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Advancements in the Search for Superhard
Ultra-Incompressible Metal Borides
By Jonathan B. Levine, Sarah H. Tolbert,* and Richard B. Kaner*
This article is dedicated in memory of Professor John J. Gilman, whose creativity and
inspiration were instrumental in our efforts to develop ultra-incompressible, superhard
borides.
Several recent reviews in the literature
cover
various aspects of this research field,
Dense transition metal borides have recently been identified as superhard
including HPHT synthesis of superhard
materials that offer the possibility of ambient pressure synthesis compared to
materials, superhard thin films and nanothe conventional high pressure, high temperature approach. This feature
composites, and the ultimate goal of creating
article begins with a discussion of the relevant physical properties for this
new bulk materials harder than diamond.[4–7]
class of compounds, followed by a summary of the synthesis and properties of
Progress is steadily being made in HPHT
synthesis,whererecentdevelopmentsinclude
several transition metal borides. A strong emphasis is placed on correlating
the synthesis of diamond-like carbon, aggremechanical properties with electronic and atomic structure of these materials
gate diamond nanorods, ultrahard fullerites,
in an effort to better predict new superhard compounds. It concludes with a
and boron nitride nanocomposites using
perspective of future research directions, highlighting some recent results
pressures up to 20 GPa and temperatures
and presenting several new ideas that remain to be tested.
approaching 2 000 8C. All of these materials
possess hardness and bulk moduli values
comparable to single-crystal diamond.[8–11]
In the present Feature Article, we limit our discussion to recent
1. Introduction
discoveries on the properties of dense transition metal borides in
the continued search for new superhard materials. Note that the
The search for new ultra-incompressible, superhard materials
goal of this research is not to create a material harder than
with mechanical properties that rival those of diamond continues
diamond, but rather to engineer a material that is superhard and
[1–3]
to be an exciting and active area of research.
Such new
can be easily synthesized in bulk quantities under non-HPHT
materials are extremely useful as abrasives, cutting tools, and
conditions. New materials that can be produced in large quantities
coatings because of both the inability of diamond to effectively cut
may enable new industrial applications, including improvements
ferrous materials and the high cost of synthesizing diamond or
in cutting tools and wear-resistant coatings.
diamond substitutes, such as cubic boron nitride (c-BN). Both
In order to systematically create new superhard phases
diamond and c-BN must be synthesized under high pressure and
(hardness > 40 GPa),[12] it is necessary to first understand the
high temperature (HPHT) conditions.
underlying phenomena that lead to such robust mechanical
properties.[3] The mechanical properties of a material can be
[+]
characterized in various ways and there exists no single method to
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the orientation of the specimen must be known because the plastic
and elastic deformations can manifest themselves along the
direction of the applied stress, perpendicular to it, or some vector
combination of the two directions. Ideally, superhard materials
should be isotropic, otherwise they will preferentially deform in a
specific direction.[14]
The measurement of a material’s response to stress can be
performed macroscopically, microscopically, or atomically, and
the chosen scale will have a direct impact on the properties that are
measured. Glass, for example, has very strong chemical bonds
between silicon and oxygen, but it is prone to cracking (i.e., it is
brittle), and is therefore not considered to be a very strong
material.[13] In order to minimize the ambiguity associated with
the meaning of ‘‘strength’’, emphasis here is placed on the bulk
modulus as a measure of elastic (reversible) strength and the
indentation hardness as a measure of plastic (irreversible)
strength. Before an in-depth discussion on superhard borides, a
brief description of these properties is given to clarify any
misconceptions that may exist. For example, the mixing of the
concepts of hardness and bulk modulus (i.e., stiffness) can be
found in the article ‘‘Osmium is not harder than diamond’’.[15]

2. Mechanical Properties
Elastic stiffness, or incompressibility, is directly dependent on the
elastic coefficients of a solid and it is commonly quantified by the
bulk modulus, i.e., the resistance of a solid to volume compression
under hydrostatic stress. Bulk modulus can be formally defined
according to Equation 1:

B ¼ V@p=@V

(1)

where p is the pressure, V is the volume, and @p/@V is the partial
derivative of pressure with respect to volume. Bulk modulus is
thus simply the inverse of the fractional volume change with
pressure. Originally, the bulk modulus was shown to be strongly
correlated with the molar volume (Vm) and cohesive energy (Ec)
according to the relationship:

B / Ec =Vm

(2)

Elements with small molar volumes and strong interatomic
forces resulting from high cohesive energies tend to have high bulk
moduli.[4]
A survey of bulk moduli and cohesive energies as a function of
atomic number is presented in Figure 1.[3,4] The natural logarithms
of the bulk moduli are plotted in order to display a greater range in
the variation of elastic stiffness on a single graph. Note the
similarities between the peaks and valleys for both the bulk
modulus and cohesive energy that roughly depend on the
periodicity of the elements with half-filled shells exhibiting
maxima for both terms. More recently, a clear correlation was
shown between bulk modulus and valence electron density
(VED—electrons/unit volume) because higher concentrations of
electrons result in greater repulsive forces within the material.[3,16]
Because the electron density is used rather than just the valence
electron count, the favorable effects of decreasing atomic volume is
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already taken into account. Thus, VED provides a rudimentary
gauge in the search for potentially new superhard materials given
that superhard materials must be incompressible (as discussed
below).
While bulk modulus measures the resistance to volume change
for a constant shape, shear modulus measures the resistance to
shape change at a constant volume. The shear modulus depends
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modulus and a small Poisson’s ratio. A typical
value for the Poisson’s ratio is 0.1 for covalent
materials and 0.3 for metallic materials.[14] A
low Poisson’s ratio results from directional
bonds, which increase the shear modulus and
limit the motion of dislocations, thereby
increasing a material’s hardness.
In contrast to the two types of elastic
deformations discussed above, a material is
hard if it resists plastic deformation.[2] This
involves preventing the nucleation and motion
of dislocations, an irreversible change in the
structure, and is related to both elastic and
plastic processes within a solid. A system with
short covalent bonds tends to minimize such
dislocations and a system with more delocalized bonding allows them.[18] Thus, diamond,
containing covalent carbon–carbon bonds that
are highly directional and very strong, is the
hardest known material. Conversely, metals
with their ‘‘sea of electrons’’ have non-directional metallic bonds and are generally soft and
ductile.
In an effort to efficiently predict new
superhard materials, relationships have been
drawn between hardness and various elastic
properties.[2,13,18,19] Previously, bulk modulus
was thought to be a good predictor of hardness.[14] Although it is true that a hard material
must have a high bulk modulus, it is a common
misconception to believe that the inverse is
Figure 1. a) Cohesive energy as a function of atomic number (reproduced with permission from true, that is, a material which is incompressible
Ref. [4], copyright 2001 Taylor & Francis Ltd.), b) natural logarithm of the bulk modulus as a
is hard. Osmium, for example, has a bulk
function of atomic number (reproduced from Ref. [3], copyright 2006 Elsevier). Both properties
modulus comparable to diamond, making it
follow similar trends within the periodic table.
one of the most incompressible materials
known.[20–23] The hardness of osmium, however, is within the range of other transition
metals and is nearly two orders of magnitude lower than that of
on both the plane of shear and the direction of shear, thus making it
diamond, consistent with the non-directional nature of its
a more complex property than bulk modulus. Formally, the shear
delocalized electrons. The case of osmium exemplifies the
modulus, G, is defined as the ratio of shear stress to shear strain:
drawback of using bulk modulus as an indicator of hardness.
stress
F=A
¼
(3) Bulk modulus is mainly dependent on the electron density and
G¼
strain Dx=L
molar volume irrespective of the bond type or degree of ionicity.
Thus, highly covalent materials and ionic or metallic materials can
have similarly high bulk moduli resulting from high VEDs, even
where F is the applied force, Dx is the resulting displacement, A
though their hardness values are substantially different.
is the area upon which the force acts, and L is the initial length. The
Shear modulus provides a much better correlation with
higher the shear modulus, the greater the ability for a material to
hardness
than bulk modulus.[3,4,18,24] Covalent materials generally
resist shearing forces and therefore, the more rigid the material is.
display high bond-bending force constants, contain highly
For an isotropic system the shear modulus can be directly related to
directional bonds, and generally have high shear moduli. In an
the bulk modulus, B, according to Equation 4:
ionic material, however, the electrostatic interactions are omnidirectional, resulting in low bond-bending force constants and
3 1  2n
(4) consequently a low shear modulus. Thinking back to hardness,
G¼ B
2 1þn
dislocation motion requires atoms to move past each other. While
this motion is plastic, rather than elastic, the actual atomic motions
are much more closely related to those associated with shear, rather
where n is the Poisson’s ratio, that is, the value of the ratio of the
than volume compression. The shear modulus is therefore
transverse (contraction) strain to the corresponding axial (extenstrongly correlated with hardness and provides the link between
sion) strain of a material.[17] According to Equation 4, a high value
elastic properties and high hardness.[14,25] As a result, in contrast to
for the shear modulus necessitates a large value for the bulk
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Figure 2. Hardness as a function of shear modulus for various covalent,
ionic, and metallic materials. Reproduced with permission from the Annual
Review of Materials Research, Ref. [14], copyright 2001 Annual Reviews.

