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The high productivity of the cutting material is fully determined by its properties, especially the structure and phase
composition. A whole range of materials with different physical and mechanical properties can be obtained by controlling these
parameters for alloys of the same system. Cermets are materials that combine the high temperature resistance and hardness
of ceramics and ductility of metals. Cermets based on the Mo-Ni-B system are promising materials in applications to cutting
processing. Earlier, in this system doped with carbon, a new k-phase Mo, Ni,C.B with hexagonal P63/mmc crystal structure
was detected. We obtained the decreasing of hardness and comparable values of the fracture toughness of Mo, NiB_-Ni cermets
due to the formation of Mo, Ni,C,B phase. To understand the effect of the Mo, Ni,C,B phase on the mechanical properties of
the cermet, first-principles calculations were applied to investigate the elastic, electronic, and thermodynamic properties of
this phase. Its mechanical and anisotropic properties were calculated based on the obtained elastic constants. Additionally, for
a better understanding of the nature of interatomic bonding, an analysis of the electron localization function (ELF), calculated
from first principles, was performed. We found that the Mo, Ni,C.B phase had a 42% lower hardness and increased ductility
compared to the Mo NiB, boride, which is expressed in the value of the bulk modulus-shear modulus ratio above the brittle-
viscous transition. As follows from the results of the ELF analysis, a possible reason for this is the more isotropic nature of
interatomic bonds, which indicates their higher degree of metallicity.
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ITpon3BOAUTEIBHOCTD PEXYIIUX MaTepyUajIoB ONpPeNe/IAeTCs UX CBOVICTBAMU, KOTOPBIE 3aBUCAT OT CTPYKTYPBI (a3oBOro
cocraBa. KOHTpo/b 3TUX MapaMeTPOB B paMKax OJJHOTO 37IEMEHTHOTO COCTaBa IO3BOJIAET CO3/laBaTh MaTepyUabl C PA3HBIMMI
¢dusMKO-MeXaHNYeCKMMU cBOJicTBaMM. KepMeTbl — 9TO MaTepuasbl, B KOTOPBIX COYETAIOTCS BHICOKOTeMIIepaTypHbIe Xa-
PaKTePUCTUKN U TBEPHOCTb KePAMIK, a TAKXKe TIACTUYeCKNe CBOMCTBA MeTanIoB. KepMeThl Ha ocHOBe cucteMbl Mo-Ni-B
IIPUMEHAIOTCS B IPOM3BOACTBE PEXYIIEro MHCTPYMeHTa. B Halllelr HeraBHell padoTe 6bU10 0OHapy>KeHO B cricTeMe Mo-Ni-B,
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IETMPOBAHHON YIIEPOIOM, BbifieNieHre HoBoi k-¢pasbr Mo, Ni,C B, KoTopass nMeeT rekcaroHaabHYI KPUCTaTMIECKYIO
CTPYKTYPY ¢ rpymnmoit cummerpun P63/mmc. B HacTosest paboTe 6110 9KCIIEPUMEHTATIBHO YCTAHOBJIEHO, UTO BbIIETIEHNE
(baspt Mo, Ni,C,B npusoaut K cHipkeHmto TBepocty kepmera Mo, NiB -Ni ripu coXxpaHeHuu TperuHOCTONKOCTH Ha TTPeXHEM
ypoBHe. [lns ycTaHOB/eHNUA BIMsAHMA HOBOI Baser Mo, Ni,C,B Ha MexaHndyecknme CBOiCTBa KepMeTa HaMy OBITO IPOBETIEHO
KOMIIJIEKCHOE TEOPETUYeCKOe MUCCAeOBAHNe YIPYTUX, MEKTPOHHBIX U TEPMOAMHAMUYECKUX CBOVICTB AAHHOI (hasbl.
MexaHn4ecKne 1 yIpyrie CBOMCTBA ObUIM OLjeHEHBI Ha OCHOBE YIPYTUX XapaKTepUCTHUK (asbl, PACCINTAHHBIX B paMKax
Teopuu GYHKI[MOHA/MA IIOTHOCTH. KpoMme aToro, /I /ydilero MOHMMAaHMS XapaKTepa MeXAaTOMHBIX B3aMMOJEICTBIIL,
6bUT IpoBefieH aHanu3 QYHKINY JIOKAIM30BaHHBIX 97eKTPoHOB (PJIJ), KoTopast TakxKe 6bIIa pacCUUTaHA B pAMKaX TEOPUM
byHKIMOHAIa 97eKTPOHHOM TIOTHOCTH. MbI 06Hapyxwn, 4to dasa Mo, Ni,C,B nmeet Ha 42% 6ornee HUSKYIO TBEPHOCTD
¥ TIOBBINIEHHYIO ITACTUYHOCTh B CpaBHeHuu ¢ 6opumom Mo,NiB,. STo BbIpaxkaeTcss B BeMMYMHE OTHOIIEHMA MOJY/A
BCECTOPOHHETO CKATys K MOJY/TIO CIIBYTA BbIllIe 3HAYeHMA XPYIIKO-BA3KOTo nepexofa. Kak cienyeT 13 pesy/bTaToB aHamm3a
®JID, BO3MOXKHOIT IIPUYMHOIL 9TOTO SIBJIsIETCsE 60JIee M30TPOIHBII XapaKTep MeXKaTOMHBIX CBsA3€ll, 4TO TOBOPUT 06 ux boree

