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Developing new design principles for ultra-hard materials suitable
for applications as abrasives and cutting tools for ferrous metals as
well as scratch-resistance coatings is a research field with consider-
able fundamental interest and practical importance. All carbon-based
hard materials, including diamond, react with oxygen and iron at
moderately high temperature, thus preventing them from being used
as cutting tools for steels. Recently, a new design principle is
proposed to synthesize ultra-hard materials by combining small,
light covalent elements with large, electron-rich transition metals."~
The covalent elements form strong, directional covalent bonds with
the transition metals, while the high density of valence electrons
from transition metals prevents the structures from being squeezed
together, both of which enhance the resistance of the structures
against large inelastic deformations, leading to increased hardness.
A primary example and among the first synthesized following this
principle is OsB,, which has an expected (scratch) hardness over
that of sapphire (20 GPa) based on the observation that the OsB,
powder readily scratches a polished sapphire window' and a Vickers
hardness of 30 GPa (on its (001) plane) by microhardness
measurement.® Also, on the basis of this principle, IrN, and OsN,
were synthesized,* followed recently by ReB, with an average
hardness over 30 GPa.’

Recently, considerable efforts have been devoted to studies of
this new class of ultra-hard materials, including TMB, (TM = Os,
Re, Tc, Ru, Hf, Ta, W, Pt), ' TMN, (TM = Os, Ir, Pt),*'? and
0s0,.'%13 Calculations show that OsB, has a bulk modulus over
300 GPa, close to those of diamond (bulk modulus = 440 GPa;
hardness = ~100 GPa) and cubic BN (bulk modulus = 370 GPa;
hardness = ~60 GPa). However, a large bulk modulus only
indicates that a material has low compressibility, which does not
necessarily translate into a high value of strength since the latter is
determined by its resistance against inelastic (large) structural
deformations. To study the mechanical properties of OsB, under
large structural deformations and understand how the distribution
of the interstitial boron atoms affects its strength, we report in this
communication first-principles calculations of ideal tensile and shear
strength of OsB,. Density functional theory calculations of ideal
strength, which is defined as the peak stress in the stress—strain
curve in the weakest tensile stretch or shear slip direction, have
been developed in recent years to determine the critical stress at
which a perfect lattice becomes unstable under (tensile or shear)
deformation strain.'*° It provides an assessment of the upper limit
of the material strength that can be directly compared to nanoin-
dentation measurements'® and is more accurate in predicting
material strengths than the conventional criteria of elastic constants
such as bulk and shear moduli obtained at the equilibrium structure.
This is because ideal strength calculations examine the stress—strain
relation at large structural deformation and, therefore, can reveal
any potential structural softening due to bond-charge redistribution
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Figure 1. (a) The conventional unit cell of OsB,. (b) The 1 x 1 x 2 super
cell showing the Os—Os layer that is strong against shear deformation in
the [100] direction but weak in the [010] direction.

under strain. Our calculations show that, although its ideal tensile
strength is higher than 20 GPa, the ideal shear strength of OsB, is
only 9.1 GPa, barely higher than that of pure iron (7.2 GPa).'® An
examination of the atomistic structure shows that, while the
interstitial boron atoms enhance the strength of OsB, by forming
strong, directional covalent bonds with most of the Os atoms, there
remain Os—Os metallic bonding layers which are deformed easily
by shear stresses in certain directions, despite the high composition
ratio of boron in OsB,. These weak Os—Os layers reduce greatly
the resistance of OsB, against large shear deformations in these
easy-slip directions.

In Figure 1, we show the orthorhombic unit cell of OsB, (Figure
la), commonly used in previous calculations for its bulk modulus
and electronic band structure, and a 1 x 1 x 2 supercell highlighting
the weak (001) Os—Os layer, formed by the Osl and Os2 atoms
in the adjacent unit cells (Figure 1b). The triangular structure
B1—0s1—B2 (or B3—0s2—B4) in the unit cell strengthens this
Os—Os layer against the shear deformation in the [100] direction;
however, in the [010] direction, the Os—Os layer is weak under
the shear stress because most of the B—Os bonds are either
perpendicular to this direction or lying outside of this Os—Os layer.

