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ABSTRACT OF THE DISSERTATION
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by
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Doctor of Philosophy in Chemistry
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Professor Richard B. Kaner, Co-Chair

Superhard materials have many technological applications including cutting, polishing and
drilling. The design strategy to create superhard compounds involves two important parameters:
high valence electron density and short covalent bonds. We have demonstrated this concept in
compounds such as OsB2, ReB2, and WB4. In the course of our studies involving WB4 and its
solid solutions, we have found that the monoborides should not be neglected as they still offer a
hardness advantage over commonly used materials (such as tungsten/titanium carbides), while
having the added desirable qualities of being more thermodynamically stable and requiring less
boron than WB4. In this thesis, a complete discussion is made for WB in two different phases
and its solid solutions aiming to study their deformation behavior in a lattice specific manner and
ii

hardening mechanisms. In addition, dodecaborides (ZrB12, YB12 and ZrYB12) were investigated
to understand the role that boron cages play in its mechanical properties. More importantly, the
synthesis of nano-scale ReB2 and its lattice preferred orientation are discussed as well as the
dominant mechanism for its plasticity.
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Chapter 1
Introduction
1.1 Microindentation Hardness Test
In the early age of the human history, people measured hardness by scratching one stone with
another, with the harder stone left unblemished and the softer one scored. 1 This method was
inherited and further developed to the well-known Mohs hardness test during the 19th century,
which measures the resistance of a mineral to being scratched with a scale ranging from 1 (soft)
to 10 (hard). However, the integers assigned to key minerals in the Mohs scale do not allow
determination of non-integer intermediate values, and the protocol for scratching was not well
defined either. This leads to an emergence of more quantitative and scientific schemes to
hardness tests devised by R. L. Smith and G. E. Sandland at Vickers Ltd.2 Vickers hardness (Hv),
defined as the resistance to irreversible plastic flow, is determined through a micro-indentation
test, where a pyramidal diamond indenter, depresses a polished surface with a specified applied
force as shown in Figure 1.1. The Hv value can be directly determined by measuring the size of
the indentation left on the specimen using the following equation:
Hv = 1.8544 𝐹/𝑑 2

(1.1)

Here, F is a predetermined force usually ranging from 0.49 N to 4.9 N and 𝑑 is the diagonal
length of the indent. The constant 1.8544 may vary with the diamond indenter shape. By
convention, superhardness refers to Hv values in excess of 40 GPa at low load. Superhard
materials are of great interest because of the increasing demand for high-performance and longlasting cutting and forming tools.

1

To design ultra-incompressible superhard materials, we have operated under the hypothesis
that by introducing short, covalent bonds to metals with a high density of electrons, i.e. late
transition metals such as osmium, rhenium and tungsten, a system of delocalized, conductive
electrons can be maintained while the metal atoms themselves are rigidly locked in place.3,4,5 We
have demonstrated this concept in compounds such as OsB2, ReB2, and WB4.6-10 In previous
work, we have shown that WB4 is an intrinsic superhard material with Vickers hardness (Hv) of
43.3±2.9 GPa. It is believed that the high hardness results from the combination of high valence
electron density in the W and a network of rigid boron cages. To verify this hypothesis, we
examined the deformation behavior of WB4 under nonhydrostatic conditions using radial
diffraction in a DAC. We found that the (002) planes in WB4, which are the planes parallel to the
boron sheets and the planes held together with boron cages, supported the highest stress. In
contrast, the (004) plane in ReB2, which is also parallel to the boron and metal layers, supported
the lowest amount of stress. In the absence of a cage structure, dislocation might propagate in
this plane by sliding. WB4 also shows less strength anisotropy, confirming the positive influence
of cage structures in next generation superhard materials. Inspired by the WB4, I thus work on the
metal dodecaborides including YB12, ZrB12 and ScB12 as one of my PhD research projects
because this systems present the ultimate cage structure. The dodecaborides systems will be
discussed in Chapter 4.
Through an understanding of the mechanisms by which available slip systems are tuned,
whether by atomic composition or grain size and the mechanism that dominates their plasticity,
we may rationally design the next generation of ultra-hard metal borides. It has been found the
intrinsic yield strength of tungsten monoboride can be dramatically improved by removing the
slip plane through selective substitution of the malleable tungsten bilayer,28,29 which promotes
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the originally non-superhard boride into the superhard regime, demonstrating the new design
strategy. As another project that I worked with in the graduate school, more details for the
tungsten monoboride system and its solid solutions will be discussed in Chapters 2 and 3. The
measured hardness is not only influenced by the intrinsic nature of the material such as valence
electron count, strength and directionality of interatomic bonds, and structure, but also extrinsic
factors such as dislocation density, micro- or nano-structuring, and morphological control. One
example for intrinsic hardening is that the hardness for WB4 was found to be significantly
improved by adding Ta and Cr to its lattice. The resultant W0.93Ta0.02Cr0.05B4 solid solution
shows a hardness as high as 57 GPa, which is attributed to the combination of atomic size
mismatch and electronic effects. In contrast, the addition of rhenium was found to also increase
the hardness of WB4, this effect, however, was due to a fine dispersion of ReB2 found in the arcmelted ingots.
1.2 High Pressure X-Ray Diffraction
The diffraction of X-rays by crystals follows Bragg’s law, which allow people to measure the
distance between the lattice planes. High-pressure diffraction enables in situ observations for the
microscopic response of the specimen to a large applied non-hydrostatic stress, which allow us to
distinguish intrinsic and extrinsic hardening mechanisms, since the measured differential stress
mainly reflects the intrinsic nature of materials.11 More importantly, the ratio of yield strength,
known as the most significant determining factor for hardness, to shear modulus (t/G) can be
directly measured via high-pressure radial diffraction experiments. Additionally, quantitative
texture information can be obtained from high-pressure data through Rietveld analysis, which
provides a better understanding of hardening mechanisms and active slip systems. Moreover, the
bulk modulus, a measure of elastic deformation defined as the resistance to change in volume
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with respect to pressure, can be determined through high-pressure X-ray diffraction experiments.
Note that it is quite hard to observe strength anisotropy by micro-indentation hardness
measurements for polycrystalline samples because many lattice planes are hit by the diamond
indenter at the same time. As a complementary test, the high-pressure experiment enables the
measurement of differential stress supported by each lattice plane.
Axial diffraction and radial diffraction are the two main experimental geometries for highpressure experiments. In axial diffraction, the incident X-ray beam is always parallel with the
compression direction as can be seen in Figure 1.2. The sample needs to be submerged in a
pressure medium to maintain a hydrostatic environment. A mixture of methanol and ethanol at a
volume ratio of 4:1 is a commonly used pressure medium. Noble gases such as Ne and He can
also be used as the pressure medium to ensure better data accuracy because of their high limit for
the onset of non-hydrostaticity in the sample pressure. Note that a completely hydrostatic
environment cannot be maintained above 15 GPa due to the freezing of all pressure transmitting
media at room temperature. 12,13,14 The gasket for axial diffraction is usually made of X-ray
opaque metals such as Re to achieve better contrast for the sample to the background. The
pressure calibration is conducted by measuring the fluorescence lines of ruby.
In radial diffraction, the X-ray beam is perpendicular to the loading axis and no pressure
transmitting medium is needed as can be seen in Figure 1.3. In contrast to axial diffraction, the
gasket for radial diffraction is made of X-ray transparent or semi-transparent materials such as
boron and beryllium in order to allow the beam to pass through. Although the sample is under
nonhydrostatic compression, its bulk modulus can still be determined by fitting the compression
curve measured at the magic angle ( 𝜑 = 54.7° ) to the Birch-Murnaghan equation-of-state
(EOS). 15 In addition to the diffraction line shift and curvature evolution, the peak intensity
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variation can also be analyzed via Rietveld refinement. However, superhard materials are almost
impossible to grind below the micron scale. This results in spotty patterns in the DAC due to low
grain number statistics, which does not meet the data requirement for Rietveld analysis as shown
in Figure 1.4. In order to solve the low grain number statistics issue and better understand the
size dependent mechanical properties, more and more efforts have been made on the formation
of superhard material at nanoscale for years. Recently, I successfully made nano ReB2 using
molten salt flux growth method. The synthesis and the texture analysis for nano ReB2 will be
discussed in Chapter 5.
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FIG. 1.1. Schematic figure for the micro-indentation hardness test.
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FIG. 1.2. Experimental geometry for axial diffraction. The two blue arrows indicate the loading
axis.
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FIG. 1.3. Experimental geometry for radial diffraction.
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FIG. 1.4. Comparison of diffraction patterns made between coarse-grained and fine-grained
samples. The spotty pattern is due to the low grain number statistics.
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Chapter 2
Understanding How Bonding Controls Strength Anisotropy in Hard Materials by
Comparing the High Pressure Behavior of Orthorhombic and Tetragonal Tungsten
Monoboride
2.1 Introduction
As the world’s hardest natural material, diamond has surprisingly limited applications in
cutting and drilling, since it reacts with ferrous materials to form brittle carbides. 1,2 With an
increasing demand for diamond replacements, many superhard materials have been discovered
with both good chemical stability as well as high hardness, including rhenium diboride (ReB2),
and cubic boron nitride (c-BN). 3,4,5 Unfortunately, synthetic requirements for c-BN (i.e. high
pressure and high temperature) lead to high costs, limiting its use. Similarly, use of ReB2 is
limited because it contains an expensive platinum group metal. Tungsten tetraboride (WB4) has
emerged as a less expensive superhard material. WB4 has a Vickers hardness that reaches
43.3±2.9 GPa6,7 under an applied load of 0.49 N and a bulk modulus of 324±3 GPa.8 Its high
hardness results from the high valence electron density of tungsten and short strong covalent
bonds introduced by boron. However, it is still a challenge to make phase pure WB4. As a
thermodynamically unfavorable phase, WB4 cannot be made by high temperature arc melting
unless the W:B molar ratio is kept at 1:12.9 The WB4 samples prepared in this way are therefore
not stoichiometric, but rather a composite of WB4 and crystalline boron, which introduces
unwanted non-uniformity.10,11
Lower borides of transition metals may offer a solution to the stoichiometry problem if
superhard phases can be found. In particular, consider tungsten monoboride (WB), with a
tungsten-tungsten bond distance of 2.8 Å that is comparable to pure tungsten metal (2.7 Å). This
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similarity with pure tungsten suggests a stronger metallic character than any of the previously
mentioned borides, bringing with it the ductility and electrical conductivity typically found in
conventional metals.
Tungsten monoboride possesses two distinct phases with a B:W molar ratio of 1:1,12 one
orthorhombic high temperature (HT) phase and one tetragonal low temperature (LT) phase with
a transition temperature of 2170 °C. 13 Both of these phases share the same alternating BCC
tungsten bilayer/boron chain superstructure, but differ in the arrangement of the boron atoms. In
the LT-tetragonal phase, the boron chains alternate to form perpendicular arrays, but in the HTorthorhombic phase, the boron chains are all aligned along the c-axis and this is responsible for
the subtle orthorhombic distortion (FIG. 2.1). It has been reported that LT tetragonal WB is an
ultra-incompressible material 14 with a bulk modulus of 428 – 452 GPa 15,16 and a maximum
differential stress of 14 GPa, suggesting it could be a potential candidate for a superhard material.
However, due to the synthetic challenges in stabilizing a high temperature phase, no high
pressure study has yet been carried out on the HT-orthorhombic phase of WB. Fortunately, in
our recent study,17 it has been demonstrated that by doping a small amount of Ta into WB, the
HT orthorhombic phase of WB can be stabilized at room temperature. According to our Vickers
micro-indentation hardness measurement reported previously, the hardness of HT-orthorhombic
WB (35.5 ±2.5 GPa) is higher than the hardness of LT-tetragonal WB (31 ± 3.0 GPa), a result
that is not obvious from the differences in crystal structure, particularly if one postulates that the
network of B-B bonds should dominate the hardness.17 In that case, the more isotropic network
in the LT WB would be expected to result in a harder material. Moreover, the elastic deformation
behavior such as bulk modulus and crystal lattice strain response to an applied non-hydrostatic
stress of this new metallic metal boride have not been characterized. Most importantly, the
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ability to examine two different tungsten monoboride phases that differ only in the arrangement
of the boron chains should provide an excellent model system to understand the extent to which
boron chain dimensionality controls lattice deformations.
Here, synchrotron-based angle dispersive X-ray diffraction (XRD) experiments in a radial
geometry using a diamond anvil cell (DAC) 18 were performed to examine the volumetric
deformations and anisotropic lattice deformations of orthorhombic and tetragonal WB under
uniaxial applied pressures up to 52 GPa and 36 GPa, respectively. While the anisotropic stress
condition in the DAC during compression in the radial experimental geometry, 19,20,21 is different
to that under an indenter’s tip in a micro-indentation hardness test,22 there are enough similarities
that this data can provide insights for understanding the microscopic response of a crystal lattice
to differential stress and thus to understanding the macroscopic response to an applied load.
Additionally, radial XRD enables us to make in situ observations of deformation behavior in a
lattice specific manner as a function of pressure.
2.2 Experimental procedure
Orthorhombic and tetragonal WB were synthesized by arc melting. Tungsten powder and
boron powder with a 1:1 molar ratio were mixed together followed by pressing into pellets.
Subsequently, the pellets were arc melted and cooled in argon gas. More synthetic details can be
found in Ref. 17. In order to stabilize the HT-orthorhombic phase of WB at room temperature, 5
at.% Ta was added because TaB is known to crystallizes in the orthorhombic structure.
Tetragonal WB and orthorhombic stabilized WB pellets were then crushed and ground with a
Plattner’s-style hardened tool-steel mortar and pestle set (Humboldt Mfg., Model H-17270). The
fine powder (<20 µm) was obtained by sieving with a No. 635 mesh sieve (Humboldt Mfg.). We
performed non-hydrostatic in situ high pressure angle-dispersive X-ray diffraction experiments
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to characterize the strength and deformation behavior at synchrotron beamline 12.2.2 of the
Advanced Light Source (ALS, Lawrence Berkeley National Lab). A polycrystalline WB sample
was loaded into a laser drilled hole (~60 µm in diameter) in a boron gasket (~400 µm in diameter
and ~70 µm in thickness) made of amorphous boron and epoxy.23 A small circle of Pt foil (~15
µm in diameter) was placed on top of the sample to serve as an internal pressure standard. No
pressure-transmitting medium was used in order to create a non-hydrostatic environment in the
DAC. More technical details for the DAC can be found in Ref. 24. A monochromatic X-ray beam
with a wavelength of 0.4959 Å, and a spot size of 20×20 µm was passed through the sample
perpendicular to the loading axis. The 2D diffraction image was collected using an MAR-345
image plate at steps of ~4 GPa. Calibration of the detector distance and orientation used a LaB6
standard and the program FIT2D.25 The ring-like diffraction patterns were “unrolled” into cake
diffraction patterns, a plot of azimuthal angle η (with 0°and 180°the low stress directions and
90° and 270° the high stress directions) versus 2θ (FIG. S2.1), followed by importing into Igor
Pro (WaveMetrics, Inc.), where diffraction lines were analyzed individually. The combination of
radial X-ray diffraction and lattice strain theory 26,27,28 enable us to study the stress state of
samples under non-hydrostatic compression in a DAC.
The stress state in a compressed sample under uniaxial loading in a DAC is characterized by
σ3, the maximum stress along the axial direction, and 1, the minimum stress in the radial
direction. The difference between 1 and 3 is the macroscopic differential stress t, which can be
defined by the Tresca yield criterion:
𝑡 = 𝜎3 − 𝜎1 ≤ 2𝜏 = 𝜎𝑦 ,
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(2.1)

where  is the shear strength and y is the yield strength of the material.29 A measurement of the
elastically-supported differential stress thus enables one to estimate the lower-bound of the
material’s yield strength, y.
According to lattice strain theory, the measured d-spacing, dm(hkl) is a function of dp(hkl),
the d-spacing under the hydrostatic pressure, and 𝜑, the angle between the diffracting plane
normal and the maximum stress axis,
𝑑𝑚 (ℎ𝑘𝑙) = 𝑑𝑝 (ℎ𝑘𝑙)[1 + (1 − 3cos2 𝜑)𝑄(ℎ𝑘𝑙)], (2.2)
where 𝑄(ℎ𝑘𝑙) is the orientation dependent lattice strain,30 which is defined by
𝑡

𝑄(ℎ𝑘𝑙) = (3) {𝛼[2𝐺𝑅 (ℎ𝑘𝑙)]−1 + (1 − 𝛼)(2𝐺𝑉 )−1 }. (2.3)
Here 𝐺𝑅 (ℎ𝑘𝑙) is the lattice dependent Reuss shear modulus under iso-stress31 conditions, while
the Voigt shear modulus, 𝐺𝑉 , is independent of hkl under iso-strain32 conditions. The 𝐺𝑉 is given
by33
15𝐺𝑉 = (𝑐11 + 𝑐22 + 𝑐33 ) − (𝑐12 + 𝑐23 + 𝑐31 ) + 3(𝑐44 + 𝑐55 + 𝑐66 ). (2.4)
For orthorhombic and tetragonal systems, the expressions of 𝐺𝑅 (ℎ𝑘𝑙) in terms of elastic
compliance [𝑆𝑖𝑗 ], can be found in Ref. 28. The actual shear modulus of a randomly oriented
polycrystalline sample is neither 𝐺𝑅 (ℎ𝑘𝑙) nor 𝐺𝑉 , but some weighted average of them, given by
. Approximately, the differential stress can be given by26
𝑡 = 6𝐺 < 𝑄(ℎ𝑘𝑙) >,

(2.5)

where < 𝑄(ℎ𝑘𝑙) > stands for the average value of lattice strain observed for the diffraction
peaks and G is the aggregate shear modulus. According to Eq. (2.2), one should find that
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𝑑𝑚 (ℎ𝑘𝑙) is a linear function of (1 − 3cos 2 𝜑) with a slope of 𝑑𝑝 (ℎ𝑘𝑙)𝑄(ℎ𝑘𝑙) and an intercept of
𝑑𝑝 (ℎ𝑘𝑙) ( with x = 0 corresponding to 𝜑 = 54.7°). The 𝑄(ℎ𝑘𝑙) resolved from the slope can be
used to evaluate and describe contributions of both plastic and elastic deformation.34,35
The pressure dependent d-spacing at 𝜑 = 54.7° reflects compression behavior due to the
hydrostatic component of stress; as a result, the equivalent hydrostatic compression curve can be
derived from non-hydrostatic data at the magic angle. The zero pressure bulk modulus, 𝐾0 , can
then be determined by fitting the compression curve to the Birch-Murnaghan equation-of-state
(EOS),36
𝑃 = 1.5 𝐾0 [(𝑉/𝑉0 )−7/3 − (𝑉/𝑉0 )−5/3 ].