BBICOKOJ CTETIeHN METa/I/IMYHOCTI.

KmoueBble cioBa: kepMeT Ha OCHOBe 60p1ia, Teopus GyHKIMOHAIA IVIOTHOCTH, MOJY/IN YIIPYTOCTH, Y/iapHasA BA3KOCTb.

1. Introduction

Modern mechanical engineering is distinguished by the
use of new tool materials with high cutting properties.
These materials include cermets. This type of material is
characterized by high processing efficiency, extended service
life and increased cutting speed. Due to the combination of
such characteristics as high strength, reduced brittleness,
and fracture toughness, cermets can be used to process a
fairly wide range of materials: cast irons, hardened steels,
etc. [1]. The economic efficiency of their use in production
is associated with a reduction in the time spent on the
technological process itself and the replacement of grinding
operations with cutting. Also, cost reduction can be achieved
through the use of cheaper raw materials for the manufacture
of cutting tools.

The development of technologies in the field of cutting
processing directly depends on the design of new tool materials
with higher physical and mechanical properties. Cermets
based on the Mo-Fe-B and Mo-Ni-B systems are one of the
promising and not yet widely used materials [2, 3]. The solid
phases are presented by Mo,FeB, and Mo NiB, borides, and
the metal matrix acts as a binder. These materials, according
to a few published data, have an excellent combination
of mechanical properties, wear resistance and corrosion
resistance. And since the composition of these cermets does
not include expensive tungsten, their development also is
also economically feasible.

The performance of a cutting tool equipped with cermet
inserts is determined by its structural parameters. And the
development of the technology for the production of these
materials is based on the identification of general patterns
in the formation of the structure and phase composition at
each stage of obtaining materials. Although the history of
the creation of cermets of the Mo, FeB,-Fe and Mo,NiB,-Ni
type goes back more than a decade, there is a clear lack of
experimental data on the influence of doping and sintering
conditions on the structure and phase composition, physico-
mechanical properties, and tribological properties of these
materials.

Recently we reported [4] on the formation of a new phase
in a Mo-Ni-B-C system during liquid phase reactive sintering
of high purity powders of molybdenum, nickel and boron

carbide. Its crystal structure was determined to be hexagonal
P63/mmc (Pearson symbol hP34). 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
the ordered Mo Ni,C.B phase corresponds to the most
equilibrium configuration. It was found that, in the metal
sublattice of the Mn,Al -type, only octahedral (6g) positions
are occupied by carbon atoms, while trigonal-prismatic voids
are filled with boron atoms. It was also shown in [4] that the
stabilization of the Mo, Ni,C,B phase is possible only in the
presence of boron. Thus, the obtained data on the crystal
structure indicate that the Mo, Ni,C,B phase can be assigned
to k-phases. k-phases belong to the octahedral phases of
Novotny [5]. For compounds of this type, the general formula
M, M, XX' (xcanbe either more or less than 0) is proposed
in [6]. M positions can be occupied by Hf, Zr, W, Mo, and Ti.
Atoms of Mo, W, Re, Os, Cr, Mn, Fe, Co, Ni, Ta, Nb, V or
Cu can be in positions of M. Trigonal-prismatic voids can
contain both transition metal atoms and non-metal atoms of
the third group. So, X can be presented by atoms B, O, As, S,
Si, P, Ge and so on. X' atoms in the octahedral voids can be
presented by carbon or oxygen.

