PRL 102, 055503 (2009)

PHYSICAL REVIEW LETTERS

week ending
6 FEBRUARY 2009

Harder than Diamond: Superior Indentation Strength of Wurtzite BN and Lonsdaleite
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Recent indentation experiments indicate that wurtzite BN (w-BN) exhibits surprisingly high hardness
that rivals that of diamond. Here we unveil a novel two-stage shear deformation mechanism responsible
for this unexpected result. We show by first-principles calculations that large normal compressive
pressures under indenters can compel w-BN into a stronger structure through a volume-conserving
bond-flipping structural phase transformation during indentation which produces significant enhancement
in its strength, propelling it above diamond’s. We further demonstrate that the same mechanism also works
in lonsdaleite (hexagonal diamond) and produces superior indentation strength that is 58% higher than the
corresponding value of diamond, setting a new record.

DOI: 10.1103/PhysRevLett.102.055503

Diamond is widely regarded as the hardest of all mate-
rials known. Over the past decades extensive theoretical
[1-3] and experimental [4] efforts have been devoted to
finding materials that are harder and thermally more stable
than diamond. It was recently reported [5] that a nano-
composite containing a mixture of cubic and wurtzite (w-)
BN reached the same level of indentation hardness as
diamond. Cubic boron nitride (c-BN) is the second hardest
material known, but its strength and hardness are well
below those of diamond [4,6,7]. The experimental result
thus suggests that w-BN may be as hard or harder than
diamond, which came as a surprise since w-BN and c-BN
have a similar bond length, elastic moduli, and ideal tensile
and (pure) shear strength [8]. A nanoscale size effect was
invoked [5] to explain the observed phenomenon.
However, a similar ternary B-C-N nanocomposite exhibits
hardness well below that of diamond [9], suggesting that
the size effect may not be the only relevant mechanism at
work here. To understand the unexpectedly high indenta-
tion hardness of w-BN, it is essential to examine its intrin-
sic structural and stress response to indentation loading.
Here we show by first-principles calculations that large
normal compressive pressures under indenters can compel
w-BN into a stronger structure through a volume-
conserving bond-flipping structural phase transformation
during indentation. It significantly increases the indenta-
tion strength of w-BN to above the diamond value. This
represents the first case where a material exceeds diamond
in strength under the same loading condition. We further
demonstrate that this novel mechanism also works in lons-
daleite (hexagonal diamond, that is isostructural to w-BN),
producing a new record in indentation strength that is 58%
higher than the corresponding value of diamond.

Recent developments have made it possible to calculate
stress-strain relations and determine the peak strengths
(ideal strengths) of perfect crystals under various loading
conditions from first principles [6,7,10-19]. Such ideal
strengths determined for perfect crystals set an upper limit
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for material strengths, with ideal tensile strengths related to
cleavage processes [11] and the ideal shear strengths to
hardness tests. Experimentally, well-controlled nanoinden-
tation results could approach calculated ideal shear
strengths [20-22]. However, in most of the previous ideal
shear strength calculations, pressures under indenters nor-
mal to indentation crystal planes are neglected, which
gives rise to certain degrees of ambiguity when the calcu-
lated (pure) ideal shear strengths are compared to hardness
results obtained using different types of indenters. To in-
clude the main effects of indenters’ geometry in the calcu-
lations of ideal shear strengths, we introduce the ideal
indentation strength for an indented material as the peak
shear stress in the stress-strain relation on the easy cleav-
age plane in the weakest shear direction under biaxial
stresses containing a shear and a normal compressive
component. The ratio of the shear stress and the normal
compressive pressure is determined by the relation o, =
o, tan¥, where W is the centerline-to-face angle of the
indenter [10]. The reason for defining ideal indentation
strength on easy cleavage planes is that they form the
most ubiquitous and stable exposed surfaces in bulk or
nanoscale crystallites. Under indentation, shear instability
usually precedes the initiation of cracks and dislocations
[23], signaling the onset of incipient plasticity [14,16];
compressive pressure failure can also occur under biaxial
stresses [10]. Our first-principles calculations show that
w-BN and lonsdaleite exhibit higher ideal indentation
strengths on their cleavage planes than diamond and unveil
the underlying mechanism by identifying a novel two-
stage biaxial shear deformation mode, where the materials
become stronger during the first stage of structural phase
transformations. These results account for the high inden-
tation hardness of w-BN and predict lonsdaleite as the new
hardest material as probed by ideal indentation strength.
In the present work, we calculate the ideal indentation
strength of w-BN and lonsdaleite using the PARATEC codes
[24] based on total-energy calculations with the local-
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density-approximation (LDA) pseudopotential scheme, the
plane-wave basis set [25-27] and the norm-conserving
Troullier-Martins pseudopotentials [28]. The exchange-
correlation functional of Ceperley and Alder [26] as pa-
rametrized by Perdew and Zunger [29] was used. The total
energy of the structures was minimized by relaxing the
structural parameters using a quasi-Newton method [30].
The unit cells of w-BN and lonsdaleite used in the calcu-
lations are illustrated in Fig. 1. The calculated stresses are
accurate to within 0.1 GPa with a cutoff energy E., =
100 Ry and a 10 X 10 X 16 k-point grid based on the
convergence tests. The quasistatic indentation strength
and relaxed loading path were determined using a method
described previously in which the biaxial stress under the
indenter is projected into a shear stress (as x direction) and
a compressive pressure (as z direction) component [10].
The lattice vectors were incrementally deformed in the
direction of the applied shear strain. At each step, a small
shear strain (7,, = 0.005) is applied in the chosen shear
direction in the easy slip (or cleavage) plane and held fixed
during the structural relaxation, which determines the cal-
culated shear stress (o), while the other five independent
components of the strain tensor and all the atoms inside the
unit cell were simultaneously relaxed until (i) the stress
normal to the easy slip plane reached a specified value (i.e.,
0., = 0, tan¥, where ¥ = 68° is the centerline-to-face
angle of the Vickers indenter), (ii) all the other four com-
ponents of the Hellmann-Feynman stress tensor are less
than 0.1 GPa, and (iii) the force on each atom becomes
negligible. The shape of the (deformed) unit cell is deter-
mined completely at each step by this constrained atomic
relaxation.