the example given above for bulk moduli, even if an ionic and a
covalent material possess equivalent bulk moduli, their shear
moduli will differ substantially. The shear modulus is therefore a
more accurate predictor of superhard materials and the correlation
between hardness and shear modulus can be seen in Figure 2 for
various covalent, ionic, and metallic materials.[14]

3. Conventional Superhard Materials
Diamond is generally regarded as the hardest bulk material with a
measured hardness between 70 and 100 GPa depending on the
type and quality of the diamond.[26] Diamond also possesses an
extremely high shear modulus (534 GPa), the highest known bulk
modulus (442 GPa), a very low Poisson’s ratio (0.07), and a high
thermal conductivity (20 W cm1 K1).[13,14,27,28] Diamond’s
exceptional hardness and shear strength originate from its crystal
structure and the nature of its chemical bonds. Diamond
crystallizes in a face-centered cubic lattice with one half of the
tetrahedral sites filled. Every carbon atom is sp3 hybridized with an
interatomic distance of 1.54 Å. The strength and directionality of
covalent carbon–carbon bonds limits the propagation of defects,
which in turn resists plastic deformation, giving rise to the
exceptional hardness of diamond. Diamond’s phenomenal
incompressibility can be correlated to its low molar volume and
correspondingly high valence electron density. Due to the small
size of each carbon atom, diamond has the highest VED of any
known material (0.705 electrons Å3). When diamond is
compressed elastically and isostatically, the energetically unfavorable electronic repulsions result in the highest measured bulk
modulus (442 GPa).[27]
Diamond was first prepared synthetically in 1955 at the General
Electric Company (GE) by Bundy et al. under 9.8 GPa of pressure at
2 300 8C.[29] This process has since been improved using different
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presses and the addition of catalysts in order to decrease the
reaction conditions to approximately 5 GPa and 1 200 8C.[30]
Diamond has traditionally been considered the best option for
superhard industrial requirements and the current production of
synthetic diamond is estimated to be 110 tons annually (500 million
carats). Its mechanical robustness and general chemical inertness
make it widely applicable. However, there are situations where
materials with different chemical compositions would be better
suited than diamond. For example diamond cannot be used to cut
steel because the formation of iron carbide is thermodynamically
favorable at elevated temperatures.
Since the 1950s, HPHT approaches to synthesizing new
superhard materials have primarily focused on using the p-block
elements. Light elements such as B, C, N, and O have been
combined to make compounds with short, strong covalent bonds.
By replacing every two carbon atoms in diamond with one boron
atom and one nitrogen atom, a compound isoelectronic with
diamond is created. This compound, known as cubic boron nitride
(c-BN), was first synthesized at GE shortly after the synthesis of
diamond.[31] Although c-BN is superhard, the slight decrease in
covalency for BN bonds compared to CC bonds is enough to
reduce the hardness from 100 GPa down to 45 GPa.[32] Cubic
boron nitride is not found in nature and can only be synthesized
under high pressures (between 5 and 8 GPa) and temperatures
(1 800 8C).[31,32] Its insolubility in iron and other metal alloys
makes it more useful for some industrial applications than
diamond. Other superhard materials such as B6O and c-BC2N have
since been synthesized under HPHT conditions; however, due
to the need for extreme pressures (25 GPa for c-BC2N) and
temperatures, sample sizes are often limited to milligram
quantities.[32–35]
One material that deserves a brief mention is C3N4. This
compound, which is isostructural with Si3N4 (both a and
b phases), was predicted to be superhard in 1984.[36,37] Sung
and Sung calculated the structure of this theoretical compound and
determined that the CN bond distance would be 1.47 Å, 5%
shorter than the CC bond length in diamond.[37] With such a
short bond length it was theorized that if this material could be
synthesized it would be less compressible and likely harder than
diamond.[38] Despite two decades pursuing this compound, no
bulk sample of C3N4 has ever been produce to confirm the
hardness predictions. Thus, there remains a need for a scalable,
alternative route to produce new superhard phases that combine
high hardness with chemical inertness and low-cost synthesis to
yield practical benefits.

4. New Design Parameters Using
Incompressible Transition Metals
A new method to creating ultra-incompressible hard materials,
recently pioneered by our group, involves reacting light p-block
elements with dense transition metals.[2] The benefit of using
metals stems from the high valence electron densities for the 5 d
metals[13] and high heats of formation of the respective borides,
carbides, and oxides.[17,39] The obvious problem with metals is that
metallic bonding is essentially omni-directional and therefore
does a poor job of resisting either plastic or elastic shape
deformations resulting in both a low shear modulus and low
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Figure 3. Radial diffraction geometry for high pressure experiments. The
cell is rotated about the axis c, and data are collected through the gasket
rather than through the diamonds as in conventional DAC experiments.
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hardness.[2] However, through the introduction of nonmetallic
elements such as boron, carbon, nitrogen, or oxygen, covalent
bonds to metals are formed that can drastically increase the
hardness. Additionally, due to the high heats of formation, HPHT
methods are unnecessary and low pressure solid state synthetic
techniques can be utilized.
Among the transition metals, osmium (hexagonal, P63/mmc)
has the highest valence electron density (0.572 electrons Å3) and a
very high (though somewhat contested) zero pressure bulk
modulus between 395 and 462 GPa determined from in situ highpressure diffraction experiments.[20–22,40] Recently, Pantea et al.
measured the elastic constants of osmium single crystals using
resonant ultrasound spectroscopy to obtain the bulk modulus.
This method results in a much higher degree of accuracy and
precision compared to conventional high-pressure diamond anvil
cell (DAC) experiments and resulted in a bulk modulus of (405  5)
GPa for osmium, confirming its title as the least compressible
metal.[23,41,42]
Our own experiments on osmium metal using a radial
diffraction geometry in a DAC demonstrate that the metal has
the ability to support remarkably high differential stress.[43] The
use of radial diffraction geometry is an emerging technique that
permits data collection on materials under non-hydrostatic stress.
By directing the X-ray beam through the gasket rather than through
the diamonds (Fig. 3), one can measure diffraction in both the
maximum and minimum stress directions, thus determining the
differential stress that each lattice plane can support. This enables
one to gather information about the anisotropic nature of
deformations in a material.[44] The differential stress also provides
a lower bound estimate on the material’s yield strength, that is, the
stress at which point the material begins to deform plastically. At
25 GPa, osmium supports a maximum differential stress of 10 GPa
for the (110) plane, the highest value for any measured metal.[43]
Additionally, the (002) plane supports the least amount of stress
before succumbing to plastic deformation, supporting the belief