There are few published data on the physical and
mechanical properties of k-phases. Nevertheless, now it is
known that they are quite hard, brittle materials with metal
conductivity [7]. Since the volume fraction of the Mo, Ni,C.B
phase in the cermet of Mo-Ni-B-C system studied in [4] was
=~27%, its presence should have an effect on the properties
of the material as a whole. This article presents a study of
the effect of Mo, Ni.C.B on the mechanical properties of
Mo-Ni-B-C cermet. The experimental section includes
hardness and fracture toughness tests of samples with and
without the k-phase. Density functional theory (DFT)
calculations were carried out to reinforce the results of
mechanical tests. Although DFT can’thelp to study mechanical
properties, such as hardness and fracture toughness, directly,
because it does not consider real samples with 1D-3D defects,
it can obtain elastic properties of the studied phases, which
correlate with the mechanical ones well enough. Thus,
the theoretical section includes a DFT study of elastic and
mechanical properties of Mo, Ni,C.B and a comparative
analysis of the electronic structure of Mo, Ni,.C.B and
Mo NiB, to understand their different mechanical properties.
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2. Materials and methods

High purity powders of molybdenum, nickel and
boron carbide (B,C) were used as raw materials for the
production of two cermet samples with the chemical
composition (wt.%) 69.9Mo-23.3Ni-5.3B-1.5C (1) and
67.6M0-26.1Ni-4.9B-1.4C (2). A green compact with a
diameter 22 mm and a height of 8 mm was produced by
axial pressing at 100 MPa. A compacted sample was sintered
in a vacuum of 1.3-107 Pa at 1280°C. For metallographic
examination, the sample was prepared by a two-step
polishing procedure using a LaboPol-5 rotary polishing
machine (Struers): first, grinding with silicon carbide paper,
then grinding with a diamond suspension on polishing cloth.
Scanning electron microscopy (SEM) investigations in
the back-scatter mode were carried out on a Quanta 600 FEG
equipped with a system for energy dispersive spectrometry
(EDS). X-ray diffraction (XRD) analysis was performed at
room temperature using an ARL X’ TRA diffractometer with
Cu, -radiation. Quantitative phase analysis was performed
by using the Rietveld extended program Maud [8]. The
HRA hardness was measured using a standard Rockwell
hardness measuring device (600 MRD InstronWolpert
Wilson Instruments) with a load of 60 kgf. Determination
of the fracture toughness of the investigated materials was
fulfilled by the Palmqvist method [9]. A distance of 1 mm
between indentations was kept to avoid overlapping effects.
The indentation load was 60 kgf. Lengths of the cracks were
measured using light optical microscopy (Olympus GX71).
Density functional theory (DFT) [10] was used for the
first-principles calculations in this work. The Vienna ab initio
simulation package (VASP) [11] and the high-throughput
python-based package SIMAN [12] were attracted for this
purpose. The exchange-correlation energy was evaluated
by the generalized gradient approximation (GGA) within
Perdew-Burke-Ernzerhof (PBE) functional [13]. The cutoff
energy of the plane-wave basis was set to 350 eV. Smoothing
the Fermi level was carried out with a smearing width of
0.2 eV. The grid of k-points in the Brillouin zone was chosen
with a minimum distance between the points 0.2 A~'. The
relaxation of the atomic positions and the supercell volume
until the maximum force acting on the atoms is less than
50 meV/A with the conjugate-gradient method were used
to obtain an optimized geometry. Elastic constants were

calculated via a stress-strain method realized in the VASP.
Following equation was used for the calculation of the
formation energy:

Ef= E(N)=Zpn,

where E(N) is the energy of supercell consisting of N atoms,
u is the chemical potential of i-element and # is the number
of i-element in the supercell. The dynamical stability of the
Mo, Ni,C.B phase was examined by using the harmonic
phonon model implemented in the PHONOPY code [14], as
it was made in [15].

3. Results and discussion

Fig. 1 shows the microstructure of Mo,NiB,-Ni cermets
doped with carbon. As can be seen, the following phases
can be observed in the structure: a solid solution based
on nickel (dark phase), boride Mo NiB, (dark gray phase),
k-phase Mo, Ni,C.B and/or carbide Mo,C (light gray
phases). According to the X-ray diffraction data, the two
cermets, studied in this paper, mainly differ in the content
of the last two phases. In cermet 1, only Mo,C carbide is
observed, while cermet 2 contains both carbide and k-phase
are contained. The compositions of the considered samples
are listed in Table 1.

