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Nano-polycrystalline boron nitride (BN) is expected to replace diamond as a superhard and
superstiff material. Although its hardening was reported, its elasticity remains unclear and the
as-measured hardness could be significantly different from the true value due to the elastic recov-
ery. In this study, we measured the longitudinal-wave elastic constant of nano-polycrystalline BNs
using picosecond ultrasound spectroscopy and confirmed the elastic softening for small-grain BNs.
We also measured Vickers and Knoop hardness for the same specimens and clarified the relation-
ship between hardness and stiffness. The Vickers hardness significantly increased as the grain size
decreased, while the Knoop hardness remained nearly unchanged. We attribute the apparent
increase in Vickers hardness to the elastic recovery and propose a model to support this insight.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4894377]

Cubic boron nitride (cBN) is one of important materials
for cutting tools because it is superior to diamond in thermal
and chemical stability at high temperature. However, its
hardness  (~50 GPa)"2 is smaller than diamond
(~100 GPa),>™ and many researchers have been attempting
to synthesize much harder BN and diamond. One typical
method is to be polycrystallized”’ and make the grain size d
smaller basing of the Hall-Petch effect;®® grain boundaries
prevent the dislocation movements, making the material
harder. Sumiya and Irifune synthesized nano-polycrystalline
diamonds using the direct-conversion method and obtained
very hard nano-polycrystalline diamond under an appropriate
condition consisting fine grains 10-30nm in size, whose
Knoop hardness Hi exceeded 110 GPa. However, the posi-
tive Hall-Petch effect (enhancing hardness with decreasing
the grain size) was not clearly observed below it.” The
direct-conversion methods then succeeded in making the
nano-twinned polycrystalline diamonds, which show higher
elastic stiffness than monocrystal diamond.'® Elasticity stiff-
ening brought a great impact because nano-polycrystals of-
ten exhibited lower elasticity than monocrystals; grains are
weakly bounded, reducing the macroscopic elastic con-
stants.''™"* Nano-polycrystallization of c¢BN is therefore
expected to achieve the superhard and superstiff material,
replacing diamond.

Hardness increases by nano-polycrystallization were
reported for BN. Dubrovinskaia et al. reported that Vickers
hardness Hy consisting of ¢cBN and wurtzite BN (wBN)
grains with d=14nm reached 85GPa,'* and Solozhenko
et al. also reported that nano-cBN synthesized from low-
crystallinity pyrolytic hexagonal BN (pBN) at 20 GPa and
1770K exhibited a high Hy value of 85GPa,"” and Tian
et al. reported that Hy, of cBN containing nano-twinned
structures exceeded 100 GPa,lé’ which is as hard as diamond.
However, these values could be overestimated due to the
elastic recovery:'”'® Hy, and Hy are widely used for small
specimens, but Hg is often smaller than HVI9_25 and this
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discrepancy arises from many problems, including fric-
tion, 2028 size effect,?® crack,?>*° and elastic recovery.”_23
Among them, elastic recovery was suggested as the domi-
nant factor and the elastic constant is an important parame-
ter. The unusual stiffening in diamond stems from local
twinned (hexagonal diamond) structures.'® Since fine-grain
cBN also contains wBN, which corresponds to a local
twinned structure in cBN, it is important to clarify whether
the structure stiffening would occur or not for nano-
polycrystalline cBN.

Here, we measured the longitudinal-wave elastic con-
stant C;, of different grain size cBNs using picosecond ultra-
sound spectroscopy, and also measured Hy and Hg of the
same specimens to discuss the “real hardness.” Indentation
tests reflect the mechanical properties only near the surface,
and C;, measured by picosecond ultrasound spectroscopy also
reflects the elasticity near the surface because the measurable
depth is within a few um for BN. The direct comparison
between the elasticity and hardness is thus made possible.

We synthesized 13 nano-polycrystalline cBNs (labeled
as BN-1 to BN-13) by the direct-conversion method under
high pressure at high temperature from various staring mate-
rials of high-purity isotropic hexagonal BN (hBN) compact
formed through molding process and three types of pyrolytic
hBN (pBN-1, pBN-2, and pBN-3) prepared through CVD-
based vapor-phase synthesis. These staring materials were
the same as those described in our previous papers.”>=' The
crystallinity levels (degree of graphitization (DOG)) of pBN
compacts were in the order of pBN-1>pBN-2 > pBN-3.%*
To obtain various grain size specimens, we changed starting
materials (SMs) and synthesis conditions as synthesis pres-
sure P; and temperature 7y between 9 and 20 GPa, and
1500 and 2300 °C, respectively, as listed in Table I (more
detail synthesis methods appear elsewhere).”*' We eval-
uated the grain size by high resolution scanning electron
microscopy.”?

