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A B S T R A C T   

A new Mo10Ni3C3B phase was synthesized during the liquid phase sintering of cermet Mo2NiB2 –Ni doped with 
carbon. The crystal structure of this phase has been determined by X-ray diffraction analysis and density func-
tional theory calculations. The structure refinement indicates that a new phase has space group P63/mmc 
(Pearson symbol hP34) and lattice parameters a ¼ 7.8089 Å, c ¼ 7.8712 Å. Atomic coordinates of all elements are 
determined.   

Cermets on the base of Mo–Ni–B and Mo–Fe–B systems, in which 
boride Mo2NiB2 or Mo2FeiB2 is the hard phase, and solid solution on the 
base of Ni or Fe acts as a binder phase, show good mechanical properties, 
excellent corrosion and wear resistance [1–4], high resistance to molten 
metals [5]. These cermets are of interest in the sense that their operating 
characteristics comparable to those of tungsten carbide-based hard al-
loys. But at the same time, the estimated cost of raw materials for their 
manufacture is significantly lower. Mo2NiB2 and Mo2FeiB2 cermets have 
been successfully applied as materials for the manufacture of parts of 
injection molding machines and dies for copper extrusion [6], as various 
components for aluminum casting [7]. 

Despite more than thirty years of research the precise mechanism of 
improvements of mechanical properties of Mo2NiB2 based cermets has 
not been fully understood to date. Nevertheless, it is obvious that the 
mechanical properties of Mo2NiB2–Ni cermets are strongly affected by 
the microstructure and phase composition. The research works available 
in the literature are aimed at studying the effect of doping with chro-
mium and vanadium [3,8,9] and the Mo/B ratio [3] on the 
structural-phase state of Mo2NiB2–Ni system cermets. The purposeful 
doping with carbon has not been previously considered. It was found 
only in one work that carbon and fluorine were introduced into the 
initial components during the ball-milling process as a result of the 
contact of the powders with a milling pot [10]. A new phase formed in 
the Mo2NiB2–Ni cermet during further sintering, but authors could not 
determine it because of low volume fraction and designated it as Mo–Ni. 

This paper presents the results of analysis of the crystal structure of 
the new phase, which was synthesized in the Mo–Ni–B–C system during 
liquid phase reaction sintering. The crystal structure of this phase has 
been determined by X-ray diffraction analysis and density functional 

theory calculations. 
High purity powders of molybdenum, nickel and boron carbide (B4C) 

were used as raw materials for production of cermet sample with a 
chemical composition (wt.%) 59.8Mo-35.2Ni-3.9B-1.1C. Green compact 
with diameter 22 mm and height of 8 mm was produced by axial 
pressing at 100 MPa. Compacted sample was sintered in vacuum 
1.3⋅10� 2 Pa at 1320 �C. For metallographic examination, sample was 
prepared by a two-step polishing procedure using a rotary polishing 
machine LaboPol-5 (Struers): first grinding with silicon carbide paper, 
then grinding with diamond suspension on a polishing cloth. Scanning 
electron microscopy (SEM) investigations (backscattered mode) were 
carried out in Quanta 600FEG equipped with a system for energy 
dispersive spectrometry (EDS). 

The X-ray diffraction (XRD) analysis was performed at room tem-
perature using ARL X’TRA diffractometer with the Cu-Kα radiation. 
Diffraction patterns were refined by using a Rietveld extended program 
Maud [11]. 

To determine optimized atomic structures and their total energies we 
use density functional theory (DFT) [12] within projected augmented 
wave (PAW) formalism [13], generalized gradient approximation (GGA) 
of Perdew Burke-Ernzerhof (PBE) functional [14] using the Vienna ab 
initio simulation package (VASP) [15] through management package 
SIMAN [16]. The kinetic energy cutoff of 350 eV and the Fermi-level 
smearing width of 0.2 eV are chosen. We use nickel, molybdenum, 
carbon and boron PAW-pseudopotentials with 3d84s2, 4d55s1, 2s22p2, 
2s22p1 valence electrons respectively. To obtain optimized geometry we 
relax atomic positions and supercell volume until the maximum force 
acting on atoms is less than 25 meV/Å using the conjugate-gradient 
method, which is sufficient to maintain a balance between accuracy 
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and CPU time usage [17]. The formation energy was calculated by using 
the equation: Ef ¼ E(N)� Σiμini, where E(N) is energy of supercell con-
sisting of N atoms, μ is a chemical potential and n is a number of 
i-element in the supercell. Chemical potentials of Ni, Mo, C and B were 
taken from the DFT database [18]. 