Figure 4. Multiple unit cells of OsB2 (osmium—large atoms, boron—
small atoms) stacked on top of one another. The BB and OsB covalent
bonds are depicted which give rise to the relatively high hardness of OsB2.

that such layered hexagonal materials are not as strong in the basal
plane compared to the perpendicular (110) plane (a more involved
discussion for hexagonal ReB2 is presented below).

5. Osmium Diboride
Despite the exceedingly high bulk modulus and differential stress
of osmium, its hardness is only 3.9 GPa.[45] This can be explained
by the presence of non-directional metallic bonding in osmium.
Applying our approach outlined above, we sought to introduce
covalent bonds using boron to increase the hardness while
maintaining the high bulk modulus of osmium. By employing a
solid-state metathesis reaction containing a 2:3 mixture of
OsCl3:MgB2 we were able to synthesize OsB2 (orthorhombic,
Pmmn) with a self-propagating reaction that was completed in
under 1 second.[46] After washing away the MgCl2 by-product salt,
X-ray diffraction indicated the formation of OsB2. OsB2 was
subsequently synthesized by two additional methods to produce
either a fine powder for use in DAC experiments or a polycrystalline ingot for hardness measurements: a) heating a 1:5 molar ratio
of Os:B at 1 000 8C for 3 days or b) reacting a 1:2.5 molar ratio of
Os:B in an arc-melting apparatus under inert atmosphere. The unit
cell for OsB2, shown in Figure 4, has the following lattice
parameters: a ¼ 4.684 Å, b ¼ 2.872 Å, c ¼ 4.096 Å. It contains 2
osmium atoms located at the (a) site: (0.25, 0.25, 0.1535) and 4
boron atoms occupying the (f) site: (0.058, 0.25, 0.632).[47] The
extended structure consists of two planes of osmium atoms
separated by a puckered hexagonal layer of boron atoms in contrast
to the AlB2 structure which contains a planar array of boron
atoms.[48]
Bulk modulus data for OsB2 were collected at the Advanced
Light Source, Lawrence Berkeley National Laboratory. A sample of
OsB2 was placed into a DAC and X-ray diffraction patterns where
collected using the synchrotron radiation from ambient
pressure to 32 GPa. From the diffraction data, the fractional
volume change as a function of pressure was calculated. Fitting the
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Figure 5. Comparison of the compressibility of the individual lattice
parameters of OsB2 with diamond. The a (^), b (&), and c (~)
parameters in OsB2 are fit with straight lines. Note that the c-axis in
OsB2 is less compressible than the analogous axis of diamond. Reproduced with permission from Ref. [46], copyright 2005 American Chemical
Society.

pressure-volume data with a third order Birch–Murnaghan
equation of state,

P ¼ ð3=2ÞB0 ½ðV=V0 Þ7=3  ðV=V0 Þ5=3 
 f1  ð3=4Þð4  B00 Þ½ðV=V0 Þ2=3  1g

(5)

the zero pressure bulk modulus, B0, was calculated. The best fits
were achieved with B0 equal to 395 GPa and B00 (the derivative of
the bulk modulus with respect to pressure) equal to 1.4. These

numbers are exceptionally high, exceeding the bulk moduli of
sapphire, silicon carbide, and cubic boron nitride.[49] Interestingly, the compressibility along the c-axis of OsB2 even exceeds
the linear compressibility of diamond (Fig. 5). Differences in the
axial compressibilities arise from the anisotropy of the
orthorhombic lattice. In the a–b plane, the osmium and boron
atoms are offset from one another minimizing electrostatic
repulsion under compression. Along the c-axis, however, the
osmium and boron atoms are pushed into each other when
compressed, maximizing the repulsive electrostatic forces,
causing the higher observed incompressibility.[46]
Preliminary hardness values were determined using a
qualitative scratch test based on the Mohs hardness scale that
ranks materials on their ability to scratch another material. In this
roughly logarithmic scale, talc is a 1 and diamond is a 10. OsB2
readily scratches sapphire (a 9 on the Mohs scale), as shown in the
inset to Figure 6, thus indicating that it possesses a hardness
in the range of sapphire, 15 GPa. More accurate hardness
measurements were performed using micro- and nanoindentation methods. Microindentation tests were performed using a
4-sided Vickers diamond indenter with applied loads ranging from
0.25 N to 1.96 N. The residual indentations were measured and the
hardness was calculated according to Equation 6:

HV ¼ 1:8544 
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(6)

where P is the applied load, d is the average diagonal length of the
indent, and HV is the Vickers hardness. A Vickers hardness of
37 GPa was obtained for an applied load of 0.25 N and a value of
18 GPa was measured under a load of 1.96 N (Fig. 6). At forces
greater than 2 N, the indentations tended to collapse, likely due to
the brittleness of the material.[50] The large standard deviations
depicted in Figure 6 are largely due to the anisotropy of the
orthorhombic crystal structure and the polycrystalline nature of
the arc-melted ingot. Electron backscattering diffraction coupled
with hardness measurements reveal that in the (010) plane, the
h100i direction is 54% harder than the h001i direction as
indicated by the length of the indentation along the specific
direction. This anisotropy arises from short covalent boron-boron
bonds (1.80 Å) in the h100i direction, which prevent dislocation
motion. These bonds are absent in the h001i direction because
the interatomic distance between boron atoms is 4.10 Å.[50]
Nanoindentation tests were also performed using a 3-sided
Berkovich diamond indenter. This method of hardness determination differs from the microindentation test by applying
millinewtons of force rather than newtons, which is accompanied
by indentation depths generally less than 1 000 nm, and by
measuring indenter displacement during loading, rather than by
imaging the static indentation after loading. The hardness is
calculated according the method developed by Oliver and Pharr:[51]

H¼
Figure 6. Vickers hardness of OsB2, possessing a maximum hardness of
37 GPa. Inset: sapphire window scratched by OsB2 powder viewed under
500  magnification in an optical microscope. Adapted with permission
from Ref. [50], copyright 2008 Materials Research Society.