(2.6)

Here, the pressure, 𝑃, and the unit cell volume, 𝑉, are measured at 𝜑 = 54.7°.
2.3 Results and discussion
The high-pressure compression experiments in a radial geometry were performed on HTorthorhombic WB and LT-tetragonal WB, respectively. The HT-orthorhombic WB was
compressed up to 52 GPa and the diffraction patterns were collected at steps of ~4 GPa.
Representative XRD patterns for HT-orthorhombic WB are shown in FIG. 1a. These patterns
are full integrations of the asymmetric rings, and thus show significant peak broadening at higher
pressures due to strain inhomogeneity. The stick reference pattern below the experimental
diffraction peaks is from the Joint Committee on Powder Diffraction Standards (JCPDS Card
#00-006-0541). Diffraction peaks from the boron-epoxy gasket and the Pt pressure standard are
also labeled on the graph. A clear shift towards higher angles with increasing pressure can be
seen due to the decreased lattice constants. Note that no Ta peaks appear in the pattern across the
entire pressure range, meaning the added Ta indeed forms a solid solution with the W, i.e.
16

Ta0.05W0.95B, and the dopants do not precipitate into an X-ray observable unique phase during
compression. While solid solution formation may influence mechanical properties, considering
the low doping amount (~5%) and the small difference in atomic size between Ta (1.49 Å) and
W (1.41 Å),37 we believed that changes in mechanical properties due to the difference in crystal
structural (orthorhombic vs. tetragonal) will likely dominate over changes that arise from
chemical doping. The LT-tetragonal WB was compressed up to 36.4 GPa and its representative
XRD patterns are shown in FIG. 2.1b.

These patterns are again full integrations of the

asymmetric rings, and include significant peak broadening at higher pressures due to strain
inhomogeneity. The pressure at each step was determined by fitting the equation-of-state of Pt38
to its lattice parameter, measured at the magic angle (𝜑 = 54.7°).
The pressure dependence of the d-spacings and lattice constants are summarized in FIG. 2
and Table S2.1. There are no signs of phase transformations upon compression. For the HTorthorhombic WB, the planes (020), (110) and (021) are well separated and do not overlap the
pressure standard, and so these peaks were chosen to extract lattice constants of a, b and c as
function of azimuthal angle and pressure. Because all the lattice plane can be derived using
these lattice parameters, we chose to plot the set of orthogonal peaks (200), (020) and (002) to
demonstrate trends in the strength anisotropy. Additional peaks could be plotted, but having
defined the deformation of the unit cell, there is no additional unique information in plots of
other diffraction peaks. The LT WB is tetragonal, and so for this material, the (200) and (020)
lattice planes are symmetry related. We thus chose to plot the (200) and (004) diffraction planes
to capture the unique lattice deformations of the LT WB.
Figure 3 shows the dependence of the d-spacings as a function of (1 − 3cos 2 𝜑) for the
selected planes at the highest pressure, which shows the expected linear variation according to
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Eq. (2.2). The slope of each line gives the corresponding 𝑄(ℎ𝑘𝑙) and the intercept yields the dspacing under the mean normal stress. According to Equation 2.3, this value can be directly
related to the ratio of the differential stress to aggregate shear modulus (t(hkl)/G) and can be
termed the differential strain. Values of t/G for the HT-orthorhombic WB (black) and LTtetragonal WB (red) are plotted as a function of pressure in FIG. 2.4a. As one might expect from
the lower symmetry crystal structure, the HT-orthorhombic WB shows larger variations in the
t(hkl)/G ratio than the LT-tetragonal WB phase across different lattice constants, which is an
indication of higher elastic anisotropy in differential strain. This likely arises from the difference
in crystal structure between the HT-orthorhombic phase and the LT-tetragonal phase. When
comparing their structures (FIG. 2.1), we note that all the boron zigzag chains are in the same
direction in the HT-orthorhombic phase, while they are along the perpendicular directions in the
LT-tetragonal phase.
For HT-orthorhombic WB, the t(200)/G ratio shows an almost linear variation with pressure
achieving the highest value of 4.7% at 52 GPa. No plateau is observed, indicating that the elastic
limit is not reached during the course of this experiment. As a result, any differential stress data
calculated from this strain data need to be considered as a lower bound on the materials strength.
By contrast, the t(020)/G ratio increases linearly with pressure at the beginning, but then
levels off and increases more slowly above ~15 GPa, ending with a plateau value of 4.4% at ~26
GPa. The plateau is an indication of the onset of plastic deformation by a slip system.34 As
shown in FIG. 2.1, the (020) plane of the HT-orthorhombic WB is equivalent to the (004) plane
of the LT-tetragonal WB, which is the plane parallel to the metal bilayers. The metal-metal
bonds are likely weaker than the metal-boron and boron-boron bonds. 39 In addition, the
theoretical C44 value is also smaller than the C55 and C66, confirming that the metal bilayer is the
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easy slip plane.40 Therefore, it appears that at pressures higher than 15 GPa, the (020) plastically
deforms and starts to slip.
Diffraction profile analysis was conducted to confirm this assumption. One important source
for broadening of the peaks in high pressure experiments is the inhomogeneous strain caused by
the local deviatoric stresses among crystallites under non-hydrostatic compression.41,42 Figure 4b
displays the evolution of the (020) peak broadening as a function of pressure; the FWHM was
collected at the magic angle (54.7º) with an integration interval of only 5º to limit peak
broadening due to strain anisotropy. The data show a similar trend to that observed for t(020)/G
– the peak broadening in the linear regime mainly results from the inhomogeneous elastic strain.
Upon further compression, it deviates from linearity and approaches a limiting value of ~0.17°,
indicating that no more local stress can be stored in the crystallite and it has relaxed by slipping.
The data with open symbols at 0 GPa were taken upon decompression. The irreversible peak
broadening reflects the residual stress effect in the quenched sample, which also suggests the
sample deformed plastically under non-hydrostatic compression.
The data for t(002)/G, also shown in FIG. 2.4a, are somewhat more complicated. The
differential strain is small, so the variation is close to the error in the values. It appears that this
peak might presents a plateau in the 20-40 GPa range, but after that it resumes increasing, a
finding that has not been observed in more covalent borides such as WB4 and ReB2.43 Such
behavior, if it is real, may arise from strain hardening effects. Alternatively, t(002)/G may simply
increase across the entire pressure region, similar to t(200)/G. Considering that the elastic regime
for both the (200) and (002) peaks of HT WB is quite large, the HT-orthorhombic tungsten
monoboride may bring the very desirable property of reduced brittleness to the superhard
materials family. It is interesting to consider the optimal balance between reduced brittleness and
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high hardness for various applications and how to design this into a material’s system. It is
logical that lower borides could show enhanced reduced brittleness because of their higher metal
content.
Interesting, extended linear behavior without the onset of plastic deformation was not
observed in the LT-tetragonal WB in FIG. 2.4a, which suggests that the arrangement of boron
chains play an important role in governing the onset of plastic deformation. As one might expect
from the more isotropic crystal structure of the LT WB, the LT-tetragonal phase is more
isotropic in differential strain compared to HT WB. The data for the (004) plane (which is
analogous to the (020) plane for the HT phase) show similar behavior to the HT (020) plane.
There is a plateau in both the t/G ratio (FIG. 2.4a) and the FWHM (FIG. 2.4b) at ~20 GPa,
suggesting that the (004) plane starts to slip at ~20 GPa. What is unexpected is that despite the
orthogonal network of boron chains, the LT (200) plane shows nearly identical behavior to the
(004) with t(200)/G first increasing linearly and then plateauing above ~20 GPa. The LT phase
of WB thus does not show the reduced brittleness observed in HT WB.
Unlike the differential strain, the differential stress (t) can be directly correlated to hardness.
The differential stress under Reuss and Voigt conditions for HT-orthorhombic WB and LTtetragonal WB was calculated by using the elastic stiffness constants calculated in Ref. 44 and
Ref. 45, respectively. While the real differential stress is some weighted average of these two
conditions, the correct weighting for our experimental conditions is not known, so we simply
calculate both values as upper and lower limits on the actual values. As shown in FIG. 2.5, the
anisotropic nature of HT WB is preserved under both conditions. The plateau in the differential
stress supported by the (020) plane suggests that it has reached its actual yield strength (9-11
GPa) at pressures achieved in this experiment. In contrast, the t(200) shows no plateau across the
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pressure range under both conditions; therefore, we cannot estimate its corresponding yield
strength. However, considering that the (200) plane supported the highest value (11-13 GPa)
among the selected planes at 52 GPa, we can conclude that its true yield strength should be even
higher, indicating that the a axis is the hardest direction, followed by the b axis, the ultimate
plateau value for the c axis remaining difficult to estimate.
Some insight into the difference in behavior between the LT tetragonal phase and the HT
orthorhombic phase can be obtained from simple symmetry considerations. There are only two
possible slip systems for an orthorhombic crystal:46 <100>{010} and <001>{010}. Given that
t(200) is much higher than t(002), it is very likely that <001>{010} is the most active and
dominant slip system under the experimental conditions. By contrast, the tetragonal crystal
structure has 6 slip systems (<001>{100}, <011>{110}, <111>{1-10}, <10-1>{101}, <111>{112} and <10-1>{121}). These symmetry constraints may explain, at least in part, why the plateau
pressure of the LT tetragonal (200) plane is only 20 GPa, while the HT orthorhombic (200) and
(002) planes still have not plateaued at pressures above 50 GPa. The availability of suitable slip
systems may allow for a much lower onset of plastic deformation in the LT tetragonal phase.
In order to gain further insights into strength anisotropy, particularly for the HT
orthorhombic phase of WB, we turn to DFT calculations. All details on the calculation methods
can be found in the SI. There are three basic types of bonds in WB – metallic W-W bonds, and
more covalent W-B and B-B bonds. While we expect the W-W bonds to be the weakest, the
relative role played by W-B and B-B bonds in unclear. We first aimed to confirm the anisotropy
in strength by calculating the energy shifts in response to small shearing distortions in various
directions. Shearing refers to angle deformation and in our calculation this motion is
implemented by changing each of the orthogonal angles of the unit cell: α (angle between c&b),
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β (a&c) and γ (b&a). For the orthorhombic structure, these are the only three possible shear
motions, and each can be associated with deformation in a linear combination of orthogonal
direction.

For example, when closing up angle α, the b axis and c axis are sheared

simultaneously, and so this motion is associated deformation of both the (020) and (002) planes.
As can be seen in the FIG. 2.6a, the two shear deformations involving the b axis (closing angles
α and γ) are the lowest in energy. While shear is an elastic deformation, easy elastic motion can
give way to slip, suggesting that the (020) plane, which contains the metal bilayers, should be a
slip plane. While closing angles α and γ both contain an element of deformation along (020), we
note that experimentally, the (002) plane supports the least differential stress. Thus, the fact that
closing α involves components of deformation along (020) and (002) explains why this distortion
has the lowest energy. Note that changing angle β is the only deformation that does not involve
shearing the metal bilayer, and therefore it is again reasonable that this deformation requires the
most energy. The high t value may relate to the zigzag topology of boron chains, which should
strongly resist the propagation of dislocations along the a axis.
To understand the high t value in the (020) direction in more molecular terms, we again
consider W-B bonds. We can identify the bonds that are most active in resisting shear movement
by looking at what electronic states are the most energetically affected by geometric
distortions. 47 , 48 Figure 2.6b shows the two bonding structures with the highest energy
displacements for the (020) plane during shear deformation: both structures are dominated by WB bonds.
To gain further insight into the underlying electronic behavior leading to this strength, we
examined the electronic structure of a small model cluster, W2B2. The molecular orbitals
corresponding to the W-B bonds shown in FIG. 2.6b are critical to the bond strength. The
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HOMO-4 is particularly interesting because, in addition to W-B bonding, it corresponds to
donation from the d-orbital on W to the σpx bonding orbital in B2, thereby strengthening the B-B
interaction. Hence, the slip between W2 and B2 in the cluster disrupts both W-B and B-B bonding.
The cluster clearly replicates the bonding patterns seen in the solid, allowing us to conclude that
the B-W interaction, rather than B-B bonds, are the cornerstone of the material’s strength. This
result is interesting because it appears to run counter to the trends in higher borides, where
material strength can generally be traced to covalent 2- and 3-D covalent boron networks.
To estimate the macroscopic differential stress (t) for polycrystalline sample, one needs to
consider the contribution from all orthogonal lattice planes. For example, t was obtained by
taking the average of t(200)/G, t(020)/G and t(002)/G followed by multiplying to the theoretical
shear modulus of 198 GPa.44 Given the orthorhombic structure of the HT WB, this is the best
way to evaluate its overall strength and incorporating other directions would lead to a skewed
value by over-weighting some lattice directions. Similarly, the differential stress of the LTtetragonal WB was obtained using the shear modulus of 199 GPa.45 The shear modulus at high
pressure was extrapolated using dG/dP = 1.5, which is a typical value for ceramics. 49 Our
hardness tests show that HT-orthorhombic WB is slightly harder than the LT-tetragonal WB. As
seen in FIG. 2.7, the LT WB clearly yield at ~19 GPa, ending with a plateau differential stress
value of ~11 GPa. In contrast, for HT WB, the differential stress keeps increasing without
showing a clear plateau region up to the highest pressures reached in this experiment; this
increase elastic regime may due to the nature of (200) plane in the HT WB, as shown in FIG.
2.5(a). The differential stress for HT WB at ~50 GPa is therefore a lower bound of its yield
strength, and shows a value of ~11 GPa, very similar to the LT WB. The differential stress data
are therefore consistent with our hardness measurements, especially considering that the LT WB
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begins to yield at a much lower pressure.. Note that at low pressure, the differential stress of LT
WB is higher than HT WB is due to differences in bulk modulus, which reflects differences in
the elastic deformation in the material. Given this, the key difference between HT WB and LT
WB appears to lie in their brittleness, as the HT material does not reach a plateau in t until
pressures greater than 50 GPa. The differential stress of WB is lower than that of WB4, but higher
than that of ReB2.43 Moreover, ReB2, which is quite brittle, shows a low plateau pressure, similar
to the LT WB. By contrast, the HT WB shows a plateau pressure as high as or higher than WB4.
In addition to looking at differential stress and strain and elastic limits, data collected at the
magic angle (54.7°) can be used to calculate the equivalent hydrostatic bulk modulus. The unit
cell volume of HT-orthorhombic WB at elevated pressures ranging from 1.7 GPa to 52 GPa is
shown in FIG. 2.8a. The compression curve was then fit to the second order Birch-Murnaghan
equation-of-state yielding a bulk modulus of 341 ± 5 GPa. This value is in good agreement with
recent theoretical predictions40 for this material. The LT-tetragonal WB was found to be more
incompressible than the HT phase with a bulk modulus increased to 381 ± 3 GPa (FIG. 2.8b).
We note that this value for the LT tetragonal phase is also in good agreement with theoretical
predictions,16,40,41 but is lower than other measured values.15,16 Because the orthorhombic phase
is only thermodynamically favorable at high temperature, the HT orthorhombic WB is thought to
be an entropically stabilized phase. Upon compression, the enthalpy of the LT and HT should be
similar because they have fundamentally the same bonding. As a result, the entropy of the HT
phase should drop rapidly upon compression, suggesting that HT WB should be more
compressible.
In addition to the volume deformation behavior, we also examined the lattice
incompressibility. Unexpectedly, the pressure dependence of the fractional lattice constants of
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HT WB show a discontinuous change in slope, as can be seen in FIG. S2.2a. At pressures lower
than ~20 GPa, the a axis is more compressible than the b axis, but upon further compression, the
a axis becomes less compressible. Due to the differences in pressure dependence of the lattice
constants, it is worth applying an equation-of-state in terms of normalized pressure and Eularian
strain50 to each parameter, which yields Ka(1) = 309 ± 3.5 GPa (using data measured at pressures
lower than 20 GPa), Ka(2) = 367 ± 3 GPa (using data measured at pressures higher than 20 GPa),
Kb = 340 ± 6 GPa and Kc = 324 ± 4 GPa (FIG. S2.3a). It is known that the incompressibility is
directly related to the valence electron density.1 Given that the (020) plane starts to deform
plastically at pressures around 15-20 GPa, one possible reason is that the discontinuous increase
in a-axis incompressibility may result from a dislocation induced electronic structure change.
There might be a charge density transfer between the W-W bonds and W-B bonds under
compression in a similar manner to what has been observed in CrN.51 For LT WB, the c axis (Kc
= 405 ± 2 GPa) was found to be more incompressible than the a axis (Ka = 376 ± 4.5 GPa),
which is consistent with the literature.15

