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A potential superhard material m-BCN

We here propose a new superhard material m-BCN with comparable
Vickers hardness to ¢cBN by the use of first-principles calculations. The calculations
show that the mentioned m-BCN is a thermodynamically and kinetically stable semi-
conductor. Hydrostatic calculation shows that it is anisotropic and its incompressibility
is very close to c-BN. Structural analysis shows that its excellent mechanical property
and thermodynamically stability are inherited from diamond and cBN. These results
provide a new clue to find new superhard phase.
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INTRODUCTION

Superhard materials are generally thought of as the substances
with Vickers hardness beyond 40 GPa [1, 2]. Diamond with Vickers hardness of
96 GPa is known to be the hardest materials in the world, however its utility is
limited due to its high brittleness, low thermal and chemical stability. Thus, it is
necessary and significant to find new superhard materials with hardness compara-
ble to diamond but having other improved physical and/or chemical properties [3].
Because of its high hardness and unique bonding feature, diamond has been in
practical use as a template to construct other superhard materials. Actually a series
of carbon-based materials with diamond-like bonding [4—6] and binary substituted
products have been theoretically predicted or experimentally proved to be super-
hard materials [7—11]. Among these materials, cubic boron nitride (cBN) is typical
example which keeps the bonding feature and electrical configurations of diamond.
Its Vickers hardness is as high as 64.5 GPa [3], although evidently lower than that
of diamond, still far higher than the threshold of Vickers hardness of superhard
materials; most importantly its oxidation resistance and thermal stability are even
better than those of diamond.

Recently, ternary substituted materials have attracted extensive interests from
chemists, physicists and materials scientists [12—15] since there are much more
possibility to find new superhard materials due to structural diversity and bonding
flexibility. Actually, some superhard B—-C—N phase has been synthesized under
high pressure and high temperature conditions. For example, a cubic structural
BC;,N has been reported to have a Vickers hardness of 76 GPa [16], remarkably
higher than the hardness of previously reported cBN.

It is established that a superhard material should have a small molar volume,
short bond length and high covalent bond energy. Based on these rules, B and N
atoms with atomic covalent radius of 0.84 and 0.71 A [17] are most possible can-
didate atoms to replace C atom with covalent radius of 0.76 A in a diamond to
obtain a superhard material.
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COMPUTATIONAL DETAILS

We screened a super-hardness phase of carbon by the use of CALYPSO soft-
ware [18, 19]. But it is a metastable state with Vickers hardness of as high as 88
GPa, the corresponding pressure for phase conversion from graphite is calcu-lated
to be as high as 100 GPa, much higher than ordinary conversion pressure of carbon
allotropes required [20-24]. In other words, it is impossible to synthesize this kind
of carbon-based superhard materials. Thus we substituted some of carbon atoms
with B and N atoms to form ternary materials to improve its thermodynamic stabil-
ity. The chemical formula of the system is BCN. The as-formed materials has a
space group of P2, belonging to the category of monoclinic system, so we named it
m-BCN.

The structural optimization and property predictions of the m-BCN phase were
performed using density functional theory with both the Generalized Gradient Ap-
proximation (GGA) and Local Density Approximation (LDA) implemented in the
Vienna Ab-initio Simulation Package (VASP) Code. As plane-wave basis set with
cut-off energy of 500 eV is used. The k-point samplings are (5x5%5) in the Bril-
louin zone. The convergence has been thought to reach when the change in total
energy is within 10~ ¢V, and the force on each atom in the unit cell after optimiza-
tion is less than 0.05 eV/A. Hydrostatic calculations and shear stress-strain curves
calculations are carried out with Cambridge Sequential Total Energy Package
(CASTEP) Code. A plane-wave basis set with cut-off energy of 700 eV is used.
The k-point samplings are (7x7%7) in the Brillouin zone.

RESULTS AND DISCUSSION

The crystal structure of proposed m-BCN is shown in Fig. 1. Its space group is
P2, lattice parameters of a, b, ¢ are 2.713, 2.903 and 2.696 A, respectively, p =
124.37°. Atomic fractional coordinates of C, N, and B are (0, 0.3357, 0.5), (0.5,
0.6593, 0) and (0.5, 0.005, 0.5), respectively. The optimized bond length of C—N
and C-B are 1.572 and 1.662 A, respectively.

Fig. 1. The unit cell of m-BCN with carbon atom (I), boron atom (II), and nitrogen atom (III).

Elastic constant is a key parameter to characterize the resistance of the materials
against the elastic deformation, and they should satisfy the stability condition for
monoclinic crystals [25]:

Ci1>0,Cn>0, C33>0,C44>0, Cs5>0,Cs6>0;
C33Cs5s — C35> 0, CusCop— Cis>0, Cy+Ci3—2Cp3>0;
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[Ci1 + Cyp + C33+2(Cpp + Ci3t+ Ca3)] > 0.