P
d2

Pmax
A

(7)

where Pmax is the maximum applied load and A is the contact area
of the diamond surface in the sample. Using a maximum load of
490 mN, a nanoindentation hardness of 21.6 GPa was obtained
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which is within the range of values observed for the
microindentation experiment. Additionally, a Young’s modulus,
also known as the elastic modulus, was obtained from the
nanoindentation data using the theoretically calculated Poisson’s
ratio of 0.27.[52] A modulus of (410  35) GPa was determined
which is in good agreement with first-principles calculations that
predicted a value of 426 GPa.[52] Determination of the elastic
modulus by nanoindentation is based on the theory of contact
mechanics for elastically isotropic materials.[51,53] Consequently,
the indentation modulus calculated here is expected to differ
from the Young’s modulus because of the anisotropy inherent
in the OsB2 structure. However, the Young’s modulus in
the direction of the indentation will dominate the elastic
response explaining why our result still yields a similar value
to the predicted modulus.
Confirmation for the Vickers hardness was supplied by
Hebbache et al. for arc-melted OsB2. Under an equivalent load
of 0.96 N, our material has a hardness of 22 GPa and their
specimen has a hardness of 29 GPa. Whereas our data are
representative of the average hardness for all crystallographic
planes, their data were specifically collected for the (001) plane. Ab
initio calculations performed by Hebbache indicate that the
elastic constant, C33, is significantly higher than either C11 or C22
suggesting that the hardness should be higher when measured in
the (001) plane which is what is observed. Various first-principles
theoretical studies have also been performed to elucidate the origin
of osmium diboride’s high hardness.[52,54–58] Electronic charge
density contour plots and local density approximation density of
states (DOS) calculations reveal that OsB2 is metallic, but covalent
bonding exists between BB and OsB leading to the high
hardness, the latter due to strong overlap between the transition
metal d states and the boron p states.[55,57]
The anisotropy of OsB2 was further studied by density
functional theory calculations to determine the ideal shear
strength along specific crystallographic directions by Yang
et al.[59] Their results reveal that in the (001) plane, the ideal
shear strength along the h010i direction is 9.1 GPa, whereas along
the h100i direction the ideal shear strength is nearly three times as
large with a value of 26.9 GPa. The anisotropic behavior can be
reconciled with a structural analysis. The high shear strength along
the h100i direction is a direct result of the strong, covalently bonded
BOsB triangles that resist shear along this direction. However,
the low shear strength of 9.1 GPa results from sliding of the two
adjacent osmium layers (Fig. 4) along h010i in which the BOsB
triangles offer little resistance because they lie perpendicular (not
parallel) to this direction of movement. The Vickers hardness for
OsB2 remains relatively high because the stronger resistance in the
h100i direction dominates dislocation movement despite the low
strength along the h010i direction.[59] Note that this analysis is not
directly comparable to the hardness values in Ref. [50] although
both reports illustrate the effect of anisotropy on the mechanical
properties of OsB2. Here, the directions h100i and h010i in the
(001) plane are analyzed compared to the h100i and h001i
directions in the (010) plane discussed by Chung et al. above. The
analysis provided by Yang et al. illustrates the important role that
anisotropy has on mechanical properties. The double osmium
layer provides a definitive weak point in the lattice that should be
avoided. Although this material is not superhard, it confirms the
underlying theory behind designing hard materials. The covalent

Figure 7. Multiple unit cells of ReB2 illustrating the individual metal layers
(large atoms) separated by a puckered boron network (small atoms).

boron network serves to strengthen the osmium lattice while
maintaining the metal’s high incompressibility.

6. Rhenium Diboride
In an effort to create potentially harder materials, we looked at
utilizing rhenium instead of osmium. Rhenium diboride,
originally synthesized in 1962, has the highest B:Re ratio among
the known rhenium boride phases—Re3B, Re7B3 and ReB2 —and
is therefore the most likely candidate for improving on the
mechanical properties of OsB2.[60] Ideally, a rhenium compound
that is more boron rich, such as the theoretical compound ReB4,
would be a preferred material using the rationale that a higher
boron concentration results in a greater degree of covalent
bonding, and thus a harder material. However, since no such
compounds are known to exist, ReB2 remains the best choice. Two
additional points led us to believe that ReB2 would be harder than
OsB2: i) ReB2 does not contain any double metal layers that were
shown to reduce the hardness for OsB2 and ii) while OsB2 produces
a 10% expansion of the OsOs bond distance upon incorporation
of the boron atoms, inserting boron into the interstitial sites of
rhenium produces only a 5% lattice expansion. This results in the
shortest metal–metal bond length for any of the known transition
metal diborides.[61] The crystal structure of ReB2 (hexagonal, P63/
mmc, a ¼ 2.900 Å and c ¼ 7.478 Å) is presented in Figure 7. It
consists of alternating layers of hexagonally packed Re and
puckered interconnected hexagonal rings of boron. The anisotropic nature of this compound, layered perpendicular to the c-axis
along the (002) plane, should give rise to mechanical properties
that are highly dependent on crystallographic orientation.
Rhenium diboride was synthesized by three methods: i) a solidstate metathesis reaction, ii) a combination of the elements by
direct heating, and iii) arc-melting the elements.[62] ReB2 powders
synthesized directly from the elements under vacuum at 1 000 8C
were used for high pressure diffraction studies, while ingots
produced from arc-melting the elements under argon were used
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Figure 8. The Vickers hardness of ReB2 is plotted as a function of applied
load. The average hardness increases from 30 to 48 GPa as the applied load
decreases from 4.9 to 0.49 N. Reproduced with permission from Ref. [62],
copyright 2007 American Association for the Advancement of Science.

for hardness studies. A polished ingot of ReB2 was tested with
microindentation at various loads to determine the Vickers
hardness. As the load was decreased from 4.9 to 0.49 N, the average
hardness increased from (30.1  1.3) to (48.0  5.6) GPa (Fig. 8). A
maximum hardness of 55.5 GPa was measured under a load of
0.49 N; this is comparable to cubic BN under an equivalent load.[63]
With an average hardness of 48.0 GPa at low load, ReB2 can be
considered a superhard material (H  40 GPa). The hardness of
ReB2 was qualitatively confirmed by a scratch test in which an
arc-melted ingot was used to scratch the (100) plane of a natural
diamond.
In response to our initial report on the mechanical properties of
ReB2, Dubrovinskaia et al. called into question the superhard
nature of ReB2 and the validity of the original diamond
scratch.[12,62] Note that a scratch test is not a quantitative
method for determining hardness, but rather a qualitative test
indicating that ReB2 has mechanical properties worthy of serious
investigation. More conclusive evidence for the ability of ReB2 to
scratch diamond was provided via atomic force microscopy
(AFM).[64] An ingot of ReB2 was attached to a stylus and moved
across a polished diamond surface using just the weight of the
stylus to supply the force. Figure 9 shows an AFM image of the
resulting scratch. The depth profile indicates that the scratch is
2-mm wide with a depth of approximately 230 nm. Energy
dispersive X-ray (EDX) spectroscopic mapping (Fig. 9, inset)
indicates that there is no detectable rhenium deposited on the
surface of the diamond. To the best of our knowledge only four bulk
materials have been previously reported to scratch diamond, all of
which are regarded as superhard: c-BN, B6O, fullerite, and
diamond-like carbon.[8,10,31,33]
At low loads the hardness of many materials, including ReB2,
exhibit a strong dependence on load, increasing as the load
decreases, known as the indentation size effect. For this reason,
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Figure 9. An AFM image (top) and depth profile scan (bottom) of a
diamond surface scratched by ReB2. The white line above corresponds
to the depth profile below and the þ’s indicate the dashed lines in the lower
image. The scratch is approximate 230 nm deep and 2 mm wide. Elemental
density maps (inset) indicate that carbon is uniformly distributed across
the diamond (right) and that rhenium (left) has not been deposited on the
diamond surface. Reproduced with permission from Ref. [64], copyright
2007 American Association for the Advancement of Science.

