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In this work, we explore the hardening mechanisms in WB4-based solid solutions upon addition of
Ta, Mn, and Cr using in situ radial X-ray diffraction techniques under non-hydrostatic pressure. By
examining the lattice-supported differential strain, we provide insights into the mechanism for
hardness increase in binary solid solutions at low dopant concentrations. Speculations on the combined effects of electronic structure and atomic size in ternary WB4 solid solutions containing Ta
with Mn or Cr are also included to understand the extremely high hardness of these materials.
C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4927596]
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The development of superhard materials is driven by
applications ranging from cutting and forming tools to wearresistant coatings. While most superhard materials are made
from combinations of first-row elements (e.g., diamond, cubic
boron nitride), an alternative and very effective approach is to
introducing light p-block elements into late transition metals.1
Examples of such materials include superhard transition metal
borides.1–6 With a Vickers hardness above 40 GPa,3 relatively
easy synthesis at ambient pressure,3,5 excellent electrical conductivity,7 high bulk modulus (344–369 GPa),3,8–10 and high
shear modulus (223–273 GPa),9–12 rhenium diboride (ReB2)
is a prime example of this family. Since the addition of two
boron atoms per transition metal induces covalent bonding
that strengthens the lattice and converts comparatively soft
elemental Re, into superhard ReB2, one might expect that
higher concentrations of boron would continue increasing the
hardness. This idea led to highly incompressible and superhard tungsten tetraboride (WB4), which contains twice as
many boron atoms per metal as the diborides.4,6,8
Recently, our group has unambiguously solved the
structure of WB4 by combined refinement of X-ray powder,
X-ray single crystal, and neutron time-of-flight power diffraction data.13 The analysis indicates that the crystal structure of WB4 consists of alternating hexagonal layers of
boron and tungsten with some tungsten sites showing only
partial occupancy. Boron trimers sit on those unoccupied
sites; the boron atoms are distributed around the unoccupied
W sites and combine with boron in the hexagonal layers to
form distorted cuboctahedra cages. The rigid boron cages
along the c-direction help WB4 not only resists hydrostatic
compression (high bulk modulus of 326–339 GPa)4,8,14 but
also support a high differential stress of 15.8 GPa at a
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confining pressure of 48.5 GPa15 and show a Vickers hardness 43 GPa (0.49 N applied load).4,16
The WB4 structure is able to accommodate dopants with
varying valence-electron count and atomic size. This flexibility allows the hardness of WB4 to be tuned by adding other
transition metals including tantalum (Ta), manganese (Mn),
and chromium (Cr).6 We have recently shown that Vickers
hardnesses of 52.8 6 0.6, 53.7 6 0.5, and 53.5 6 0.5 GPa
could be achieved under an applied load of 0.49 N, when 2.0,
4.0, and 10.0 at. % Ta, Mn, and Cr, respectively, were added
to WB4 on a metals basis.6 Interestingly, in WB4-Mn solid
solutions, the hardness data showed two nearly equivalent
peaks with the addition of 4.0 and 10.0 at. % Mn. Table I
summarizes the maximum low and high load hardness values
obtained for various WB4 solid solutions. Also included in
the table are two optimized ternary compositions with hardness values of 55.8 6 0.5 and 57.3 6 0.5 GPa (at 0.49 N
applied load) for the combinations W0.94Ta0.02Mn0.04B4 and
W0.93Ta0.02Cr0.05B4, respectively.
Our goal here is to use high-pressure studies to understand the mechanism for these increases in hardness. For
example, solid-solution hardening, which occurs when atoms
with different sizes reside in equivalent lattice sites, is well
TABLE I. Vickers microindentation hardness for selected WB4 solid solutions. The table summarizes data obtained at the highest and lowest indentation loads measured. All reported errors are standard deviations of the mean,
calculated across multiple indentations for a given sample composition.
Applied load (N)
Compound
WB4
W0.94Ta0.02B4
W0.96Mn0.04B4
W0.90Mn0.10B4
W0.90Cr0.10B4
W0.94Ta0.02Mn0.04B4
W0.93Ta0.02Cr0.05B4
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0.49