To measure the elasticity, we developed optics for pico-
second ultrasound spectroscopy. We used two titanium/
sapphire femtosecond pulse lasers, which are synchronized

© 2014 AIP Publishing LLC
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TABLE I. Synthesis condition (SM, DOG, pressure P, [GPa], and tempera-
ture T [°C]) of each specimen. Grain size d [nm] is calculated using Ty —d
correlation obtained from some SEM images (supplemental Fig. S1).** C,,
Hy, and Hg are the measured longitudinal-wave elastic constant, Vickers
hardness, and Knoop hardness, respectively, in GPa.

Name SM DOG Py T, d Cp Hy  Hg

BN-13  pBN-3 ~0 9 2300 370 957x21 57 437

BN-12 hBN ~1 10 2200 300 953=*32
BN-11 hBN ~1 15 2200 300 933*x12
BN-10 hBN ~1 10 2200 300 945=*6

BN-9 pBN-3 ~0 9 2100 243 936x10 67 43.6
BN-8 hBN ~1 15 2000 197 928
BN-7 pBN-3 ~0 10 1900 160  920*3 85 459

BN-6 pBN-3 ~0 20 1900 160  933*3

BN-5 hBN ~1 15 1800 130

BN-4 pBN-3 ~0 20 1700 105 930=*3
BN-3 pBN-3 ~0 20 1500 69 922 £2 76 46.0
BN-2 pBN-2 0.2 20 1500 69 . 64 445
BN-1 pBN-1 0.4 20 1500 69 914 £3 77 458

within ~100 fs jitter. Their wavelength and repetition rate
are 800 nm and 80 MHz, respectively. One laser is used for
providing the pump light, which is absorbed in a 10-nm Al
thin film deposited on a specimen by the sputtering method
and generates an ultrasharp strain pulse through thermal
expansion. The other laser provides the time-delayed probe
light, whose wavelength is converted into 400nm by a
second-harmonics generator. The probe light pulse is dif-
fracted by the strain pulse backward via the piezo-optic
effect and interferes with a reflected probe light from the sur-
face, resulting in a reflectivity oscillation. Details of the
optics appear elsewhere.'® This is called Brillouin oscilla-
tion®>** and we can observe a specific frequency f compo-
nent, which satisfies Bragg’s condition under normal
incidence

f:_7 (1)

where 4 is probe light’s wavelength, and » and v are refractive
index and sound velocity of a specimen, respectively. We
measured n by ellipsometry using instrument M-2000 pro-
duced by J. A. Woollam Co.> The ellipsometric angles were
measured as a function of the wavelength between 370 and
1000 nm, and the Cauchy model was used to inversely deter-
mine n. Then, we can obtain v by measuring f. Because the
generated strain pulse can be assumed as a longitudinal plane
wave, we obtain the longitudinal-wave elastic constant
C.= pvz, where p is the mass density calculated from lattice
constant measured by x-ray diffraction (XRD) in the supple-
mental material in Fig. $3.>2 XRD spectra show that wBN ratio
increased as T decreased and that all specimens are composed
of cBN and wBN exhibiting no textures or impurities except
for BN-9; it includes the remaining hBN less than 2%.

Figure 1(a) shows representative Brillouin oscillations of
BN-3 and BN-11. We succeeded in observing Brillouin oscil-
lations except for BN-2 and BN-5; the Brillouin oscillation
was not observed in BN-2 and BN-5, and this would be due
to the surface condition. We measured at different five points
on each specimen and determined C; using fast Fourier
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FIG. 1. (a) Observed Brillouin oscillations for BN-3 and BN-11 and (b) cor-
responding elasticity deviation along depth. We determined local elasticity
by applying FFT to Brillouin oscillation in a 50 ps interval. (c) The grain
size dependence of C;. Open circles denote measured C; and a solid line
shows calculated C, of the composite using micromechanics calculation.
Our accurate measurements revealed that C; and its deviation increased
with increase in d.

transformation (FFT). Averaged values with their standard
deviation (SD) are plotted against d in Fig. 1(c). We found
that C; and its SD decreased with the decrease in d, and here
we note that larger SD of larger grain specimens does not
indicate experimental error but the elastic-constant variation
among different grains. As shown in Figs. 1(a) and 1(b), the
measurable region is 3 um depth from the surface with the
50 um laser diameter, which contains sufficiently many grains
for smaller grain specimens (d ~ 70 nm). However, for larger
grain specimens, the elastic anisotropy caused by different
crystallographic orientations appeared since the largest grain
size exceeds a few um (shown in Fig. S1).% This effect is dis-
played in Fig. 1(b), where C; of BN-11 exhibits larger fluctu-
ation into depth than that of BN-3. Thus, we succeeded in
measuring elasticity only near the surface, where the indenta-
tion tests provide the mechanical properties. For the direct
comparison between hardness and stiffness, it is important to
measure them in the same region and picosecond ultrasound
spectroscopy should be used.