many people believe that hardness values calculated in this regime
are meaningless. The asymptotic hardness of ReB2, with a value of
30.1 GPa, lies well below the generally accepted value of 40 GPa for
superhard materials. However, other materials, for example,
transition metal borides and carbides, that have a comparable
hardness to ReB2 in the asymptotic region cannot scratch diamond
(an assumption that is based upon the lack of any such reports in
the literature). This suggests that the low-load data, which achieves
its maximum average hardness of 48.0 GPa at 0.49 N, may provide
an explanation for the ability of ReB2 to scratch diamond. In
addition, as stated earlier, the hexagonal structure of ReB2 lends
itself to mechanical anisotropy which may also serve to explain why
ReB2 can scratch diamond, despite an average hardness lower than
that of other superhard materials. This topic is discussed in more
detail below.
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Figure 10. The fractional compression of ReB2 separated into the a-axis
and c-axis components to illustrate the anisotropic compressibility. The
a-axis (dark symbols) is more compressible than the c-axis (light symbols).
The c-axis of ReB2 is as incompressible as the analogous axis of diamond
(hashed line). Reproduced with permission from Ref. [62], copyright 2007
American Association for the Advancement of Science.

The elastic properties of ReB2 were studied via in situ highpressure diffraction experiments.[62] In the first set of experiments,
ReB2 was compressed hydrostatically up to 30 GPa in a DAC and
X-ray diffraction patterns were collected under pressure. Fitting
the diffraction data with Equation 5 produced a bulk modulus for
ReB2 of 371 GPa for a B00 value of 0.84. ReB2 has a valence electron
density of 0.4774 e Å3. Thus both the bulk modulus and the
VED of ReB2 are slightly lower than the values for OsB2
(VED ¼ 0.5102 e Å3), in good agreement with our understanding of the correlation between valence electron density and
incompressibility.
Analysis of the fractional volume change with respect to
pressure again revealed anisotropy in the compressibility of the
two different lattice directions of ReB2, with the c-axis substantially
less compressible than the a-axis (Fig. 10).[62] Here the c-axis value
is comparable to the analogous linear compressibility of diamond.
As with OsB2, this anisotropy likely results from greater electron
density, and therefore greater electronic repulsions, along the
c-axis.
ReB2 was also intentionally subjected to non-hydrostatic
pressure in radial diffraction experiments to determine how
different crystallographic planes in the material support different
amounts of stress before plastic deformation occurs. Data were
collected from 0 to 30.1 GPa with ReB2 supporting a lattice
averaged differential stress of 6.4 to 12.9 GPa, the highest values
measured for any material at these pressures.[65–67] The (004)
plane, which lies parallel to the layers of Re and B, supports the least
amount of stress due to the ability of the layers to slide across one
another in this plane. The (110) plane, which lies orthogonal to
Re and B layers, is the stiffest plane and therefore exhibits the
greatest ability to support differential stress.
This same anisotropy was directly observed in hardness
measurements, using electron backscattering diffraction (EBSD)
to determine the crystallographic orientation of each grain that was
indented. The results confirm that for the hardness measurements, indentations parallel to (002) yield the lowest average
hardness. In contrast, indentations along directions that contain a
larger component parallel to the c-axis, that is, perpendicular to
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Figure 11. Thermogravimetric data for ReB2 powder (black lines) and a
ReB2 crystal (grey lines). The crystal loses a negligible amount of mass
(solid line) compared to the powder which undergoes rapid decomposition
at 600 8C as indicated by the weight loss and large exothermic peak in the
DTA curve (dashed lines). Inset: optical image of a ReB2 crystal synthesized
in an aluminum flux. Reprinted with permission from Ref. [76], copyright
2008 American Chemical Society.

(002), result in measurements with an average hardness that is
15% higher. For example, under a load of 4.9 N, indentations
parallel to (002) yield the lowest average hardness with a value of
27 GPa. Conversely, indentations approaching the orthogonal
plane possess an average hardness of 31 GPa. This difference,
which was also observed in radial diffraction experiments
illustrates the effect of anisotropy on the mechanical properties
and highlights the need for growing single crystals in order to
properly characterize this material.
An extended experimental study of the physical properties of
ReB2 single crystals had not yet been performed despite reports of
ReB2 crystals synthesized by both zone melting and optical floating
zone methods.[68,69] Additionally, several theoretical studies have
reported on the electrical, thermal, and rheological properties of
ReB2 in an effort to better understand this material’s unique
combination of properties.[54,70–75] The use of single crystals is
clearly necessary to experimentally verify these results because
many of the properties are altered by grain boundaries in
polycrystalline samples. Thus, we recently reported on the first
synthesis and characterization of ReB2 crystals grown by a flux
technique.[76]
Aluminum was chosen as a suitable flux for crystal growth based
on prior experiments synthesizing various other transition metal
borides and the high solubility of both boron and rhenium in
aluminum.[77–85] Crystals were grown from the initial molar
composition Re/B/Al equal to 1:2:50 in an alumina crucible under
an inert gas by slow cooling the melt from 1 400 8C to 700 8C at a
rate of 5 8C h1.[76] The resulting crystals were separated from the
solidified melt using concentrated NaOH. The crystals grew to a
maximum size of 3 mm in diameter and had well defined
hexagonal symmetry (Fig. 11, inset). X-ray diffraction confirmed
that the crystals grow oriented with respect to the (002) plane in
accordance with crystals synthesized in an optical floating zone
furnace.[69] Chemical analysis (ICP-AES) indicated that the crystals
are slightly boron deficient and contain small amounts of
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aluminum flux incorporated into the lattice, giving a true
composition of ReAl0.011B1.85. This is to be expected when using
the flux method and both aluminum inclusions and defective
boron layers have been reported previously for flux grown metal
diborides.[82,84,85]
Microindentation performed on the (002) and perpendicular
(hk0) planes confirmed the mechanical anisotropy of ReB2. The
highest low-load hardness had an average value of 40.5 GPa
reported for the (002) plane; this is about 6% higher than the
hardness measured for the (hk0) plane. Nanoindentation also
confirmed the higher hardness of the (002) plane with a value of
36.4 GPa which is approximately 7% higher than the perpendicular plane with a nano-hardness value of only 34.0 GPa. The
difference in hardness for both planes is in good agreement with
the Vickers microindentation anisotropy and the EBSD data
collected for arc-melted ReB2; however the Vickers hardness data
are lower than the values reported for arc-melted ReB2 by about
15%.[62] This decrease in hardness for the single crystal can be
attributed to the boron-deficient network. A 7.25% reduction in
boron concentration (1.85/2.00) would reduce the degree of
covalent bonding and thus lower the overall hardness of the crystal.
Additionally, crystals generally have lower hardness compared to
equivalent polycrystalline materials because of the lack of grain
boundaries which serve to inhibit crack propagation and increase
hardness.[86,87]
Nanoindentation was also used to calculate the elastic modulus
for the two perpendicular directions of the flux-grown crystals. An
indentation modulus of 675 GPa was reported for the basal plane;
with a corresponding value for the (hk0) plane of 510 GPa.
Although the elastic moduli anisotropy is consistent with the
hardness measurements indicating a greater resistance to plastic
and elastic deformation along the c-axis, the observed indentation
moduli differ by about 25% compared to only 7% for the nanohardness data. This discrepancy can be reconciled by careful
manipulation of the elastic constants as calculated by Hao et al.[88]
according to Equations 8 and 9:

kc =ka ¼ ðC11 þ C12  2C13 Þ=ðC33  C13 Þ

(8)

