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ABSTRACT In this work, the possibilities of formation of nanocrystalline powders based on titanium nitride with
participation of Mo and Co under conditions of plasma-chemical synthesis have been studied. Synthesis was
performed according to the plasma recondensation scheme using low-temperature nitrogen plasma. All the
obtained highly dispersed powders were certified by X-ray diffraction and scanning electron microscopy. The
characteristics of the disperse composition of the recondensed TiN–Mo–Co products were determined by the
calculation based on the pycnometric density and specific surface area data.
The possibility of formation of a “core-shell” structure was confirmed using chemical methods by etching ultra-
and nanodispersed powders in solutions of dilute HCl to remove the cobalt shell and concentrated hydrogen
peroxide H2O2 to neutralize metallic Mo.
Based on the information about “quasi-equilibrium state” of the products of plasma-chemical synthesis in a
low-temperature gas plasma, a chemical model for the formation of nanocrystalline particles is proposed.
KEYWORDS core-shell structure, titanium nitride, plasma-chemical synthesis, temperature barrier, phase for-
mation
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1. Introduction

Compounds based on titanium nitride are widely used as refractory bases for tool and structural materials, as well
as decorative coatings that are resistant to aggressive chemical environments. Of particular interest to researchers is the
nanocrystalline state of titanium nitride, formed under the conditions of various methods of extreme exposure, which
have high productivity. Such methods include mechanical dispersion performed in high-speed attritors [1], detonation
synthesis [2], plasma-chemical synthesis in low-temperature gas (including nitrogen) plasma [3], electrical explosion of a
conductor in a controlled gas atmosphere [4], etc.

In the present work, an attempt was made to form a core-shell structure of TiN–Mo–Co under the conditions of
plasma-chemical synthesis according to the plasma recondensation scheme. Recondensation is based on the effect of
crystallization of evaporated mechanical mixtures in an intensely swirling nitrogen flow in a quenching chamber, followed
by separation of the synthesis products into fractions. The products are separated in a vortex-type cyclone and a fabric
bag filter.

As previous studies show, the use of plasma-chemical synthesis for the recondensation of microcrystalline materials,
such as titanium nickelide [5] or mechanical mixtures based on TiC [6], VC, VN [7] with metallic nickel, allows the
formation of “core-shell” structures. A refractory compound based on elements of IV-VIA subgroups of the Periodic
Table acts as the core, and the peripheral shell is presented in the form of Ni of cubic modification. It should be noted
that under such extreme conditions, during recondensation in a tangential flow of nitrogen at a rate of 105 ◦C/s, processes
occur that cannot be carried out at lower crystallization rates. One of these processes is deposition of metallic nickel on
ultra- and nanodispersed particles of titanium and vanadium nitrides. There is information in the literature [8] that the
contact angles of wetting of complete nitride compounds of IV-VIA subgroup elements with nickel melts exceed 90◦,
meaning their complete non-wettability. At the same time, according to [8], highly defective titanium and vanadium
nitrides (∼TiN0.7) are characterized by wetting. Thus, under conditions of plasma recondensation, a layer of metallic
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nickel can be formed either due to strong nonstoichiometric nature of the core of the refractory base, or in the presence
of an interface layer, the phase composition of which should include elements contained both in the grain and on its
periphery. Indeed, the X-ray diffraction experiments revealed the presence of highly deformed, according to [9], titanium-
nickel nitride Ti0.7Ni0.3N [10] and presumably its analogue V0.7Ni0.3N, information about which is not available in
X-ray databases. The presence of detected complex intermetallic compounds is in good agreement with the theory of
B. Chalmers [11], corrected for the nanocrystalline state in [12].