Hardness measurements showed that the formation of
k-Mo, Ni,C.B in the cermet leads to a decrease in hardness
from 15.5 to 12.0 GPa and a slight increase in the stress
intensity factor K, _from 9.8 to 10.4 MNm™".

According to our previous work [4], the Mo, Ni,C B phase
has a hexagonal crystal structure with P63/mmc space group
(See Fig. S1, Supplementary Material). The formation enthalpy
of Mo, Ni,C B is negative and its value is about —5.9 eV per
unit cell, which means the thermodynamic stability of the
considered phase with respect to pure components. Dynamical
stability of k-Mo, Ni,C.B was further studied using DFT
obtained phonon spectra. Calculated phonon dispersion
curves of our phase show, that structure of the Mo, Ni,C,B
phase is dynamically stable because no imaginary phonon
frequencies are found (See Fig. S2, Supplementary Material).
Therefore, the considered structure of the Mo, Ni,C,B phase
is thermodynamically and dynamically stable. Also, we
provide some electronic and thermodynamic properties of
Mo, Ni,C.B in Supplementary Materials.

«— Mo NiB, ¢

: l}rlo;i?

bz

Fig. 1. SEM microstructure images of Mo-Ni-B-C cermets: sample 1 (a); sample 2 (b).
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The mechanical properties of the Mo, Ni,C.B phase
have been obtained through a set of elastic constants of the
hexagonal Mo, Ni,C,B phase calculated by DFT (summarized
in Table 2 in comparison with Mo NiB, and Mo,C phases).
We additionally checked the Mo Ni,C B phase through the
criteria of mechanical stability for a hexagonal structure,
which are given in [16], and obtained its mechanical stability.

Bulk modulus, shear modulus, Youngs modulus and
Poisson’s ratio were estimated according to Hooke’s law
and the Voigt-Reuss-Hill (VRH) model, and the Vickers
hardness (HV) was calculated according to the empirical
formula [19]. Also, the very important characteristics of
mechanical properties are their anisotropy factors. The values
of the universal anisotropy factor (A”) and the anisotropy
factor of the shear modulus (A_), which are associated with
plastic deformation, have been calculated. Details of all
calculations are collected in Supplementary Materials. The
calculated mechanical properties are listed in Table 3.

We found that Mo,NiB, had the highest value of
hardness, and Mo, Ni,C,B had the lowest one. According to
the phase analysis, the experimentally studied cermets are
characterized by the equal amount of a binder phase based on
anickel solid solution, while differing in the volume fractions
of hard phases.

It is known, the mechanical properties of a composite
depend on the mechanical properties of the constituting
phases, their volume fractions, and morphology. Since
the k-phase precipitates as dispersed particles with sizes
substantially smaller than one of the Mo,C carbide, an increase
in hardness should be observed in the case of comparable
mechanical properties of the x-phase and carbide. But a
decrease in the hardness of the composite is observed in the
experiment. Two factors could contribute to this:

1. a decrease in the volume fraction of boride Mo, NiB,

2. low hardness of the k-phase.

Pugh’s ratio can be used to indicate the ductility of a
material [20]. The shear modulus G represents resistance to
plastic deformation, while bulk modulus B reflects resistance
to fracture. Critical value B/G=1.75 conventionally divided
materials into brittle and ductile ones; the higher the B/G
value means the increased ductility. Table 3 demonstrates

Table 1. Phase composition of Mo,NiB,-Ni cermets.

Cermet | Mo,NiB, | Ni-FCC Mo,C Mo,,Ni,C,B
1 72+2 8+2 20+2 -
2 65+2 12+2 12+2 11+2

that the plasticity increases in the following sequence:
Mo, NiB,, Mo, Ni,C.B, and Mo,C. Thus, a slight increase in
crack resistance of cermet 2 in comparison with cermet 1 can
additionally be caused by the k-phase formation.

We analyzed the bonding character of hard Mo, NiB,
and softer Mo, Ni,C.B phases for a better understanding
of differences in hardness values. Electron localization
tunctions (ELF) were calculated to estimate the type of bonds
for both phases. For Mo, NiB, we obtained a strong covalent
bond between two neighboring B atoms, which are clearly
visible on (100) slice of 2D ELF iso-surfaces as a red color
area between B-B pairs (Fig. 2) and mean strong electron
localization due to covalent bond formation.