2.4 Conclusions
We have compared the high pressure behavior of WB in two different phases (HT and LT)
using synchrotron based X-ray diffraction under non-hydrostatic compression up to ~52 and ~36
GPa, respectively. The bulk modulus for each phase was determined and the LT-tetragonal phase
was found to be less compressible than the HT-orthorhombic phase. Moreover, we observed a
discontinuous change in directional compressibility in HT-orthorhombic WB. The HT phase of
WB shows slightly higher hardness than the LT phase, a result that can be explained by the
differential stress data. The LT phase shows slip in both unique symmetry directions at fairly low
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pressure, indicating multiple accessible slip systems. In contrast, while the (020) plane of the HT
WB was found to start slipping at ~15 GPa, the, (200) and (002) planes had not plateaued by 50
GPa, the highest pressures reached in these experiments. Moreover, the (200) plane appears to be
the strongest plane that supports the highest differential stress. The two phases were found to
support a similar maximum differential stress of ~11 GPa in the pressure range measured, but the
LT phase had fully plateaued well before the maximum pressure, while the HT phase was still
increasing at our highest pressure, >50 GPa. If we assume that t reflects the lower bound of the
yield strength, then these results are consistent with our micro-indentation hardness
measurements. Finally, computational studies were used to understand the remarkably high
hardness and differential strain observed in these materials, despite their low boron content. The
results indicate that for tungsten monoborides, W-B bonds contribute the most to the strength of
the material and it is the W-B bonding network that needs to be optimized to increase strength.
While lower borides, like WB, are not as hard as higher borides like WB4, research on lower
borides may allow us to optimize the interplay between hardness and brittleness by
understanding what controls the available slip systems and how to correlate those features to
various bonding motifs.
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FIG. 2.1. Representative synchrotron X-ray diffraction patterns for (a) the HT phase of WB and
(b) the LT phase WB with increasing pressure. Pt diffraction can also been seen, and was
included for in situ pressure calibration. The crystal structures of orthorhombic HT WB and
tetragonal LT WB are shown in parts (c) and (d), respectively.
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FIG. 2.2. Selected d-spacings vs. pressure collected at  = 54.7°for HT WB and LT WB. Error
bars that are smaller than the size of the symbols have been omitted. Lattice planes were chosen
for analysis to define all unique unit cell axes.
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FIG. 2.3. Linearized plots of d-spacings for (a) HT WB and (b) LT WB as a function of φ angle
at the highest pressure. The solid lines are the best linear fit to the data.
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FIG. 2.4. Part (a) shows the ratio of the differential stress to the aggregate shear modulus
(t(hkl)/G) for HT WB (black) and LT WB (red). Part (b) shows the evolution of peak broadening
for the (020) plane of HT WB and the equivalent (004) plane of LT WB.
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FIG. 2.5. Differential stress (t) as a function of pressure for selected lattice planes of HT WB (a)
and LT WB (b) under the Reuss (iso-stress) condition (open symbol) and the Voigt (iso-strain)
condition (closed symbol). The crystal structure of orthorhombic HT WB looking down the c
axis and the a axis is shown in parts (c) and (d), respectively. The bicolor sticks in these figures
denote the W-B bonds.
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FIG. 2.6. Part (a) shows calculated DFT energy changes for HT WB in response to a range of
shearing distortions. Part (b) shows relevant bonding structures of the solid.
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FIG. 2.7. Variation of the average differential stress with pressure for HT WB, LT WB, and
selected other representative superhard materials.
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FIG. 2.8. Evolution of unit cell volume for HT WB (a) and LT WB (b) as a function of pressure
under non-hydrostatic compression. The volume was measured at 𝜑 = 54.7°. Fits (red lines)
correspond to the second order Birch-Murnaghan equation-of-state. The insets show the BirchMurnaghan equation-of-state for WB replotted in terms of normalized pressure and Eulerian
strain. The straight line yields the ambient pressure bulk modulus.
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2.5 Supporting information
(Figure S2.1) Representative 2D caked diffraction patterns for HT WB collected at 2 GPa and 52
GPa, plotted as a function of azimuth angle and diffraction angle; (Figure S2.2) Fractional lattice
constants as a function of pressure for HT WB and LT WB; (Figure S2.3) Plots of normalized
pressure versus Eulerian strain for the linear incompressibility of each lattice constants for HT
WB and LT WB; (Table S2.I) Compression Data for HT WB; (Table S2.2) TABLE S2.2.
Compression Data for LT WB.
Computational Methods:
All calculations were carried out using the PBE/PBE functional in VASP except for the
energy differences, which used the RPBE functional.52,53 The bulk modulus was calculated by
isotopic scaling the unit cell by small increments. The external pressure and volume were
extracted from the calculation and then fit to a polynomial, the linear coefficient of this
polynomial is the calculated Bulk Modulus. The experimental unit cells were used for this
calculation. Dispersion interactions were approximated using the D2 Grimme scheme. PAW
PBE basis sets and pseudopotentials applied to all atoms. The HT phase was calculated with a
24x8x24 k-mesh to assess the dependence on k-point density; the results were found to be
consistent with a smaller k-mesh of 6x2x6. DOS and Band calculations were performed with the
24x8x24 mesh, while the shearing calculations used the 6x2x6 mesh (shearing removes
symmetry making larger meshes less feasible). An energy cutoff of 320 eV was used.
The stress testing of electronic states procedure was developed in-house and has been
demonstrated to characterize the strength of bonds along different distortions. The Bloch state
visualizations were generated with Quantum Espresso.54 The PBE/PBE functional used a PBE
scalar relativistic corrected basis for B, and the ultra-soft scalar relativistic corrected basis for W.
Once again, the cutoff energy was set to 320 eV. The isosurfaces of the plotted electronic states
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had isovalues of ±0.005. The cluster models were calculated in Gaussian 094 using PBEPBE and
the lanl2dz basis set.55,56,57,7
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FIG. S2.1. Representative 2D caked diffraction patterns for HT WB collected at 2 GPa and 52
GPa, plotted as a function of azimuth angle and diffraction angle.
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(a)

(b)

FIG. S2.2. Fractional lattice constants as a function of pressure for HT WB (a) and LT WB (b).
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(a)

(b)

FIG. S2.3. Plots of normalized pressure versus Eulerian strain are used to calculate the linear
incompressibility of each lattice constants (Klattice) for HT WB (a) and LT WB (b). Calculated
values are shown on the figure. Two distinct compressibility regimes are observed for the HT
WB.
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TABLE S2.I. Compression Data for HT WB. Errors are shown in parentheses.
P (GPa)
1.7(0.1)
2.9(0.1)
4.4(0.1)
11.1(0.2)
15.1(0.2)
19.7(0.3)
24.1(0.3)
26.9(0.4)
29.7(0.5)
32.8(0.6)
35.2(0.5)
39.5(0.5)
41.9(0.7)
44.3(0.9)
48.1(0.9)
49.5(0.8)
52.3(1)
0(0.1)

a (Å)
3.137(2)
3.137(1)
3.130(1)
3.116(1)
3.099(1)
3.087(1)
3.078(2)
3.074(2)
3.069(2)
3.066(2)
3.060(2)
3.053(2)
3.047(2)
3.041(2)
3.037(3)
3.030(3)
3.024(3)
3.145(1)

b (Å)
c (Å)
8.467(1) 3.073(1)
8.461(1) 3.070(1)
8.449(2) 3.066(1)
8.400(2) 3.051(1)
8.373(3) 3.040(1)
8.338(2) 3.026(2)
8.302(4) 3.012(2)
8.287(4) 3.004(2)
8.270(4) 2.998(2)
8.256(4) 2.990(2)
8.239(5) 2.986(2)
8.214(5) 2.977(2)
8.200(5) 2.972(2)
8.186(5) 2.967(2)
8.173(5) 2.962(2)
8.165(5) 2.958(2)
8.143(5) 2.951(2)
8.481(1) 3.079(1)

*The data at 0 GPa was collected upon decompression.

TABLE S2.2. Compression Data for LT WB. Errors are shown in parentheses.
P (GPa)
0 (0.1)
2.7 (0.1)
6.4 (0.1)
8.8 (0.2)
12.8 (0.2)
16.0 (0.2)
18.5 (0.2)
28.2 (0.4)
36.4 (0.4)

a (Å)
3.116(1)
3.108(1)
3.102(1)
3.094(1)
3.086(1)
3.076(1)
3.069(1)
3.043(1)
3.030(1)

41

c (Å)
16.906(1)
16.889(1)
16.855(1)
16.812(2)
16.771(2)
16.738(3)
16.695(5)
16.595(5)
16.502(5)
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Chapter 3
Understanding the Mechanism of Hardness Enhancement in Tantalum-Substituted
Tungsten Monoboride Solid Solutions
3.1 Introduction
Attempts to meet the increasing demand for high-performance and long-lasting abrasives, cutting
tools and forming dies have resulted in the development of superhard materials (Vicker’s
Hardness ≥40 GPa). While diamond and cubic boron nitride (c-BN) are the most important
superhard abrasives, materials that can be synthesized without the need for high pressure are
more desirable. Tungsten tetraboride (WB4), therefore, has triggered a great deal of interest
among researchers because of its desirable mechanical properties such as high Vickers hardness
(43.3±2.9 GPa) 1 , 2 and high incompressibility (324±3 GPa) 3 . The synthesis of WB4 requires
neither high pressures like c-BN and diamond nor expensive platinum group metal found in other
superhard metal borides, such as rhenium diboride (ReB2).4-7
The design rules that led to the discovery of WB4 and ReB2 were inspired by considering how
diamond, the hardest natural material in the world, achieves its unique mechanical properties.8
The phenomenal hardness of diamond (70-110 GPa)9 can be attributed to the three-dimensional
network of strong, short covalent bonds formed by carbon atoms, which helps resist the motion
of dislocations and results in a high shear modulus. The excellent incompressibility (bulk
modulus = 442 GPa),10 on the other hand, results from its high valence electron density (0.705
electrons/Å3) which is believed to be the determining factor for bulk modulus. Therefore, it was
reasoned that superhard compounds could be obtained by combining elements that are capable of
forming short covalent bonds such as boron and elements with high valence electron density
such as tungsten or rhenium. Indeed, a new superhard material, hafnium/yttrium dodecaboride11
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(Hf1-xYxB12), was recently produced following this design rule. One challenge with these
materials, however, is the need for excess boron to thermodynamically drive the formation of
higher boride over the kinetically more favorable lower borides. For example, WB4 can only be
made by arc melting with a W:B molar ratio of ~1:12, 12 and YB12 requires a ratio of 1:20.
Removing the excess boron is still a major challenge, resulting in sample nonuniformity.13,14
In contrast to high borides, lower borides, for example, tungsten monoboride (WB) can be made
at an exact W:B molar ratio of 1:1 without any stoichiometric issues. WB crystallizes in either a
tetragonal phase at low temperature (LT) or an orthorhombic phase at high temperature (HT)
with a transition temperature of 2170°C (FIG. S3.1).15 The HT-WB phase can be stabilized at
room temperature with the addition of small amounts of Ta (1 – 5%). Synchrotron-based high
pressure studies show that the LT-WB is less compressible, while the stabilized HT-WB supports
a higher differential strain and shows a higher onset of plastic deformation.16 It is not surprising
that neither phase is superhard based on microindentation hardness tests (35.5 ±2.5 GPa for HTWB, 31 ± 3.0 GPa for LT-WB) because of the significantly reduced level of covalent B-B
bonding in these materials. Yeung et al.17 have demonstrated, however, that the hardness of WB
can be improved with the addition of Ta, resulting in a distortion of the tetragonal host matrix
crystal structure into an orthorhombic structure. The hardness of three TaxW1-xB solid solution
samples containing 5%, 25%, and 50% Ta are summarized in Table S1 showing that a maximum
value of 42.8 ± 2.6 GPa at 50 at. % Ta. Although the hardness under varied applied loads has
been studied, the dopant concentration induced change in their elastic deformation behavior such
as incompressibility and crystal lattice strain is still unknown. In addition, Vickers hardness tests
cannot provide lattice specific information about hardness, which is the key to understanding the
mechanisms for increasing the hardness of TaxW1-xB solid solutions.
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Here, we performed synchrotron-based angle dispersive X-ray diffraction (XRD) experiments in
radial geometry 18 - 23 using a diamond anvil cell (DAC) 24 to evaluate the bulk modulus and
anisotropic lattice strain deformation behavior in this family of TaxW1-xB solid solutions. The
non-hydrostatic high-pressure diffraction experiments can provide valuable insights for
understanding the hardening mechanisms in these solid solutions, showing which lattice planes
are most affected by the addition of Ta. It can also help separate intrinsic hardening effects from
extrinsic ones.25

3.2 Experimental procedure
Three solid solutions of TaxW1-xB with x = 0.05, 0.25, and 0.50 were synthesized by arc melting.
The powder of tungsten (99.95%, Strem Chemicals, U.S.A.), tantalum (Roc/Ric, 99.9%), and
amorphous boron (99+%, Strem Chemicals, U.S.A.) were weighed according to the composition
of each sample. Powders were then mixed together thoroughly in an agate mortar using a pestle
followed by pressing into pellets under an applied load of 10 tons using a hydraulic Carver press.
Subsequently, the pellets were placed in an arc-melting furnace filled with high-purity argon and
a 100 Amp DC current was applied for 1−2 min to arc-melt the samples. In order to ensure
homogeneity, the fused ingots were then flipped over and re-arced. The ingots were then crushed
and ground to fine powders with a particle size of <20 µm.
The in situ angle-dispersive high pressure radial X-ray diffraction experiments were performed at
the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory (LBNL) on
synchrotron beamline 12.2.2 in order to study the lattice-plane deformation behavior of
TaxW1-xB solid solutions subjected to a large applied non-hydrostatic stress. The sample was
loaded into the hole (~50 µm in diameter) of a boron-epoxy gasket (~400 µm in diameter and
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~60 µm in thickness) in a diamond (~300 µm in culet size) anvil cell (DAC) without a pressuretransmitting medium in order to maximize the non-hydrostatic stress components. Each sample
was loaded in the same way, in three separate DACs. A small piece of Pt foil (~20 µm in
diameter) was placed on top of the sample to serve as a pressure calibrant. The incident
monochromatic X-ray with a wavelength of 0.4959 Å was collimated to 20×20 µm in beam size
and then passed through the sample parallel to the diamond culet. The pressure was increased in
~4 GPa steps and the 2D diffraction image was collected with program FIT2D26 after calibration
of the detector distance and orientation using a LaB6 standard.
The polycrystalline sample undergoes considerable deformation in the DAC as compression
increases. The state of stress and d spacings of sample were analyzed using lattice strain
theory.27-29 A compressed sample under uniaxial loading in a DAC is subjected to a macroscopic
differential stress, t, which is limited by the shear strength, , and the yield strength, y,
according to the Tresca yield criterion:30
𝑡 = 𝜎3 − 𝜎1 ≤ 2𝜏 = 𝜎𝑦

(3.1)

Here, σ3 is the maximum stress along the compression direction, and 1 is the minimum stress
parallel to the diamond culet. By examining the macroscopic differential stress, one can evaluate
the lower-bound of the material’s yield strength. The relationship between the measured dspacing, dm(hkl), and 𝜑, the angle between the diffracting plane normal and the loading axis, is
given by
𝑑𝑚 (ℎ𝑘𝑙) = 𝑑𝑝 (ℎ𝑘𝑙)[1 + (1 − 3cos2 𝜑)𝑄(ℎ𝑘𝑙)]

(3.2)

where dp(hkl) is the d spacing resulting from the hydrostatic component of stress, 𝑄(ℎ𝑘𝑙), which
is the orientation dependent lattice strain,31 which can be written as:
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𝑡

𝑄(ℎ𝑘𝑙) = (3) {𝛼[2𝐺𝑅 (ℎ𝑘𝑙)]−1 + (1 − 𝛼)(2𝐺𝑉 )−1 }

(3.3)

Here 𝐺𝑅 (ℎ𝑘𝑙) is the lattice dependent Reuss shear modulus under an iso-stress 32 condition,
while 𝐺𝑉 is the lattice independent Voigt shear modulus under an iso-strain33 condition. Note that
most high pressure studies, especially for superhard materials, use the iso-stress assumption.25, 34
The differential stress supported by a set of lattice planes (hkl) can be estimated using the
relation: 35,36
𝑡 = 6𝐺(ℎ𝑘𝑙) < 𝑄(ℎ𝑘𝑙) >.

(3.4)

The < 𝑄(ℎ𝑘𝑙) > can be resolved from the ratio of the slope to the intercept in the plot of
𝑑𝑚 (ℎ𝑘𝑙) vs (1 − 3cos2 𝜑) according to Eq. (3.2) and it is believed to be a good qualitative
indicator of hardness since 𝑄(ℎ𝑘𝑙)

reflects the contributions of both plastic and elastic

deformation.37,38 The 𝑑𝑝 (ℎ𝑘𝑙) measured at 𝜑 = 54.7° reflects the compression behavior due to
hydrostatic component of stress. In other words, the equivalent hydrostatic compression curve
can be derived from non-hydrostatic data. The ambient bulk modulus, 𝐾0 , then can be
determined by fitting the compression curve to the second order Birch-Murnaghan equation-ofstate (EOS),39
𝑃 = 1.5 𝐾0 [(𝑉/𝑉0 )−7/3 − (𝑉/𝑉0 )−5/3 ].

(3.6)

Note that the unit cell volume at each pressure is measured at 𝜑 = 54.7°.

3.3 Results and discussion
Ta0.05W0.95B, Ta0.25W0.75B and Ta0.50W0.50B solid solutions were individually compressed nonhydrostatically in DAC up to 52 GPa, 51 GPa and 65 GPa. Note that the diffraction patterns were
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collected at steps of ~4 GPa and the pressure was determined at 𝜑 = 54.7° by fitting the
equation-of-state of Pt40 to its unit cell volume. As can been seen in the two-dimensional image
(FIG. 3.1), the diffraction peaks shift toward higher diffraction angles with increased pressure.
Greater shifts are found in the high stress direction indicated with an arrow. The change from
circular to elliptic of diffraction rings is a result of differential stress, which is believed to be
related to the elastic limit of the sample. Note that the spotty pattern, which arises because of the
finite number of grains in the sample volume, prevents texture analysis. Examples of full
integrated low and high-pressure one-dimensional diffraction pattern of TaxW1-xB solid solutions
are shown in FIG. S3.2. The stick reference pattern given below the experimental diffraction
peaks is from the Joint Committee on Powder Diffraction Standards (JCPDS Card #00-0060541). As can be seen in the figure, all three WB solid solutions containing Ta crystallize in an
orthorhombic structure. A clear shift towards lower angle is observed with increasing Ta content
because the atomic size of Ta (1.49 Å) is larger than that of W (1.41 Å).41 Shifts to higher angle
are observed at higher pressure.
The pressure dependence of the lattice constants for TaxW1-xB solid solutions are summarized in
FIG. 3.2 and Table S3.2. There are no signs of phase transformations upon compression. In
addition, since TaB is fully miscible with WB, no pure metals or any other secondary phases are
found in the diffraction pattern across the entire pressure range, suggesting that extrinsic
hardening mechanisms2, 42 such as precipitation hardening or dispersion hardening are not
responsible for the observed increase in hardness (Table S3.1). The hardness enhancement in
TaxW1-xB solid solutions can thus be attributed to solid solution hardening driven either by the
atomic size mismatch between Ta and W, or by some electronic structure change resulting from
incorporation of elements of different valence electron count.
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To obtain the differential strain, peak positions as a function of the angle φ were fit according to
Eq. 3.2. An example of such fits with excellent linearity is shown in Figure S3.3 for the (200),
(020) and (002) lattice planes of Ta0.50W0.50B at a pressure of 42.4 GPa. This study focuses on
the role of metal composition in determining the directional-dependent mechanical properties.
The three orthogonal planes were therefore were chosen because they reflect the anisotropic
deformation behavior of the lattice constants a, b and c in the orthorhombic structure. The
intercept of each line gives the d-spacing under the hydrostatic equivalent stress, while the slope
yields the lattice strain. Because the shear modulus is not known for these solid solutions, that
data is left as the ratio of the differential stress to the aggregate shear modulus (t(hkl)/G), which
is equivalent to the differential strain. These t/G values for Ta0.05W0.95B (black), Ta0.25W0.75B
(red) and Ta0.50W0.50B (blue) is plotted as a function of pressure in FIG. 3.3. Although the shear
moduli across solid solutions were not measured, their variations with metal composition are
believed to be modest. 43 Therefore, the general trends in t(hkl)/G can be considered as good
qualitative indicators of trends in t(hkl).