2. Methods

Plasma-chemical synthesis (Saratov, branch of SSC RF JSC “GNIIChTEOS”) in low-temperature (4000 – 6000 ◦C)
nitrogen plasma with subsequent recondensation in a tangential flow of nitrogen gas is proposed as the main method for
the synthesis of ultra- and nanodispersed “core-shell” TiN–Mo–Co structures. The cooling rate in this case can reach the
values of 105 ◦C/s. The description of the synthesis procedure itself and its technological parameters are given in [3] and
Table 1. It is also indicated that at the final stage encapsulation of ultradispersed and nanocrystalline synthesis products
in organic vapors is envisaged, which makes it possible to reduce the chemical activity and pyrophoricity of the resulting
powders, especially in a highly dispersed state.

TABLE 1. Technical parameters of plasma-chemical installation

Precursor mixture consumption, g/h 200

Plasma torch power, kW 25

Current strength, A 100 – 110

Voltage, V 200 – 220

Plasma flow rate, m/s 60 – 100

Total nitrogen consumption in the plasma reactor, nm3/h 25 – 30

Out of the total nitrogen consumption for plasma formation, nm3/h 6

Out of the total nitrogen consumption for stabilization and hardening, nm3/h 19 – 16

All the obtained ultrafine and nanocrystalline powders TiC–Mo–Co were studied by X-ray diffraction (X-ray diffrac-
tometer Shimadzu XRD 7000, CuKα-cathode) and scanning electron microscopy (Scanning electron microscope JEOL
JSM 9390, W-cathode) taking into account energy dispersive analysis data (analyzer JEM-2300). The phase composition
and crystallographic characteristics were refined using the WinXPOW and PowderCell 2.3 software products oriented to
the use of the ICDD and ISCD databases.

Additionally, to obtain the information about the physical characteristics (density, specific surface area, porosity and
calculated average particle size), studies were carried out on a helium pycnometer (AccuPyc II 1340 V1.09) and a specific
surface analyzer using the BET method (Gemini VII 2390 V1.03 (V1.03 t)). The calculation of the average particle size
was carried out according to formula (1):

dav =
6

Sspρ
, (1)

where dav is the average particle diameter, Ssp is the specific surface area determined by the BET method, ρ is the
pycnometric density of the powder fraction determined on a helium pycnometer.

According to the results of high-resolution transmission electron microscopy on electron microscopy images, direct
measurements of nanocrystalline particles were carried out using the software product MEASURER (own development
of the Institute of Solid State Chemistry, UB RAS). Based on the results of measurements of the widths and heights
of individual particles, a sample was formed. It was used to determine the particle diameters in accordance with the
Pythagorean formula. Further, using the ORIGIN software, the average particle size was determined and a histogram of
the size distribution was constructed, described by the lognormal law. The measurement accuracy and the error value
were up to 0.1 nm, taking into account the significant sample size and the nanocrystalline state of the plasma-chemical
powder.

3. Results and discussion

The results of the X-ray studies of recondensed nanocrystalline powders are presented in Table 2.
According to the results of X-ray diffraction, it can be seen (Table 2) that all ultrafine and nanocrystalline powders in

the TiN–Mo–Co system are multiphase. The phase composition is characterized by the presence of refractory compounds
based on titanium and molybdenum; individual metallic Mo and Co are also presented. Thus, all singly and doubly
recondensed fractions from the cyclone and the filter contain refractory interstitial phases based on titanium nitride with
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TABLE 2. Physicochemical properties of powder fractions recondensed from TiN–Mo–Co mechanical
mixture taking into account etching in boiling HCl

No Fraction Phase composition, wt. %, a, b, c, (±0.0001 Å) ρ, g/cm3 Ssp, m2/g dav, µm

1 1TiN–Mo–Co
(cyclone)

Co (Fm-3m), (26.93 %), a = 3.5440;
Ti1−nMonCxNy (Fm-3m), (43.89 %), a = 4.2419;
Mo (Im-3m), (4.79 %), a = 3.1463;
Mo0.42C0.58 (Pnnm), (14.06 %), a = 5.1367,
b = 4.7997, c = 2.9722;
TiO2 (P42/mnm), (10.33 %), a = 4.5845, c = 2.9615

5.6365 3.0301 0.351

2 1TiN–Mo–Co
(filter)

