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Abstract: The comparative study of TiN and VN interaction at mechanical alloying (MA) of the
equimolar TiN-VN mixture in a ball mill and after high pressure, high temperature (HPHT) sintering
of the cBN-TiN-VN charge, which contains 35 vol.% of this mixture, is presented. MA for five hours or
HPHT sintering at 2000–2300 ◦C results in the formation of TixV1−xNy and VxTi1−xNy solid solutions
containing 8–10 at.% of vanadium or titanium. Preliminary processing of the initial powder mixture
in a ball mill promotes the occurrence of solid-state reactions during HPHT sintering of composites
and influences their physical characteristics.
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1. Introduction

Due to high melting points, ultra-hardness, good electrical and thermal conductivity,
and slow resistance to corrosion TiN and VN nitrides belong to the class of refractory
hard metal nitrides with unique physical and chemical properties, which are widely used
in many industrial applications, especially in electrochemical devices, environmental
remediation, gas sensing, photocatalysis, applied ceramics, and medicine. It is known
that ternary transition metal nitrides sometimes exhibit improved properties compared
to those of relevant binary nitrides. As for TiN and VN nitrides, their ternary TixV1−xNy
solid solution was shown earlier to be formed by the thin film coating technique [1,2] or by
mechanical alloying (MA) [3]. Special attention is paid to using TiN and VN nitrides for
preparing the superhard composites by high pressure, high temperature (HPHT) sintering
on the base of cubic boron nitride (cBN), which are used for grinding ferrous materials and
other cutting tool applications [4,5].

Taking the above into account, it would be useful to provide a comparative study of
TiN and VN interaction at MA of the equimolar TiN-VN mixture in a high-energy planetary
ball mill and after HPHT sintering (7.7 GPa and 1750–2300 ◦C) of the cBN-TiN-VN charge,
which contains 35 vol.% of this equimolar mixture.

2. Materials and Methods

Polycrystalline powders of cBN (produced by Element Six GmbH, Germany), TiN
(ABRC GmbH, Germany), VN (Onyxmet, Poland), and aluminum flakes (ABRC GmbH,
Germany) were used as the source materials in this research. All powders had a grain size
of <15 µm. The study of the structural changes that TiN and VN nitrides undergo during
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their interaction was performed on a set of samples obtained by two different methods.
Samples of the first series were obtained at mechanical alloying of equimolar charge (mol.%)
of 50 TiN and 50 VN (10 min of treatment and 20 min of cooling). A total of 29 steel balls
(15 mm in diameter) were used for the processing of the charge; the mass ratio of the balls
to powder was 20:1. During the experiment, the temperature of the working area in the
reaction zone did not exceed 100 ◦C, and the rotation speed of the vials was 1480 rpm. Test
samples for the X-ray diffraction study were taken after each full hour of MA. Samples
of the second series (charge content, vol.% is 60 cBN, 17.5 TiN, 17.5 VN, and 5 Al) were
the composites obtained by HPHT sintering (at temperatures of 1750, 1850, 2000, 2150, or
2300 ◦C) in a high pressure apparatus of toroid type (applied pressure was 7.7 GPa).

The study of changes that the components of charge undergo at MA or HPHT sintering
was performed on the basis of X-ray diffraction patterns obtained in discrete mode on
STOE STADI MP X-ray or Shimadzu XRD-6000 using the original software package [6],
including the full complex of standard Rietveld procedures.

3. Results

The results of XRD phase analysis of diffraction patterns obtained from MA or HPHT
test samples show that additional phases are not formed at the reaction of the charge
components, but the peak positions of the TiN and VN nitrides are slightly shifted towards
each other (Figure 1), which undoubtedly indicates the changes in their lattice parameters
(Figure 2). To clarify the causes of these changes, the refinement of the crystal structures
of these phases within the NaCl structure model (space group Fm3m (No. 225)) has been
provided: 4 Ti or 4 V atoms are placed in the position 4a 0 0 0; 4 N atoms are placed in the
position 4b 0.5 0.5 0.5. As a result of the calculations, it was shown that the 4a position,
which is occupied by metal atoms in the crystal structures of these nitrides, becomes
vacant at almost complete filling of the 4b position with nitrogen atoms (the reliability
factor RB does not exceed 0.02). In addition, it was found that HPHT sintering also causes
rearrangement of nitrogen atoms in the crystal structures of TiN and VN nitrides, which
occurs in such a way that nitrogen atoms regroup to form dipole N(2)-N(2) molecules such
as N2 gas molecules. The interatomic distances in these N(2)-N(2) dipoles (the lengths
of the edges of the octahedron formed by N(2) atoms) are ≈0.109 nm, and this value
is very close to the length of the bond between nitrogen atoms in the diatomic N2 gas
molecules (0.1095 nm).
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TiN-VN mixture and in the cBN TiN-VN HPHT sintered composite.

Comparison of the results obtained by XRD studies allowed to outline similar features
and certain differences inherent in the crystal structures of TiN and VN, which exist both in
the powder products of the MAed TiN-VN mixture and in the HPHT sintered cBN-TiN-VN
composite. Thus, it is shown that the use of both methods of synthesis first causes the
occurrence of vacancies in the metal sublattices of the nitride crystal structures.

At the initial stage, the existing increase in vacancies in TiN or especially in VN leads
to a gradual decrease in the lattice parameter (Figure 2). However, despite the high vacancy
rate, the lattice parameter of VN increases essentially at higher HPHT sintering tempera-
tures or an increased time of MA exceeding the value for the original nitride (Figure 2b).
Moreover, from the appearance of the fragments of diffraction patterns (Figure 1), it is clear
that the TiN and VN reflections are essentially broadened with processing time increases
above 3 h (MA) or at temperatures above 2000 ◦C (HPHT sintering). Taking into account
the set of features noted above, an assumption was made about the possibility of the
formation of mutual solid solutions of TiN and VN nitrides under these conditions. The
correctness of this assumption was checked and confirmed by detailed XRD calculations
for all samples obtained.

Thus, as a result of XRD calculations, it was shown that under the above MA and
HPHT synthesis conditions, TiN and VN nitrides form solid solutions of TixV1−xNy and
VxTi1−xNy, with a solubility of about 8–10 at.% V or Ti, respectively. In this case, exactly
the solubility of the bigger Ti atoms (RTi atoms are equal to 0.140 nm, while RV is equal to
0.135 nm) in the crystal lattice of VN nitride leads to a significant increase in the parameter
of its crystal lattice, which exceeds the VN lattice parameter in the initial charge (Figure 2b).

4. Conclusions

The results obtained here revealed that both MA and HPHT syntheses lead to the
formation of two TixV1−xNy and VxTi1−xNy mutual solid solutions. The main feature of
the crystal structure of these solid solutions is the high defectiveness of their metal sublat-
tices; moreover, the crystal structures of VN-based solid solutions have more vacancies
than the metal sublattices of TiN-based solid solutions. Unlike MA, HPHT synthesis also
affects the metalloid lattice, causing rearrangements of nitrogen atoms in the crystal struc-
tures of TixV1−xNy and VxTi1−xNy solid solutions with the possible formation of diatomic
complexes such as the N2 gas molecule.

A finely dispersed (crystallite size is up to 20 nm) preliminarily mechanically alloyed
TiN-VN mixture can be recommended as an effective binder for the charge intended for
HPHT synthesis of superhard materials with improved properties.
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