FIG. 3.3(a) show data for t(020)/G ratio for the three samples. The trends are very similar in all
cases, with the ratio initially increasing linearly with pressure, then leveling off between 20-30
GPa and increases much more slower afterwards, ending with to a plateau, which can be
explained as the onset of plastic deformation or yield by a slip system.37 When the concentration
of Ta is first increased from 5% to 25%, no clear change in the plateau value is observed. If we
interpret the extent of supported differential strain as a yield strength estimate, this suggests that
at low doping level the hardness enhancement is not due to the strengthening of the [020]
direction i.e. b-axis. However, when 50% Ta is substituted for W, the t(020)/G ratio increased
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from 4.6% to 5.2% at the highest value, suggesting that strengthening of the b-axis by solid
solution hardening is becomes more important at higher doping levels.

As can be seen in FIG. 3.3b, the (002) plane supports a lower differential strain compared to the
(200) and (002) planes. This may indicate the [002] or c-axis is the weakest direction. In addition,
the t(002)/G of Ta0.05W0.95B shows a plateau indicative of plastic deformation in the 20-40 GPa
range with a t/G value of 1.5%, but at higher pressures, it resumes increasing. This high pressure
increase in differential strain may result from work hardening effects, which are not found in
either Ta0.25W0.75B or Ta0.50W0.50B. When the Ta concentration is increased from 5% to 25%, a
clear increase in t(002)/G ratio is observed, and the low pressure plateau disappears, suggesting
that solid solution effects may be preventing slip in this direction. However, with a further
increase in concentration to 50%, there is no more additional change in t(002)/G. This behavior
suggests that strengthening of the (002) plane produces large changes at low concentration of
heteroatoms, but that the effect saturates at higher solid solution fractions.

Unlike the (020) and (002) planes, the trend in the (200) plane shows no plateau across the entire
pressure range, indicating that the a-axis has not yielded by the highest pressure reached in this
expeirment (65 GPa, Fig. 3c). Given that the (200) supports the highest t/G ratio among the three
selected planes for all solid solution, the [200] or a-axis direction appears to be the hardest
direction.

One can gain some insights into the strength anisotropy by considering the structure of WB. As
shown in the inset, the a-axis is dominated by strong W-B bonds, which are believed to be the
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cornerstone of the materials strength for monoborides,44 while the b- and c-directions involve
fewer W-B bonds. In addition, the t(200)/G ratio of the three solid solutions present nearly the
same linear relationship with pressure, regardless of the dopant concentration, indicating that
solid solution hardening is not pronounced along the a-axis. In other words, the intrinsically
hardest direction cannot be further strengthened by solid solution hardening. Therefore, despite
the fact that Ta0.50W0.50B (and all the other compositions) reach a maximum in t(200)/G with a
value of 6.5% at 65 GPa, this plane does not slip at any modest pressure and so is not important
for controlling material failure.

Because of the highly anisotropic nature of this orthorhombic lattice it is useful to examine the
b/a ratio of WB solid solutions as a function of orientation (𝜑 = 0°, 54.7°, 𝑎𝑛𝑑 90°) as another
way to visualize the onset of plastic deformation. In a radial diamond anvil cell, whenever a
crystallite of orthorhombic TaxW1-xB is oriented with its b-axis along the maximum stress
direction (𝜑 = 0°), it will have its a-axis and c-axis oriented along the two minimum stress
directions (𝜑 = 90°). Therefore, a lattice b values measured in the high stress direction is always
paired with a lattice a values in the low stress direction, and vice versa. Paired b/a ratios can
thus be calculated at 𝜑 = 0°, 90°, and under isotropic conditions at 54.7°. In this data, a clear
discontinuous change in b/a ratio for the three solid solutions is observed in all orientations (FIG.
3.4). This discontinuity can be associated with the onset of plastic deformation and thus a
deviation from linear compressibility. In agreement with the trends in hardness, this onset value
is observed to increase from ~15 GPa for the 5% Ta sample, to 20-25 GPa for the 25% Ta
sample, to greater than 30 GPa for the 50% Ta sample.
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The incompressibility was determined by fitting the second-order Birch–Murnaghan equation-ofstate to the unit cell volume as a function of pressure as shown in Fig 4, Fig S4 and S5. The data
collected at low pressures in radial diffraction (non-hydrostatic compression) tend to show a
higher uncertainty because at low pressures the sample is not compact enough leading to a
nonuniform stress state. The bulk modulus values of Ta0.05W0.95B, Ta0.25W0.75B and Ta0.50W0.50B
are 341 ± 5, 340 ± 6 and 337 ± 3 GPa, respectively, which are all the same within experimental
error. The values from third order fitting are 329 ± 8, 327 ± 14 and 345 ± 5 GPa with pressure
derivative values of 4.6, 5.2 and 3.3. This result is somewhat surprising, given the bulk modulus
of TaB (277 GPa),45 which is much lower than WB (351 GPa).46 Note that the theoretical values
was calculated based on the generalized gradient approximation (GGA). The authors also
presented a bulk modulus value of 302 GPa for TaB, which is an average of the GGA and LDA
values and they believe it is more accurate. For many solid solutions, the bulk moduli is just a
linear combinations of the two end members, as found in Os1-xRuxB2 solid solutions. 47 This
divergence from Vegard’s Law may arise from the fact that tantalum is only one atomic number
less than tungsten, and so they have the same core electron count, which is believed to play an
important role in determining bulk modulus, in addition to the valence electron count.

3.4 Conclusions
We have compared the differential strain supported by TaxW1-xB solid solutions across
compositions to understand hardness enhancements in a lattice specific manner. When the
concentration of Ta is increased from 5% to 25%, plastic deformation in the (002) direction,
which is the weakest direction, is suppressed by solid solution hardening, indicating that
strengthening of the (002) direction is responsible for the hardness enhancement observed in
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going from Ta0.05W0.95B to Ta0.25W0.75B. With further addition of Ta up to 50%, there is no
further increase in the t(002)/G ratio, however, there is a slight increase in the plateau value of
t(020)/G at this highest Ta ratio, suggesting that strengthening of the b-axis may be responsible
for the hardness increase observed on going from Ta0.25W0.75B to Ta0.50W0.50B. No solid solution
hardening is found in the [200] direction, regardless of the dopant concentration. The a-axis, i.e.
the hardest direction, thus appears to provide little contribution to the hardness enhancement in
TaxW1-xB solid solutions. Calculated values of the b/a ratio allow us to visualize how the onset
of plastic deformation increases with increasing Ta content. Finally, examination of the bulk
modulus across compositions shows that they all have remarkably similar values, indicating that
changes in bulk modulus do not contribute to changes in hardness.
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FIG. 3.1. Representative 2D caked image pattern of Ta0.50W0.50B collected at (a) ambient
pressure and (b) 42.4 GPa was plotted as a function of azimuth angle and diffraction angle.
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FIG. 3.2. Measured lattice constants collected at 𝜑 = 54.7° for all three WB solid solutions as a
function of pressure. Error bars that are smaller than the size of the symbol have been omitted.
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FIG. 3.3. Evolution of the differential strain in each lattice direction for WB solid solutions with
Ta concentrations of 5%, 25% and 50%. Panels are: (a) t(020)/G, (b) t(002)/G and (c) t(200)/G
The insets show the crystal structure of the orthorhombic WB, with the boron atoms in green and
tungsten atoms in gray.
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FIG. 3.4. Orientation dependence of b/a for TaxW1-xB solid solutions as a function of pressure.
The labeled angle corresponds to the b-axis value used in the calculations. Ta0.05W0.95B,
Ta0.25W0.75B and Ta0.50W0.50B are in black, red and blue, respectively. A discontinuous change
in slope is observed for all samples, and the pressure of the discontinuity increases with
increasing Ta content.
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FIG. 3.5. Pressure dependence of unit cell volume for WB solid solutions under non-hydrostatic
compression. The volume data was collected at 𝜑 = 54.7°. The solid line in the plot is the best
fit of the second-order Birch–Murnaghan equation of state to the compression data. All values
are essentially the same within experimental error.
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TABLE S3.1. Vickers Hardness of WB Solid Solutions at Different Applied Loads
WB solid solution

0.49 N
35.5 ±2.5
38.0 ±1.4
42.8 ±2.6

Ta0.05W0.95B
Ta0.25W0.75B
Ta0.50W0.50B

Vickers hardness (GPa)
0.98 N
1.96 N
2.94 N
30.4 ±1.2
24.9 ±1.2
21.8 ±0.9
29.6 ±1.2
26.2 ±1.2
24.3 ±1.0
34.4 ±1.0
29.8 ±1.1
25.7 ±1.0

4.90 N
19.4 ±1.0
22.9 ±1.1
23.1 ±1.0

TABLE S3.2. Lattice Constants of WB Solid Solutions Doped with Ta at Elevated Pressure
Ta0.05W0.95B
P*
(GPa)

a (Å)

b (Å)

0

3.145(1)

2.0(7)

Ta0.25W0.75B
c (Å)

P*
(GPa)

a (Å)

b (Å)

8.481(9)

3.079(3)

0

3.194(1)

3.137(1)

8.467(4)

3.073(4)

3.0(6)

3.0(9)

3.137(6)

8.461(4)

3.070(4)

4.0(4)

3.130(6)

8.449(8)

11.0(1)

3.116(8)

15.0(1)

Ta0.50W0.50B
c (Å)

P*
(GPa)

a (Å)

b (Å)

c (Å)

8.528(5)

3.099(1)

0

3.221(3)

8.554(6)

3.124(1)

3.185(6)

8.503(6)

3.096(1)

2.0(1)

3.219(8)

8.526(8)

3.120(6)

5.0(6)

3.171(1)

8.467(2)

3.087(2)

4.0(7)

3.214(8)

8.517(2)

3.116(1)

3.066(4)

11.0(7)

3.153(2)

8.431(2)

3.071(4)

7.0(1)

3.205(1)

8.493(2)

3.107(6)

8.400(2)

3.051(6)

15.0(5)

3.142(8)

8.407(6)

3.061(4)

10.0(4)

3.195(4)

8.473(4)

3.097(6)

3.099(4)

8.373(6)

3.040(8)

18.0(1)

3.133(4)

8.390(6)

3.052(2)

12.0(4)

3.187(4)

8.455(6)

3.089(1)

20.0(7)

3.087(2)

8.338(8)

3.026(8)

22.0(5)

3.125(8)

8.373(6)

3.045(8)

18.0(8)

3.170(2)

8.425(1)

3.075(8)

24.0(1)

3.078(1)

8.302(2)

3.012(8)

28.0(5)

3.114(4)

8.354(2)

3.035(4)

21.0(5)

3.162(4)

8.413(8)

3.066(1)

27.0(9)

3.074(2)

8.287(1)

3.004(4)

30.0(5)

3.109(1)

8.339(8)

3.030(8)

25.0(4)

3.147(1)

8.383(4)

3.051(4)

30.0(9)

3.069(2)

8.270(2)

2.998(1)

33.0(7)

3.102(8)

8.316(8)

3.020(2)

31.0(1)

3.134(6)

8.349(4)

3.038(8)

33.0(8)

3.066(6)

8.256(1)

2.990(2)

36.0(7)

3.099(2)

8.310(4)

3.014(1)

35.0(2)

3.124(2)

8.333(4)

3.026(2)

35.0(2)

3.060(6)

8.239(1)

2.986(2)

39.0(6)

3.090(1)

8.283(2)

3.006(8)

37.0(1)

3.117(1)

8.317(4)

3.020(1)

40.0(5)

3.053(8)

8.214(6)

2.977(2)

43.0(1)

3.080(6)

8.260(2)

2.998(6)

42.0(4)

3.109(8)

8.277(1)

3.013(4)

42.0(9)

3.047(6)

8.200(2)

2.972(8)

45.0(1)

3.073(6)

8.250(6)

2.988(4)

47.0(1)

3.100(6)

8.254(2)

3.003(4)

44.0(3)

3.041(8)

8.186(1)

2.967(1)

51.0(3)

3.070(6)

8.229(6)

2.986(8)

51.0(2)

3.090(4)

8.237(6)

2.997(8)

48.0(1)

3.037(6)

8.173(4)

2.962(8)

54.0(8)

3.089(6)

8.225(4)

2.993(6)

50.0(5)

3.030(6)

8.165(4)

2.958(8)

60.0(2)

3.075(4)

8.196(1)

2.985(9)

52.0(3)

3.024(2)

8.143(8)

2.951(1)

65.0(6)

3.062(4)

8.161(7)

2.977(4)

*Errors in pressure are determined from the uncertainty of the lattice constant of Pt.
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FIG. S3.1. Crystal structure of (a) orthorhombic WB and (b) tetragonal WB.
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FIG. S3.2. Representative synchrotron X-ray diffraction full integration patterns with
broadening from strain for WB solid solution with 5%, 25% and 50% Ta addition at (a) low
pressure and at (b) high pressure. Pt was added as an in situ pressure internal standard.
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FIG. S3.3. The d-spacings of a Ta0.50W0.50B solid solution as a function of φ angle for data
collected at 42.4 GPa. The solid lines are the best linear fit to the data. The intercept of each line
gives the d-spacing under the hydrostatic equivalent stress, while the slope yields the lattice
strain.
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FIG. S3.4. Fits to the second-order Birch-Murnaghan equation-of-state for all three WB solid
𝑃
solutions given in terms of the normalized pressure (𝐹𝑣 = 3𝑓 (1+2𝑓 )2.5) and the Eulerian strain
𝑣

1

𝑣

2
𝑣0 3

(𝑓𝑣 = 2 (( 𝑣 ) − 1)). The straight line yields the ambient pressure bulk modulus. The variation
from the trend line is commonly found at low pressure for nonhydrostatic compression and
results from incomplete sample compaction at lower pressures.

FIG. S3.5. Fits to the third-order Birch-Murnaghan equation-of-state for all three WB solid
solutions.
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Chapter 4
Radial X-ray Diffraction Study of Superhard Early Transition Metal Dodecaborides Under
High Pressure

4.1 Introduction
With the rapid development of modern structural materials grows a pressing need for new
tools that shape and form them. Modern forming requires long-lasting cutting, grinding and
polishing tools, materials with high hardness and excellent toughness. Superhard materials, with
their Vickers hardness greater than 40 GPa, meet these stringent requirements.[1] Diamond, as
one of the most well-known superhard materials, possesses an extreme hardness of 70 - 110
GPa[2] in its single crystal form and a bulk modulus (K) of 442 GPa;[3] however, it is not suitable
for machining ferrous metals due to the formation of brittle carbides which shortens its
lifetime.[4,5] Moreover, because of its poor oxidative stability, diamond cannot be used in air at
high temperatures.[6]
Despite these drawbacks, exploration into the origin of superhardness in diamond still
provides valuable insights into what makes diamond superhard, and guides the development of
new superhard materials. It is believed that the high shear modulus of diamond stems from the
three-dimensional network of strong, short carbon-carbon covalent bonds, while its high bulk
modulus arises from its high valence electron density (0.705 electrons/Å3); together, these make
diamond superhard. Tungsten tetraboride (WB4) exemplifies these design rules, with a high
Vickers hardness (Hv = 43.3 ± 2.9 GPa under a load of 0.49 N),[7,8] relatively easy synthesis at
ambient pressure, as well as low cost and good incompressibility (K = 324 ± 3 GPa).[9] The high
valence electron density in tungsten mirrors the ultra-incompressibility of diamond, and this,
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combined with a network of rigid boron cages,[10] mimics the bonding motif in diamond, which
transforms the originally soft elemental W (Hv = 3.4 - 4.6 GPa)[11] into superhard WB4.[12,13] As
can be seen in FIG. 4.1a, WB4 consists of alternating hexagonal layers of boron and tungsten
with partially occupied sites. The boron atoms sitting in the unoccupied W sites and those in the
hexagonal layers form distorted cuboctahedral cages.[14] These rigid boron cages bind the boron
sheets together, and thus help pin dislocation motion along the primary basal slip system in the
hexagonal lattice. Because of this 3-D boron network, WB4 also shows less strength anisotropy,
confirming the positive influence of cage structures in developing next generation superhard
materials.[15] Moreover, dodecaboride forming metals (Zr, Y, Er, Tb, Ho and Dy) can be added to
WB4, generating remarkable surface morphologies, which enhance the extrinsic hardness of this
tetraboride.[16]
This finding inspired us to turn our attention to the metal dodecaborides (MB12) such as YB12,
ZrB12 and their solid solutions, which have the ultimate cage structure as shown in FIG. 4.1b. In
MB12, the metal atoms occupy octahedral sites of this cubic structure at the corners and face
centers forming a FCC lattice ( 𝐹𝑚3̅𝑚 ). Each metal atom is located at the center of a
cuboctahedral cluster (blue in color) formed by 24 borons. Smaller clusters (black), formed by 12
borons, can be found at edge centers and body centers.[ 17 , 18 ] Note that the occurrence of
cuboctahedral clusters in WB4 is at most one for every four metal atoms, whereas it is one per
metal atom in MB12 structures. Moreover, both the slightly longer red boron-boron bond
distances and the shorter green bond distances in FIG. 4.1b for MB12, for MB12, are shorter than
those in WB4 and ReB2,[19,20,21] suggesting the potential for high hardness in MB12. Indeed,
Akopov et al.[22,23,24] have recently synthesized ZrB12, YB12 and Zr1-xYxB12 solid solutions at
ambient pressure by arc-melting. The micro-indention hardness tests show that all these
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dodecborides are superhard, as expected, with the highest Vickers hardness of 45.8 ± 1.3 GPa at
an applied load of 0.49 N achieved by Zr0.5Y0.5B12. The hardness for YxZr1-xB12 solid solutions at
different loads can be found in FIG. S4.1. In addition, Ma et al.[25] found that ZrB12 is not only
superhard, but also highly electrically conductive with a resistivity of only 18 µΩ·cm at room
temperature resulting from the network of boron clusters. Their hardness test on ZrB12 single
crystals suggest that, like diamond, it is mechanically isotropic in the {100}, {110} and {111}
planes.
Interestingly, all metal dodecaborides stable at ambient pressure have stringent requirements
on the metal atoms radii, with zirconium (rat =1.55 Å, rCN=12 = 1.603 Å) forming the
dodecaboride with the smallest lattice parameter, and yttrium (rat = 1.80 Å, rCN=12 =1.801 Å) the
largest.[26,27] As a result, the unit cell volumes for ZrB12 (405.5 Å3) and YB12 (422.7 Å3) are the
lower and upper bounds necessary to meet the size requirement for stable dodecaborides,
respectively. The Vickers hardness and bulk modulus for ZrB12 has been measured,25 but only
under hydrostatic conditions,[28] and non-hydrostatic conditions more closely resembling those
under an indenter’s tip in a micro-indentation hardness test[29] have not yet been examined. For
YB12, the volume compression behavior at high pressure has yet to be studied in any form.
Additionally, although there are some theoretical calculations about the elastic stiffness constants
for transition metal dodecaborides,[25,30,31] direct experimental measurements have hitherto not
been performed. Finally, and perhaps most importantly, the mechanisms for the hardness
enhancement in Zr0.5Y0.5B12 and the solid-solution induced change in compressibility are also not
clear.
Here we have performed radial X-ray diffraction (RXRD)[32,33,34] experiments under nonhydrostatic compression on ZrB12, YB12 and Zr0.5Y0.5B12 with the goal of determining their bulk
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moduli and examining differential stress for each sample in a lattice plane specific manner up to
~60 GPa. Note that the plateau value of the differential stress has been considered as a good
estimate of yield strength for many materials,[35-42 ] which in turn is strongly related to the
hardness. The lattice specific differential stress, which can only be measured from radial
diffraction rather than the traditional axial diffraction, can thus provide significant insights into
materials hardness. The non-hydrostatic stress also needs to be taken into account even for axial
diffraction when determining bulk modulus, because a completely hydrostatic environment
cannot be maintained above 15 GPa due to the freezing of all pressure transmitting medium at
room temperature.[43,44,45] Diffraction in a radial geometry thus provides insight into both the
elastic and plastic behavior of these materials.
4.2 Experimental procedure and theory
ZrB12, YB12 and Zr0.5Y0.5B12 were synthesized by arc melting from the elements of zirconium
(99.5%, Strem Chemicals, USA), yttrium (99.9%, Strem Chemicals,USA), and amorphous boron
(99+%, Strem Chemicals, U.S.A.) powder. The molar ratio of metal to boron was kept at 1:20 in
order to suppress the formation of lower borides such as diborides (MB2) or hexaborides (MB6).
In the synthesis, all components were thoroughly mixed together using an agate mortar and
pestle. Subsequently, the mixture was transferred to a stainless steel die and was pressed into
pellets using a hydraulic Carver press under ~10 tons. The pellets were then arc melted, under
argon to avoid oxidation, with a ~100 Amp DC current for 1−2 min. The fused ingots were rearced multiple times to ensure homogeneity. The resultant ingots were then ground to fine
powders using a Plattner-style hardened tool-steel mortar and pestle set (Humboldt Mfg., Model
H-17270) followed by screening with a No. 635 mesh (20 µm) sieve (Humboldt Mfg.).
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The in situ high pressure radial X-ray diffraction measurements were performed using a
panoramic DAC with a culet size of 300 µm at synchrotron beamline 12.2.2 at the Advanced
Light Source (ALS, Lawrence Berkeley National Lab). The boron gasket (~400 µm in diameter
and ~70 µm in thickness) was made of amorphous boron and epoxy[46] with a laser drilled hole
(~50 µm in diameter) at the center as the sample chamber. Powders was loaded individually into
the sample chambers of separate DACs and then a small piece of Au foil (~20 µm) was placed
on the top of the sample as a pressure indicator. No pressure-transmitting medium was used to
ensure the existence of non-hydrostatic stress in the DAC. More technical details for the DAC
can be found in Ref. 47.
In the radial diffraction experimental geometry, the incident monochromatic X-ray beam (20
KeV in energy, 20×20 µm in beam size) was oriented perpendicular to the compression direction.
The diffracted intensity was recorded using an MAR-345 image plate and the pressure was
increased in steps of ~4 GPa. Calibration of the sample-to-detector distance, beam center and
detector tilt were carried out by using a CeO2 standard and the program FIT2D.[ 48 ] Each
diffraction line from the azimuthally unrolled diffraction patterns, with 0° and 180°
corresponding to the low stress directions and 90°and 270°the high stress directions as shown in
Figure 2, was analyzed in program Igor Pro (WaveMetrics, Inc.) using lattice strain theory[49,50,51]
to study the stress state of samples under non-hydrostatic compression.
In radial diffraction, the differential stress t is the difference between 1, the radial stress
component, and 3, the axial stress component, and it can be considered as the lower-bond of the
material’s yield strength according to Von Mises yield criterion:[52]
𝑡 = 𝜎3 − 𝜎1 ≤ 2𝜏 = 𝜎𝑦 ,
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(4.1)