Co (Fm-3m), (49.87 %), a = 3.5469;
Ti1−nMonCxNy (Fm-3m), (8.96 %), a = 4.2444;
Mo (Im-3m), (1.37 %), a = 3.1479;
Mo0.42C0.58 (Pnnm), (8.69 %), a = 5.1380, b = 4.8040,
c = 2.9713;
TiO2 (P42/mnm), (31.12 %), a = 4.5897, c = 2.9586

5.7776 9.3973 0.110

3 2TiN–Mo–Co
(cyclone)

Co (Fm-3m), (33.08 %), a = 3.5473;
Ti1−nMonCxNy (Fm-3m), (44.01 %), a = 4.2463;
Mo (Im-3m), (4.63 %), a = 3.1495;
Mo0.42C0.58 (Pnnm), (8.13 %), a = 5.1028, b = 4.7763,
c = 2.9910;
TiO2 (P42/mnm), (10.16 %), a = 4.5937, c = 2.9570

5.8973 3.9784 0.255

4 2TiN–Mo–Co
(filter)

Co (Fm-3m), (41,54 %), a = 3.5474;
Ti1−nMonCxNy (Fm-3m), (14.71 %), a = 4.2463;
Mo (Im-3m), (2.97 %), a = 3.1492;
Mo0.42C0.58 (Pnnm), (17.34 %), a = 5.1466,
b = 4.7906, c = 2.9770;
TiO2 (P42/mnm), (10.33 %), a = 4.5883, c = 2.9668

5.7617 10.0729 0.103

Etching in boiling HCl (1 hour)

5 1TiN–Mo–Co
(cyclone)

Mo (Im-3m), (5.31 %), a = 3.1470;
TiCxOz (Fm-3m), (72.47 %), a = 4.2423
TiO2 (P42/mnm), (22.22 %), a = 4.5901, c = 2.9598

4.8937 2.5772 0.475

6 1TiN–Mo–Co
(filter)

Mo0.42C0.58 (Pnnm), (2.43 %), a = 5.1566, b = 4.8321,
c = 2.9690;
Mo (Im-3m), (2.38 %), a = 3.1444;
TiNxOz (Fm-3m), (23.95 %), a = 4.2361;
TiO2 (P42/mnm), (71.23 %), a = 4.5944, c = 2.9600

4.5530 21.6385 0.060

7 2TiN–Mo–Co
(cyclone)

Mo (Im-3m), (9.41 %), a = 3.1492;
TiCxOz (Fm-3m), (74.53 %), a = 4.2456;
TiO2 (P42/mnm), (16.06 %), a = 4.5901, c = 2.9565

5.2179 4.3632 0.263

8 2TiN–Mo–Co
(filter)

Mo0.42C0.58 (Pnnm), (2.12 %), a = 5.1562, b = 4.8321,
c = 2.9654;
Mo (Im-3m), (5.63 %), a = 3.1443;
TiCxNy (Fm-3m), (28.31 %), a = 4.2463;
TiO2 (P42/mnm), (63.94 %), a = 4.5937, c = 2.9565