A ¼ 2C44 =ðC11  C12 Þ

(9)

where kc/ka measures the degree of compressional anisotropy for
the c and a directions, and A indicates the degree of shear
anisotropy. ReB2 has values of kc/ka ¼ 0.56 and A ¼ 1.06 (an
isotropic material would have a value of 1 for both terms).[89]
These numbers indicate that elastic compression is more
anisotropic than shear. Since hardness is more strongly correlated
with shear strength than compressive strength it is expected that
hardness should be more isotropic than the elastic modulus, as
observed from our measurements on the flux crystals.
One of the benefits of single crystals is the ability to perform
electrical resistivity measurements that are not hindered by the
presence of grain boundaries. The in-plane resistivity along the
(002) plane was measured from 12.5 K up to 300 K using a
standard four-point probe configuration.[76] ReB2 exhibits
metallic conductivity with a room temperature resistivity of
rab(300 K) ¼ 40.7 mV cm and a residual resistivity ratio of 13. This
result is consistent with theoretical calculations that predicted
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a nonzero density of states at the Fermi level due to overlap of
the 5 d orbitals of Re with the 2p orbitals of B.[88] ReB2 is the only
bulk superhard material reported so far to exhibit metallic
conductivity. The majority of superhard materials are insulators
because of the strong covalent bonds that necessitate a large band
gap from the filling of the bonding orbitals, while leaving the
antibonding orbitals empty (e.g., diamond has a band gap
Eg ¼ 5.4 eV[17]).
A major difference between the flux crystal and polycrystalline
samples was elucidated by thermogravimetric analysis (Fig. 11).[76]
Upon heating in dry air, ReB2 powder loses a significant portion of
its mass at 600 8C. The mass loss continues up to 1 000 8C, totaling
over 50% of the original sample mass. Because boron comprises
only 10% of the mass of ReB2, the change in weight is attributed to
the loss of rhenium by the formation of volatile ReO3. ReB2
crystals, in contrast, remain stable until at least 800 8C, at which
point the crystals lose only a negligible percentage of their mass.
The enhanced stability of the ReB2 crystals is likely due to the
leaching of boron from the lattice which reacts with oxygen to
form a protective surface coating of B2O3 that in turn lowers the
rate at which any further oxidation might occur. The thermal
response of ReB2 contrasts with the behavior of other borides that
form stable transition metal oxides upon heating, resulting in
weight gains ranging from a few percent (e.g., WB2) to an excess of
20% (e.g., TaB2).[81,82] The resistance of ReB2 crystals to thermal
degradation and their ability to freely conduct electricity could pave
the way for the development of superhard coatings with promising
technical capabilities for use in the defense and aerospace
industries.

7. Shear Modulus of MB2
In the search for new materials, various indicators have been used
to predict superhard materials. As discussed above, a high
hardness requires limiting the creation and mobility of dislocations which is largely governed by the resolved shear stress of the
material. However, this property is difficult to measure and so
consequently the shear modulus is often used for predicting hard
materials. As a validation of this practice, the hardness of three
diborides was measured via nanoindentation methods and the
correlation with the isotropically derived bulk modulus and shear
modulus was determined.[19]
The diborides were synthesized by arc-melting the elements Ru,
Os, and Re with amorphous boron as described in Ref. [62] to form
RuB2, OsB2, and ReB2, respectively. Hardness values were
determined using nanoindentation with a maximum applied
load of 720 mN on the polished ingots. The average measured
hardness was (19.2  2.1), (21.6  3.0), and (37.0  1.2) GPa for
RuB2, OsB2, and ReB2, respectively.[19] ReB2 is significantly harder
that both the ruthenium and osmium borides in agreement with
our previous results. The difference in hardness between RuB2
and OsB2, which should be isolectronic, is attributed to relativistic
effects of osmium resulting in greater orbital overlap and
consequently stronger covalent OsB bonds in OsB2 compared
to RuB2.[90] The discrepancy between the nanoindentation values
and Vickers hardness previously reported is likely due to the
differences in the indenter shape, depth of penetration, and
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8. Powder Compacts of Rhenium Diboride
The superhard nature of ReB2 has continually been under scrutiny
due to the low values reported for hardness at high load.[12,92]
Recently, Qin et al. synthesized ReB2 under high pressure and
determined the mechanical properties via conventional high-load
Vickers indentation techniques and ultrasound experiments. ReB2
compacts were obtained by reacting elemental rhenium with
amorphous boron with a molar ratio of 1:2.5 under 5 GPa of

Adv. Funct. Mater. 2009, 19, 3519–3533

FEATURE ARTICLE

pressure at 1 600 8C for 60 min.[92] Vickers
hardness measurements revealed a hardness of
only (18.4  1) GPa under a load of 4.9 N and
(16.9  0.6) GPa under the maximum tested
load of 49 N. The obtained hardness at 4.9 N is
substantially lower than the value of 30.1 GPa
reported for arc-melted ReB2.[62] This is likely
due to the addition of 0.5 moles of excess
amorphous boron into the compact. Although
the additional boron produces a phase pure
product according to powder X-ray diffraction
measurements, the excess boron distributed
Figure 12. Hardness plotted as a function of bulk modulus (left) and shear modulus (right) through the compact drastically reduces the
illustrating the better correlation between hardness and shear modulus. Reprinted with per- hardness of the material. We have observed this
mission from Ref. [19], copyright 2008 American Institute of Physics.
effect in our own research with powder
compacts of rhenium diboride densified by
spark plasma sintering at 1 400 8C under
50 MPa of pressure. The specimen contained an additional 10%
method of measurement (Vickers hardness measures the residual
(0.2 moles) of boron and possessed a Vickers hardness of only
indentation, which overlooks the material’s elastic response).[19,50]
(17.5  2.6) GPa under an applied load of 4.9 N.
Nanoindentation experiments enabled the determination of the
To determine the bulk elastic properties of the compacts Qin
Young’s moduli for these compounds which were then used to
et al. performed sound velocity measurements using a pulse-echo
calculate the corresponding bulk and shear moduli based on a
method. An ultrasonic pulse generated from a quartz crystal was
homogeneous isotropic model according to Equations 10
sent through the sample and the wave velocity was determined by
and 11:[91]
dividing the distance traveled by the time necessary to complete the
1
1
1
journey. Using this method, they calculated values for the Young’s
¼
þ
(10)
modulus, shear modulus, bulk modulus, and Poisson’s ratio of
E 3G 9B
382 GPa, 169 GPa, 173 GPa, and 0.0966, respectively. These values
are compared with the values for arc-melted ReB2 from our


