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Mechanical properties of superhard boron
subnitride B3N,

Microstructure and mechanical properties of bulk polycrystalline
rhombohedral boron subnitride B3N, synthesized by crystallization from the B—-BN
melt at 7 GPa have been systematically studied by micro- and nanoindentation, atomic
force microscopy and scanning electron microscopy. The obtained data on hardness,
elastic properties and fracture toughness clearly indicate that B3N, belongs to a family
of superhard phases and can be considered as a promising superabrasive or binder for
cubic boron nitride.
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Rhombohedral boron subnitride B3N, has been recently
synthesized by crystallization from the B-BN melt at 5 GPa [1-3]. The structure of

B3N, belongs to the R 3 m space group and represents a new structural type pro-
duced by the distorted B, icosahedra linked together by N-B—N chains and inter-
icosahedral B-B bonds [1]. Boron subnitride is refractory (7}, =2430(20) K at
ambient pressure [4]) and low-compressible (By =200(15) GPa [5]) phase similar
to other boron-rich solids with structures related to o-rhombohedral boron (B¢O,
B4C, etc.). According to the predictions made in the framework of thermodynamic
model of hardness [6, 7], Bj3N, is expected to exhibit hardness of 40 GPa [§]
comparable to that of commercial polycrystalline cubic boron nitride. Here we
present the results of the comprehensive study of mechanical properties of B3N,
boron subnitride.

Well-sintered bulks of polycrystalline B;3sN; have been synthesized in a toroid-
type apparatus with a specially designed high-temperature cell [9] at 7 GPa by
quenching of B-BN melt from 2630 K in accordance with high-pressure phase
diagram of the B-BN system [10]. Powders of crystalline B-rhombohedral boron
(99 %, Alfa Aesar) and hexagonal graphite-like boron nitride (hBN) (99.8 %,
Johnson Matthey GmbH) have been used as starting materials. The X-ray
diffraction study (TEXT 3000 Inel, CuKa, radiation) has shown that the recovered
bulk samples contain well-crystallized B3N, (a = 5.4585(8) A, ¢ =12.253(2) A),
in mixture with cubic BN (10-15 vol %) due to the peritectic nature of the
L + BN = B3N, reaction [4, 10].

The recovered samples (cylinders 4-mm diameter and 3-mm height) were hot
mounted in electrically conductive carbon-fiber reinforced resin, and were planar
ground with 1200 grit SiC and subsequently polished with 9-um and 1-um dia-
mond suspensions, followed by super-finishing with 0.04-um SiO; colloidal solu-
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tion. Extensive duration of the super-finishing (~ 1.5 hour) and low process
pressure (0.02 MPa) ensured the minimal mechanical damage to the material
surface after final polishing.

Microstructure of the polished samples have been studied by high-resolution
scanning electron microscopy (SEM) using LEO/Zeiss 1560 microscope in
secondary electron and InLens modes. SEM results indicate the presence of
residual cubic BN (bright contrast) localized as individual inclusions (Fig. 1, @).
The dimensions of the B3N, phase pools vary from 50 to 200 um. Close-up image
of the boron subnitride region taken with an InLens detector shows that B3N is
polycrystalline with the grain sizes of 50 to 600 nm (Fig. 1, b).

I pm

a b
Fig. 1. SEM overview of the sample microstructure (a) and an InLens close-up image of the
region of pure B3N, (b).

Microindentation has been performed using the Ernst Leitz Wetzlar microhard-
ness tester under loads ranging from 0.25 to 6.0 N; at least, five indentations have
been made at each load. The indent sizes were measured with a Leica DMRME
optical microscope under 1000x magnification in the phase contrast regime.
Vickers hardness (Hy) was determined from the residual imprint upon indentation
and was calculated following the standard definitions according to Eq. 1:

1.8544P

H, = PE

, O]
where P and d are the applied load and residual imprint diagonal, respectively. The
value of Knoop hardness (Hg) was determined by Eq. 2:

P

= 2
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where P is the applied load and d is the length of a large diagonal of an indent.