where  is the shear strength and y is the yield strength.
The observed d-spacing, dm(hkl) is a function of dp(hkl), the d-spacing under the hydrostatic
pressure, and 𝜑 , the angle between the diamond cell loading axis and diffraction plane
normal,[26,50,28] as given by:
𝑑𝑚 (ℎ𝑘𝑙) = 𝑑𝑝 (ℎ𝑘𝑙)[1 + (1 − 3cos2 𝜑)𝑄(ℎ𝑘𝑙)], (4.2)
where 𝑄(ℎ𝑘𝑙) is the orientation dependent lattice strain,[53] which is given by
𝑡

𝑄(ℎ𝑘𝑙) = (3) {𝛼[2𝐺𝑅 (ℎ𝑘𝑙)]−1 + (1 − 𝛼)(2𝐺𝑉 )−1 }. (4.3)
Here 𝐺𝑉 and 𝐺𝑅 (ℎ𝑘𝑙) are the Voigt shear modulus under iso-strain[54] conditions and Reuss shear
modulus under iso-stress[55] conditions, respectively. For cubic symmetry, the 𝐺𝑉 can be written
as a function of elastic stiffness moduli:[56]
5𝐺𝑉 = 𝑐11 − 𝑐12 + 3𝑐44 . (4.4)
The expressions for 𝐺𝑅 (ℎ𝑘𝑙) in terms of elastic compliances [𝑆𝑖𝑗 ], is
𝐺𝑅 (ℎ𝑘𝑙) = 0.5[𝑆11 − 𝑆12 − 3𝛤(ℎ𝑘𝑙)(𝑆11 − 𝑆12 − 0.5𝑆44 )]−1 , (4.5)
where 𝛤(ℎ𝑘𝑙) = (ℎ2 𝑘 2 + 𝑘 2 𝑙 2 + 𝑙 2 ℎ2 )⁄(ℎ2 + 𝑘 2 + 𝑙 2 )2 .[28] As shown in Eq. (4.3), he actual
shear modulus of a randomly oriented polycrystalline sample is neither 𝐺𝑅 (ℎ𝑘𝑙) nor 𝐺𝑉 , but a
weighted average of the two with an unknown weight given by . Approximately, the
differential stress can be written as a function of aggregate shear modulus, and average lattice
strain over observed diffraction peaks, < 𝑄(ℎ𝑘𝑙) >, as follows:[26]
𝑡 = 6𝐺 < 𝑄(ℎ𝑘𝑙) >.

73

(4.6)

As indicated in Eq. (4.2), 𝑑𝑚 (ℎ𝑘𝑙) shows a linear variation as a function of (1 − 3cos 2 𝜑)
with a slope of 𝑑𝑝 (ℎ𝑘𝑙)𝑄(ℎ𝑘𝑙) and an intercept of 𝑑𝑝 (ℎ𝑘𝑙) ( with x = 0 corresponding to 𝜑 =
54.7°). The 𝑄(ℎ𝑘𝑙) resolved from the slope can be used to evaluate and describe contributions
from both plastic and elastic deformation,[ 57 , 58 ] while the 𝑑𝑝 (ℎ𝑘𝑙) obtained from the zero
intercept enable us to study its hydrostatic volume compression behavior. The bulk modulus, 𝐾0 ,
and its pressure derivative, 𝐾0′ , can thus be determined by fitting the compression curve derived
from radial diffraction data at the magic angle (𝜑 = 54.7°) to the third order Birch-Murnaghan
equation-of-state (EOS),[59]
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(4.7)

Eq. (4.3) and (4.5) suggests that a plot of 𝑄(ℎ𝑘𝑙) vs 3𝛤(ℎ𝑘𝑙) should show a straight line with an
intercept of 𝑚0 and a slope of 𝑚1 , given by,
𝑚0 = (𝑡/3)(𝑆11 − 𝑆12 )

(4.8)

𝑚1 = −(𝑡/3)(𝑆11 − 𝑆12 − 𝑆44 /2)

(4.9)

if we take the Reuss condition (𝛼 = 1). The third equation needed to calculate all the three
independent [𝑆𝑖𝑗 ] terms for a cubic system is thus obtained from the bulk modulus and is given
by,
𝐾 = 1/[3(𝑆11 + 2𝑆12 )].

(4.10)

4.3 Results and discussion
ZrB12, YB12 and Zr0.5Y0.5B12 were individually compressed under non-hydrostatic conditions
in the DAC up to ~60 GPa. Radial diffraction patterns were recorded at steps of ~4 GPa, and the
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pressure was derived from the equation-of-state of Au,[60] using its measured unit cell volume at
𝜑 = 54.7°, which produces lattice deformations equivalent to those obtained under hydrostatic
conditions. Representative XRD patterns are shown in FIG. 4.2, and the experimental data are
indexed and compared to the stick reference patterns from the Joint Committee on Powder
Diffraction Standards (JCPDS) and Ref. 22. Each sample maintains their cubic structure up to
the highest pressure in our experiments, and a clear shift towards higher angles can been
observed with increasing pressure, indicating a decrease in unit cell volume with increasing
compression.
In addition to the dodecaboride phase, the peaks labeled with solid star symbols stem from
diffraction from the boron gaskets, as indicated by the fact that they do not shift with pressure.
This can be confirmed from the azimuthally (0-360º) unrolled cake patterns where the diffraction
lines for the dodecaboride phase becomes curved at high pressure due to the non-hydrostatic
compression. Here the high stress direction and low stress directions are labeled with red arrows.
Any diffraction peaks that remain straight during the compression are not under pressure. The
ambient pressure patterns were not collected in the DAC, and therefore they do not contain
diffraction signals from the boron gasket, which is generally unavoidable for high pressure radial
diffraction data. Fortunately, the diffraction from the boron gasket does not affect the
measurements, because these high-pressure experiments are conducted in a lattice specific
manner. Since the diffraction from the boron gasket does not overlap with the phase of interest
and they do not shift with the pressure as shown in FIG. 4.2, they can be clearly identified and
introduce no ambiguity to the results. Moreover, the fact that the diffraction lines for the boron
gasket are all straight, rather than curved, indicates that the majority of the gasket is not under
pressure, and that the specimen is indeed the load bearing material.
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In addition to the boron gasket, we found that the YB12 sample contains an impurity phase of
YB66 that is labeled with an open star symbol and is present across the studied pressure range in
FIG. 4.2c. YB66 possesses a giant cubic unit cell containing 1584 boron atoms and 24 Y
atoms.[22] Since it has no overlapping diffraction peaks with the phase of interest, the impurity
phase can be recognized unambiguously and the data analysis for YB12 is not affected. Given
that the diffraction lines (111), (200) and (311) have the highest intensity among the observed
patterns and can be detected at all pressures, we chose these three peaks to define the volume
deformation behavior and strength anisotropy for each sample.
The pressure dependence of the d-spacings and lattice constants for ZrB12, YB12 and
Zr0.5Y0.5B12 are summarized in FIG. 4.3 and Table S4.1. Note that all the d-spacings were
measured at the hydrostatic equivalent direction and that the data collected under decompression
are labeled with open symbols. The errors for the pressure at each compression step are shown in
Table S1 and the values are typical of those obtained in other radial diffraction experiment. The
difference in atomic size between Zr and Y is relatively small (<15%), but as shown in Figure 3,
because data is collected across a range of pressure, different trends across the three materials
can be easily distinguished. As can be seen in the figure, the d-spacings show a continuous linear
decrease as a function of pressure without any abrupt variations, suggesting that the samples are
able to maintain the cubic structure upon compression and decompression up to ~60 GPa.
Vegard’s law states that the lattice constant of a solid solution should be a linear combination
of the lattice constants of its two constituents.[61] The lattice constant for Zr0.5Y0.5B12 measured at
ambient pressure (7.454 Å) is in good agreement with the predicted value calculated using
Vegard’s law (7.453 Å), indicating that ZrB12 and YB12 form a nearly ideal solid solution. For a
series of lower pressures shown in FIG. 4.3, the d-spacings for Zr0.5Y0.5B12 continues to lie
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essentially halfway between ZrB12 and YB12, suggesting it also follows Vegard’s law at modest
pressure. This is attributed to the fact that all materials have the same cubic-UB12 (𝐹𝑚3̅𝑚)
structure, similar electronegativities for the metals, and relatively small differences in their radii
(<15%). As the pressure increases, however, the d-spacings for Zr0.5Y0.5B12 begin to deviate from
the average value of ZrB12 and YB12 and approaches the YB12 boundary, indicating deviation
from Vegard’s law at higher pressure. Interestingly, the d-spacings of the (200) lattice plane for
Zr0.5Y0.5B12 even crosses over the YB12 at ~35 GPa, indicating significantly decreased
compressibility for the Zr0.5Y0.5B12 solid solution.
One possible explanation for this behavior is that the lattice constant for Zr0.5Y0.5B12 is
fundamentally too small for the Y atoms even though it follows Vegard’s law at ambient
pressure. As mentioned above, Zr and Y represent the lower and upper bounds in size for metals
that can coordinate with 12 boron atoms. The fact that the d-spacings for Zr0.5Y0.5B12 are closer
to the YB12 values imply that repulsion between the larger Y atom and the boron cage limits the
compressibility of this system at higher pressures. In other words, the unit cell for the
Zr0.5Y0.5B12 can be thought of as being partly pre-compressed at ambient pressure to
accommodate the conflicting energetic need to avoid repulsion between Y and the boron cage
and to optimize bonding between Zr and the boron cage. Because of the rigid structure of the
material, which cannot distort to simultaneously satisfy both demands, and because of the
increasing energetic dominance of the repulsive interactions at high pressure, the observed lattice
evolution occurs. The corollary is that the solid solution may have greater capability to resist
further compression.
The pressure dependent peak position was then used to calculate the fractional unit cell
volume for each sample as a function of pressure in the range from 0 GPa to ~60 GPa, as shown
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in FIG. 4.4. The compression data were fit to the third order Birch-Murnaghan equation-of-state
yielding a bulk modulus of 276 ± 7 GPa (𝐾0′ = 2.0 ± 0.4), 238 ± 6 GPa, (𝐾0′ = 3.0 ± 0.1) and 320
± 5 GPa (𝐾0′ = 1.2 ± 0.1) for ZrB12, YB12 and Zr0.5Y0.5B12, respectively. The equation-of-state in
terms of normalized pressure and Eularian strain[62] including the second order fitting results can
be found in FIG. S4.2. Zr0.5Y0.5B12, which is the hardest of the three compounds, also possesses
the highest incompressibility among the three samples, for the reasons discussed above. It
therefore supports our assumption that incompressibility is a design parameter for high hardness.
The trends in the other materials can also be rationalized: bulk modulus is directly related to the
valence electron density.[4,63] Zirconium has one electron more than yttrium and is also smaller
than yttrium in atomic size, suggesting that the valence electron density for ZrB12 is higher than
for YB12. This is in good agreement with the trends in bulk modulus.
To improve confidence in the use of non-hydrostatic data to determine the bulk modulus, we
also make comparisons to previously reported values for ZrB12. Due to the lack of a previously
reported third-order value for bulk modulus, here we compare only the second-order value. Our
measured value for ZrB12 (K0 = 245 ± 5 GPa obtained from second-order fitting with fixed 𝐾0′ =
4) is consistent with the theoretical value of 243.5 GPa[30] and previous experimental values of
234-249 GPa[64,65] within the uncertainty. It is, however, slightly higher than the value of 221 ±8
GPa reported by Ma et al.[25] The difference may arise from the intrinsic difficulty in performing
high pressure X-ray diffraction on compounds that have low metal contents such as
dodecaborides.
Bulk modulus is a measure of elastic deformation reflecting the resistance to the volume
change with respect to pressure. It is not, however, directly related to the hardness which is the
resistance to plastic deformation. There are many factors that contribute to hardness such as the
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strength and directionality of interatomic bonds, defect density, micro- or nano-structuring, and
grain size. The yield strength is believed to be one of the most significant determining factors for
hardness. By running radial diffraction, we are also able to measure the ratio of yield strength to
the shear modulus (t/G), known as differential strain, in a lattice specific manner, in addition to
measuring bulk modulus.
Figure 4.5 shows the dependence of the d-spacings as a function of (1 − 3cos 2 𝜑) for the
selected planes at the highest pressure, which presents the expected linear variation according to
Equation 2. 𝑄(ℎ𝑘𝑙) can be extracted from the slope of each line and it is directly related to t/G,
as indicated in Equation 3. Values of t/G for selected planes are plotted as a function of pressure
for ZrB12 (black), YB12 (red) and Zr0.5Y0.5B12 (blue) in FIG. 4.6. The t(111)/G, t(200)/G and
t(311)/G for the three samples show similar behavior at the beginning of compression. They all
increase almost linearly when the pressure is lower than ~40 GPa indicating the samples are still
within the elastic regime. Upon further compression, the rate slows and eventually plateaus for
YB12 and Zr0.5Y0.5B12, which indicates the beginning of plastic deformation. This is the point
where t has reached its limiting value and should correspond to the yield strength. Note that
because yielding behavior occurs across a range of pressure in the plateau region of the
differential strain/stress curve, this value is an idea way to compare samples, because it is not
affected by the pressure step size or details of sample loading. Interestingly, the t/G ratios for
ZrB12 also exhibit a plateau at pressure of 40-50 GPa. This plateau is then followed by a decrease
at pressures higher than ~50 GPa, indicating a strain softening phenomenon. This may due to the
grain boundary sliding or grain rotation at such high pressures.[66-70] Alternatively, the stress may
be released through a new slip system enabled by pressure-induced bond rearrangement, a
phenomenon previously observed by our group for WB4.[9] Additional investigations using
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simulations or texture analysis would be needed to verify the dominant mechanisms for plastic
deformation at high pressure. Given that the (111) plane for the three samples always supports
the lowest t/G ratio, it is very likely to be a slip plane, which is consistent with the slip system of
{111}

[1̅1̅2] reported for ZrB12.[25]