4.1689 17.8331 0.080
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carbon TiCxNy (x+ y < 1) (sp. gr. Fm-3m), in agreement with the data of [13]. The percentage of TiCxNy (x+ y < 1),
according to semi-quantitative analysis, sharply decreases from the cyclone to the filter (Table 2, Nos. 1–4). All the
recondensed powder materials contain metallic Mo of the cubic modification (sp. gr. Im-3m), the content of which
decreases from the cyclone to the filter for both recondensation options. Besides, the core-shell structures contain highly
defective molybdenum carbide Mo0.42C0.58 (sp. gr. Pnnm) described by Novotny et al. in [14]. Its quantitative indicators
increase from the corresponding fractions from the cyclone to the filter, which is also reflected in Table 2, Nos. 1–4.
The formation of Mo0.42C0.58 carbide is due to the fact that the proposed study is part of an extensive scientific work
aimed at obtaining highly dispersed “core-shell” structures, where titanium carbides and nitrides are considered as cores,
including those alloyed with molybdenum in the metal sublattice. At the same time, it should be noted that the plasma-
chemical installation was not cleaned when the charge materials with the carbide component were changed to those with
the nitride component. Under these conditions, the formation of highly defective molybdenum carbide Mo0.42C0.58 (sp.
gr. Pnnm) and titanium carbonitrides TiCxNy (sp. gr. Fm-3m) enriched in nitrogen in the nonmetallic sublattice is quite
natural. The metal phase component of all TiN–Mo–Co nanocrystalline “core-shell” structures is also supplemented by
the presence of cubic cobalt (sp. gr. Fm-3m), the quantitative content of which also increases from the cyclone to the filter
(Table 2, Nos. 1–4). Additionally, it should be noted that the composition of nanocrystalline powders includes titanium-
cobalt nitride Ti0.7Co0.3N of hexagonal modification (sp. gr. P-6m2), which was first described in [15, 16]. Under the
conditions of plasma-chemical synthesis, which refer to extreme methods of influencing crystalline substances, during
recrystallization in a tangential flow of gaseous nitrogen at a speed of 105 ◦C/s, this phase is in a highly deformed state, in
accordance with [9]. This state is characterized by a forced preferential orientation along the (101) plane, which is one of
the most intense orientations in the P-6m2 space group. The forced orientation of the Ti0.7Co0.3N phase does not allow
one to refine the unit cell parameters and determine its quantity.

TiO2 is included in the composition to reduce the pyrophoricity of ultra- and nanodispersed powders of plasma-
chemical synthesis. Its amount increases significantly after single recondensation, and changes little if at all after double
processing (Table 2, Nos. 1-4).

For a more accurate determination of the phase composition of the “core-shell” structures, chemical etching was
carried out in a boiling solution of dilute (1:1) HCl for 1 hour. According to the results of X-ray phase analysis (Table 2,
Nos. 5–8), metallic cobalt and highly defective Mo0.42C0.58 in the fractions from the cyclone (Table 2, Nos. 5–7) were
completely dissolved during boiling. It was also noted that during boiling in acid, the unit cell parameters of TiCxNy

(x + y < 1) slightly changed, but in accordance with [13], the chemical composition did not undergo any significant
changes. Thus, the refractory ceramic base of all “core-shell” structures is represented by titanium nitride with nitrogen
positions partially replaced by carbon in the non-metallic sublattice, while the sum x + y is less than 1. Since the ratio
of phase components changed, the amount of metallic Mo (sp. gr. Im-3m) and TiO2 (sp. gr. P42/mnm) of the rutile
modification increased in the etched samples. On the other hand, as is known from [17], metallic molybdenum does not
dissolve in dilute HCl, and an increase in the amount of TiO2 can be associated with partial acidification of nanosized
titanium carbonitride TiCxNy (x+ y < 1) during boiling.

Based on the data of X-ray phase analysis (Table 2) of TiN–Mo–Co powders, by comparing the conditions for their
production using plasma-chemical technology with some physicochemical laws of the formation of refractory compounds
and the conditions for their wetting with metallic media, it is possible to carry out physicochemical modeling of the
processes of formation of “core-shell” structures. The chemical model is based on refractory titanium compounds coated
with molybdenum and cobalt metal phases and takes into account the formation of highly defective carbide Mo0.42C0.58

and complexly substituted metastable nitride Ti0.7Co0.3N [5] (Fig. 1).
Since the working temperature of the evaporation processes in the plasma-chemical reactor is 4000 – 6000 ◦C, and

the crystallization rate in a tangential flow of nitrogen gas in the hardening chamber is 105 ◦C/s, the formation of “core-
shell” structures can be modeled only as a function of temperature variation throughout the quenching chamber. Thus, the
quenching chamber can be separated by temperature barriers corresponding to crystallization temperatures of the phase
components, determined and refined according to the data of X-ray phase analysis. In accordance with [12, 18, 19], a
low-temperature gas plasma can be considered as “quasi-equilibrium”. The formation conditions can also be considered
“quasi-equilibrium” because the Arrhenius law is observed. In this case, the sequence of formation of nanocrystalline
layers of TiN–Mo–Co “core-shell” structures can be determined based on the evaporation and crystallization temperatures
of the phase components determined by X-ray diffraction, as well as ∆G(T ) dependencies for refractory compounds that
are part of highly dispersed powders. For all phase components, with the exception of highly defective molybdenum
carbide Mo0.42C0.58 and metastable complex nitride Ti0.7Co0.3N, the evaporation and crystallization temperatures are
presented in Table 3, and ∆G(T ) dependences in Fig. 2.