Two types of stability are distinguished in the literature: thermody-
namic and dynamic [19–21]. But to determine the optimized structure 
in agreement with X-Ray diffraction data, it is sufficient to determine 
only the thermodynamic stability of a new phase by calculation of for-
mation energy using DFT method. 

Fig. 1 shows the microstructure of Mo2NiB2–Ni cermet doped with 
carbon. As can be seen, three phases are present in the structure: a solid 
solution based on nickel (dark phase), boride Mo2NiB2 (dark gray phase) 
and a previously unknown phase (light gray phase). Analysis of the 
element composition showed that an atomic ratio Mo:Ni � 9:3 corre-
sponds to the detected phase. An X-ray diffraction pattern of the ob-
tained sample (Fig. 2) revealed a set of peaks that could not be decrypted 
using existing crystallographic databases. None of the phases shown in 
the triple-phase diagrams Mo–Ni–C, Mo–Ni–B, Mo–C–B, Ni–C–B corre-
sponded to the obtained set of peaks. In this regard, we had proposed 
that during sintering the formation of phase, which simultaneously 
included all four elements (molybdenum, nickel, carbon, and boron) has 
occurred. 

It was found that the positions of the undecrypted peaks on the X-ray 
diffraction pattern coincide with the positions of the peaks of the 
W9Co3C4 phase with hexagonal crystal lattice P63/mmc (Space group 
194) [22]. Therefore, this lattice was taken as the basis for the refining of 
a new phase crystal lattice. DFT calculation was carried out to determine 
the equilibrium positions of molybdenum, nickel, carbon and boron 
atoms (Table 1). It was used a set of 32-node supercells (double unit cell) 
including a twelve different combination of Mo–Ni–C–B atoms (Mo9N-
i3C3B-type crystal lattice). The set consists of three stoichiometric con-
figurations with different Mo–Ni distribution, three configurations with 
different content of C and B and three configurations with the substi-
tution of molybdenum with nickel and vice versa. Calculated formation 
energies and supercell volumes were estimated (Table 1). As can be seen, 
the most stable atomic configuration for 32-node supercells corresponds 
to Mo18Ni6C6B2 (1) configuration. We used a DFT obtained atomic po-
sitions of this structure (Table 2) as a state for calculation of theoretical 
XRD profile. Weighted profile factor Rwp (discrepancy index in the 
Rietveld analysis) for the case of Mo9Ni3C3B-type crystal lattice is 
9.95%. Nevertheless, in the process of fitting of the theoretical XRD 
profile to the experimental one a mismatch between intensities of 
several observed and calculated peaks was found (Fig. 3a). 

It is known that several factors contribute to the change in the ratios 
of the diffraction peaks intensities, one of which is the structural factor F 
(HKL). The value of the F(HKL) for various crystallographic planes de-
pends on the type of atoms entering the crystal lattice and its basis. Thus, 
in the subsequent refinement, the possibility of additional Mo atom at 
the 2a position was tested. This improved the agreement between 
experimental and theoretical profiles, to give Rwp ¼ 7.77% (Fig. 3b). The 
double unit cell of this phase accounts for 20 molybdenum atoms, 6 
nickel atoms, 6 carbon atoms and 2 boron atoms. Therefore, the com-
pound formula can be defined as Mo10Ni3C3B. As shown by numerical 
estimates (Table 1), a significant decrease in the formation energy is 
observed for Mo10Ni3C3B-type crystal structure in comparison with the 
Mo9Ni3C3B-type. 

As for the previous Mo9Ni3C3B crystal lattice, for the new Mo10N-
i3C3B version the effect of the position of the molybdenum and nickel 
atoms, carbon and boron on the phase formation energy was evaluated. 
It was found that the equilibrium crystal lattice contains Mo, Ni, C and B 
atoms with coordinates which are given in Table 3. The lowest forma-
tion energy corresponds to a state containing both carbon and boron. For 
the configuration Mo–Ni–C, a substantial increase in Ef is observed. It 
should be noted, that the configuration in which carbon is completely 
absent corresponds to the formation energy, which only slightly exceeds 
the formation energy of the Mo10Ni3C3B phase, but the crystal lattice 
parameters differ significantly from the experimental values (Table 4). 
That is, it can be assumed that this new phase can exist only in the case of 
the Mo–Ni–B–C quaternary system and, therefore, it was not detected in 
the Mo–Ni–B and Mo–Ni–C ternary phase diagrams. 

The lattice parameters calculated according to XRD data and ob-
tained by numerical methods differ from each other. This is primarily 
because of the replacement of individual atoms that could take place in 
the real material. Consequently, this replacement led to a change in the Fig. 1. Microstructure of Mo2NiB2–Ni cermet doped with carbon.  