1
3G
previous papers in Table 1.[19,62] All three elastic constants are
n¼ 1
(11)
significantly lower (50%) for the ReB2 compact than for the arc2
3K þ G
melted sample. Once again, this can be attributed to the presence
of amorphous boron in the compact that likely results in lower
The resulting values were found to agree reasonably well with
sound velocities and consequently lower elastic constants.
both the experimental and first principles calculations for the
[19,46,52,55–57,62,88]
Additionally, Qin et al. did not take into consideration the
elastic moduli.
The hardness as a function of bulk
anisotropic nature of ReB2. They used the elastic stiffness
modulus and shear modulus are plotted in Figure 12. The data for
relationships for isotropic solids, which is clearly not valid for
bulk modulus are clearly nonlinear with respect to hardness,
ReB2. The anisotropic factor for the elastic modulus of flux-grown
while the data for the shear modulus follow a linear path. This is
ReB2 discussed above was determined to be 0.56. Thus, the use of
due to the insensitivity of bulk modulus to the details of bonding,
isotropic
relationships will result in over-simplification and an
while the shear modulus is much more dependent on both bond
underestimation of the elastic constants.
strength and directionality. For example, the double metal atom
The above discussion illustrates the discrepancies that can arise
layers present in OsB2 and RuB2 produce some directionless
between
different experimental techniques. The amorphous
bonds that reduce both the hardness and the shear modulus but
boron
present
in the powder compacts has a detrimental effect
have no negative effect on the bulk modulus. The data, therefore,
on bulk modulus sound wave experiments, yet does not affect the
confirm that these OsOs interactions have no negative effect on
bulk modulus calculated by high pressure diffraction because in
the bulk modulus, however, the data confirm the hypothesis that
the high pressure experiment, compression is measured at the
bulk modulus is a necessary but insufficient condition for
atomic scale using X-ray diffraction, rather than on the whole
predicting superhard materials.
composite material. High pressure diffraction experiments,
Table 1. The elastic constants of arc-melted ReB2 and densified powder
compacts of ReB2 determined by various methods.
ReB2 morphology
Powder compact of ReB2 þ 0.5B
Arc-melted pellet of ReB2

E (GPa)

G (GPa)

B (GPa)

Hv[a] (GPa)

382[b]
712[c]

169[b]
302[c]

173[b]
371[d]

18.4[b]
30.1[d]

[a] Hardness values are reported under an applied load of 4.9 N. [b] Ref. [92].
[c] Ref. [19]. [d] Ref. [62].
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however, can suffer from non-hydrostatic conditions in the sample
chamber which can artificially inflate the obtained value for bulk
modulus. Thus, it would be helpful to corroborate the elastic
constants obtained for ReB2 by conventional techniques with an
alternative method. With the help of collaborators at that
University of Nevada, Las Vegas, we recently determined the
shear modulus of a densified powder compact of ReB2 by surface
Brillouin scattering.[93] The ReB2 compact is only 86% dense and
possesses a shear modulus of 173 GPa, confirming the belief that
amorphous boron has a detrimental effect on the mechanical
properties. Additional experiments are underway to determine the
elastic constants via resonant ultrasound spectroscopy of arcmelted, single crystals of ReB2 that have densities close to the
theoretical value.[41,42,94] Preliminary results indicate that single
crystalline ReB2 possesses a shear modulus of 273 GPa and a bulk
modulus of 382 GPa, in excellent agreement with our previous
results.

9. The Future of Superhard Metal Borides
The previous sections present an in-depth analysis of the synthesis
and characterization of various transition metal diborides in the
search for new ultra-incompressible superhard materials. The
goal throughout this project has been to create these materials
without the application of high pressure. Rhenium diboride has
satisfied this criterion as a polycrystalline ingot[62] and as a single
crystal[76] with hardness values greater than 40 GPa under low
loads. The rationale of adding covalent bonding to dense transition
metals has thus effectively opened up a new field of research that
has resulted in over 20 publications worldwide during just the past
two years. Here we present a few new results both from our group
and the larger scientific community that should lead to enhanced
mechanical properties of transition metal borides in addition to
spurring efforts towards creating new superhard materials without
the need for high pressure.
Many applications for superhard materials necessitate that the
material be applied as a thin film or coating. This is clearly
advantageous for a material containing a relatively expensive
platinum group metal where reduced metal consumption will
improve the cost effectiveness. In order for a coating to be
potentially useful it must possess a combination of mechanical and
physical properties: chemical stability, thermal stability, oxidative
resistance, good adhesion to the substrate, high fracture toughness
and high hardness.[95] Such superhard coatings can be used for
cutting tools and drill bits, leading to increased hardness, reduced
wear, and ultimately longer tool lifetimes. Additionally, many
coatings exhibit low friction coefficients which reduce shear forces
between two sliding surfaces and increase a tool’s durability.[96]
Diamond, sapphire, various carbides and nitrides (e.g., TiC, TiN,
c-Zr3N4), and recently c-BN have all been deposited as coatings
onto high speed cutting tools because of their improved
mechanical properties compared to the substrate to which they
are applied.[97–99] Moreover, under certain conditions many
materials exhibit an increase in hardness when synthesized as a
film compared to the bulk material. This enhancement involves a
complex interaction of decreasing grain size, densification of grain
boundaries, formation of point defects, and compressive stress
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resulting from deposition, all of which may serve to limit
dislocation mobility.[100,101] ReB2, as an intrinsic superhard
material, is therefore an excellent candidate for forming coatings
that enhance mechanical properties.
Latini et al. recently obtained the first films of ReB2 and found
them to be superhard.[102] An initial target was synthesized by
melting rhenium and boron powder to form ReB2. Pulsed laser
deposition was used to evaporate the target and collect the material
on a SiO2 substrate. X-ray diffraction indicated a phase pure ReB2
film with a preferred orientation along (002). Scanning electron
microscopy revealed an average crystallite size of 100 nm and a film
thickness of (0.30  0.5) mm. An area law-of-mixtures approach
was used to determine the hardness of the film which has
previously been experimentally demonstrated to be in good
agreement with theoretical models.[103–106] The intrinsic hardness
for the deposited ReB2 film was (52  6) GPa, exceeding the
hardness of any other metal diboride coating and in good
agreement with the bulk samples prepared by arc-melting.[62,102]
Pulsed laser deposition has also been used to prepare superhard
ruthenium boride films.[107] Starting from a pure RuB2 target, a
biphasic ruthenium boride film composed of RuB2 and Ru2B3 was
deposited on an SiO2 substrate with an average thickness of
(0.7  0.1) mm. The film is composed of approximately 35% RuB2
and 65% Ru2B3 by volume with grain sizes in the range of 2 nm –
250 nm, as determined by XRD and SEM analysis. The Vickers
hardness of the RuB2 target used for the deposition varied from
10.9 GPa under a load of 9.8 N to a maximum value of 17.0 GPa
under a load of 0.49 N. These values are in reasonable agreement
with our results on arc-melted RuB2 which possesses a Vickers
hardness of 20.6 GPa under a load of 0.49 N.[90] Because the
deposited film contained Ru2B3, in addition to RuB2, however,
the hardness of a Ru2B3 target was also measured and found to be
similar to the values for RuB2. The intrinsic hardness for the
ruthenium boride film was (49  6) GPa, which is significantly
higher than either of the constituent bulk materials. The enhanced
hardness of this material was attributed to the nanocrystallinity of
the film which serves to pin dislocations through grain boundaries
and suggests that further superhard materials could by synthesized by adjusting the morphology of the bulk compounds to create
nanostructured materials.[108]
The concept of introducing light p-block elements into
transition metal lattices has been shown to be an effective method
for increasing the hardness of materials with the formation of
metal diborides.[2,3,19,50,62,109] The addition of two boron atoms per
metal atom induces covalent bonding that strengthens the lattice.
One would, therefore, expect that higher concentrations of boron
would continue to increase the hardness of the material.
Unfortunately, most transition metal-boron compounds are metal
rich with low boron to metal ratios. Tungsten, however, can form
WB4 which contains twice as many boron atoms as the diborides
discussed throughout this article. This has two advantages: i) the
lower metal content reduces the overall cost of production since
amorphous boron is relatively inexpensive compared to the cost of
most transition metals and ii) the higher boron content lowers the
density of the compound compared to the analogous diboride
which lowers the weight of the material–a benefit for many
potential applications.
Tungsten tetraboride, WB4 (hexagonal, P63/mmc), was originally discussed by Brazhkin et al. and its potential as a superhard