The calculated results shown in Table 1 demonstrate that elastic constants sat-
isfy monoclinic crystal stability condition, thus m-BCN is mechanically stable.

Table 1. The calculated elastic constants (GPa) of m-BCN at the GGA
and LDA level

Crystal |Method| C11 | &) | Css | Cu | Css | Ces | Ci2 |C13| Cos |C15|C25|C35|C46

Diamond GGA 1006.74 574.48 90.71
LDA 1100.63 589.99 149.92
c-BN  GGA 782.63 441.78 168.80
LDA  825.08 479.02 189.22

m-BCN  GGA 971.75 856.59 805.10 334.95 363.12 319.74 24.43 32.67 19937 0 0 O
LDA 1044.21 932.44 902.56 383.50 427.22 356.63 40.31 49.16222.78 0 0 O

The bulk modulus, shear modulus, Young’s modulus, and Poisson’s ratio of the
system can be calculated from elastic constants by Voigt-Reuss-Hill approximate
[25] and the results are shown in Table 2. For comparison, diamond and cBN are
also considered. It can be seen from Table 2 that the structure has a high bulk
modulus and shear modulus, showing that it is difficult to be compressed and de-
formed. In addition, its Young’s modulus is only slightly lower than that of cBN.

Table 2. The mechanical parameters of cBN, diamond, and m-BCN
at the GGA and LDA levels

Crystal | Method | a,A | b,A | ¢, A | v, A% | p/g, cm®|B,GPa|G,GPalE,GPa| v

Diamond GGA 3.560 45.12 3.534 396.1 5247 1091.9 0.041
LDA 3.536 44.21 3.606 466.8 541.1 11709 0.082

c¢BN GGA 3.626 47.66 3.623 3734 381.8 8542 0.119
LDA 3.582 45.98 3.756 4012 4064 9115 0.121

m-BCN  GGA 2713 2903  2.696 17.51 3.490 349.5 357.8 8003 0.105
LDA 2,678 2.865 2.659 16.84 3.629 389.2 400.7 895.0 0.104

To estimate the hardness of a m-BCN, we used an empirical formula to calcu-
late the Vickers hardness of m-BCN [26]:

HV =2(G’/B)™* -3,

The calculations at LDA level show that the Vickers hardness of m-BCN is
65.9 GPa, although lower than that of diamond (91.5 GPa), is comparable to that of
c¢BN (65.2 GPa). The GGA method provides the same conclusion. So it is a poten-
tial superhard material.

To further confirm the stability of the system under pressure, we performed hy-
drostatic calculations [27]. The ratio of the lattice constants as a function of pres-
sure are plotted in Fig. 2, in which ay, by, ¢y represent the lattice constants of the
unit cell at equilibrium. It can be seen from Fig. 2 that all the ratios decrease with
increasing pressure, however, the change rate of the three directions are different,
suggesting that the structure is anisotropic. We further compared the incompressi-
bility of m-BCN, ¢BN and diamond. The compression volume ratio V/V, were
plotted in Fig. 3 (V; refers to a unit cell volume under equilibrium conditions).
Figure 3 shows that m-BCN compression volume ratio V/V, changes from 1.00 to
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0.82 with pressure from 0 to 100 GPa, evidently smaller than that of diamond un-
der the same pressure, but very close to that of ¢cBN. This indicates that the incom-
pressibility of m-BCN is smaller than diamond, but very close to cBN.

n 1 n 1 " 1 1 1 "

0 20 40 60 80  p,GPa
Fig. 2. The ratio of lattice constants a/ay (1), b/by (2), c/cy (3) as functions of the pressure p for
m-BCN.
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Fig. 3. The ratio of volume V/V, as function of the pressure for m-BCN (/), diamond (2), and

¢BN (3).

To further prove the mechanical stability of m-BCN, the shear stress-strain
curve [28, 29] of the original cell in the (001) [100] direction was calculated. The
shear stress-strain relations of m-BCN compared with cBN were plotted in Fig. 4.
That is, by applying strain to obtain the stress changes from the elastic region to the
unstable region to the final collapse. The turning point of the shear curve shown in
Fig. 4 suggests a large deformation of the materials, the atoms will move from the
original lattice position to a new lattice position. The stress-strain curve in this
direction has a stress of 68.5 GPa when shear deformation is 10 %. In the range of
0-10 %, the stress values of m-BCN and cBN are very close. In the range of 10—
20 %, the stress value of ¢cBN is higher than that of m-BCN. As a whole, both the
two materials have a high ability to resist deformation.