Vickers hardness measurements have shown that the calculated microhardness
abruptly decreases with the load and reaches the asymptotic value of
Hy=41(2) GPa already at a load of 1N (Fig. 2, a). The experimental Vickers
hardness of Bj3N; is in an excellent agreement with the value previously calculated
in the framework of the thermodynamic model of hardness [8], and is comparable
to the hardness of commercial polycrystalline cubic boron nitride. The load
dependence of calculated Knoop hardness is presented in Fig. 2, b; the asymptotic
hardness value is Hg = 32(1) GPa.

Nanoindentation study has been performed on Micro Materials NanoTest Van-
tage system with trigonal Berkovich diamond indenter (the tip radius of 120 nm).
The maximal applied load was 500 mN. Loading at the rate of 0.5 mN/s was
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followed by a 10 s holding and unloading at the same rate. AFM microscope
Dimension 3100 (Digital Instruments) in tapping mode was used on
nanoindentation imprints for pile-up correction. Figure 3 shows a characteristic
load-displacement curve for bulk By3;No.

H,, GPa
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\

Fig. 2. Vickers (@) and Knoop (b) microhardness of bulk boron subnitride Bj3N, vs load. Insets:
optical microscope images of the indents formed by Vickers and Knoop indenters under loads of
6 and 3 N, respectively.
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Fig. 3. Characteristic load-displacement curve for bulk boron subnitride B;N,. Inset: an optical

microscope image of the indent formed by Berkovich indenter under load of 500 mN.

Evaluation of the hardness and elastic modulus was performed in accordance to
the Oliver-Pharr method [11]. The hardness of the sample was determined by
Eq. 3:

-y @

where Py is the maximum applied load and A(%.) is the projected contact area.
The area function 4(4.) was calibrated on a standard fused silica reference sample.
Correction of the area function for the pile-up effects was based on the indent
topography data obtained on the actual samples by atomic force microscopy.

From 7 independent nanoindentation experiments the nanohardness of B3N,
was found to be Hy=36(2) GPa that is in a good agreement with our
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microhardness data. The elastic recovery of B3N, was determined as the ratio of
elastic work to the total work of the indentation by Eq. 4:
/4

— e V)
W TR 100 %, 4
where W, and W, are plastic and elastic works, respectively. From experimentally
found values W,=77(9)n] and W.=97(1)nJ the elastic recovery Ry has been
estimated as 55(6) % which is slightly lower than that of single-crystal cubic BN
(60 % [12]).

Reduced modulus E, was determined from stiffness measurements that are
governed by elastic properties of the sample and diamond indenter via Eq. 5:

-1
1-v2 1-v?
Er:[ EVS+ EVIJ : (5)
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where E;, E; are Young’s moduli and vy, v; are Poisson’s ratios of the sample and
indenter, respectively. The elastic modulus of the material hence can be calculated
for known properties of diamond (E; = 1141 GPa and v;=0.07 [11]) and Poisson’s
ratio of the sample. The Young’s modulus of £ =515(16) GPa was calculated by
Eq. 5 using the experimental E,=365(8) GPa value (data from 7 independent
nanoindentation experiments) under the assumption that Poisson’s ratio of B3N, is
equal to v=0.23 (theoretically predicted using the Voigt-Reuss-Hill approach
[13]). The variation of v over the 0.16—0.28 range results in variation of E-value
from 530 to 501 GPa which is within the experimental error of Young’s modulus
evaluation from the present set of nanoindentation data. This allows the conclusion
that the theoretically predicted Young’s modulus value (387 GPa [13]) is strongly
underestimated.

Using the relation between Young’s (£) and shear (G) moduli for an isotropic
material

_E
o= 2(1+v) ©

and Poisson’s ratio v =0.23 [13], the shear modulus of B3N, was evaluated as
G =209(6) GPa which is significantly higher than the theoretically predicted
values (157 GPa [13] and 162 GPa [14]).