We note that materials with high differential strain (t/G) are not necessarily hard, since a very
low shear modulus like that found in a soft elastic material can also produce a high strain.
Because of this, it is important to calculate t in addition to t/G, something that is often hampered
by a lack of measured values of G. Here we use the theoretical shear modulus of 204 GPa for
ZrB12 and 220 GPa for YB12.[30] Since neither a computational nor experimental shear modulus
for Zr0.5Y0.5B12 has been reported, we used the average of the values for the two end members as
an approximation. We acknowledge that this choice of a shear modulus is not ideal because the
shear modulus is influenced by variations in composition for solid solutions. For hard materials
and especially for transition metal borides, however, the shear modulus does not generally
change very much across a family of compounds, and so the average value has been shown to be
a reasonable approximation of the solid-solution value.[71] The shear moduli at elevated pressures
were approximated by extrapolating the zero-pressure values using the pressure derivative dG/dP
of 1.5, which is typical for ceramics,[72] and is also used for transition metal borides such as
WB,[73] WB4[15] and boron rich superhard materials such as B6O.[74]
To look at trends in the differential stress, we looked at the average value of t for each
materials, as shown in FIG. 4.7. Because the trends in each lattice plane are so similar up to 50
GPa, we use an average value obtained by taking the average of the t(111), t(200) and t(311)
values, and compared these curves with ReB2 and WB4 in FIG. 4.7. A remarkably good
correlation between the trends in hardness and the trends in the plateau values of the differential
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stress can be found across all five samples. As can be seen in the figure, Zr0.5Y0.5B12 supports the
highest differential stress with a plateau value of 17.5 GPa followed by YB12 and ZrB12. This is
indeed consistent with our hardness test where the solid solution shows the highest hardness.
Both the hardness and plateau stress of WB4 approach that of Zr0.5Y0.5B12, while ReB2 is more
similar to ZrB12 in both hardness and plateau stress. Note that the hardness values for ZrB12 and
YB12 are very close, while YB12 supports a higher differential stress. This is potentially because
the indentation hardness is affected by both intrinsic (i.e. strength and directionality of bonding,
composition and crystal structure) and extrinsic factors (i.e. grain size and nanotwinned
structures).[75] In radial diffraction, we measured the deformation behavior for the lattice, which
only reflects the intrinsic strength of the material;[76,77] allowing us to distinguish these two
factors. The fact that ZrB12 supports a lower differential stress than YB12 could suggest that some
extrinsic hardening effects may be active in ZrB12.
Knowing t and K, we can then determine the elastic stiffness constants using Eq. (4.8), (4.9)
and (4.10). These calculations are performed only for the two end members because of the lack
of an accurate shear modulus for the solid solution may induce errors in the value of t. The
dependence of 𝑄(ℎ𝑘𝑙) on 3 𝛤(ℎ𝑘𝑙) at representative pressures are plotted in FIG. S4.3 and show
the expected linear variation. The pressure dependent elastic constants for ZrB12 and YB12 are
shown in FIG. 4.8. Note that the moduli at low pressures are not plotted because the error in t is
higher at low pressure, and so these low-pressure values are unreliable. The solid line in the
figure is the best fit to the third-order finite strain equation yielding the ambient values of elastic
moduli. The plot of normalized elastic constants varying with Eularian strain can be found in
FIG. S4.4. The larger value of c11 for ZrB12 suggests that it has a higher linear incompressibility
along the <100> direction. For cubic symmetry, the bulk modulus strongly depends on c11 and
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c12, with higher values of c11 and c12 resulting in a higher bulk modulus. The high values of c44
for YB12 reflects greater capability to prevent shearing along [100], implying better yield
strength, which is consistent with our differential stress data.
Given these [𝑐𝑖𝑗 ] values, we can then examine the Zener ratio, 2c44/(c11-c12), to see if these
materials are elastically isotropic. The Zener factors for ZrB12 and YB12 are 1.2 and 1.7
respectively, suggesting that neither of them is isotropic, but the extent of anisotropy is quite
weak, especially for ZrB12 since its ratio is closer to unity. Most diborides such as OsB2 and
ReB2 consist of alternating metal and boron layers, which lacks the constrained bonding between
layers leading to much higher anisotropy. The 3-D covalent network of boron cages in the
dodecaborides should be more structurally isotropic. Like diamond, dodecaborides belong to the
isotropic face centered cubic Bravais Lattice. Their anisotropic nature can also be observed
qualitatively in FIG. 4.6, where the difference in t/G for the three planes for ZrB12 is smaller
compared to the other two samples.
Finally, the differential stress under the Reuss condition for ZrB12 and YB12 was calculated
using the elastic stiffness constants according to Equation (5) and are plotted in Figure 9. We
note that the values under the Voigt condition are not included because the elastic moduli were
obtained using the assumption of Reuss conditions. As can be seen in the figure, the trends are
very similar to those shown in Figure 6, with the (200) plane for YB12 supporting the highest
differential stress with a plateau value of 16-18 GPa, while the (111) plane shows the lowest t
value. A similar trend in t(hkl) can be observed for ZrB12, but note that the yield strength of its
strongest plane is still slightly lower than that of the weakest plane for YB12 confirming that
YB12 is intrinsically harder than ZrB12.
4.4 Conclusions
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ZrB12, YB12 and Zr0.5Y0.5B12 were studied and compared using synchrotron based X-ray
diffraction under non-hydrostatic compression up ~60 GPa. The hydrostatic compression curves
were obtained at 𝜑 = 54.7° and used to calculate bulk moduli by fitting to the third order BirchMurnaghan equation-of-state. Zr0.5Y0.5B12 was found to be the least compressible, followed by
ZrB12 and YB12. Lattice-dependent strength anisotropy was further investigated. We found that
the (200) plane supports the greatest differential stress, while the (111) supports the least and is
likely a slip plane. The high differential stress measured for Zr0.5Y0.5B12 is in good agreement
with its high hardness and likely arises from solid solution hardening stemming from the atomic
size mismatch between Zr and Y and the rigidity of the boron cage network. The data further
indicate that YB12 may be intrinsically harder than ZrB12, especially at high pressure, due to the
occurrence of strain softening for ZrB12 above ~50 GPa. Finally, three independent elastic
constants, c11, c12 and c44, were determined for YB12 and ZrB12, which enable us to deduce the
directional yield strength for each plane. Besides high harness and bulk modulus, the extent of
elastic anisotropy for these materials was found to be low, making them desirable materials for
applications such as hard protective coatings. The study on this family of metal dodecaborides
allows us to understand the role of cage structures and provides valuable insights into the design
rules for new superhard materials.
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FIG. 4.1. A polyhedral view of crystal structures of (a) WB4 and (b) metal dodecaborides.
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FIG. 4.2. Representative synchrotron 1-D X-ray diffraction patterns and 2-D azimuthally
unrolled patterns with increasing pressure for (a),(b) ZrB12 (c),(d) YB12 and (e),(f) Zr0.5Y0.5B12.
Au was used for the in situ pressure calibration.
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FIG. 4.3. Measured d-spacings for (111), (200) and (311) as a function of pressure. Error bars
that are smaller than the size of the symbols have been omitted.
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FIG. 4.4. Hydrostatic compression curves of ZrB12 (black), YB12 (red) and Zr0.5Y0.5B12 (blue)
obtained at 𝜑 = 54.7°. The solid line is the best fitting line to the 3rd-order Birch-Murnaghan
equation-of-state.
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FIG. 4.5. Dependence of overserved d-spacings on (1 − 3cos2 𝜑). The solid lines are the best
linear fit to the data.
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FIG. 4.6. Ratio of differential stress t to aggregate shear modulus G as a function of pressure.
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FIG. 4.7. Evolution of average differential stress for studied dodecaborides and selected other
representative superhard materials (from Ref. 15) as a function of pressure.
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FIG. 4.8. Elastic moduli of ZrB12 and YB12 as a function of pressure.
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FIG. 4.9. Differential stress as a function of pressure for selected lattice planes in ZrB12 and
YB12 under Reuss (iso-stress) condition.
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Fig. S4.1. Vickers micro-indentation hardness of YB12, ZrB12 and Zr0.5Y0.5B12.
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Fig. S4.2. Normalized pressure (F) vs. Eularian strain (f) for (a) ZrB12 (b) YB12 and (c)
2

Zr0.5Y0.5B12, where 𝐹 =

𝑃
3𝑓 (1+2𝑓)2.5

and 𝑓 =

1

𝑉 3
(2)[( 𝑉0 )

− 1]. The intercept of the line yields the

ambient pressure bulk modulus (𝐾0 ) and slope yields pressure derivative (𝐾0′ ). Note that the red
line indicates 3rd order fitting while the black line is the 2nd order fitting.
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(b)

FIG. S4.3. Q(hkl) as a function of 3𝛤(ℎ𝑘𝑙) at selected pressures for (a) ZrB12 and (b) YB12.
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(b)

Fig. S4.4. Normalized elastic constants (Dij) vs. Eularian strain (f) for (a) ZrB12 and (b) YB12,
where 𝐷𝑖𝑗 =

𝑐𝑖𝑗 +𝑃𝛥𝑖𝑗
(1+2𝑓)3.5

2

and 𝑓 =

1

𝑉 3
(2)[( 𝑉0)

− 1] . Note that 𝛥𝑖𝑗 takes on a value of -3 for

longitudinal and off-diagonal elastic moduli, -1 for the shear moduli.
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TABLE S4.I. Compression data for ZrB12, YB12 and Zr0.5Y0.5B12.
ZrB12
P (GPa)
0
1.0(2)
4.0(4)
10.0(2)
13.0(4)
16.0(3)
19.0(5)
23.0(4)
26.0(5)
29.0(1)
35.0(4)
38.0(1)
42.0(5)
44.0(2)
48.0(1)
52.0(2)
53.0(2)
56.0(1)
58.0(3)
59.0(3)
46.0(1)*
2.0(1)*

YB12
a (Å)
7.401(7)
7.386(1)
7.375(1)
7.311(8)
7.284(6)
7.260(4)
7.246(3)
7.204(1)
7.188(7)
7.155(4)
7.119(6)
7.108(4)
7.080(6)
7.061(8)
7.040(6)
7.018(4)
7.004(8)
6.986(8)
6.976(8)
6.964(1)
7.052(3)
7.383(1)

P (GPa)
0
2.0(1)
5.0(2)
8.0(5)
15.0(1)
18.0(3)
21.0(2)
24.0(5)
27.0(2)
32.0(2)
37.0(1)
42.0(2)
46.0(1)
49.0(4)
52.0(3)
54.0(4)
56.0(3)
51.0(4)*
39.0(4)*
1.0(1)*

a (Å)
7.505(1)
7.485(5)
7.455(3)
7.416(7)
7.358(2)
7.337(4)
7.312(1)
7.293(8)
7.261(7)
7.232(4)
7.184(3)
7.142(5)
7.120(7)
7.093(4)
7.079(7)
7.063(8)
7.049(4)
7.088(8)
7.180(1)
7.499(5)

The data labeled with * were collected upon decompression.
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Zr0.5Y0.5B12
P (GPa)
a (Å)
0
7.454(9)
3.0(1)
7.432(8)
9.0(2)
7.388(1)
14.0(1)
7.354(3)
17.0(2)
7.328(4)
21.0(1)
7.295(2)
26.0(4)
7.265(1)
29.0(1)
7.239(2)
34.0(1)
7.202(4)
39.0(4)
7.169(7)
42.0(4)
7.148(2)
46.0(5)
7.126(6)
49.0(5)
7.104(5)
52.0(5)
7.084(9)
55.0(5)
7.065(6)
56.0(3)
7.059(3)
57.0(2)
7.049(6)
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Chapter 5
Using Nanoscale Size Effects and Solid Solution Behavior to Enhance Hardness in
Superhard Rhenium/Tungsten Diborides
5.1 Introduction
As new state-of-the-art materials and metals are discovered and synthesized, the demand for
materials capable of cutting, forming, and shaping those new materials grows. Diamond, the
world’s hardest natural material, cannot be effectively used for cutting and drilling ferrous metals
because of its poor thermal stability in air and its tendency to form carbides. 1-3 Cubic boron
nitride (c-BN), an alternative to diamond, is of interest because of its high hardness and excellent
chemical stability,4 but high pressure is a necessary to synthesize c-BN, which again limits its
use. In 2007, rhenium diboride (ReB2) was successfully synthesized by arc melting at ambient
pressure. 5 ReB2 shows a third order bulk modulus of 340 GPa6 and a Vickers hardness (Hv) as
high as 40.5 GPa7 under an applied load of 0.49 N. Although its hardness value only narrowly
surpasses the threshold for superhard materials (Hv >40 GPa), it is still capable of scratching a
natural diamond.8
It has been reported that the hardness of ReB2 can be increased to ~48 GPa via solid solution
hardening (i.e. Re1-xWxB2) where tungsten is added into the host lattice. 9 Interestingly, pure
tungsten diboride (WB2) has been shown to be ultra-incompressible, but not superhard, 10 -15
because it takes a crystal structural that is intermediate between that of ReB2 (P63/mmc, contain
corrugated boron layers in alternation with metal layers; FIG. 5.1a) and AlB2 (P6/mmm,
containing flat boron sheets, again in alternation with metal layers). The WB2 structure is unique,
consisting of alternating corrugated and planer boron sheets (FIG. 5.1b). The presence of any
planar boron sheets provides easy slip planes and significantly reduced the hardness of the
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material. We found that the ReB2-type structure can be maintained with tungsten content up to
48 at. % for Re1-xWxB2 solid solutions, providing a large window for solid solution based
hardness enhancement. 9
While we have found that crystal engineering to tune the intrinsic hardness of a material is an
excellent method to enhance hardness, in many cases extrinsic effects, such as finite size or
multiphase effects, can produce even greater enhancement. It turns out that the extremely high
hardness in W0.92Zr0.08B4 (Hv = 55 GPa) and W0.99Re0.01B4 (Hv = 50 GPa) can be explained by
morphological control and secondary phase dispersion hardening, respectively.16,17 One would
expect that a higher hardness for ReB2 can be achieved by reducing its grain size, known as the
Hall-Petch effect. Indeed, work in other nanoscale systems has shown fantastic enhancements.
Chen et al. has demonstrated that the stress-induced dislocation activity can be suppressed to a
significant extent for 3 nm Ni nanocrystals.18 Although Ni metal is not superhard, it provides
insights for the potential to tune mechanical properties by changing slip systems. Nano-twinned
c-BN has been prepared under pressure of 15 GPa by using an onion-like BN as the precursor
and this material showed unparalleled hardness. 19 Similarly, nano-twinned diamond was
synthesized at 20 GPa and 2000 ºC using a high-energy metastable carbon as the precursor and
the resultant materials had a Vickers hardness as high as 200 GPa.20
The challenge is that forming nanostructured superhard materials is still synthetically
difficult. Mechanical grinding below the micron scale is extremely challenging for superhard
materials. A bottom-up synthetic route to nanoscale transition metal borides based on Sn/SnCl2
redox chemistry was recently reported.21 Here, elemental boron and anhydrous metal chlorides
were mixed with Sn in a glove box and sealed in a quartz ampoule under vacuum. This was
followed by the heat treatment between 700-900 ºC. A variety of transition metal borides with
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general composition MxBy (x, y = 1 - 4), where M is a 3d, 4d, or 5d element, can be made
through this method, such as TaB2, NbB2, Mo2B and MoB2. Unfortunately, many of the
superhard members of the metal boride families have yet to be explored.
Here, we report a new synthetic approach to make nanocrystalline versions of the superhard
materials ReB2 (n-ReB2) and nanocrystalline Re0.52W0.48B2 (n-Re0.52W0.48B2) via molten salt flux
growth. We then use synchrotron-based angle dispersive X-ray diffraction (XRD) experiments in
a radial geometry using a diamond anvil cell (DAC)22 to determine the bulk modulus of these
new materials and to examine the differential stress in a lattice plane specific manner up to ~60
GPa. The differential stress has been commonly considered as a good estimate of yield strength
in many studies, and it is found to strongly correlates to hardness.23-29 Differential stress can only
be measured through radial diffraction, where the sample is compressed non-hydrostatically,
rather than the traditional axial diffraction, where a hydrostatic pressure medium is employed.
Radial diffraction studies have the added benefit that very small sample volumes are needed, and
that powders can be studied directly, without the need for first compacting them.
Another advantage for radial diffraction over axial diffraction is that texture in the radial
geometry is sensitive to the active slip systems as well as stress,30,31,32 which enables elucidation
of the microscopic deformation mechanisms controlling the plastic behavior of the material.18,33
Through an understanding of the mechanisms by which available slip systems are tuned, we have
the potential to rationally design the next generation of ultra-hard metal borides. Such ideas have
been used previously for a range of superhard metal borides. For example, Yeung et al. found
that the intrinsic yield strength of tungsten monoboride could be dramatically improved by
removing the slip plane through selective substitution of the malleable tungsten bilayer with
Ta.28,29 This substitution pushes the originally non-superhard boride into the superhard regime,
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demonstrating an effective design strategy. Although there are theoretical calculations predicting
the slip systems for ReB2,34,35,36 to date there are no papers where lattice preferred orientation
and deformation mechanisms under high pressure are experimentally investigated.
In this work, we combine all of these ideas to examine how both finite size effects and solidsolution formation can be used to enhance hardness in a family of materials based on ReB2.
Radial diffraction is used instead of indentation hardness, because solid compacts of the
nanocrystal based materials have not been fabricated and so these materials are not amenable to
traditional hardness measurements. Because of the high quality of nanocrystal based powder
diffraction, however, we are able to extract a much higher level of information from the radial
diffraction, gaining insight into both the bulk slip systems, and the affect atomic substitution on
those slip systems. We specifically compare bulk ReB2 with n-ReB2 to examine size effects. We
then compare bulk ReB2 with bulk Re0.52W0.48B2 in mechanical properties to examine how solid
solutions can enhance hardness. Finally, we combine these two approaches in nanoscale
Re0.52W0.48B2 (n-Re0.52W0.48B2) to examine the synergistic effects of using both finite size effects
and solid-solution hardening.
5.2 Experimental procedure
A. Synthesis of nReB2
Elemental rhenium (99.99%, CERAC Inc., U.S.A) and amorphous boron (99+%, Strem
Chemicals, U.S.A) powders were uniformly mixed in the molar ratio Re:B = 1:4 using an agate
mortar and pestle. We then added 100x excess NaCl (99.5%, Sigma-Aldrich, U.S.A) by weight
to the mixture and ground for 30 min, followed by pressing the ground powder into pellets using
a hydraulic press (Model 3851, Carver, USA) under a pressure of 600 MPa. The pellets were
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then transferred into an alumina boat for heat treatment in a tube furnace under flowing argon.
The heating profile was set as follows: ramp up to 850 ºC over 1.5 h, dwell for another 1.5 h and
then cool down to room temperature over 5 h. Each sample was washed in water and centrifuged
several times in order to remove the NaCl. The resulting powders were characterized by powder
X-ray diffraction (PXRD), scanning electron microscopy (SEM).
B. Synthesis of Re0.52W0.48B2
Bulk Re0.52W0.48B2 was prepared by arc melting. Tungsten and rhenium powders were mixed
with amorphous boron at a molar ratio (total metal:boron) of 1:2.25 followed by pressing into
pellets. Subsequently, the pellets were arc melted and cooled in argon gas. The synthesis details
can be found in Ref. 9. The ingot was then crushed and ground with a Plattner’s-style hardened
tool-steel mortar and pestle set (Humboldt Mfg., Model H-17270). The resulting powder was
sieved with a No. 635 mesh sieve (Humboldt Mfg.) to ensure its particle size is ≤~20 µm.
C. Synthesis of n-Re0.52W0.48B2
Tungsten and rhenium metal powders were mixed and pre-alloyed in arc-melter. The
resultant ingot was then crushed out and ground with a Plattner’s-style hardened tool-steel
mortar and pestle set (Humboldt Mfg., Model H-17270). Subsequently, the metal powders were
mixed with boron and NaCl following the same experimental procedure used for the n-ReB2
synthesis.
D. Radial X-ray diffraction
The in situ angle-dispersive X-ray diffraction experiments under non-hydrostatic pressure
were carried out at synchrotron beamline 12.2.2 of the Advanced Light Source (ALS, Lawrence
Berkeley National Lab). Nano-ReB2, bulk Re0.52W0.48B2 and nano-Re0.52W0.48B2 samples were
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loaded individually into a sample chamber, with a hole drilled by a laser (~60 µm in diameter) in
a boron disc (~400 µm in diameter and ~60 µm in thickness), which is made of amorphous boron
and epoxy, subsequently embedded in a rectangular Kapton tape.37 For most samples, a small
piece of platinum foil (~15 µm in diameter) was intentionally placed on top of the sample to
serve as an internal pressure standard. No pressure-transmitting medium was added to ensure the
presence of non-hydrostatic stress upon compression. More technical details for the DAC may be
found in Ref. 38. In this experiment, the incident monochromatic X-ray beam (25 KeV in energy,
20×20 µm in beam size) was perpendicular to the loading axis. The diffracted intensity was
recorded using an MAR-345 image plate with pressure steps of ~4 GPa. Calibration of the
sample-to-detector distance, beam center and detector tilt, were carried out by using a CeO2
standard and the program FIT2D.39 The ring-like diffraction patterns were then “unrolled” into
cake diffraction patterns, a plot of azimuthal angle η (with 0°and 180°the low stress directions
and 90°and 270°the high stress directions as shown in FIGs. 5.1c and 5.2a,c) versus 2θ. For
bulk Re0.52W0.48B2, the diffraction patterns were imported into Igor Pro (WaveMetrics, Inc.),
where each diffraction line was analyzed individually. The diffraction data of n-ReB2 and nRe0.52W0.48B2 were analyzed by the Rietveld refinement method40 as implemented in the software
package MAUD.41
The combination of radial X-ray diffraction and lattice strain theory42,43,44 enabled us to study
the stress state of samples under non-hydrostatic compression in a DAC. A set of orthogonal
stress components were applied to the sample upon compression. The stress component 1, is
parallel to the incident X-ray beam, while 3 coincides with the loading axis. The difference
between 1 and 3 is termed the uniaxial stress component or differential stress, which is limited
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by the yield strength of the specimen material according to von Mises yield criterion Equation
(5.1):45
𝑡 = 𝜎3 − 𝜎1 ≤ 2𝜏 = 𝜎𝑦

