were further ground in a vibromill, after which a fraction with a dis-
persion of 10–20 μm was separated for further use. The prepared initial powders taken in the amount nec-
essary to obtain the desired composition were mixed in a rotating mixer.

In addition to these materials, industrial powders ready for use of the PG-CP4 brand on a nickel base
with 16.5% chromium, 3.7% silicon, 3% boron, and 0.8% carbon were used.

Self-manufactured tungsten carbide powders, powders of hard alloys VK6 and VK8 with a dispersion
of 20–500 μm, and industrially produced powders of molybdenum disilicide with a dispersion of 40 were
used as reinforcing additives.

Slurry compositions were prepared by mixing the powder components with a 0.5% aqueous solution of
carbomethylcellulose.

To elaborate the technology of coating formation, sheet grade stainless steel of the Kh18N10T brand
(overall size of the samples 40 × 20 × 1.5 mm3) and molybdenum foil of the MCh brand (40 × 20 × 0.2 mm3)
were used as substrate materials. The flat region of the slurry coating in the middle part of the samples was
15 × 15 mm2 in size. The slurry was applied by single or multiple staining with a brush and subsequent dry-
ing; the total thickness of the dried layer of the slurry ranged from 0.5 to 2 mm.

The process of melting of the coating was conducted in two different ways. The first method is melting
under a vacuum pressure of 10–3–10–2 Pa in the working chamber of a modernized SShV unit. The sam-
ples were mounted in water-cooled current leads and heated by direct electric current until the coating
melts. The temperature of the high-temperature zone was controlled by a VR5/20 thermocouple. The
appearance of the melt was detected visually through an inspection window in the upper lid of the vacuum
chamber. The standard thermal exposure method included heating until reaching the melting point
(about 10 s), short-term (2–4 s) eequilibration in the liquid phase, and cooling to ambient temperatures
(about 30 s).

According to the second method, the coating was melted on the stand for electrospark butt welding by
ultrashort electropulse heating in air. In this treatment, the liquid phase in the coating exists for a few
tenths of a second. The size of the melting region is limited by the size of the contact surface of the elec-
trodes, which had a diameter of 5 mm.

The structure of the obtained materials with eutectic coatings was examined by electron (a JSM-7001F
instrument) and optical (a MIM-8 instrument) microscopy; the mechanical properties were character-
ized by determining microhardness Hμ and hardness HV.

RESULTS AND DISCUSSION
The Ni–Ni3B eutectic alloy with a melting point of 1091°C served as a basis for the obtained coatings

of the Ni–B system, and the addition of silicon and chromium primarily provided the lowering of the
melting temperature of the composition. Accurate determination of the melting temperature of the coat-
ing was largely complicated by the variability of its composition depending on the composition of a par-
ticular substrate and by the peculiarities of the melting and crystallization conditions, which may mark-
edly differ from the equilibrium conditions.

It should be noted that the slurry method used to obtain the coating is, on the one hand, easy to imple-
ment and affordable, and on the other hand, one of the main causes of instability of the coating under pro-
longed high temperature operation and high mechanical loads. In addition, the possible phase transfor-
mations leading to phase influx in the matrix component make it difficult to create high-quality coatings.

Studies have shown that the structure of the coating slightly depends on the material of the used sub-
strates (steel and molybdenum) and is mainly determined by the composition of the slurry and the thermal
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parameters for melting. Some differences were observed in the boundary regions that are in contact with
the coated substrate. These differences are related to the different electrophysical and thermal properties
of substrates (electrical resistance, thermal conductivity, heat capacity, and wettability) and, to a lesser
extent, with the formation of various chemical compounds in the boundary layer.

The heating of the molybdenum sample with ternary coating Ni–5% B–5% Si to a temperature of
800°C activates the exothermic reaction of formation of silicides and nickel borides, the occurrence of
which was detected visually. Mechanical stresses in the coating–substrate system lead to cracking of the
slurry layer, and the exothermic reaction results in an additional local increase in the temperature, which
leads to the formation of a liquid eutectic phase, initially in the hottest regions near the substrate with the
slurry. The liquid easily penetrartes through the defects of the slurry layer onto the surface, where it crys-
tallizes upon cooling.

The metallographic and X-ray diffraction analyses showed that the basis of the coating is a 96.36% Ni
+ 3.64% B eutectic mixture formed between nickel and its lower boride Ni3B. Given that boron is an active
reducing agent for oxides, which can be present as technological impurities in the coating, some excess of
it in the original powder with respect to the eutectic composition is completely proper and even necessary.
The Ni–Ni3B eutectic ensures good spreading of the melt and wetting of the substrate surface, which
determines the high adhesion of the coating.