As for the softer Mo Ni,CB, the strong covalent
bonding is absent there. It can be seen from Fig. 3 that the
electron density is localized on the non-metallic atoms
(B, C); meanwhile, there is no bonding between B and C
(slice (110)). B atoms show the five electron localized areas:
two vertical ones in the (100) slice and three horizontal ones
in the (001) slice. Also, there is the absence of strong bonding
with surrounding atoms. There are just green areas of electron
localization directed to the groups of Ni atoms ((001) slice in
Fig. 3).

The universal anisotropy factor AV and the anisotropy
factor of shear modulus A_ (Table 3) demonstrate that both
AYand A for the Mo, Ni,C.B compound are less than that for
Mo, NiB, (0.08 vs 0.13 and 0.002 vs 0.013, respectively), which
indicates more isotropic character of bonding, reflecting its
metallic type. Also, according to the numerical estimates of
TDOS and ELF, the Mo, Ni,C,B phase has a positive value
of the Cauchy pressure C,—-C,, =88 GPa. The positive
Cauchy pressure indicates that the nature of the bonding is
predominantly metallic [21].

Fig. 2. (Color online) 2D iso-surfaces of electron localization
function of Mo,NiB, phase. (100) surface slice.

Table 2. The calculated elastic constants of cermet phases in units of GPa.

Phase Cy Cp Cis C, Cy Cys Cy Css Ces
Mo,,Ni,C,B 491 219 197 492 197 535 131 142 141
Mo,NiB, [17] 535 196 221 558 154 498 179 236 172
Mo,C [18] 506 138 193 - - 474 184 - 132

Table 3. Mechanical properties of Mo, Ni,C,B, Mo,NiB, and Mo,C (unit for elastic moduli and hardness: GPa). Anisotropy factors of

Mo, Ni,C B and Mo NiB,.

Phase B G E HV v B/G H/E AY Ag
Mo,,Ni,C,B 304.8 141.8 368.3 11.8 0.299 2.150 0.032 0.085 0.002
Mo,NiB, [17] 303.1 183.1 457.3 20.4 0.249 1.655 0.045 0.132 0.013
Mo,C [18] 281.8 153.8 390.4 15.7 0.269 1.832 0.040 - -
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Fig. 3. (Color online) 2D iso-surfaces of electron localization
function of Mo Ni,C,B phase. (110) surface slice (a); 2D iso-
surfaces of electron localization function near B atom in Mo, Ni,C,B
phase: (100) view (black arrow shows the slice of (001) plane) (b);
(001) view (c).

The study of W, Al,.CoC,B single crystals, given in [7],
also shows that this k-phase has relatively low hardness
values. It was also shown in this paper that micro-hardness of
W, ALLCoC,B seems to be more or less isotropic, despite the
high anisotropy of the crystal structure.

Transition metal carbides, which have partial metallic
nature, show in metal-ceramic composites a stronger bond with
metal matrix than more covalent bonded ceramics [22]. In [23]
Ni-16Al-8Cr-1Zr-0.1B matrix with particles of TiC, ALO, and
TiB, reinforcements prepared by powder metallurgy route has
been investigated. It was shown that TiC carbide has excellent
bond integrity, which leads to much higher elastic moduli and
yield strength compared to that with ALO, and TiB,. It was
explained in [22] by the metallic nature of TiC and the strong
interaction of Ti with both Ni and Al

Thus, it can be assumed that the x-phase Mo, Ni,C.B,
which predominantly has metallic bonding, has a strong
interaction with the metal matrix, and it can lead to a greater
improvement in Young’s modulus, yield, and ultimate tensile
strength values over those of the matrix material. Tensile
strength is also notable in the case of metallic bonding at
interfaces as they can withstand higher strains [22].

4. Conclusion

In this paper, experimental and theoretical investigation of
the k-Mo, Ni,C,B phase and its influence on the hardness and
fracture toughness of Mo-Ni-B-C cermet were conducted.
Based on the results, the following conclusions can be made:

1. k-Mo, Ni,C B is thermodynamically and mechanically
stable.

2. k-phase has the lowest hardness values in comparison
with Mo,NiB, and Mo,C. Its formation in the Mo-Ni-B-C
cermet leads to a decrease in the hardness of the composite.

3. The nature of the bonding in the Mo Ni,C.B phase
is predominantly metallic. This determines its ability to

plastic deformation, which, as a result, can affect the fracture
toughness of Mo, NiB_-Ni cermet as a whole.

Supplementary material. The online version of this paper
contains supplementary material available free of charge at the
journal's Web site (lettersonmaterials.com).
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