We attributed the softening in smaller-grain specimens
to week inter-grain bounds and estimated their elastic con-
stants using a micromechanics calculation.®® Actually,
larger-grain specimens include more wBNs, and apparent
wBN dependence of C; could be seen. However, we found
that the elastic constants of isotropic cBN and wBN are the
same in the previous work,”’ insisting that wBN content de-
pendence does not have to be considered. Then, we consid-
ered our specimens as composites, including softened penny-
shaped inclusions of ¢cBN, simulating grain boundaries, and
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the matrix of pure cBN, whose elastic constants C,, were
determined in the previous work.”” The elastic stiffness ten-
sor C¢ of the composite can be calculated by Eshelby’s
equivalent inclusion theory using Mori-Tanaka mean field

modeling%’39
Cc = Cy + V4 (C; — Cy)A, 2)
A= Ap[(1 - V)L+ VAp] ™, 3)
Ap = [I+8C; (C;—Cy)] ™" (4)

Here, C; and V¢ denote the elastic stiffness tensor and volume
fraction of inclusions, respectively, S is the Eshelby tensor,
and symbol I is the unit matrix. We assumed that the aspect
ratios o and V; of the inclusion are written as functions of
grain size d and the grain-boundary thickness ¢ as V; = -

. V3d
and o =% assuming the 2D honeycomb structure (see the

suppleme(iltal material).”> We inversely determined C; using
the least squares method to fit the calculated C¢ to the meas-
ured C;. Because grain-boundary thicknesses of mnano-
polycrystalline BNs in high-resolution transmission electron
microscopy images were about a few nm,'® we calculated
for t=3a, 6a, and 10a, where a is the lattice constant
(a=3.6182 A). We assumed that the bulk modulus B’ of
inclusions is constant and only the share modulus G’
decreases: in the previous work, we found that the grain
boundaries of the nano-polycrystalline diamond have lower
resistance to shear deformation and proposed graphitic inclu-
sions,*® which were experimentally confirmed.*' The nano-
polycrystalline BN would have similar structures, leading to
significantly lower shear stiffness at grain boundaries.

We show obtained elastic constants in Fig. 2. Calculated
Cf shows a good agreement with measured C; for all ¢ val-
ues, and we find that G’ should be significantly smaller (by
55~86%). Fine-grain specimens were synthesized from
nano-hBN particles at relatively low T to prevent the crystal
growth, and it is likely that their grain boundaries have not
been converted to cBN completely. The out-of-plane shear

T I T T T T T
O  Measured C,

Calculated C;.

| —— Calculated E BN-12 O BN-I3
'g‘ 950__ BN-10 7
% BN-9 iBN-ll
z |
g 900_—
W
=
o
o A 1= 3 (G= 58 GPa,E~166 GPa) | |
= 850- -=-=t= 6a(G=119 GPa, £=325 GPa) | |
2 I —— = 10a (G'=183 GPa, E'=477 GPa) | |
5
800 I L | L 1 n 1 L |
0 100 200 300 400

Grain size d [nm]

FIG. 2. Calculated C; and Young’s modulus E of composite for (solid line)
t=10a ~ 3.6 nm, (dashed line) r = 6a ~ 2.2 nm, (chain line) t=3a~ 1.1 nm,
where « is lattice constant. G’ and E' are the shear and Young’s moduli of
inclusions for each ¢, respectively. Calculated C; shows a good agreement
with measured value (open circles and red lines). E is used for the discussion
in the elastic recovery.
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modulus of hBN (Cyy) is significantly small,*? corresponding
to low shear modulus at the grain boundaries.

Finally, we discuss the relationship between the elasticity
and hardness. Figure 3 shows measured H\ and Hg as plotted
for C;. Importantly, there is an enormous discrepancy
between Hy and Hy at smaller d values. Hy, greatly increases
(up to 50%) as d decreases, while Hy increases by a few per-
cents, indicating that Hall-Petch effect would make the nano-
polycrystalline BN slightly harder. Large differences between
Hyg and Hy (more than 30%) stem from some reasons. One
reason is cracks; many cracks are observed for Vickers inden-
tation, leading to a variation of indentation shape and unclear
edges.23 The larger error bars of Hy in Fig. 3 will be caused
by this effect. Another important reason is the elastic recov-
ery and we attribute the increase in Hy to the elastic recovery:
Hg = ﬁKﬁ is calculated only from the longer diagonal L of
the indentation, whose elastic recovery can be neglected com-
paring with the shorter diagonal w.'” (B is the shape factor
for the Knoop indenter and P is the load.) On the other hand,
in the Vickers indentation, the two diagonals length D equiv-
alently become shorter on the unloading process, leading to
overestimation of Hy = f, £, where fy is the shape factor
for the Vickers indenter.'® In fact, many researchers have
reported that H is smaller than Hy. Gong et al."® and Chicot
et al.?' found a linear correlation between Hy/Hyx and wyL,
which represents elastic recovery in the Knoop indentation,'”
and Ullner et al. proposed corrected hardness by estimating
depth recovery on unloading.20 However, there is no research
that measured the elasticity and hardness for the same materi-
als of different hardness.