ß 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Funct. Mater. 2009, 19, 3519–3533

www.afm-journal.de

material was emphasized in our Science perspective.[2,4] It has a
VED of 0.485 e Å1 which is comparable to the VED of ReB2
(0.477 e Å1), suggesting that this compound might be ultraincompressible. Gu et al. recently synthesized WB4 by arc-melting
and measured the mechanical properties.[110] A bulk modulus of
200 GPa was obtained by X-ray diffraction in a DAC. This value is
surprisingly low, considering the high VED of WB4 and the high
bulk modulus of elemental tungsten, 308 GPa.[4] The electron
localization function was calculated for WB4, indicating that
the boron framework dominates the compressibility response,
while the W atoms sit in the voids in the lattice.[110] Thus, the
compressibility of WB4 should be comparable to elemental boron
with a bulk modulus of 185 GPa, which is what is observed.[111]
The Vickers hardness of WB4 was reported to be quite high with
a value of (46.2  1.2) GPa under an applied load of 0.49 N and a
load-independent hardness of (31.8  1.2) GPa, which is nearly
equivalent to the hardness of arc-melted ReB2 under a load of 4.9 N
((30.1  1.3) GPa). The high hardness of WB4 is attributed to its
unique boron network (Fig. 13). WB4 consists of alternating layers
of hexagonal networks of boron (not puckered as in ReB2) and
hexagonal layers of tungsten atoms.[112] In between the boron
layers are B2 dimers aligned along the c-axis. First principle
calculations reveal a finite density of states at the Fermi level,
indicating that WB4 is metallic.[113] Furthermore, it was discovered
that there is only weak covalent bonding between tungsten and
boron. The high hardness of the material is therefore due to the
covalent bonds in the layered boron network and extremely strong
bonds in the B2 dimer. Without the B2 dimers, the covalent bonds
would be restricted to the a–b plane and WB4 would behave like a
layered compound similar to graphite. However, the presence of
the BB bonds along the c-axis results in a three-dimensional
covalent network that resists plastic deformation.[113] Mo0.8B3
(hexagonal P63/mmc) has a similar structure to WB4 except that it is
missing the B2 dimers.[114] It has an equally high VED of 0.481 e
Å1 and is predicted to be ultra-incompressible. The absence of the
dimers, however, should result in lower hardness values compared
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Figure 13. The crystal structure of WB4. The boron atoms (small atoms)
form a hexagonal network in addition to covalent dimers that result in a 3dimensional network. The tungsten atoms (large atoms) form hexagonal
layers in between the boron sheets.

to WB4. The synthesis and subsequent testing of the mechanical
properties of Mo0.8B3 would be beneficial to elucidate the role of
the dimers in WB4.
A discussion of the details of bonding in similar metal borides
leads one to reconsider the possible origin for the superhard nature
of ReB2 based on its bonding. Although many other borides have
hexagonal symmetry, the majority of the transition metal borides
crystallize in the AlB2 structure. This structure consists of
alternating hexagonal nets of metal atoms and planar hexagonal
nets of boron atoms.[115] In contrast, ReB2 contains puckered
hexagonal rings of boron atoms between the hexagonal array of
rhenium atoms. The resulting structure contains shorter MB
bonds than the corresponding AlB2 structure. It is likely that these
short bonds contribute to the material’s impressive mechanical
properties.
Just as c-BN was synthesized in order to mimic the crystal
structure of diamond,[31] new transition metal borides can now be
synthesized with the ReB2 structure in the search for new
superhard materials. This approach has two advantages. First, the
underlying methodology used to create incompressible, superhard
materials will continue to apply for these systems – dense metals
with high valence electron densities will once again be combined
with boron to introduce strong covalent bonds.[2,3,46] Second, by
reducing the amount of rhenium in these materials, the cost may
be lowered, thus improving the attractiveness for potential
applications.
No additional binary borides have been reported with the ReB2
structure except for TcB2, and no ternary phases were found to exist
containing Re, B, and a platinum group metal.[116] However, seven
compounds have been reported to crystallize with the ReB2
structure: MVI0.3MVIII0.7B2 (MVI ¼ Mo, W, MVIII ¼ Ru, Os),
V0.4Os0.6B2, Mo0.6Ir0.4B2, and W0.56Ir0.44B2.[116–118] All of the
ReB2-type structures contain an element to the left of rhenium and
an element to the right, thereby maintaining an electron/atom
ratio of 4.3–4.4 (e per atom for ReB2 ¼ 4.33). This is advantageous
if we are to effectively mimic the properties of ReB2 without using
rhenium. It is important to note that ruthenium and osmium
are the least compressible elements in their respective rows of the
periodic table and so we predict that mixed metal borides like those
described above will also be ultra-incompressible.[3]
Several of the compounds with the ReB2 structure have not yet
been isolated in their pure forms. The structures were determined
from X-ray diffraction patterns containing multiple phases.
Synthesizing these compounds is therefore not a trivial task.
Preliminary experiments on W0.3Ru0.7B2 indicate that although
the compound exists in arc-melted pellets, a phase pure sample
cannot be obtained through this route. In this case, flux growth
could provide a reaction pathway to a phase pure product since
incongruently melting compounds as well as many transition
metal diborides have been synthesized in this manner by careful
control of the reactant ratios, temperature profiles, and dwell
times.[77,82,84,85] Further research into the synthesis and mechanical characterization of these materials will provide valuable
insight into the superhard nature of the ReB2 structure-type.
The future of this relatively new field of research is still rife with
possibilities—higher borides such as WB4 have shown the
importance of increasing covalent bonding. The introduction of
light metals into a boron network (e.g., Li2B6, and BeB6) should also
result in highly covalent short bonds and deserves investigation.
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Similarly thin films have only just begun to be synthesized for this
new class of ultra-incompressible superhard materials and should
further increase the hardness. Densification of nanocrystalline
powders also deserves exploration for potentially enhancing the
mechanical properties of these metal borides.
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