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indicated amenability to joining by conventional
welding techniques, which is a key requirement
for many applications.
The finding that low amounts of Al are sufficient to form Al2O3 scales on stable fcc austenitic
stainless steels if Ti and Vadditions are eliminated
(or minimized) also holds great promise for modifying other existing families of high-temperature
alloys for Al2O3 scale formation, not just the
HTUPS family. Creep-resistant, Al2O3-forming
austenitic stainless steels will enable higher operating temperatures and greater durability in a range
of energy-conversion system applications, as well
as in the chemical and process industries.
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Synthesis of Ultra-Incompressible
Superhard Rhenium Diboride at
Ambient Pressure
Hsiu-Ying Chung,1,2* Michelle B. Weinberger,1* Jonathan B. Levine,1 Abby Kavner,3
Jenn-Ming Yang,2 Sarah H. Tolbert,1† Richard B. Kaner1,2†
The quest to create superhard materials rarely strays from the use of high-pressure synthetic
methods, which typically require gigapascals of applied pressure. We report that rhenium diboride
(ReB2), synthesized in bulk quantities via arc-melting under ambient pressure, rivals materials
produced with high-pressure methods. Microindentation measurements on ReB2 indicated an
average hardness of 48 gigapascals under an applied load of 0.49 newton, and scratch marks left
on a diamond surface confirmed its superhard nature. Its incompressibility along the c axis was
equal in magnitude to the linear incompressibility of diamond. In situ high-pressure x-ray
diffraction measurements yielded a bulk modulus of 360 gigapascals, and radial diffraction
indicated that ReB2 is able to support a remarkably high differential stress. This combination of
properties suggests that this material may find applications in cutting when the formation of
carbides prevents the use of traditional materials such as diamond.
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he design of superhard materials is motivated by a need for robust, chemically
diverse compounds for industrial appli-

cations ranging from abrasives and cutting tools
to scratch-resistant coatings. Although diamond, with the highest known hardness (70
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to 100 GPa), has traditionally been used to
fulfill many of these needs, there are limits to its
applicability. For example, diamond is not used
to cut steel and other ferrous metals because of
the detrimental formation of iron carbide during
high-speed machining. Therefore, there is a
need for synthetic materials that can be used in
place of diamond. Cubic boron nitride (BN), the
second hardest material (45 to 50 GPa), is used
to cut steel because iron borides and nitrides are
much less stable. However, cubic BN must be
synthesized under extreme pressures (>5 GPa)
and temperatures (>1500°C), making it expensive (1). Two other compounds that have been
synthesized recently, B6O (2) and cubic BC2N
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ReB2 was synthesized under ambient conditions via three methods, each of which may
potentially be scaled up (supporting online text).
First, a solid-state metathesis reaction was carried out between the metal trichloride and
MgB2, because this process has been used to
produce many transition-metal diborides, including OsB2 (4, 21). Without excess B, however,
this process forms multiple boride phases. Second, Re and B powders were mixed together,
pressed into a pellet, and then liquefied with 80
amps of current in an Ar atmosphere. The result
was a solid metallic ingot of ReB2 that could be
used for hardness testing. In the third method,
stoichiometric quantities of Re and B powder
were sealed in a quartz tube under vacuum and
heated for 5 days at 1000°C. Powder x-ray diffraction, performed on a crushed portion of both
the arc-melted ingot and the polycrystalline
powder produced from the elements, confirmed
the synthesis of phase-pure ReB2 (fig. S1).
These materials were then examined by microindentation and in situ high-pressure x-ray
diffraction techniques.
To determine the Vickers hardness (HV) of
ReB2, microindentation experiments were performed using a square pyramidal-shaped diamond indenter tip lowered onto a polished ingot
with a known amount of force. When the indenter was removed, the area of the indent,
indicating the extent of the plastic deformation
of the sample, was measured. From this area

and the applied load P, HV was determined
using Eq. 1
HV ¼ 1854:4 P=d 2

ð1Þ

where d is the arithmetic mean of the two diagonals of the indent.
Five indentations were made at varying loads
on each of 10 grains of ReB2. 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, with a maximum measured hardness of
55.5 GPa under 0.49 N of load (Fig. 2A), which
is comparable to the hardness of cubic BN under
an equivalent load (2). The observed inverse
relationship of applied load to hardness has been
extensively documented in many different types
of materials. This phenomenon is referred to as
the indentation size effect. Although many factors may contribute to this effect, it is most
frequently attributed to strain gradient plasticity in microindentation experiments (22). The
superhard nature of ReB2 was corroborated by
a scratch test in which a piece of ReB2 ingot
was used to scratch a polished face of natural
diamond parallel to the (100) plane (Fig. 2B).
The covalent bonding that results in high
hardness values can also contribute to the elastic
incompressibility (bulk modulus) of a material.
To further explore the contribution of covalent
bonding as well as the possible correlation between valence-electron density and bulk elastic