To quantitatively discuss the recovery effect, we calcu-
lated strain-stress fields of an elliptical hole under uniformly
stressed plate, and deduced the displacements along the lon-
ger and shorter diagonals of the elliptical hole u; and u,, as
follows:*

2p 2pL
= — = — 5
MEEYTE Y )
2p 2p
w=—L=—yw, 6
" E Eyw ©)

where p is the uniform stress, E is Young’s modulus, and y is
the ratio L/w which equals to 7.11 and 1 for the Knoop and

< F T T T T

£ 90 “ H | = ,;g H
O * Hg %46' 17
= 80 L) R S
T S SRS
< 7oL 920 940 960  98(
g | e C, [GPa]

< 60} I 1
= o0 '

8 s0- .
= l—a—son R . ,
sS40l
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FIG. 3. Knoop hardness Hg and Vickers hardness Hy plotted for
longitudinal-wave elastic constant C,. Hy was larger than Hy and largely
increased as C;, decreased, while Hg increased only by 2%, indicating elastic
recovery leads to overestimation of Hy.
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Vickers indenter, respectively. This elastic recovery occurs
on unloading and leads to overestimation of the hardness.
The recovered hardness H{, and H}, is written as

, P Hy
pr— = 7
B RS T v
, P Hg
= = 8
T ®

where up denotes the recovered displacement of the diago-
nal of the circle, simulating the Vickers indenter. Note that
Hy, and H are essentially the same (Hy = Hy = H,) and p is
comparable with the hardness value because the stress
around an indenter can be calculated from the same equa-
tion of the hardness. Then, we calculated H{, and H} for
Hy=p=42GPa and 200 < E < 1000 GPa as shown in Fig.
4. Hy, is larger than H, by more than 20% and significantly
increases with the decrease in E; on the other hand, H;( is
much less sensitive to E, insisting that Vickers hardness can
be largely overestimated by the elastic recovery, while the
Knoop hardness is less affected. If E of polycrystalline cBN
changes between 200 and 600 GPa, the elastic recovery can
quantitatively explain the difference between measured Hy,
and Hg values. Our measurement and micromechanics cal-
culation results indicate that the grain boundary sliding
would play an important role in the indentation: E of pure
cBN is 915 GPa and it macroscopically decreases by 5% at
most (E~870GPa). From the micromechanics calcula-
tions, the elasticity of grain boundary should be much
smaller than that of the macroscopic composite values; their
Young’s modulus is about 300 GPa for ¢t =6a nm (Fig. 2).
These softened regions will be fairly deformed and its vol-
ume fraction increases with the decrease in d. As a result,
considerable elastic deformation occurs within the grain
boundaries in a small-grain specimen, which leads to signif-
icant overestimation of Hy, and it increases as the elasticity

4200

—
[\
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—
[
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[=}
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Recovered hardness H,’ and H’ [GPa]
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s | s 1 L | ]
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Young’s modulus £ [GPa]

FIG. 4. Blue and red lines represent the recovered hardness calculated from
Egs. (7) and (8) for p = Hy =42 GPa, respectively, and solid symbols denote
the measured hardness plotted on the lines. Hy is incorrectly overestimated
by more than 20% and exhibits an apparent Hall-Petch effect.
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decreases with decrease in d, exhibiting an apparent Hall-
Petch effect.

In summary, we measured the C, of 13 nano-
polycrystalline cBN specimens, and found that elasticity of
nano-polycrystalline ¢cBN decreased as d decreased due to
the increment of the softened grain boundaries, whose elastic
constants were estimated to be 14 ~45% of pure cBN from
micromechanics calculations. These softened grain bounda-
ries lead to significant overestimation of Hy of BNs; while
measured Hg was nearly independent from d and C;, Hy
increased by 50% at most. We considered that elastic recov-
eries caused these considerable difference and deduced elas-
tically recovered hardness Hj, and Hj. The increment of Hj,
exceeds 100% and exhibits an apparent Hall-Petch effect:
H, increases with decrease in E. Hy is much less sensitive to
elastic recovery, insisting that we should use Hy for super-
hard materials.
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