The temperature of 4000 ◦C can be considered as the first temperature barrier of the “core-shell” structure formation
model (Fig. 1), since this temperature is the minimum when plasma-chemical synthesis is carried out in low-temperature
nitrogen plasma (4000 – 6000 ◦C) with subsequent recondensation. On passing this temperature, in accordance with [5],
Mo and Ti are presented simultaneously in the gaseous and liquid state, while C and Co are in the gaseous form, and TiN
is in the liquid form. As the second temperature barrier, corresponding to the melting temperature of titanium nitride TiN
(2930 ◦C [20]), is approached, it can be assumed that titanium carbonitride, in which the nitrogen content significantly
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FIG. 1. Chemical mechanism of formation of TiN–Mo–Co “core-shell” structures

FIG. 2. −∆Gf (T ) dependences for Mo2N, MoC, Mo2C, TiN and TiC compounds

TABLE 3. Boiling and melting points of phase components in the TiN–Mo–Co system

Component Tmelt, ◦C Tboil, ◦C

TiN 2930 —

TiC 3300 4300

Mo 2617 4885

Ti 1670 3287

MoC 2700 —

MoN 1750

Co 1485 2870
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exceeds the carbon content (Table 2, Nos. 1–4), crystallizes. At the same time, etching in HCl promotes a change in
the lattice parameters of titanium carbide-nitride compounds for the corresponding fractions. So, for example, for singly
recondensed fractions from the cyclone, the unit cell parameter increases from 4.2419 to 4.2423 Å (Table 2, Nos. 1,5), and
that from the filter decreases from 4.2444 to 4.2361 Å (Table 2, Nos. 2,6). Under conditions of double recondensation,
analogous parameters for the fractions from the cyclone, taking into account etching, decrease slightly from 4.2463 to
4.2456 Å (Table 2, Nos. 3,7), while for the fractions from the filter they do not change and are equal to 4.2463 Å (Table 2,
Nos. 4,8).

Based on the patterns of formation of solid solutions used in the plasma-chemical synthesis of elements, it can be said
that after a single recondensation (Table 2, Nos. 1, 2), a fraction is concentrated in the cyclone, in which the refractory
phase based on titanium nitride is saturated with carbon. In the fraction from the filter, molybdenum is presented in the
metal sublattice of carbonitride with the formation of a Ti1−nMonCxNy solid solution. Under the conditions of double
recondensation (Table 2, Nos. 3,4), as mentioned above, no changes in the unit cell parameters of the refractory base of
the “core-shell” structures are observed and their phase composition, in accordance with [13], can be described by the
formula TiC0.12N0.77. Boiling in a hydrochloric acid solution, in addition to the dissolution of cobalt, which is the surface
layer in all core-shell structures, can also contribute to the oxidation of the refractory base of all ultra- and nanodispersed
powder fractions under study. In accordance with [13], after a single recondensation, titanium oxycarbide TiC0.21O0.8

was recorded in the fraction from the cyclone (Table 2, No. 5), and titanium oxynitride TiN0.52O0.34 – in the fraction
from the filter (Table 2, No. 6). Etching of doubly recondensed powders, according to the results of X-ray phase analysis,
contributed to the formation of titanium oxycarbide TiC0.21O0.8 [13] (Table 2, No. 7) in the cyclone. In the fraction from
the filter, as expected, it was not possible to fix phases of the composition Ti–C–O and Ti–N–O (Table 2, No. 8) due to
their complete oxidation to TiO2 of the rutile modification, the content of which reaches 63.94 wt. %, and the refractory
base is represented by titanium carbonitride having the composition TiC0.12N0.77 [13].