Downloaded from www.sciencemag.org on June 11, 2007

(3), rival the hardness of cubic BN. However,
their syntheses also require extreme pressures,
exceeding 5 GPa for B6O and 18 GPa for
BC2N.
Our approach to creating ultra-incompressible
superhard materials has been to optimize two
design parameters: high valence-electron density
and bond covalency (4, 5). High electron densities can be found among the later transition
metals, whereas small first-row main-group elements, such as B, C, and N, form the strongest
covalent bonds (6). Among the transition metals,
Os has the highest valence-electron density
(0.572 electrons/Å3) and a reported bulk modulus between 395 and 462 GPa (7–9) that rivals
that of diamond (442 GPa) (10, 11). However,
unlike diamond, the hardness of Os metal is
only 4 GPa. This can be explained by the nondirectional metallic bonding in Os versus the
short, highly covalent, directional bonds formed
by sp3 hybridized C atoms in diamond. The
strength and directionality of covalent bonds
limit the creation and propagation of defects,
which in turn causes diamond to resist plastic
deformation, resulting in diamond’s exceptional
hardness. By optimizing covalent bonding and
valence-electron density, we recently succeeded
in designing, synthesizing, and characterizing
an ultra-incompressible hard material, OsB2
(4). In searching for even harder materials, we
looked closely at the elements surrounding
Os in the periodic table. Re, which lies directly to the left of Os, has a slightly lower valenceelectron density (0.4761 electrons/Å3) that
produces a similar bulk modulus of 360 GPa
(12). Despite being highly incompressible, the
hardness of Re metal is also low, between 1.3
and 3.2 GPa, because of its delocalized nondirectional metallic bonding (13, 14). Incorporating B into the interstitial sites of Re to form
ReB2 requires only a 5% expansion of the Re
lattice. This results in the shortest metal-metal
bonds of any known transition-metal diboride
(15). In contrast, the Os lattice expands by
approximately 10% upon the incorporation of B
atoms to form OsB2 and undergoes a distortion
to an orthorhombic phase. Applying our design
criteria, ReB2 is thus considered to be the most
likely candidate for improving on the mechanical
properties of OsB2.
ReB2 has the highest B:Re ratio among the
known RexBy phases—Re3B, Re7B3, and ReB2
(16)—and therefore contains the greatest degree
of covalent bonding. The structure of ReB2 consists of alternating layers of hexagonal closepacked Re and puckered hexagonal networks
of B (Fig. 1). The result is a compound that is
layered perpendicular to the c axis along the
(00l) planes. Recent theoretical calculations
have shown that there are strong covalent B-B
and Os-B bonds in OsB2 (17–20). By analogy,
ReB2 should contain similar covalent B-B and
Re-B bonds, with the Re-B bonds in ReB2 expected to be shorter and stronger than those in
OsB2 because of the minimal lattice expansion.

Fig. 1. The small dark
spheres represent B atoms
and the large light spheres
represent Re. The structure is hexagonal with a =
2.9 Å and c = 7.478 Å.
(A) A single unit cell. (B)
Multiple unit cells demonstrating the layered
structure viewed perpendicular to the (310) plane
of ReB2.