Fig. 2. XRD pattern of Mo2NiB2–Ni cermet doped with carbon.  

Table 1 
DFT calculated formation energies (in eV) of supercells with different configu-
rations of Mo9Ni3C3B-type and Mo10Ni3C3B-type phases.  

Mo9Ni3C3B-type Mo10Ni3C3B-type 

Composition Ef, eV V, Å3 Composition Ef, eV V, Å3 

Stoichiometric 
Mo18Ni6C6B2 (1) � 0.46 405.34 Mo20Ni6C6B2 (1) � 5.88 420.79 
Mo18Ni6C6B2 (2) 3.85 409.49 Mo20Ni6C6B2 (2) 2.93 433.25 
Mo18Ni6C6B2 (3) 1.38 406.53 Mo20Ni6C6B2 (3) � 1.80 425.25 
Boron partially substituted 
Mo18Ni6C2B6 2.55 420.68 Mo20Ni6C2B6 � 3.94 430.71 
Boron fully substituted 
Mo18Ni6B8 0.89 419.52 Mo20Ni6B8 � 5.76 433.60 
Carbon fully substituted 
Mo18Ni6C8 1.55 404.72 Mo20Ni6C8 � 3.82 417.68 
Mo-substituted 
Mo19Ni5C2B6 � 0.50 409.85 Mo21Ni5C2B6 � 4.78 426.28 
Mo20Ni4C2B6 � 0.65 414.05 Mo22Ni4C2B6 � 4.33 432.21 
Mo21Ni3C2B6 � 0.25 419.05 Mo23Ni3C2B6 � 3.57 437.27 
Ni-substituted 
Mo17Ni7C2B6 0.63 401.33 Mo19Ni7C2B6 � 4.46 416.86 
Mo16Ni8C2B6 1.14 397.16 Mo18Ni8C2B6 � 3.57 413.22 
Mo15Ni9C2B6 1.98 392.66 Mo17Ni9C2B6 � 2.57 409.54  

T.N. Vershinina et al.                                                                                                                                                                                                                          



Vacuum 172 (2020) 109034

3

crystal lattice parameters. It should be noted, that the random rear-
rangement (Table 1, Mo20Ni6C6B2 (2) and Mo20Ni6C6B2 (3) configura-
tions) and substitution (Table 1, Mo-substituted and Ni-substituted 
configurations) of nickel atoms by molybdenum atoms and vice versa 

leads to an increase in the phase formation energy. 
Thus, we report on the formation of a new phase during liquid phase 

reactive sintering of high purity powders of molybdenum, nickel and 
boron carbide. Its crystal structure was determined to be hexagonal with 

Table 2 
DFT obtained atomic coordinates, Wyckoff symbols, site occupancy factor for Mo9Ni3C3B-type crystal lattice (P63/mmc, a ¼ 7.7514 Å, c ¼ 7.7898 Å, Z ¼ 2).  

No Site notation Atom Multiplicity Wyckoff Site symmetry x y z Occupancy 

1 Ni Ni 6 h mm2 0.8964 0.7928 1/4 1.0 
2 Mo1 Mo 12 k .m. 0.1985 0.3970 0.0664 1.0 
3 Mo2 Mo 6 h mm2 0.5509 0.1019 1/4 1.0 
4 C C 6 g .2/m. 1/2 0 0 1.0 
5 B B 2 c -6m2 1/3 2/3 1/4 1.0  

Fig. 3. Rietveld refinement with the software package Maud: a – for the case of Mo9Ni3C3B; b – for the case of Mo10Ni3C3B.  

Table 3 
DFT obtained atomic coordinates, Wyckoff symbols, site occupancy factor for Mo10Ni3C3B-type crystal lattice (P63/mmc, a ¼ 7.8265 Å, c ¼ 7.9243 Å, Z ¼ 2).  

No Site notation Atom Multiplicity Wyckoff Site symmetry x y z Occupancy 

1 Ni Ni 6 h mm2 0.8885 0.7770 1/4 1.0 
2 Mo1 Mo 12 k .m. 0.2011 0.4024 0.0695 1.0 
3 Mo2 Mo 6 h mm2 0.5521 0.1041 1/4 1.0 
4 Mo3 Mo 2 a -3m. 0 0 0 1.0 
5 C C 6 g .2/m. 1/2 0 0 1.0 
6 B B 2 c -6m2 1/3 2/3 1/4 1.0  
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space group P63/mmc (Pearson symbol hP34) and a chemical formula is 
defined as Mo10Ni3C3B. The energy of formation of a new phase was 
calculated using the density functional theory method and it was shown, 
that the crystal lattice of an ordered Mo10Ni3C3B phase corresponds to 
the equilibrium configuration. 
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