The fracture toughness (Kj.) was studied with an Ernst Leitz Wetzlar
microhardness tester using a Vickers diamond indenter under 6 N load. The lengths
of radial cracks emanating from the indent corners were measured in polarized
light with Alicona InfiniteFocus 3D optical microscope under 1000X
magnification. The value of Kj., was determined in terms of the indentation load P
and the mean length (surface tip-to-tip length 2c¢) of the radial cracks according to
Eq. 7 [15]:

Kie =x,(E/H)) " (Plc"?), (7)

where x,=0.016(4), E is Young’s modulus and Hy is load-independent Vickers
hardness. The average fracture toughness of B3N, has been estimated as
Ki. = 1.9(4) MPa-m”® which is 33 % lower than the 2.8 MPa-m’" value for single-
crystal cBN [16]. As the crack lengths (25-40 um) are much longer than the grains
(Fig. 4), the K|. value is a characteristic of the bulk B3N, material as a whole.
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Fig. 4. Optical microscope image of the radial crack system in polycrystalline B3N, under inden-
tation fracture toughness test at 6-N load; width of field is 65 um.

The data on mechanical and elastic properties of Bj3N, are summarized in the
table. Due to high hardness and elastic recovery as well as high thermal stability,
oxidation resistance and adhesion to boron nitride, rhombohedral boron subnitride
B3N, offers promise as a potential superabrasive or binder for cubic boron nitride.

Hardness, elastic moduli, and fracture toughness of superhard boron
nitrides

H | H« | o | E | 6 | B Kic

GPa MPa-m®®

BN,  412)  32(1)  37(1)  515(16)  2096) 200 [5] 1.9(4)
cubic BN 62 44° 55° 909" 409[17] 397[18]  2.8[16]

“ Single crystal, (111) face [12];
? Polycrystalline material [12].
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Mikpocmpykmypa ma MexaHiuHi 81acmusocmi 06 €MHO20 NOMIKPUCTNATIYHO-
20 pomboedpuunoeo cyouimpudy 6opy B3N, cunmesoeanoeo kpucmanizayicio 3 posniagy B—BN
npu 7 I'lla, 6yno cucmemamuuno 8us4eHo MemoooM MIKpo- md HAHOIHOEHMYBAHHSA, aAmMOMHO-
CUN060T MIKPOCKONIL Ma CKauyowoi enekmponnoi mikpockonii. Ompumani 0aui npo meepoicmo,
enacmuyHi 8nacmueocmi ma 6 aA3KiCmb pYUHY8AHHA YimKo eKasylomb Ha me, wjo B 3N, nane-
JrcUms 00 cimelicmea HAOMeepoux as i Modice po3ensi0amucs ik NePCneKmusHUL cynepaopasue
abo 36’s3y104uil mamepian 0 Ky6iuHo2o Himpuoy 6opy.

Knrwuoei cnosa: cyonimpuo 6opy, meepoicms, MOOVAI NPYICHOCI, 6'13-

Kicmo pyiuHy8anns.

Mukpocmpykmypa u mexanuueckue colcmea 00beMHO20 NOAUKPUCTIATTU-
yeckoeo pomboaopureckozo cyonumpuda bopa B3N, cunmesuposannozo kpucmaninuzayuetl u3
pacnnasa B-BN npu 7 I'Tla, 6vinu cucmemamuyecku uzyyeHsl Memooom MUKpO- U HAHOUHOEH-
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MUpOBAHUsl, AMOMHO-CUNIOB0L MUKPOCKONUU U CKAHUpYIOuell d1ekmpoHHotl mukpockonuu. Ilo-
JIyHueHHble OaHHble 0 MEepOOCMU, YAPY2UX CEOUCNBAX U 6A3KOCMU PA3PYULeHUs ACHO NOKA3bIEA-
tom, umo B3N, npunaonesxcum K cemelicmey c6epxmeepobix ¢az u Moxicem paccmampusamscs
KaK nepcnekmusHblll cynepadpazue uiu cesazyioujee 0is Kybuveckoeo Humpuoa bopa.

Knrwueswvle cnosa: cyonumpuo 6opa, meepoocmo, MoOyIU YRpY20Cmiu, 6:3-

KOCMb paspyuleHus.
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