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Effect of nanostructuration on compressibility
of cubic BN

Compressibility of high-purity nanostructured cBN has been studied
under quasi-hydrostatic conditions at 300 K up to 35 GPa using diamond anvil cell
and angle-dispersive synchrotron powder X-ray diffraction. It has been found that the
data fit to the Vinet equation of state yields the values of the bulk modulus B, of
375(4) GPa with its first pressure derivative By’ of 2.3(3), thus, the nanometer grain
size (~ 20 nm) results in a decrease of the bulk modulus by ~ 9%.

Keywords: nanostructuration, cubic boron nitride, equation of state,
superhard materials.

Flexible grain-size control of cubic boron nitride (¢cBN) sintered
bulks has been recently achieved by Solozhenko et al. [1] by simultaneous
applying very high pressure and high temperature to pyrolytic graphite-like BN
precursors of various structural faults. At 20 GPa and 1770 K the high-purity nano-
c¢BN (grain size ~20nm) has been successfully synthesized [1]. New material
shows superior wear resistance, fracture toughness, and extremely high hardness as
compared to microcrystalline cBN (micro-cBN). In the present work, we report the
300-K equation of state (EOS) of nano-cBN.

In situ X-ray diffraction experiments in a large-aperture membrane-type dia-
mond anvil cell were conducted at ID27 beamline, European Synchrotron Radia-
tion Facility (ESRF). A small particle (~ 10 um) of nano-cBN (grain size ~ 20 nm)
preliminary selected using its specific Raman signal [1], was loaded together with a
small ruby ball (less than 5 um in diameter) and a gold crystal grain (10 um size).
Nano-cBN sample and the pressure markers were placed within a few micrometers
to each other close to the center of diamond culet. Neon pressure medium has been
used to maintain quasi-hydrostatic conditions. Pressure was determined in situ
from the calibrated shift of the ruby R, fluorescent line [2] and equations of state of
gold [3] and neon [4]. High-brilliance focused synchrotron radiation (8x8 pm?)
was set to a wavelength of 0.3738(1) A. X-ray patterns were collected using on-
line large-area Bruker CCD detector (exposure time from 5 to 10 min).
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All three pressure gauges indicated very close pressures (figure, a), which
points to the negligible strains and stresses, as well as inessential pressure gradients
all over the cell. The small differences between apparent lattice parameters for
different Bragg peaks (figure, ») indicate the quasi-hydrostatic conditions during
the measurements. Uniaxial stress (difference between diagonal elements of the

. . M
pressure tensor) has been evaluated using equation 65 — G, = =3 L_ [3], where
0

M, and M, are determined by the equation a,(hkl)=M,+
K+ K1 + 17k
(> + k> +1%)
where C=Cy, C =(C;;—Cpp)/2. For ¢cBN Cy =469 GPa, C;;=798 and
C)» = 172 GPa [5], therefore, S=5.3-10* GPa'. The fit (figure, b) gives the esti-

mate for o3 —o; ~—6 GPa, i.e. p ~o;—2 (GPa). The absolute value seems to be
quite reasonable for such superhard and low-compressible phase as cubic BN.
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Deviation of pressure by EOS of Ne and Au from the ruby gauge (a); lattice parameter of nano-
c¢BN as a function of 4kl at 30 GPa (b); the 300-K equation of state data for nano-cBN (present
work (e), fit to the Vinet EOS — solid line) and micro-cBN (from [9] (V) and [10] (D)) (¢).

Three EOS were used to establish isothermal bulk modulus By and its first pres-
sure derivative By, i.e. those of Vinet [6], Birch-Murnaghan [7], and Holzapfel [8].
The fitting results are listed in table, while the Vinet fit is presented in figure, c. In
the compression range probed here, all three models fit the data equally well and
give almost the same values for By and By'. Figure, ¢ also shows equation-of-state
data of microcrystalline ¢cBN [9, 10] measured in similar experimental conditions.
The bulk modulus of nano-cBN (By = 375(4) GPa) is smaller than the 395(2) GPa
value for micron-sized cBN crystals [9].