4.9

43.3 6 0.6
52.8 6 0.6
53.7 6 0.5
53.9 6 0.5
53.5 6 0.5
55.8 6 0.5
57.3 6 0.5

28.1 6 0.4
33.5 6 0.3
31.7 6 0.2
31.4 6 0.3
32.4 6 0.4
30.9 6 0.2
31.7 6 0.2
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established in mixed materials,17 but it is not commonly
observed in solid solutions containing as few dopant atoms
as those examined here. Moreover, the two hardness maxima
observed in Mn-doped WB4 suggest that multiple hardening
mechanisms are at work. In our previous work, this solidsolution hardening was attributed to electronic structure
changes, including the distribution of rigid boron cages,
caused by differences in valence electron count between W,
Ta, Mn, and Cr, together with atomic-size mismatch effects
(Ta ¼ 1.49 Å, Mn ¼ 1.32 Å, Cr ¼ 1.30 Å, and W ¼ 1.41 Å).6
Simple hardness tests cannot distinguish between these various mechanisms, however.
To elucidate the hardening mechanisms in these WB4based solid solutions, we have employed non-hydrostatic
high-pressure diffraction (radial X-ray diffraction, RXRD),18
using beamline 12.2.2 at the Advanced Light Source (LBNL).
By comparing the lattice-supported differential stress/strain
across materials compositions and lattice planes, we can separate intrinsic bonding effects from composite effects. We can
also directly compare bonding changes in a lattice specific
manner and relate those to the WB4 crystal structure.
Polycrystalline samples were synthesized by arc melting
from the pure elements.6 Ingots were then ground to fine
powders in a Plattner’s-style hardened tool-steel mortar and
pestle set (Humboldt Mfg., Model H-17270) and passed
through a No. 850 mesh sieve (<10 lm). Trace element
impurities introduced during grinding (e.g., iron) were
removed by washing 3 in 1M HCl. Final sample purity was
confirmed by XRD and energy dispersive spectroscopy
(EDS). A scanning electron micrograph of a ground sample is
shown in Figure S1.19 A diamond anvil cell (DAC) equipped
with 300 lm diamond culets was used for high-pressure measurement in combination with an X-ray transparent boron/
epoxy gasket.20 Pre-compressed 40-lm diameter metalboride samples and a 30-lm diameter platinum foil (used as a
pressure standard) were then deposited in the 70-lm-diameter
 40-lm-thick gasket hole. For diffraction measurements, a
10  10 lm X-ray beam was directed onto the sample perpendicular to the loading axis through the gasket. The sample to
detector distance, detector tile, and pixel-size ratio were calibrated using LaB6. Angle-dispersive diffraction patterns were
collected at room temperature and converted from elliptical
to rectangular coordinates using FIT2D.21 The resulting
“caked” patterns, graphed as azimuthal angle g versus diffraction angles 2h, were then analyzed using Igor Pro
(WaveMetrics, Inc.). Peak positions were individually determined for six easily resolvable diffraction peaks (101, 002,
110, 201, 112, and 103).
Because of the non-hydrostatic stress, the measured d
spacings (dm(hkl)) depend on the angle u between the diffracting plane normal and the load axis, expressed as dm ðhklÞ
¼ dp ðhklÞ½1 þ ð1  3 cos2 uÞQðhklÞ.22,23 Here, dp(hkl) is the d
spacing due to the hydrostatic component of the strain. The
angle u is calculated from cosh u ¼ ðcos hÞðcos
i gÞ. The lattice
t
a
1a
strain is given by QðhklÞ ¼ 3 2G ðhklÞ þ 2G . GR(hkl) and GV