We first set out to determine the easy cleavage plane of
w-BN and lonsdaleite by calculating their ideal tensile
strength along several high-symmetry directions. The cal-
culated results shown in Fig. 1 clearly indicate that the
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FIG. 1 (color online). Calculated tensile stress (o) versus
tensile strain (7,,) for wurtzite BN and lonsdaleite. The structural
unit cells and axes are shown to the right of each panel.

weakest peak tensile stress occurs in the [001] direction in
both cases, giving rise the (001) easy cleavage planes. It is
also noticed that the anisotropy in tensile strength of w-BN
and lonsdaleite are much lower than their cubic counter-
parts, c-BN and diamond [7] caused by subtle differences
in the directional arrangements of bonds in w-BN and
lonsdaleite that significantly reduces the tensile strength
anisotropy. More important, as we will show below, these
subtle structural differences play a pivotal role in produc-
ing a novel two-stage shear deformation mode that is
responsible for considerable strength enhancement under
indentation.

We next examine the structural response under the bi-
axial indentation stresses to determine the ideal indentation
strength of w-BN. For a better understanding of the defor-
mation behavior, it is instructive to first examine the stress-
strain relation and the ideal strength under pure shear
deformation (o, = 0). The calculated results for w-BN
are shown in Fig. 2(a) together with the results for c-BN.
For c-BN there are two inequivalent shear directions in its
easy cleavage (111) plane, resulting in an easy and a hard
shear direction [7] with the former setting the (pure) ideal
shear strength. For w-BN, the weakest pure shear direction
is [210] on the (001) plane [8] which has a sixfold rotation
symmetry. The (pure) ideal shear strength of w-BN is very
close to that of c-BN. Despite differences in bonding
structure, w-BN also undergoes a graphitization process
[indicated by points P, and P5 in Fig. 2(b)] similar to c-BN
beyond its elastic limit with a large volume expansion [see
lower panel of Fig. 2(a)] that is characteristic of such a
process [7]. However, it is noticed that the bond and
volume expansion of w-BN under pure shear deformation
occurs in the direction normal to the easy cleavage plane.
Under indentation the large compressive pressure that is
aligned in the same direction severely impedes and pre-
vents such bond and volume expansion. As a result, new
deformation modes with distinct structural properties may
appear. This is indeed what happens in w-BN as revealed
by our calculations. Results presented in Fig. 2(c) and 2(d)
reveal a novel two-stage shear deformation process. The
first is similar to the pure shear mode except for an overall
compression of the structure in the direction of indentation.
At the shear strain of 31% where graphitization occurs
under pure shear mode [point B, in Fig. 2(c) which co-
incides with point P, in Fig. 2(a)], a bond-flipping trans-
formation to a structure with lower energy [see Fig. 2(d)]
occurs. It completely releases the shear stress built up
during the first stage of shear deformation. There is no
volume change associated with this transformation [same
volume at points B, and B3 shown in Fig. 2(c)], indicating
short valence bonds as before. As a result, the structure
remains strong (in fact, it becomes stronger). Further in-
dentation leads to the second stage of shear deformation. A
salient point here is that after the bond-flipping transfor-
mation the structure of w-BN closely resembles that of
¢-BN and, most importantly, the second stage shear mode
is along the hard shear direction of the c-BN structure. This
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FIG. 2 (color online).