Fig. 2. (A) HV of ReB2
plotted as a function of applied load measured at room
temperature, using a foursided pyramidal diamond
indenter tip. The average
hardness increases from 30
to 48 GPa as the applied load
decreases from 4.9 to 0.49 N
(error bars = ±1SD). (B) An
ingot of ReB2 creates a
scratch on the surface of a
natural diamond parallel to the (100) plane. (C) Scanning electron microscope image of a diamond
indentation under an applied load of 4.9 N in a ReB2 grain yields a measured hardness of 31 GPa. The
three-dimensional graphic at right corresponds to the crystallographic orientation of the indented
grain. The dashed line is the c axis, and the solid lines lie parallel to the a and b directions. (D)
Indentation on a grain with an orientation different from that in Fig. 2C (see graphic at right) produces
a hardness of 27 GPa, consistent with the anisotropy of the hexagonal crystal structure of ReB2. Scale
bar in (C) and (D), 15 mm.
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the material, held in place by a Be gasket, is
intentionally subjected to nonhydrostatic pressures in a diamond anvil cell. The sample stress
state can be divided into hydrostatic and
deviatoric components. Hydrostatic compression of the sample results in elastic volume
compression following the material’s P(V)
equation of state. The deviatoric component
is more complex, resulting from a combination of the applied-stress state and the
sample mechanical response. To understand
these plastic deformations, we consider the
stress state inside the pressure cell. The direction
of maximum stress is along the loading axis of
the diamond anvil cell (s1), and the minimum
stress direction is assumed to be cylindrically
symmetric in the plane of the gasket (s3). The
difference between these two stresses is the
differential stress, t, which, if high enough, is
capable of producing plastic deformation. Such
high t values can be defined by the von Mises
yield criterion (Eq. 2)
t = s1 – s3 ≤ 2t = sy

where t is the shear strength and sy is the
yield strength (23). Therefore, an estimate of t,
provides a lower-bound estimate of the material’s sy.
The differential stress can be calculated from
measurements of lattice strain in the maximum
and minimum stress directions and from knowledge of the single-crystal elastic properties via

Fig. 3. There is substantial anisotropy in the compressibility of ReB2. The
a axis (black symbols) is
more compressible than
the c axis (gray symbols).
The c axis of ReB2 is as
incompressible as the
analogous axis of diamond (dashed line).

Fig. 4. When nonisotropic stress is
applied to ReB2, different planes support varying amounts of differential stress. The (110) plane (squares),
which is orthogonal to the slip planes
in ReB2, exhibits the greatest ability
to support differential stress, whereas
the (004) plane (circles), which lies
parallel to the slip planes, is able to
support the least amount.
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linear elasticity (24, 25). The absence of singlecrystal elastic moduli data necessitates the
application of isotropic lattice strain theory for
the analysis of strength in ReB2. In this approach, we apply the isotropic theory to each
lattice plane individually. Although substantial
differences in strength behavior among different lattice planes are an indication of elastic
anisotropy, we find that for related systems, the
full anisotropic analysis does not substantially
change the conclusions that can be drawn from
the data.
For isotropic materials, the differential stress
can be calculated from the lattice strain data
using Eqs. 3 and 4
t = 6G〈(ehydro – e90)〉

(3)

ehydro = (2e90 + e0)/3

(4)

where G is the aggregate shear modulus of the
polycrystalline sample; ehydro is the hydrostatic
strain; and e90 and e0 are the strains at the minimum and maximum stress orientations, respectively. These strains, specific for each lattice
plane, are determined directly from the positions
of the peaks in the x-ray diffraction patterns.
The greater the difference in the strain between the minimum and maximum stress directions, the greater the material’s ability to support
the differential stress in that plane without plastic deformation. In this experiment, data were
collected from 0 to 14 GPa (Fig. 4), where ReB2
supports a lattice averaged differential stress of
6.4 to 12.9 GPa, the highest measured for any
material at these pressures. Other superhard materials, such as cubic Si3N4, B6O, and TiB2, are
able to support only between 5 and 10 GPa of
differential stress at these pressures (26–28). The
lattice plane anisotropy is determined by the
elastic anisotropy and perhaps also plastic anisotropy. As seen in Fig. 4, the (110) plane of ReB2
is the stiffest plane and is able to support a
differential stress of 17 GPa at 14 GPa of pressure. In contrast, the (004) plane shows a substantially lower differential stress. The difference
in each lattice plane’s ability to support differential stress can be attributed to the layered crystal
structure of ReB2. The (004) plane, which is
orthogonal to the c axis and therefore lies parallel
to the layers of Re and B, is likely to be a slip
plane and a location of stress release in the
material at high pressures. Consequently, it is
able to support less differential stress than the
other planes studied. In contrast, the (110) plane,
which is perpendicular to these slip planes, is
able to support the largest differential stress.
Finally, as expected, the (101) plane, which has
a component both parallel and perpendicular to
the c axis, has an intermediate value between
the (110) and (004) planes.
Having observed that the different planes of
ReB2 are able to support varying amounts of
stress in the conventional and radial geometry
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properties, data on the elastic volume compressibility of ReB2 were collected via in situ highpressure x-ray diffraction studies. Samples were
compressed quasi-hydrostatically up to 30
GPa in a diamond anvil cell, and in situ diffraction data were collected under pressure.
From the diffraction data, the fractional volume
at increasing pressures was calculated. Fitting
the pressure/volume (P versus V /V0) data with a
third-order Birch-Murnaghan equation of state,
the bulk modulus of ReB2 was determined to be
360 GPa when Bo′ (derivative of the zero-pressure
bulk modulus with respect to pressure) was
fixed at the canonical value of 4. This high bulk
modulus is in agreement with our understanding
of the correlation between valence-electron density and incompressibility (4, 6).
In addition to bulk volume compressibility,
the high-pressure diffraction data also revealed
an anisotropy in the compressibility of the two
different lattice directions of hexagonal ReB2
(Fig. 3). As seen in Fig. 3, the c axis is substantially less compressible than the a axis, and this c
axis value is very similar to the analogous linear
compressibility of diamond. This anisotropy
results from greater electron density, and therefore
greater electronic repulsions, along the c axis.
We sought to further elucidate the mechanical anisotropy among the crystallographic
planes in ReB2 through high-pressure radial
diffraction experiments (23). These experiments
differ from the conventional isotropic diamond
anvil cell experiments described above. Here