To study the electronic structure and understand the mechanical properties of
the system, band structure and density of states (DOS) are calculated. Figure 5
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shows that it is a semiconductor with energy gap of 0.8 eV. Figure 6 shows that the
DOS are mainly from N-s, partly from C-s, C-p in the range of (-23)—(—17) eV; and
are mainly from N-p, C-p, B-p, partly from C-s, B-s in the range of (—17)-0 eV; and
are mainly from B-p, C-p, N-p, partly from B-s, C-s in the range of 0-18 eV. It is
clearly shown that the hybridization between their atomic orbitals forms a strong
sp3-b0nding structure and leads to a superhard material.
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Fig. 4. The calculated shear stress—strain relations of m-BCN (001) [100] (/) compared with cBN
(001) [100] (2).
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Fig. 5. TDOS of m-BCN.

To confirm the kinetic stability of this structure, we calculated phonon disper-
sion curves at the 0 GPa and 100 GPa, respectively. The curves are presented in
Fig. 7. It is shown that there is no imaginary frequency in the Brillouin zone, sug-
gesting that the structure is in the state of mechanical stability.

CONCLUSION

A potential superhard material m-BCN is proposed by the use of the first-
principles calculations. The structural, mechanical, electronic properties of m-BCN
are examined. The results show that the bulk modulus, shear modulus, Young’s
modulus are all high and its Vickers hardness is much higher than the threshold of
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Fig. 7. Phonon dispersion curves in the Brillouin zone at the 0 (a) and 100 (o) GPa.

a superhard material 40 GPa. It is mechanical stable and its incompressibility is
very close to that of cubic boron nitride. Electronic structure calculations show it is
a semiconductor. Analysis on the geometrical and electronic structures shows the
mentioned m-BCN inherits both the mechanical advantage of a superhard phase of
carbon and electronic advantage of a B-N phase and leads it to be a superhard
material.

3anponorosano nosuil naomeepouu mamepian m-BCN, meepoicmu 3a Bixke-
PCOM 5IKO20 3a PO3PAXYHKAMU 30 NEPULUMU NPUHYUNAMU NOPIGHAHA 3 meepdicmio cBN. Pospaxy-
HKU noxasanu, wo 3eadanuii m-BCN 3a mepmoounamivHumu i KiHeMUYHUMU NOKAZHUKAMU €
cmabinbHum Hanignpogionuxkom. Iiopocmamuynuti po3paxyHoK NOKA3ae, wjo 6iH € AHI30Mpon-
HUM [ 11020 HeCmuCaugicms 0yce bauzvka 00 Hecmucausocmi cBN. CmpykmypHuil ananiz noxka-
346, WO 1020 GIOMIHHI MEXAHIYHI 61ACMUBOCII | MEPMOOUHAMIYHA CMAOITLHICMb YCNAOKOBAHT
6i0 aimaza i cBN. Jlani pe3ynemamu 3a0e3neuyiomsv HO8Y cXeMy NOWLYKY HOBUX HAOMEEPOUX

pas.

Knrouosi cnosa: m-BCN, mexaniuni 61acmueocmi, eiekmponHa cmpykmypd,
meepoicmb 3a Bikkepcom, 2iopocmamuynuti po3paxyHox.

Ilpeonosicen nosulii ceepxmeepoviii mamepuan m-BCN, meepoocms no Bux-
Kepcy KOmopozo no paciemam no nepsbim RPUHYUNam cpagnuma c meepoocmuio cBN. Pacuemul
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nokaswviearom, umo ynomsaHymoiii m-BCN no mepmoounamuyeckum u KUHemMu4ecKum nokazame-
JISIM SGIAEMC CMAOUTbHLIM NOIYNPOBOOHUKOM. 1 udpocmamuueckuii paciem noxkasdai, 4ymo OH
AHU30MPONHBLIL U €20 HECHCUMAEMOCHb OYeHb Onu3Kka Kk Hecoicumaemocmu cBN. Cmpykmypnoiii
ananuz noKAaza, Ymo e2o OMauYHble MeXaHudecKue CoUCmaed u mepMoOUHAMUYECKas cmaouib-
HOCcmb yHacnedosanvl om aimasa u cBN. /lannvie pesynomamur obecneuusarom HO8YI0 cxemy
NOUCKA HOBBIX CEEPXMBEPObIX Pa3.

Knrouesvie cnosa: m-BCN, mexanuueckue ceolicmea, 1eKmpoHHAs. CIMPYK-
mypa, meepoocms no Bukepcy, sudpocmamuueckuii pacuem.
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