ISSN 0203-3119. Ceepxmeepovie mamepuansi, 2012, No 5 73



Since the By' value of nano-cBN might not be very well constrained due to the
relatively narrow pressure range explored in our study, the reliable comparison of
the B, values could be obtained by constraining B' to the same value as for micro-
c¢BN i.e. 3.62 [9, 11-13]. However, fits with both fixed and variable B, are
indistinguishable in the pressure range under study, and By of nano-cBN remains
lower than By of micro-cBN by 8.9%.

Our result confirms recent experimental [14, 15] and theoretical [16-18]
studies, which have demonstrated that in numerous cases elastic moduli of
nanomaterials are lower than those of their bulk counterparts (for example, in the
same grain size range, By of nanocrystalline Mg,Si0O4, MgO, Ni and y-Al,O; are
smaller than By of their bulk counterparts by 4.9 % [15], 8.3% [14], 9% [19] and
34.5% [20], respectively). This may be attributed to the presence of a significant
volume fraction of grain boundaries and triple junctions, which are more
compressible than the crystalline grains, in nanocrystalline materials.

Comparison of equation-of-state data of nano-cBN and micro-cBN
fitted to various EOS [6—8]. The zero-pressure volume V, was fixed
to 5.910 A*/atom

Model |  Vinet  |Birch-Murnaghan | Holzapfel’s AP2 |Vinet (By' = 3.62)
Nano-cBN By =375(4) GPa B, =375(4)GPa B, =376(4) GPa B,=360(2) GPa
(this study) By =2.3(3) By =2.403) By =22(3)

Micro-cBN [9] B, =395(2) GPa B, =396(2) GPa B, =397(2) GPa
By =3.62(5) By = 3.54(4) By =3.50(5)
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Corcumaemocnms BbICOKOUUCIO20 HAHOCIMPYKMYpuposannozo cBN bviia usy-
yena 6 keazueuopocmamuueckux ycaosusx npu 300 K 0o 35 GPa 6 animasHuiX HAKOBANLHAX C
HOMOWBIO Y2080l OUCNEPCUOHHOU PEHM2EHOBCKOU OUPPAKYUU CUHXDOMPOHHO2O USLYYEHUS.
Onucanue nony4enHsvix OAHHbIX ypagHeHuem cocmoanus Buns oaem 3uauenue moodyna cocumae-
mocmu By =375(4) I'Tla u ezo nepsoii npouseodnoui no dasnenuto By' = 2.3(3). Hanopaszmep
3epha (~ 20 um) npueooum K ymenvuteHuo Mooyis cocumaemocmu na ~ 9 %.

Kntouesvie cnoea: nanocmpyxmypupoeanue, Kybuueckuti Humpuo 6opa,
YpasHeHue COCMOAHUSA, C6ePXMEepOble MAMEPUATbI.

Cmucnusicmy 8ucokouucmo20 Hanocmpykmyposarnozo cBN 6yna eusuena 6
keaziciopocmamuynux ymosax npu 300 K oo 35 I'Tla 6 anmasnux HaKo8anbHAX 3a 00NOMO20I0
KYMoeoi 0ucnepcitinoi penmeeHigcokoi  ougpakyii cuHxpompoHHozo eunpominiosanus. Onuc
00epocanux OaHux pieHAHHAM cmary Bine 0ac sHauenna mooyna cmuciueocmi By = 375(4) I'lla
i oco nepwoi noxionoi no mucxy By' = 2.3(3). Hanoposmip 3epua (~20 um) npusooums 00
3MeHuenHA Mooy cmucaugocmi na ~ 9 %.

Kniouosi cnosa: nanocmpykmypysanns, KyOiunui mimpuo Oopy, pieHaHHA
cmawy, Ha0meepoi mamepianu.
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