The third temperature barrier can start from the crystallization temperature of metallic molybdenum, which is
2617 ◦C [8]; at this temperature, Mo crystallizes in a cubic bcc cell. Highly defective molybdenum carbide Mo0.42C0.58

of the orthorhombic modification crystallizes as an additional phase. Its formation is due to the presence of free carbon
in the recondensable system, which is presented in the described temperature range. In accordance with Fig. 2, com-
bining the data from [21], MoN is formed at ∆G(T ) values close to 0, which is virtually impossible in the presented
core-shell structures due to the extremely high cooling rate in a gaseous medium and the crystallization temperature of
MoN (1750 ◦C [8]) compared with Mo.

The fourth temperature barrier corresponds to the formation temperature (1670 ◦C [8]) of a complex nitride containing
Ti, Co, and N in its composition in accordance with [15]. In particular, at the onset of this temperature regime, in the
process of chemical interaction, from the residual amounts of titanium that did not have time to react with nitrogen earlier,
a metastable phase in the form of a complexly substituted nitride Ti0.7Co0.3N is formed in a complex with molten Co [15].
This phase, as described earlier in [9], is in a highly deformed state due to the use of an extreme synthesis technique, which
includes plasma-chemical synthesis in low-temperature nitrogen plasma. The forced orientation of Ti0.7Co0.3N along the
(101) direction ensures positive wettability of the nanocrystalline “core-shell” structures by metallic cobalt when passing
the final fifth temperature barrier, the temperature of which specifies the crystallization of metallic cobalt (1450 ◦C [8]).

The described chemical model (Fig. 1) for the formation of nanocrystalline particles involving titanium nitride,
metallic molybdenum, and cobalt is well confirmed by high-resolution transmission electron microscopy data. In partic-
ular, Fig. 3(a,b) show electron microscopic images illustrating the dispersity of the studied nanocrystalline fraction, and
Fig. 2(c) demonstrates a size distribution histogram of the measured particles, on the basis of which it was found that,
according to the results of measurements of 8598 particles, the average size was 34.64 ± 0.18 nm, which is much less
than the calculated data given in Table 2, No. 4.

The “core-shell” structure is visualized in Fig. 4, where it is clearly seen that the coating of the core is continuous
and has a uniform thickness. Fig. 3(b) shows a FFT pattern with a banded contrast with an interplanar spacing of 0.25 nm
corresponding to the (111) plane of cubic TiN (sp. gr. Fm-3m). In addition, the plane of rutile (110) TiO2 (sp. gr.
P42/mnm) was determined in section 2 of Fig. 4(a, c) with an interplanar spacing of 0.33 nm.

Further, Fig. 5(a) shows a nanocrystalline particle with a core-shell structure. The core of the presented particle is
characterized by moire contrast, the presence of which indicates the diffracting planes of the crystal lattice, which overlap
and can have different interplanar spacing and orientation. Fig. 5(c) shows the FFT-transformation of region 1 of the
core (Fig. 5(b)), where the interplanar distances of 0.25 and 0.21 nm were determined, which correspond to the (011)
and (120) planes of highly defective carbide Mo0.42C0.58 of the orthorhombic modification (sp. gr. Pnnm). Addition-
ally, Ti0.7Co0.3N nitride, to which the (001) plane with an interplanar spacing of 0.29 nm belongs, was determined in
section 1 (Fig. 5(b,c)). Using the Fourier transform of the shell (Fig. 5(d)), which corresponds to the banded contrast in
region 2 (Fig. 5(b)), the interplanar spacing was determined to be 0.24 nm, corresponding to the (212) plane of metallic
Co (sp. gr. P63mc).