On the other hand, the surface of the unmelted slurry wets much worse (the contact angle is greater
than 110°) and the eutectic gather on the surface as individual spheroidal droplets when it crystallizes after
melting to this stage (after heating for 3–4 s). At temperatures of 1020–1040°C, the slurry coating is rap-
idly melted and a conventional dendritic structure is formed during the crystallization stage (Fig. 2).

Dendritic components are formed in coatings with a thickness of growth layers from 50 to 300 nm. It
should be noted that the resulting coating is quite compact, and its porosity is negligible and does not
exceed 2% according to estimation. The fluidity of the coating substantially depends on the shape of the
liquidus curve of the Ni–B eutectic. In pre-eutectic compositions, the liquidus line rises sharply when the
boron content decreases; the melting temperature of the composition increases by about 100°C for each
weight percent of reducing the boron content, so rather small temperature f luctuations during melting of
the coating relatively weakly change solid and liquid phases and have a small effect on the motility move-
ability of the coating. In supereutectic compositions, whose phase diagrams have a sloping liquidus line
(the temperature increases by about 25°C when the boron content increases by 1%), even a slight over-
heating is accompanied by a sharp increase in the liquid phase volume and, accordingly, moveability of
the melt.

Additions of silicon to the Ni–B system lead to a slight decrease in the temperature of the eutectic,
which is represented by a complex set of nickel silicoborides and double phases [38].

Rapid cooling of the molten cermet coating leads to considerable concentration of internal stresses in
the coating, the relaxation of which initiates the cracking of large crystallites of f laky borides under loads
below the yield point of the matrix, which is usually characteristic of cast materials.

Dependent on the conditions of cooling, the microhardness (with an indenter load of 50 g) of a nickel-
based solid solution is 400–450 kgf/mm2; the microhardness of a solid solution of boron in nickel is about
190 kgf/ mm2 in the case of pure eutectic and 1100–1500 kgf/mm2 in the case of complex eutectics. Hard-
ness HV of the Ni–Si–B triple eutectic is close to 900 kgf/mm2.

Fig. 2. Microstructure of the Ni–Si–B coating melted at temperatures of 1020–1040°C.

100 µm
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In the process of coating preparation, intermediate layers of solid solutions that reduce the gradient of
properties and stresses between the coating and the substrate were naturally formed. It was found that
boron (which has a small ionic radius) diffuses rapidly into the substrate and compacts it. At the same
time, it substantially increases the fragility of the coating. Additions of chromium and silicon reduce this
negative effect of the presence of boron.

Slurries based on the standard industrial powder of the PG-SR4 brand (Ni–Cr–Si–B) and powders
of hard alloys VK6 and VK8 (up to 50% in the composition of a slurry powder) melt at a slightly higher
temperature. In the initial stage of melting, crystals of the disintegrated hard alloy and molten eutectic
alloy were observed in the structure (Fig. 3). This stage can be considered as a combination of melting and
sintering, which leads to the formation of primary mechanical contacts between the constituent sub-
stances of the composite. Good wetting and interaction were observed at the points of contact of the
eutectic matrix of the composite with the reinforcing particles of the hard alloy.

A temperature of about 1080°C is required for complete melting of the Ni–Cr–Si–B/WC–Co com-
posite slurry. The presence of island areas of borosilicate glass with sizes from tens to hundreds of microm-
eters is a characteristic structural feature of the coating surface (Fig. 4). The hardness of the pure Ni–Cr–
Si–B eutectic is 800–900 kgf/mm2, and the hardness of the dispersion of reinforcing inclusions in it is
1100–1200 kgf/mm2.

Microstructural Studies of the steel coating revealed the presence of individual elongated pores that are
mainly located around the reinforcing carbide inclusions.

Boron diffuses into the base along the grain boundaries to a depth of 20 μm, but the formation of a sub-
stantial amount of intermediate phases of brittle iron boride at the boundary between the base and the
coating is not detected. Their absence can be explained by the short duration of the melt. This suggests
that the embrittlement of coated samples in the case of melting for 2–4 s will be insignificant.