the yield strength. The maximum elastically supported differential stress (t) thus provides a lower-bound estimate of the
material’s yield strength. In elastically anisotropic materials
like WB4 under Reuss conditions, t for each lattice plane can
be estimated using t(hkl) ¼ 6G(hkl)Q(hkl).24,25
Figure 1 shows caked diffraction patterns for the hardest
WB4 solid solution, W0.93Ta0.02Cr0.05B4. At low pressure
(1.3 GPa), the diffraction lines are almost straight (constant
d spacing) due to the small non-hydrostatic stress (Fig. 1(a)).
Small variations in the positions of the diffraction peaks
are observed in the Pt pattern, however, indicating that
W0.93Ta0.02Cr0.05B4 supports a higher stress than Pt. As compression increases, the difference between 2hmax (maximum
stress direction, u ¼ 0 ) and 2hmin (minimum stress direction, u ¼ 90 and 90 ) becomes larger (Fig. 1(b)). This can
be seen from the sinusoidal variations of the diffraction lines,
which are associated with lattice-supported strains.
Because lattice-dependent elasticity information is not
yet available for WB4-based solid solutions or for pure WB4
with the experimentally determined crystal structure,13 we
consider the ratio t(hkl)/G(hkl), which reflects the differential
strain elastically supported by the lattice planes under an
imposed differential stress.26–28 Because variations in G(hkl)
across solid solutions are likely to be modest, general trends
in t(hkl)/G(hkl) should be good qualitative indicators of
trends in t(hkl), though small quantitative differences are
likely.29 The t(hkl)/G(hkl) ratio can be calculated directly
from the lattice strain parameter Q(hkl) for each diffraction
peak. Figure 2 shows t(hkl)/G(hkl) for representative planes
of pure WB4 and its binary solid solutions as a function of
pressure. Up to a pressure of 20 GPa, all t(hkl)/G(hkl) ratios
increase linearly, indicating elastic deformation. As the pressure increases above 20 GPa, the increase in t(hkl)/G(hkl)
slows and levels off at 35–40 GPa, presumably indicating the
onset of plastic deformation.
Overall, t(hkl)/G(hkl) ratios for all solid solutions exhibit
trends similar to pure WB4; the (002) planes support the

are the shear moduli of the aggregate under the Reuss (isostress) and Voigt (isostrain) approximations, respectively, and
0  a  1. According to the von Mises yield criterion,
t ¼ r3  r1  2s ¼ ry , where s is the shear strength and ry is

FIG. 1. Caked diffraction patterns for the hardest WB4 solid solution,
W0.93Ta0.02Cr0.05B4, at a pressure of 1.3 (a) and 56.5 GPa (b) in the diamond
anvil cell. The images show the diffraction as a function of the Bragg angle
2h and the azimuth angle g on the image plate. The compression directions
are indicated by the dark arrows.
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FIG. 2. The ratio of differential stress
to shear modulus t(hkl)/G(hkl) upon
addition of 2.0 at. % Ta (a), 10.0 at. %
Cr (b), 4.0 at. % Mn (c), and 10.0 at.
% Mn (d) to WB4, and the two hardest
ternary
solid
solutions,
W0.94
Ta0.02Mn0.04B4 (e) and W0.97Ta0.02
Cr0.05B4 (f). In all cases, solid symbols correspond to the solid-solution
data, and open symbols correspond to
pure WB4, which are included for
comparison. Error bars, when not
shown, are smaller than the symbol.

highest differential strain, followed by the (110) and (101)
planes. While we have no experimental data on the positions
of dopant atoms in the lattice, this suggests that they simply
substitute for tungsten in metal sites. The strain anisotropy
can likely be attributed to the three-dimensional covalently
bonded structure of WB4. The tungsten and boron layers in
the a-b plane, which appear to be slip planes in many hard
metal borides,30,31 are held together upon pressurizing by
rigid boron cages, preventing the layers from shearing. As a
result, the (002) planes, parallel to the layers of boron and
tungsten atoms, are able to withstand higher differential
strains than the (110) planes, which are perpendicular to the
layers. This contrasts to ReB2, another hard transition metal
boride, where symmetry-related (004) planes are not crosslinked by boron cages and support the least differential
strain.15
When 2.0 at. % Ta is added to WB4, the resulting solid
solution shows a slight increase of t(hkl)/G(hkl) in the (002)
and (110) planes compared to pure WB4; no changes in the
(101) planes were observed (Fig. 2(a)). Similar small
changes are observed upon addition of 10.0 at. % Cr to WB4
(Fig. 2(b)). By contrast, the addition of 4.0 at. % Mn on a
metals basis significantly raises t(hkl)/G(hkl) in all studied
planes (Fig. 2(c)). However, when a higher concentration
(10.0 at. % Mn) was used, t(hkl)/G(hkl) showed a universal