(5.1)

where  is the shear strength and y is the yield strength. The lattice strain produced by t is given
by Equation (5.2):
[𝑑𝑚 (ℎ𝑘𝑙) − 𝑑𝑝 (ℎ𝑘𝑙)]/𝑑𝑝 (ℎ𝑘𝑙) = (1 − 3cos2 𝜑)𝑄(ℎ𝑘𝑙).

(5.2)

This equation can be rearranged to a commonly used form as follows:
𝑑𝑚 (ℎ𝑘𝑙) = 𝑑𝑝 (ℎ𝑘𝑙)[1 + (1 − 3cos2 𝜑)𝑄(ℎ𝑘𝑙)] (5.3)
where dm(hkl) denotes the observed d-spacing in the presence of a deviatoric stress component,
while dp(hkl) is the d-spacing under hydrostatic pressure alone, where 𝜑 is the angle between the
loading axis and the diffraction plane normal to it.26,43,28 Note that the actual stress state of the
sample lies between the two extremes determined by the iso-strain46 and iso-stress47 conditions,
therefore 𝑄(ℎ𝑘𝑙) can be expressed as given in Equation (5.4):
𝑡

𝑄(ℎ𝑘𝑙) = (3) {𝛼[2𝐺𝑅 (ℎ𝑘𝑙)]−1 + (1 − 𝛼)(2𝐺𝑉 )−1 }. (5.4)
Here 𝐺𝑉 and 𝐺𝑅 (ℎ𝑘𝑙) are the Voigt shear modulus (iso-strain) and Reuss shear modulus (isostress), respectively. For a hexagonal system, the 𝐺𝑉 is given by Equation (5.5) 48
30𝐺𝑉 = 7𝑐11 − 5𝑐12 − 4𝑐13 + 12𝑐44 + 2𝑐33 . (5.5)
The expressions of 𝐺𝑅 (ℎ𝑘𝑙) in terms of elastic compliance [𝑆𝑖𝑗 ], can be found in Ref. 28.
Approximately, the differential stress from Eq. (5.4) can be written as,
𝑡 = 6𝐺 < 𝑄(ℎ𝑘𝑙) >,
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(5.6)

where < 𝑄(ℎ𝑘𝑙) > stands for the average value over the observed crystallographic reflections
and G is the aggregate shear modulus. Equation (5.3) indicates a linear relation between dm(hkl)
and (1 − 3cos2 𝜑). The slope of the linear fit yields the product 𝑑𝑝 (ℎ𝑘𝑙)𝑄(ℎ𝑘𝑙), which can be
used to evaluate and describe contributions of both plastic and elastic deformation. 49 , 50 The
𝑑𝑝 (ℎ𝑘𝑙) obtained from the intercept ( with x = 0 corresponding to 𝜑 = 54.7° ) reflects
compression behavior due to the hydrostatic component of stress, which can yield the equivalent
hydrostatic compression curve. The zero pressure bulk modulus, 𝐾0 , and pressure derivative can
then be determined by fitting the compression curve to the third order Birch-Murnaghan
equation-of-state (EOS),51
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(5.7)

Here, the pressure, 𝑃, and the unit cell volume, 𝑉, are measured at 𝜑 = 54.7°.
5.3 Results and discussion
In situ XRD studies were conducted under non-hydrostatic compression up to ~60 GPa, 43
GPa and 53 GPa for n-ReB2, bulk Re0.52W0.48B2 and n-Re0.52W0.48B2. Two-dimensional
diffraction images at low and high pressure and integration diffraction patterns obtained at the
magic angle (𝜑 = 54.7°, effectively hydrostatic conditions) at several pressures are presented for
the bulk (FIG. 5.1c,d) and nanoscale samples (FIG. 5.2). Two-dimensional plots evolve from
straight lines at low pressure, indicating a hydrostatic stress state, to wavy lines at high pressure,
indicating a well defined high and low stress direction. Integrated diffraction patterns at the
magic angle smoothly shift to higher angle (smaller lattice constant) with increasing pressure.
Note that the pressure for each compression step was derived from the equation-of-state of an
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internal standard,52 using its lattice parameter at 𝜑 = 54.7°. This explains why the diffraction
peaks of Pt are present in the diffraction patterns shown in FIGs. 5.1c,d and 5.2c,d. A small
amount of unreacted Re was found in n-ReB2, as can be seen in FIG. 5.2a,b. Re is also a
common pressure standard, like Pt, and its equation-of-state has been well studied. 53-56 As a
result, no additional internal standard was needed for this sample.
The data show that the addition of tungsten expands the hexagonal-close-packed metal lattice
because W (1.41 Å) is larger than Re (1.37 Å) in atomic size,57 which causes the peaks to shift
towards lower angles in the ambient data in FIG. 5.2d, compared to the stick reference pattern of
ReB2 (Joint Committee on Powder Diffraction Standards Card #00-006-0541). The fact that
peaks having greater {00l} character are shifted to a more noticeable extent indicates a greater
sensitivity of the c-axis to the presence of tungsten. In addition, no pure W phase peaks were
observed in the patterns across the entire pressure range, suggesting that the W indeed forms a
solid solution with ReB2. All diffraction peaks for Re0.52W0.48B2, n-ReB2, and n-Re0.52W0.48B2 can
be cleanly indexed to the ReB2-type structure. Note that some peaks and the amorphous humps
below 10o 2 (labeled with open stars) do not shift with pressure, and these are from the boron
gasket. There is also a small impurity phase found in the n-Re0.52W0.48B2 sample, which is
labeled with a closed star.
All of our bulk samples are prepared by arc melting, and are polycrystalline with grain sizes
in the micron regime. This results in spotty patterns due to the low grain number statistics, as can
be seen in FIG. 5.1c,d. The spotty nature of the pattern makes peak intensities unreliable, so that
the data cannot be fully refined. In contrast, the diffraction pattern for the sample prepared by
NaCl flux growth is smooth, indicating a much finer particle size, which is determined to be
between 50 and 100 nm, depending on the sample, as determined by SEM (FIG. 5.3a,b). The
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smooth diffraction patterns of n-ReB2 and n-Re0.52W0.48B2 enabled us to conduct Rietveld
refinement, which is a whole pattern refinement technique where the experimental profile is
compared with a calculated one.40 One example of refined data is shown in FIG. 5.3c. It is
known that the peak broadening can be attributed to several factors: instrumental broadening,
crystallite size, and stress-induced broadening.31, 58 In our experiments, the instrumental
broadening was characterized using a standard material, CeO2. The XRD peak profile analysis
for the unstressed sample shows that the crystallite size for both n-ReB2 and n-Re0.52W0.48B2 is
~40 nm, confirming that the samples are indeed nanosized. Additional broadening at high
pressure can be assigned to stress.
As can be seen in FIG. 5.4a, a linear variation between the measured d-spacings and
orientation function (1 − 3cos2 𝜑) for the selected lattice planes is observed as expected based
on lattice strain theory (eq. 2). The hydrostatic d-spacings are then determined from the zero
intercept of this linear fit, plotted as a function of pressure (FIG. 5.4b). The d-spacings show a
continuous, linear decrease as the pressure increases with no abrupt changes. This behavior
suggests the samples are stable in the hexagonal structure upon compression and decompression
up to ~60 GPa, ~43 GPa, and 52 GPa.
The lattice parameters at each pressure were calculated from the d-spacings and are
summarized in Table S5.1; this data, in turn, enables calculation of the bulk modulus. As shown
in FIG. 5.5, the hydrostatic compression curves were fitted to the third order Birch-Murnaghan
equation-of-state yielding a bulk modulus as high as 314 ± 19 GPa (𝐾0′ = 7.1), 349 ± 18 GPa
(𝐾0′ = 1.7) and 326 ± 5 GPa (𝐾0′ = 4.4) for bulk Re0.52W0.48B2, n-Re0.52W0.48B2 and n-ReB2,
respectively. The 2nd order equation-of-state in terms of normalized pressure and Eularian
strain 59 can be found in FIG. S5.1. The bulk modulus of n-ReB2 obtained here under non106

hydrostatic compression is consistent with the reported third order value of 340 GPa for bulk
ReB2 measured under hydrostatic conditions,6 and it also falls in the range of 317-383 GPa60-64
obtained from both other experiments and calculations. This indicates that hydrostatic and nonhydrostatic/magic angle data give results in good agreement with each other. Moreover, the fact
that the bulk modulus does not change significantly on varying the grain size indicates that the
bulk modulus for ReB2 is a size independent property. The fact that the bulk Re0.52W0.48B2 shows
a slightly lower bulk modulus than the ReB2 can be attributed to a decrease in valence electron
concentration when substituting W for Re. This decrease, however, seems less significant
determining the bulk modulus of n-Re0.52W0.48B2, since it shows nearly the same bulk modulus
value as bulk ReB2.
Generally, a high bulk modulus (i.e. high incompressibility) is a necessary, but insufficient
prerequisite for high hardness.65 Bulk modulus is a measure of elastic deformation, reflecting the
resistance to volume change with respect to pressure, and is strongly related to the intrinsic
properties of a material, particularly valence electron count and structure.66 Hardness, defined as
the resistance to plastic deformation, is not only influenced by intrinsic factors such as the
strength and directionality of bonding, but also by extrinsic factors, such as dislocation density
and grain morphology. The yield strength is believed to be one of the most significant
determining factors for hardness and the ratio of yield strength to shear modulus (t/G) for each
lattice plane can be directly measured from the slope of the linear fit as shown in FIG. 5.4a.
Values of t/G for selected planes are plotted as a function of pressure for bulk Re0.52W0.48B2, nReB2 and n-Re0.52W0.48B2 in FIG. 5.6a,b and compared with data for bulk ReB2 from Ref. 67. For
n-ReB2, the t/G ratio for each plane increases almost linearly with pressure from the beginning
up to ~15 GPa. The increase rate then becomes slower and eventually plateaus, indicating the
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onset of plastic deformation and that t has reached its limiting value (the yield strength). Similar
trends in t/G are observed for all samples, with some noted differences. In comparing the bulk
samples, we find that the Re0.52W0.48B2 shows a higher plateau value of t/G and reaches that
value at a somewhat higher pressure than pure ReB2. Similarly, both nano materials support a
higher plateau value and show a higher plateau pressure, compared to their bulk counterparts.
Overall, bulk ReB2 shows both the lowest plateau pressure and plateau value, indicating that all
methods used here are successful at improving mechanical properties. As seen in FIG. 5.6a,b the
basal plane of the hcp lattice for all samples is always the lowest, implying it is very likely to be
a slip plane. The t(100)/G, t(101)/G and t(110)/G values for n-ReB2 are quite similar, which we
also observed for bulk ReB2. In contrast, the addition of tungsten seems to change the strain
anisotropy. Unlike ReB2, the planes for Re0.52W0.48B2, in both bulk and nanoscale form, present a
significant difference in t/G with (100) being the highest followed by the (110) and (101) planes.
This may relate to the greater sensitivity of the c-axis to the addition of tungsten, as shown in
FIG. 5.2b,f.
It is important to calculate t, in addition to t/G, when comparing yield strength of different
materials, since a very low shear modulus like that found in a soft elastic material can also
produce a high strain. As described in the experimental section, this conversion can be done
making two different limiting assumptions. The Voigt shear modulus assumes iso-strain
conditions, while the Reuss shear modulus assumes iso-stress conditions. The differential stress
under Reuss and Voigt conditions for bulk and nanoscale Re0.52W0.48B2 and ReB2 was calculated
by using the elastic stiffness constants from references 68 and 69 , respectively. While the real
differential stress is a weighted average of these two conditions, the correct weighting for our
experimental conditions is not known, so we simply calculated both values as upper and lower
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limits on the actual values. As seen in FIG. 5.7a-c, both nano materials clearly show higher
differential stress values than that of their bulk counterparts. For example, the (100) plane for
Re0.52W0.48B2 system is found to be the strongest plane with a plateau value of ~16-19 GPa for
the bulk material and ~20-25 GPa for the nanoscale material. The (002) is always the weakest
plane regardless of size and composition, again suggesting that this is a slip plane. When
comparing different methods to enhance the yield strength, we found the strength for the (002)
and (101) planes of n-ReB2 is almost the same as that of bulk Re0.52W0.48B2. However, the (100)
and (110) planes of n-ReB2 are clearly weaker than those of bulk Re0.52W0.48B2, indicating that
bulk Re0.52W0.48B2 possesses an overall higher yield strength than n-ReB2 and thus that solid
solution effects are more beneficial than finite size effects alone in this system.
Finite size effects are significant, however, as even the weakest plane of n-ReB2 still exhibits
a higher yield strength than the strongest plane of bulk ReB2, demonstrating that finite size
effects are an effective approach to hardness enhancement for superhard metal borides. Because
the different lattice planes show more variation in t for Re0.52W0.48B2 then for ReB2, a clean
separation of t values is not observed between bulk and nanoscale Re0.52W0.48B2, but the
nanoscale material still show a significant enhancement in t under both iso-stress and iso-strain
assumptions. When the crystallite size is reduced into the nano realm, the nucleation of
dislocations becomes more energetically unfavorable. Moreover, dislocations are also harder to
propagate due to the high density of grain boundaries, which in turn is responsible for the higher
yield strength of n-ReB2. Solid solution effects similarly result in a higher yield strength because
dislocation movement is impeded by the atomic size mismatch between tungsten and rhenium.
Importantly, it appears to be possible to take advantage of both solid solution hardening and size
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effects in a synergistic manner, as n-Re0.52W0.48B2 exhibits the highest differential stress of all
samples studied.
In order to correlate the yield strength for a polycrystalline sample to its hardness, the yield
strength for many different diffraction planes need to be considered, because many lattice planes
are compressed by the diamond indenter in a polycrystalline material at the same time during the
hardness test. While we never know what specific grain orientations are below any given
indentation, to get a sense of the average yield strength, here we took the average of all lattice
plains that we could track to get an effective average differential stress and plotted the data in
FIG. 5.7d. For example, the differential stress of n-ReB2 shown in FIG. 5.7d was obtained by
taking the average of t/G for the (002), (100), (101), (102), (103), (104), (110) and (112) planes
followed by multiplying by the aggregate shear modulus of 273 GPa.69 In FIG. 5.7d, the
differential stress for bulk Re0.52W0.48B2 is slightly higher than that for n-ReB2 and they are both
greater than that of bulk ReB2. This result is consistent with the hardness previously reported for
both bulk materials (Hv=40.5 GPa for bulk ReB2, Hv=47.2 GPa for bulk Re0.52W0.48B2).9 Since nReB2 and n-Re0.52W0.48B2 were first made and reported here only in powder form, no hardness
values are available. However, it is reasonable to believe that the hardness of a compact made
from n-ReB2 should be higher than bulk ReB2 and close to or slightly lower than bulk
Re0.52W0.48B2 based on the differential stress data, while the hardness of a compact made from nRe0.52W0.48B2 would likely be even higher than the bulk solid solution value.
We end by taking advantage of our ability to fully refine the nanocrystal diffraction patterns
as a function of pressure to learn more about the available slip systems in these ultrahard
materials. When shear stress is applied to polycrystals, individual grains deform preferentially on
slip planes. This results in crystallite rotations, generating lattice-preferred orientation or texture,
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which manifests as changes in peak intensity with pressure. 70 Unfortunately, the diffraction
pattern for the coarse-grained bulk samples (FIG. 5.2a) only allow us to analyze the diffraction
line shifts and the evolution of the differential strain upon compression, while peak intensity
variation with azimuth angles can’t be correlated to the slip systems because of the low grain
number statistics. As a result, in addition to the high strength, another advantage of nanocrystalline samples is that quantitative texture information can be obtained from high-pressure
data through Rietveld analysis.
The orientation distribution or texture is represented using inverse pole figures (IPFs), as
shown in FIG. 5.8, which denotes the probability of finding the poles (normal) to lattice planes
in the compression direction. The texture strength (i.e. pole density) is measured in multiples of
the mean random distribution (m.r.d.), where m.r.d. = 1 indicates a fully random distribution, and
a higher m.r.d. number represents stronger texture. The n-ReB2 initially exhibits a nearly random
distribution at ambient pressure. The texture strength evolves with pressure and shows a
maximum at (0001) at 59 GPa, indicating the (0001) lattice planes are oriented with an alignment
of the c axis to the high stress direction. This experimental observation confirms that the (001)
plane is indeed a slip plane, consistent with our differential stress data and the theoretical slip
system of (001)[11̅0] for ReB2.35 As shown in FIG. 5.1, the (001) planes are the planes parallel
to the boron layers, and it has been reported that the puckered boron layers become more
flattened with increasing pressure;71 therefore the observed slip plane can be attributed to the lack
of constrained bonding between layers.
The preferred orientation for n-Re0.52W0.48B2 was also observed in (0001) lattice plane as can
be seen in FIG. 5.8b, suggesting that the tungsten added did not change the primary slip system.
More interestingly, the texture area (brown in color) for n-ReB2 grows larger and larger with
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pressure, implying new slip systems gradually opened up with the development of the plastic
deformation. This increase in the number of available slip systems may be the root of the
indentation size effect, which is the phenomenon were the measured hardness decreases with
increasing indentation load.5 The indentation size effect is always strongly observed in these
superhard metal borides.9,17,28 Interestingly, the texture for n-Re0.52W0.48B2 is more restricted at
the (0001) corner. This suggests that the addition of tungsten helps suppress the formation of
new slipping paths, resulting in higher yield strength, greater mechanical stability, and
presumably higher hardness.
The quantitative texture strength also provides information about the microscopic
deformation mechanisms controlling the plastic behavior of these material. Dislocation creep and
grain boundary processes are believed to be the two main mechanisms for plastic deformation in
compressed powders.72 Dislocation creep on preferred slip systems has been reported to produce
a strong texture, while grain boundary sliding and mechanical twinning usually randomize the
texture.33,70,73 Interestingly, both n-ReB2 and n-Re0.52W0.48B2 exhibit fairly weak texture, with an
index of ~1.3 m.r.d. at the highest pressure reached in our experiment, suggesting that the
dislocation mediated processes are not the dominant mechanism for plasticity. Indeed, the low
value indicates that the n-ReB2 and n-Re0.52W0.48B2 maintain a low dislocation desnsity upon
non-hydrostatic compression up to ~60 GPa, a result which also explains why the nano materials
show a much higher yield strength than its coarse-grained counterparts. Importantly for the
design of future compacts based on nanocrystalline super hard metal borides, these results also
indicate that grain boundary strengthening is the key to enabling high hardness in practical
superhard nanoscale metal borides.
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5.4 Conclusions
In this chapter, nanoscale ReB2 and Re0.52W0.48B2 have been synthesized through a molten
salt flux growth method. Their high pressure behavior is explored and compared with coarsegrained ReB2 and Re0.52W0.48B2 using synchrotron based X-ray diffraction under non-hydrostatic
compression up ~60 GPa. The equation-of-state for n-ReB2, Re0.52W0.48B2 and n-Re0.52W0.48B2
were determined using the hydrostatic volume data measured at magic angle (𝜑 = 54.7°). Bulk
Re0.52W0.48B2 was found to be more incompressible than n-Re0.52W0.48B2. By contrast, there is
almost no change in bulk modulus between between n-ReB2 and bulk ReB2. Lattice-dependent
strength anisotropy was then investigated showing that the basal planes of the three samples
support the least differential stress. This suggests that the (00l) is a slip plane limiting the
strength of ReB2, which is confirmed by the texture analysis. Moreover, the yield strength of
Re0.52W0.48B2, n-ReB2 and n-Re0.52W0.48B2 are found to be much higher than that of cReB2,
proving that the solid solution hardening and nano-structuring are two effective approaches to
hardness enhancement for superhard transition metal borides. Finally, the plastic deformation
mechanism for nReB2 and n-Re0.52W0.48B2 has been elucidated and shows that their dislocation
density remains at a very low level even compressed up to ~60 GPa.
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FIG. 5.1. A comparison of the structures of ReB2 (a) and WB2 (b). Boron and metal atoms are
shown in green and gray, respectively. Representative synchrotron 2-D azimuthally unrolled
patterns (c), and 1-D X-ray diffraction patterns (d) with increasing pressure for bulk
Re0.52W0.48B2. The data in part (d) was obtain by integration over an 5°slice center at the magic
angle of 𝜑 = 54.7°. Indexing for relevant peaks is included on the image (note that the stick
pattern is for ReB2, not Re0.52W0.48B2). Diffraction from the boron/epoxy gasket is indicated with
an open star. All diffraction peaks other than those form the gasket shift to higher angle with
increase pressure..
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(f)