The slurry Ni–Cr–Si–B/WC–Co coating on steel was melted, in addition, by electropulse heating in
air. The duration of the maximum thermal exposure on the object in this process was reduced to a few
tenths of a second, due to which there is no significant oxidation of the materials. A eutectic compostition

Fig. 3. Beginning of melting of the Ni–Cr–Si–B coating with additives (T = 1050°C).

10 µm

Fig. 4. Surface of the coating melted from the PG-CR4 and VK6 powders at a temperature of 1080°C.

400 µm
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with carbide inclusions was detected in the coating. The boundary between the coating and the base can
be seen in the peripheral regions of the melted zone, which was recorded in images with the composite
contrast due to the probable segregation of boron.

In the central part of the sample, the temperature is higher and the temperature field is more homoge-
neous. The coating is formed by a multicomponent eutectic with inclusions of hard alloy grains, the size
of which can reach 40 μm (Fig. 5). No boron precipitates along the grain boundaries and no visible signs
of boron diffusion into the base were observed on the cross cut sections, which confirms the predomi-
nance of transient (0.1 s) thermal effects during the formation of composite silicon-containing coatings
based on the Ni–Cr–Si–B system with solid additives.

The introduction of molybdenum disilicide (up to 30–50%) as a solid additive to the ternary compo-
sition of nickel, silicon, and boron improved the quality of the coating, namely, reduced the porosity and
improved the compactness and continuity of the boundary with the base in the case of using steel and
molybdenum as substrates (Fig. 6 ).

Molybdenum disilicide particles are well wetted with the eutectic melt and partially dissolved in it. The
Vickers hardness of the dispersed disilicide reinforcing inclusions is about 1200 kgf/mm2, and the micro-
hardness of individual small grains reaches 2000–2600 kgf/mm2 due to the formation of borides and
molybdenum carboborides.

The surface mechanical characteristics (hardness, microhardness) are a qualitative criterion for wear
resistance of coatings during abrasive wear, including the case of simultaneous thermal exposure.

Increasing the hardness by a factor of 1.5 with respect to that of the base metal can lead to an increase
in the wear resistance of the coating by a factor of 2 to 10. This approach gives a completely correct esti-
mate that is confirmed experimentally. The correct ratio of the volumes of solid inclusions and plastic
matrix, the size of solid inclusions, the toughness of inclusion materials, the wetting of solid inclusions
with melt of the matrix, and the minimum number of defects lead to improved wear resistance character-
istics.

Fig. 5. Surface of the coating melted by electric current pulses.

20 µm

Fig. 6. Structure of the molten Ni–Si–B (70 wt %) + MoSi2 (30 wt %) coating.

100 µm
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CONCLUSIONS
Thermal conductivity studies with variation of the porosity of consolidated disilicide materials in the

range from 2% to 60% have shown that the thermal conductivity is relatively low and slightly depends on
the porosity value in the case of porosities greater than 10%. A noticeable increase in the thermal conduc-
tivity was observed in dense samples with a porosity of less than 3%. The optimum consolidation tempera-
ture is 1300–1500°C. An increase of the temperature is impractical, because it does not increase the den-
sity of the samples and does not change the thermal conductivity. To ensure better mechanical properties,
hot-press consolidation is preferable over sintering. At the same porosity, the thermal conductivity of the
samples obtained by hot pressing is higher.

The developed technology of preparation of carbide and multicomponent powders from scrap of hard
alloys and tungsten anhydride in the laboratory conditions can be used for the formation of eutectic coat-
ings. The temperature–time parameters of the process of preparation of powders with the required chem-
ical composition are determined. In the case of introduction of boron and silicon additives into these pow-
ders in quantities corresponding to the eutectic compositions, it is possible to obtain compositions with a
melting point adjustable in the range of 1000–1200°C.

Slurry mixtures are prepared on the basis of powders of the Ni–Si–B and Ni–Cr–Si–B compositions
with reinforcing additives from industrially and laboratory synthesized refractory silicides and carbides,
and eutectic coatings with solid component and plastic matrix microhardnesses of 11–15 GPa are
obtained by melting of them. Varying the duration of heating and the thickness of the slurry, one can con-
trol the macro- and microstructural characteristics of the composite.

Comparison of the structural characteristics and properties of the coatings has shown that rapid for-
mation of coatings by melting allows one to obtain a protective layer of the required thickness and prevents
excessive embrittlement of the base due to the formation of boride phases.

It is established that the addition of molybdenum disilicide in an amount of up to 50% increases the
homogeneity of the coating without reducing its hardness. The coating is characterized by high corrosion
resistance up to a temperature of about 1000°C.
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