The calculated tensile stresses in various symmetric crystal-
lographic directions are presented in Figure 2 (for calculation details,
see the Supporting Information). The results identify the lowest
peak stress (i.e., the ideal tensile strength) of 25.9 GPa in the [011]
direction; this is much larger than the ideal tensile strength of pure
iron (12.6 GPa).'® The covalent B—Os bonds enhance the resistance
of OsB, to tensile deformations in all these directions.

Figure 3 shows calculated shear stresses in the (001) plane along
three high-symmetry directions. The lowest peak stress (i.e., the
ideal shear strength) is 9.1 GPa in the (001)[010] shear direction,
while the peak stress in the (001)[100] direction is nearly three
times as large at 26.9 GPa. The highly anisotropic strength on the
(001) plane is consistent with the structural analysis of the Os—Os
layer in Figure 1, where B—Os—B triangles only enhance the
resistance of the Os—Os layer against shear deformations in the
(001)[100] shear direction. The shear strength of the Os—Os layer
exhibits a ductile stretch pattern in the (001)[010] direction typical
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Figure 2. Calculated tensile stresses under the indicated tensile strains in
different high-symmetry directions.
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Figure 3. Calculated shear stresses and selected Os—Os bond length under
indicated shear strains. Selected snapshots are shown for the structural
deformation along the weakest (001) [010] shear direction. The symmetric
unit cell of orthorhombic OsB, used in this figure is defined in the
Supporting Information.

of metallic materials, while in the (001)[100] direction, it shows a
brittle manner typical for super-hard materials. The structural
deformation snapshots clearly show the bond breaking process in
the Os—Os layer under the (001)[010] shear strains. The strong,
directional covalent B—Os bonds normal to or lying outside of the
(001) Os—Os layers do not help enhance the resistance against the
large shear deformation in the (001)[010] shear direction.

Our calculated results can be reconciled with the high Vickers
hardness® by examining the bonding anisotropy in the Os—Os (001)
layer in orthorhombic OsB,: while the B—Os—B triangles make it
difficult to shear break in the (001)[100] direction, shear deformation
can easily occur in the (001)[010] direction. Since the indenter
produces imprint by shear deforming in both the [100] and [010]
directions on the (001) plane, the stronger resistance in the [100]
direction plays a dominant role, giving rise to a high Vickers
hardness, despite the weak shear strength in the [010] direction.
The peak stress of 26.9 GPa in the (001)[100] shear direction agrees
well with the measured Vickers hardness of 30 GPa on the (001)
plane.® The high scratching hardness of OsB, (>20 GPa)' also can

be explained since OsB, powder contains microcrystals with
different orientations and those with high shear strength can readily
scratch the sapphire window. It should be noted that previous
theoretical hardness estimates®?' give only an average hardness
since they do not distinguish the crystal orientations of planes on
which the hardness is measured. Our calculations reveal substantial
disparity in shear strength along different directions in the easy-
slip plane, indicating that OsB, is a very special example that has
high (Vickers) hardness (>30 GPa) on the (001) plane but low
shear strength (<10 GPa) on the same plane in the [010] direction.
It suggests that ultra-hard materials identified by conventional
hardness tests may have subtle weakness under certain shear loading
conditions.

In summary, our ideal strength calculations show that, despite
the high compositional ratio of boron in OsB, that enhances its
tensile strength, highly anisotropic Os—Os (001) layers containing
no B—Os and B—B bonds make it susceptible to failure in certain
direction under moderate shear stresses. The ideal shear strength
of OsB, is just 9.1 GPa, only slightly higher than that of pure iron
(7.2 GPa)," rendering it unsuitable for originally proposed ap-
plications." It highlights the importance of exploring atomistic
deformation modes under various loading conditions in designing
new ultra-hard materials.
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Supporting Information Available: Details of ideal strength
calculations, calculated structural parameters and elastic constants of
OsB, compared with previous results, definition of a high symmetric
OsB; unit cell, and calculated shear stress on the (011) plane along
high-symmetry directions. This material is available free of charge via
the Internet at http://pubs.acs.org.
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