Calculated shear stress (o ,,) and unit cell volume (V) versus shear strain (7,,) for w-BN compared to those of

c-BN under pure shear (A) and biaxial shear (C) modes. Corresponding snapshots of selected bonding configurations at key
deformation points are presented in (B) and (D), respectively. The easy and hard shear directions of c-BN are indicated in (E). For
comparison, the stress-strain curve for diamond along the easy shear direction under the biaxial stress is also shown in (C).

can be seen by comparing the structural snapshots shown in
Fig. 2(d) for w-BN after the transformation and in Fig. 2(e)
for c-BN. Since the (001) plane of w-BN has a sixfold
rotation symmetry, the second stage hard shear resistance
occurs in all six equivalent (001){210) directions when the
indenter pushes outwards on the indented (001) plane. This
process leads to significantly enhanced indentation strain
and strength that reach 114 GPa at the peak (point By)
which is a 78% increase from the peak value before the
bond-flipping occurs (right before point B,). Most signifi-
cantly, this pushes it well above the value (97 GPa) for
diamond under the same indentation condition. This result
may explain the recent experimental indentation results
that indicate w-BN is comparable to or harder than dia-
mond under indentation [5]. Structural phase transforma-
tions into superhard structures under moderate normal
pressures have been reported previously in experiments.
For instance, graphite with similar hexagonal symmetry
like w-BN (or lonsdaleite) can transform into a superhard
structure (different from that of lonsdaleite and diamond)
harder than diamond under uniaxial normal pressure along
its ¢ axis at ambient temperature when the applied pressure
reaches above 17 GPa [31], which is much lower compar-
ing to the compressive pressures under indenters in the
indentation processes on w-BN (or lonsdaleite).

We now turn to lonsdaleite that is isostructural to w-BN
and, therefore, may exhibit superior indentation strength

compared to diamond if the same mechanism works here.
Our calculations (see Fig. 3) demonstrate that the same
bond-flipping transformation occurs after the tendency for
graphitization is impeded by the normal compressive pres-
sure. A two-stage shear deformation mode ensues, yielding
an indentation strength of 152 GPa, which is 58% higher
than the corresponding value (97 GPa) of diamond. This
remarkable result produces a new record for indentation
strength on the easy cleavage plane among all known
materials, followed (at a distance) by w-BN. It is noted
that lonsdaleite exhibits almost identical ideal tensile
strength and only slightly larger pure ideal shear strength
compared to diamond. The significant enhancement in its
indentation strength occurs under biaxial stress loading
conditions. The situation in w-BN versus c¢-BN is similar.
All past calculations have shown that diamond exhibits the
highest strength under various loading conditions com-
pared to other materials, which was consistent with all
available measurements. Here we show for the first time
that w-BN and lonsdaleite exhibit higher strength than
diamond under indentation.

For a complete study of w-BN and lonsdaleite, synthesis
of large-size samples remains a major challenge. Both have
been synthesized before, mostly in small quantities [32—
34]. The recent report on the nanocomposite of c-BN and
w-BN mixture [5] represents a promising direction. This
approach may also prove effective for producing nano-
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FIG. 3 (color online). Calculated stress (o,,) and unit cell volume (V) versus strain (7,,) for lonsdaleite compared to those of
diamond under pure shear (A) and biaxial shear (C) modes. Corresponding snapshots of selected bonding configurations at key
deformation points are presented in (B) and (D), respectively. The easy and hard shear directions of diamond are indicated in (E).

composites containing lonsdaleite and diamond mixture.
Another promising approach is to grow samples on appro-
priately chosen substrates, as recently demonstrated for
lonsdaleite on h-GaN [35]. While improvements in mate-
rial synthesis still needs further work, the results reported
here reveal the nature of intriguing atomistic mechanism
for the observed indentation hardness of w-BN and pre-
dicted new hardest indentation strength level of lonsda-
leite, where structural phase transformations into stronger
structures in indentation can enhance greatly the strengths
of certain materials. It offers insights for a new approach in
designing superhard materials.
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