decrease compared to both the 4.0 at. % Mn sample and to
pure WB4 (Fig. 2(d)). These two solid solutions show nearly
identical hardness values (Table I), but these data suggest
fundamentally different hardening mechanisms.
Mechanisms to increase t(hkl)/G(hkl) include changes in
electronic structure and bonding, including changes in the
spatial distribution of boron cages and changes in accessible
slip systems due to size mismatch of dopant atoms. Ta and
Mn have one less and one more valence electron than W,
respectively; and so we might expect electronic structure
changes in solid their solutions. Valence electron concentration (VEC) changes up to 0.3% result from the dopant levels
used here. Optimized VEC should result in maximized bond
covalency. This effect has been previously observed in transition metal carbide solid solutions such as TixNb1xC and
ZrxNb1xC.32 This hypothesis is also supported by firstprinciple calculations by several groups, who found that
vacancies in various WBx-type structures are favored electronically by a reduction of the Fermi level.33,34 Thus, it is
reasonable that optimizing the VEC could result in more fully
populated bonding states or less populated antibonding states,
both of which could decrease the Fermi level and improve
the capability of lattice planes to support the deviatoric stress.
Another explanation for increases in t(hkl)/G(hkl) is
atomic size effects influencing available slip systems. Ta is
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similar in size to W. Previous work on solid solutions of
OsB2 and RuB2 (which also have similar sizes) showed no
improvements in hardening,35 so it is reasonable to assume
few size effects from adding Ta to W. Observed t(hkl)/
G(hkl) changes in the 2.0 at. % Ta sample should thus be
dominated by electronic structure effects. Mn, however, is
much smaller than W, so size effects are expected. Indeed,
significantly larger t(hkl)/G(hkl) changes are observed for
4.0 at. % Mn in WB4 compared to 2.0 at. % Ta in WB4. The
effects cannot be purely size-based, however, because when
10.0 at. % Mn is used, the solid solution showed a lower
t(hkl)/G(hkl) ratio (Figs. 2(c) and 2(d)). This result strongly
suggests that 10.0 at. % Mn in WB4 exceeds the optimal
VEC, and this material supports a lower differential strain
primarily for electronic structure reasons. Pure size mismatch effects should only improve as the Mn concentration
increases. These results further indicate that the high hardness observed for the 10.0 at. % Mn samples (Table I) likely
arises from extrinsic effects such as the appearance of a second phase. The presence of diffraction from MnB4 at higher
Mn concentrations confirms this notion.6 The ability to distinguish between intrinsic and extrinsic hardening effects is a
powerful aspect of these radial diffraction studies.
For the case of the WB4-Cr system, again only small
changes in t(hkl)/G(hkl) are observed. Both Cr and W are
group VI elements, so the VEC remains constant regardless
of dopant concentration and no electronic structure change
are expected in Cr doped WB4. Cr is much smaller than W,
however (similar to Mn). Figure 2(b) shows that adding 10%
Cr to WB4 increases in the plateau t/G value for the (110)
lattice plane and slightly decrease the plateau pressure for
the (002) plane. The small magnitude of the effect in CrWB4 compared to 4 at. % Mn-WB4, however, emphasizes
the potential for synergy between size and electronic structure effects.
To further explore this synergy between size and electronic effects, we examined the combined effects of size and
electron count in ternary alloys. Here, we report t(hkl)/G(hkl)
for two of the hardest ternary solid solutions that we were able
to produce: W0.94Ta0.02Mn0.04B4 and W0.97Ta0.02Cr0.05B4.
Considerable increases of t(hkl)/G(hkl) are observed when
Ta and either Mn or Cr are simultaneously added to WB4
(Figures 2(e) and 2(f)). W0.94Ta0.02Mn0.04B4 shows an 18%
increase in the plateau t(hkl)/G(hkl) value for the (002) planes
and a 29% increase in the plateau value of the (110) planes.
Similarly, large increases are observed in W0.97Ta0.02Cr0.05B4.
Interestingly, the (101) planes in both samples show less
change in t(hkl)/G(hkl). We note that both samples have a net
change in VEC when electronic contribution from both atoms
is considered, and both systems contain a reasonable concentration of very small atoms.
Complementary evidence of structural synergy in ternary solid solutions is found in our previously measured lattice constants.6 Ternary systems show consistently slightly
smaller lattice constants than corresponding binaries. This
could be due to non-random metal substitution at distinct lattice sites or to increased covalency.13 Overall, these results
reemphasize the key conclusion of this work that hardness in
WB4 based solutions can be best optimized by combining
size-mismatch and VEC changes.

Appl. Phys. Lett. 107, 041903 (2015)

In conclusion, we have conducted non-hydrostatic high
pressure diffraction studies on WB4-based solid solutions
containing Ta, Mn, and Cr. By examining the latticesupported differential strain across compositions, we can differentiate between hardening mechanisms and expand on
traditional hardness measurements. This is thus a step forward in understanding these low-cost, easily manufactured
superhard transition metal borides, and it provides a roadmap
for future materials selection and the design of nextgeneration superhard materials.
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