REPORTS
In our microindentation experiments to date,
we have found no grains with pure (00l) orientation. As a result, our data demonstrate a minimum average hardness. It is likely that these
planes parallel to (00l), which we were unable to
directly measure, will have an even higher hardness and are responsible for scratching diamond
(Fig. 2B).
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the 19th century, when Sabatier observed the
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chemical and biological systems that have been
found to split H2 involve a transition metal
center. Even for the so-called iron-sulfur clusterfree hydrogenase (Hmd), it has recently been
shown that an iron center was of functional importance (2, 3). The only nonmetallic systems
reported to cleave H2 under mild experimental
conditions (4–7) are phosphine-borane species
(8, 9) and a stable digermyne (10).
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high-pressure experiments, we anticipated observing this effect in our hardness measurements
as well. Indeed, Fig. 2A shows that there is a
substantial difference between the highest and
lowest measured hardness across grains of ReB2
under the same load. This observed spread in
hardness values at constant load can be attributed
to the anisotropic structure of ReB2, combined
with our inability to control the crystallographic
orientation of the tested grains. For example,
under a load of 4.9 N, the highest measured
hardness is 32.5 GPa and the lowest obtained
value is 26.0 GPa.
We can begin to understand this variation in
hardness by using electron backscattering diffraction to measure the orientations of the grains
studied (Fig. 2, C and D). The results indicate
that indentations parallel to the (00l) planes
yielded the lowest average hardness, a value of
27 GPa. In contrast, indentations along directions that contained a larger component parallel to the c axis [that is, perpendicular to (00l )]
resulted in measurements with an average hardness of 31 GPa, an increase of 15%. The dependence of hardness data on crystallographic
orientation can be explained by the presence of
the same slip planes described above. Furthermore, because similar anisotropic behavior is
observed in the high-pressure data, we conclude
that the radial diffraction study elucidates the
plastic behavior of the material, giving an indication of the yield strength rather than merely
measuring elastic behavior.
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In contrast to dihydrogen, ammonia usually
forms simple Lewis acid-base adducts with
transition metal complexes, as observed first by
Werner in the late 19th century, because of the
presence of a lone pair of electrons at nitrogen
(11). Consequently, examples of NH3 splitting
are still very rare (12–17).
The activation of H-X and particularly H-H
bonds requires that the pair of bonding electrons
be perturbed in some way so as to form a
chemically active species. The digermyne has
substantial diradical character and therefore
reacts through H atom abstraction from H2,
followed by recombination of the resultant
radical pair (10). In contrast, the splitting of H2
at a transition metal center results from the
primary interaction of a vacant orbital at the
metal and the s-bonding orbital of H2 (18–22)
(Fig. 1). When concomitant back-donation from
a filled d orbital to the anti-bonding s* orbital
of the bound H2 is sufficiently strong, homolytic
bond cleavage occurs. Otherwise, the acidic
h2-H2 ligand undergoes proton transfer to another
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