Possible deviations of the values of interplanar distances of highly defective molybdenum carbide from the data of
the ICDD and ICSD file cabinets are due to the fact that the powders studied in the work were obtained under extreme
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(a) (b)

(c)

FIG. 3. Electron microscopic images of sections of TiN–Mo–Co fractions (a, b) and a histogram of
particle size distribution (c)

(a) (b) (c)

FIG. 4. Electron microscopic image of a section of the TiN–Mo–Co fraction (a), the Fourier transform
of section 1 (b), enlarged image of section 2 (c)
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(a) (b)

(c) (d)

FIG. 5. HR TEM image of a TiN–Mo–Co particle (a, b), the Fourier transforms of sections 1 (c) and 2 (d)

conditions of plasma-chemical synthesis. This, in turn, creates microdeformations in the crystal lattice of Mo0.42C0.58

and contributes to its distortion.
From the results of plasma-chemical synthesis and X-ray diffraction of the obtained products it can be said that the

formation of rutile TiO2 is due to forced acidification in storage devices of separators aimed to reduce the pyrophoricity
of highly dispersed TiN–Mo–Co fractions. At the same time, the HR TEM results show that some of the nanocrystalline
particles with the “core-shell” structure are almost completely oxidized to TiO2. However, in some cases, as shown in
Fig. 6, carbon planes are registered (Fig. 6(b)). The Fast Fourier transform of section 1 presented in Fig. 6(a, b) illustrates
the presence of TiO2 (sp. gr. Pbca) at interplanar distances of 0.34 and 0.41 nm, which corresponds to the (111) and (020)
planes. Carbon of the hexagonal modification (space group P63/mmc) was visualized on the Fourier transform (Fig. 6(c))
with an interplanar spacing of 0.33 nm, which corresponds to the (002) plane.

(a) (b) (c)

FIG. 6. HR TEM image of a TiN–Mo–Co particle (a), the Fourier transforms of sections 1 (b) and 2 (c)

In accordance with the theory of heterogeneous nucleation by Chalmers B. [11], the metallic component of Co is
located on the surface of “core-shell” particles. Based on the analysis of the above electron microscopic images of TiC–
Mo–Co nanoparticles, we can say that the cobalt shell (Figs. 5(d), 7(c)) is a pseudo-amorphous coating on the particle
surface.
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(a) (b) (c)

FIG. 7. Electron diffraction pattern (b, c) of the area (a) of TiN–Mo–Co fractio

To unambiguously confirm the presence of all X-ray diffraction-defined phase components, electron diffraction stud-
ies were carried out on a polycrystalline sample (Fig. 7). During the identification of electron diffraction projections,
the presence of the following phase components was confirmed: the rutile modification of TiO2 (sp. gr. P42/mnm) was
determined from interplanar distances of 0.32 and 0.16 nm, which corresponds to the (110) and (211) planes; the cubic
titanium carbonitride TiCxNy (sp. gr. Fm-3m) enriched with nitrogen in the non-metallic sublattice was fixed at an inter-
planar distance of 0.24 nm, which corresponds to the (111) plane. Metallic Co of the cubic modification (sp. gr. Fm-3m)
was determined by the interplanar spacing of 0.20 nm, which corresponds to the (111) plane.

4. Conclusions

Ultrafine and nanocrystalline powders TiN–Mo–Co have been obtained by plasma-chemical synthesis in low-tem-
perature nitrogen plasma from a mechanical mixture based on titanium nitride TiN with the participation of metallic
molybdenum and cobalt.

The resulting powders were studied by X-ray diffraction and high-resolution transmission electron microscopy. It
was established that under the conditions of plasma-chemical synthesis, ultrafine and nanocrystalline powder fractions
are formed, which include titanium nitrides and carbonitrides, cobalt, molybdenum and its highly defective carbide
Mo0.42C0.58 of the orthorhombic modification, as well as titanium oxide TiO2 of the rutile modification.

In some cases, HR TEM images show the presence of free carbon of hexagonal modification (sp. gr. P63/mmc), and
nanocrystalline grains are core-shell structures. Refractory titanium compounds act as the core, and metallic molybdenum
and cobalt as the shell.
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