FIG. 5.2. Representative synchrotron 1-D X-ray diffraction patterns and 2-D azimuthally
unrolled patterns with increasing pressure for (a),(b) nano-ReB2 and (c),(d) nano-Re0.52W0.48B2.
The data in parts (b) and (d) were obtain by integration over an 5°slice center at the magic angle
of 𝜑 = 54.7°. Indexing for relevant peaks is included on the image (note that the stick pattern is
for ReB2, in both figures). Diffraction from the boron/epoxy gasket is indicated with an open star
and an impurity in the n-Re0.52W0.48B2 is labeled with a closed star. All diffraction peaks other
than those form the gasket shift to higher angle with increase pressure.
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FIG. 5.3. Scanning electron microscopy images of (a) n-ReB2 and (b) n-Re0.52W0.48B2 prepared
using a NaCl flux. Praticle sizes range from ~50 to ~100 nm for the two samples. (c) Rietveld
fitting of nano-ReB2 at ambient pressure. The experimental spectrum is shown with a black
dashed line, and the calculated fit is shown with a solid line in red. Good agreement is found for
all peaks other than those arising from the boron/epoxy gasket.
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FIG. 5.4. (a) Linearized plot of d-spacings for Re0.52W0.48B2 as a function of φ angle at the
highest pressure reached. The solid lines are the best linear fit to the data. (b) Measured dspacings for selected lattice planes as a function of pressure. Error bars that are smaller than the
size of the symbols have been omitted. Data with close symbols were collected upon
compression, while those with open symbols were collected upon decompression. Only the caxis shows large changes upon addition of W to ReB2.
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FIG. 5.5. Hydrostatic compression curves of Re0.52W0.48B2 (black), nano-ReB2 (blue), and nanoRe0.52W0.48B2 (red) obtained at the magic angle, 𝜑 = 54.7°. The solid line is the best fit to the
third-order Birch-Murnaghan equation-of-state.
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FIG. 5.6. (a) Comparison of the differential strain, given by the ratio of differential stress t to
aggregate shear modulus G, as a function of pressure between nano-ReB2 (blue) and bulk ReB2
(green). (b) Differential strain as a function of pressure for nano-Re0.52W0.48B2 (red) and bulk
Re0.52W0.48B2 (black).
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FIG. 5.7. Differential stress (t) calculated under the Reuss (iso-stress) condition (a), (b) and
Voigt (iso-strain) condition (c). Part (a) compares bulk and nanoscale ReB2, while part (b) shows
bulk and nanoscale Re0.52W0.48B2. Lattice planes are indicated on the figure. Part (c) compares all
four samples, and the indexing is the same as that used in parts (a) and (b). Part (d) shows the
evolution of the average differential stress over all observed lattice planes with pressure for the
same four samples.
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FIG. 5.8. Inverse pole figures for (a) n-ReB2 and (b) n-Re0.52W0.48B2, showing texture evolution
with pressure. Both samples exhibit only weak texture, even when compressed above 50 GPa.
For both samples, the (00l) direction is found to be the primary slip system. In pure ReB2, other
slip systems become accessible at higher pressures, but these additional slip systems appear to be
suppressed in the n-Re0.52W0.48B2.
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FIG. S5.1. Normalized pressure (F) vs. Eularian strain (f) (a) Re0.52W0.48B2, (b) nano-ReB2 and
2

(c) nano-Re0.52W0.48B2, where 𝐹 =

𝑃
2.5
(1+2𝑓)
3𝑓

and 𝑓 =

line yields the ambient pressure bulk modulus (𝐾0 ).
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TABLE S5.1. Compression data for Re0.52W0.48B2 and nano ReB2
Nano-ReB2

Bulk Re0.52W0.48B2

P (GPa)

a (Å)

c (Å)

P (GPa)

a (Å)

c (Å)

0
3.0(1)
6.0(1)
7.0(1)
9.0(1)
10.0(1)
12.0(1)
14.0(1)
16.0(2)
20.0(2)
21.0(2)
26.0(2)
32.0(4)
35.0(4)
36.0(4)
38.0(4)
41.0(4)
42.0(4)
46.0(4)
47.0(5)
49.0(4)
50.0(5)
52.0(5)
54.0(6)
57.0(6)
59.0(5)
50.0(5)*
25.0(3)*
12.0(1)*
0*

2.9003(6)
2.8911(3)
2.8822(4)
2.8774(7)
2.8733(4)
2.8702(6)
2.8673(6)
2.8593(8)
2.8542(3)
2.8461(3)
2.8425(1)
2.8287(3)
2.8131(3)
2.8117(8)
2.8062(2)
2.8005(5)
2.7947(9)
2.7904(5)
2.7852(1)
2.7822(1)
2.7781(5)
2.7754(7)
2.7716(1)
2.7680(4)
2.7642(8)
2.7611(2)
2.7758(2)
2.8276(9)
2.8636(7)
2.9003(7)

7.4775(7)
7.4600(2)
7.4419(2)
7.4331(4)
7.4247(5)
7.4188(7)
7.4133(7)
7.3970(9)
7.3885(9)
7.3720(8)
7.3665(8)
7.3389(1)
7.3140(2)
7.3057(4)
7.2985(2)
7.2908(1)
7.2775(3)
7.2729(8)
7.2608(4)
7.2579(4)
7.2490(5)
7.2459(9)
7.2381(2)
7.2321(4)
7.2249(3)
7.2174(1)
7.2484(7)
7.3454(9)
7.4104(8)
7.4801(2)

0
1.0(3)
3.0(2)
4.0(1)
8.0(3)
11.0(2)
20.0(4)
25.0(4)
28.0(3)
33.0(2)
36.0(4)
39.0(3)
41.0(3)

2.9076(5)
2.9051(1)
2.8997(9)
2.8965(7)
2.8873(3)
2.8762(4)
2.8538(4)
2.8420(6)
2.8370(9)
2.8258(9)
2.8219(7)
2.8144(7)
2.8076(5)

7.6138(3)
7.6064(5)
7.5992(4)
7.5938(8)
7.5782(7)
7.5596(2)
7.5198(2)
7.4982(8)
7.4854(1)
7.4620(1)
7.4466(4)
7.4346(7)
7.4190(1)

The data labeled with * were collected upon decompression.
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Nano-Re0.52W0.48B2
P (GPa)

a (Å)

c (Å)

0
4.2(0.1)
5.5(0.1)
7.8(0.1)
17(0.2)
20(0.2)
28.6(0.2)
32.1(0.3)
36.3(0.3)
39.5(0.2)
53.0(2)

2.9093(4)
2.8991(7)
2.8937(9)
2.8826(1)
2.8525(2)
2.8477(1)
2.8273(1)
2.8151(2)
2.8053(2)
2.7982(2)
2.7606(3)

7.5947(1)
7.5704(3)
7.5615(4)
7.5409(5)
7.4882(9)
7.4750(8)
7.4336(8)
7.4097(1)
7.3930(9)
7.3772(9)
7.3382(7)
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Chapter 6
Future work
In our studies on the transition metal borides, we have examined WB and its solid solutions
with Ta, a family of more metallic, but still very hard borides. We compared the low temperature
(LT) tetragonal phase with a stabilized version of the high temperature (HT) orthorhombic phase
WB. High pressure radial X-ray diffraction was then combined with DFT calculations to study
pressure-induced changes in these two related crystal structures of WB. The two phases of WB
are similar at low pressure, but deviate at higher P, in agreement with their hardness. The HT
phase also showed an anomalously large elastic regime for the (200) and (002) planes of HT WB,
suggesting both high strength and reduced brittleness. Another system that we studied is metal
dodecaborides (MB12). YB12 and ZrB12 are two typical dodecaborides with a cubic crystal
structure and high hardness. Since Y and Zr are early transition metals, their dodecaborides were
found to be more compressible than borides formed by tungsten and rhenium, however, they can
support high differential stress, especially for YB12, which is comparable with WB4. Although
ZrB12 supports a lower differential stress, it is more elastically isotropic, with the (200), (111)
and (311) planes showing a very small Zener anisotropy factor (2c44/(c11-c12)) of 1.2. In addition,
the mechanical properties of nanoscale ReB2 has been investigated and compared with its coarsegrained counterpart under high pressure. Now we better understand a family of lower borides,
where metal-metal bonds dominate the properties, and higher borides, where the rigid boron
framework plays an important role in its mechanical properties. In future experiments, we need
to consider studying (1) non-cubic dodecaborides and a series of MB12 solid solutions; (2) nano
superhard materials, all of which are described below. These materials have already been
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produced in our laboratories and clearly defined scientific questions exist that can be addressed
using high-pressure diffraction.
6.1 ScB12, HfB12 and MB12 solid solutions
In previous work, we have shown that YB12 and ZrB12 are intrinsic superhard materials with
Vickers hardnesses (Hv) greater than 40 GPa.1,2,3 It is believed that the high hardness results from
the rigid, 3-D covalent network of the boron cages (FIG. 6.1). In addition to the high hardness,
they also show less strength anisotropy, confirming the positive influence of cage structures in
next generation of superhard materials. For most MB12 materials, the metal atoms occupy
octahedral sites of a cubic structure at the corners and face centers forming an FCC lattice
(𝐹𝑚3̅𝑚). Each metal atom is located at the center of a cuboctahedra cluster (blue in color)
formed by 24 boron as can be seen in Figure 6.1. Interestingly, ScB12 is the only MB12 that takes
a tetragonal structure rather than cubic in this family. However, its elastic deformation behavior,
such as bulk modulus and crystal lattice strain response to a large applied nonhydrostatic stress is
still unknown. Moreover, the strength anisotropy for this unique structure is also unclear. We
thus propose to perform radial diffraction studies with texture analysis on ScB12 with a goal of
refining our design rules for superhard metal borides to better understand the role of cage
structures. Data analysis will focus on available slip systems, the pressure where those slip
systems become important, and on the magnitude of the differential stress that different lattice
planes can support.
Note that neither YB12 nor ZrB12 is ultra-incompressible. We thus turn out attention to HfB12,
since it contains a 5d element. The formation of dodecaborides depends strongly on the radius of
the metal atom with Y (1.80 Å) and Zr (1.60 Å) being, respectively, the largest and smallest
metals forming these structures under ambient pressure.4 Hf (1.58 Å) was found to be slightly
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too small to ‘fit’ into the lattice, but high pressure could facilitate the formation of HfB12 since
the boron framework is more compressible than hafnium. We thus plan to synthesize HfB12 in
the DAC at elevated T and P. Hf and boron will be loaded in the DAC and laser heating will be
used to achieve high T/P conditions. While we will not be able to measure indentation hardness
on such a small amount of sample, we can directly run radial diffraction without taking the
sample out of the cell to measure its incompressibility and estimate a lower bond to the yield
strength. By comparing ZrB12, YB12, ScB12 and HfB12, we hope to gain a better understanding of
the role played by metal electron density in high boron content, cage based materials.
We have previously shown that the hardness of WB4 can be dramatically increased by making
solid solutions.5 Similarly, we can improve the hardness of MB12 by forming solid solutions.
Figure 6.2 shows the variation in hardness as a function of compositions at different loads for
the YxSc1-xB12 solid solution. The hardness peaks at 50% Sc with a value of 45 GPa. The
hardness increase could stem from any combination of changes in electronic structure, solid
solution hardening, grain boundary hardening, and precipitation hardening. In order to separate
these different hardening mechanisms, we proposed to use radial X-ray diffraction on materials
with a range of Y:Sc ratios.

Extrinsic effects, like precipitation hardening should affect

macroscopic hardness, but differential stress to a lesser degree. We also propose to study YxHf1xB12 and

ZrxGd1-xB12. By comparing the differential stress across compositions, we will be able to

investigate the effects of atom size and valency of solute atoms on hardening.
6.2 Nanostructured superhard materials
The hardness and strength of a material can be improved intrinsically and extrinsically by
reducing the crystallite size. Intrinsically, the nucleation of dislocation becomes more energetically unfavorable in a small crystallite. Extrinsically, dislocations are harder to propagate due to
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the high density of grain boundaries, which is known as the Hall-Petch effect. These ideas can be
applied to superhard materials like ReB2, WB4, YB12 and their solid solutions such as
Re0.52W0.48B2, W0.5Ta0.5B to make these materials even harder. Our work with W0.5Ta0.5B has
shown that at high loadings of W0.5Ta0.5B to aluminum flux along with rapid cooling, the high
density of nucleation sites encourages nanowire formation. Thus, our next aim will be to develop
methods towards controlling the growth of W0.5Ta0.5B. We are particularly inspired by mixed
metal flux work of the Latturner group6. There are three fluxes that do not form compounds with
boron: Zn, Al, and Sn. Of these, Al forms intermetallics with early transition metals like W and
Ta, while Zn prefers the later transition metals. Thus, we can vary the solubility of W and Ta by
adjusting the ratio of Al/Zn and controling the rate of growth. In addition to the metal flux, salts
such as NaCl, KCl and eutectic mixtures of NaCl/KCl can also be used as a flux for nano-sized
superhard material synthesis. These salts do not react with boron and can be easily removed with
water, which makes the sample purification process easier than the samples made in a metal flux.
The melting point of flux can be adjusted by changing the ratio of NaCl to KCl and they have
better oxidation resistance than the metal flux. We have demonstrated this method by
successfully synthesizing nano ReB2 with a particle size of ~50 nm in Chapter 5. These materials
thus provide a unique opportunity to understand the dominant mechanism of plastic deformation
in these superhard materials. We propose to run radial diffractions on samples with various grain
sizes to study size dependent strength. Current hard materials design is based mostly on trial and
error – what solid solutions can we make and how hard are they? By understanding how
available slip systems are tuned by atomic composition and what mechanism dominates its
plasticity, we hope that in the future, we can more rationally design the next generation of ultrahard metal borides.
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YB12

ScB12

FIG. 6.1. Crystal structures of YB12 and ScB12.
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FIG. 6. 2. Vickers Hardness of YxSc1-xB12 solid solution measured in our lab.
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