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ABSTRACT OF THE DISSERTATION

High Pressure Studies of Ultra-Incompressible, Superhard Metal Borides

by

Miao Xie

Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2013
Professor Sarah H. Tolbert, Co-Chair

Professor Richard B. Kaner, Co-Chair

Superhard, ultra-incompressible transition-metal borides are exciting candidate
materials for applications in cutting, forming, grinding, polishing and wear-protecting
coatings. The existence of a network of directional, covalent bonds, together with a high
electron density has been suggested as the key to their remarkable mechanical properties. The
goal of this work is to examine how variations in bonding changes the mechanical properties
of transition-metal borides. To achieve this, high-pressure diamond anvil cell (DAC)
techniques are used to correlate mechanical properties with the electronic and atomic
structure of these materials in an effort to understand their intrinsic hardness.

This work is divided into two parts: the first uses high-pressure Raman spectroscopy
to probe the microscopic bonding structure of rhenium diboride (ReB;), one of the hardest
transition-metal boride; the second investigates both elastic and plastic deformations in the
inexpensive but still superhard material tungsten tetraboride (WB4) and its solid solutions

using synchrotron-based in situ high-pressure X-ray diffractions.



In the first part, we aim to gain an understanding of the correlation between
microscopic bonding and macroscopic properties of superhard ReB,. Pressure-dependent
Raman spectroscopy and DFT calculations are used to explore lattice vibrations in ReB,. We
interpret the results in terms of bond directionality and stiffness to connect hardness with
bond character.

In the second part, we focus on a less expensive boride, WB4 and its solid solutions,
using in situ high-pressure diffraction techniques. Two types of measurements are described.
First, axial X-ray diffraction, where the X-ray beam is parallel to the compression direction
and the sample is compressed hydrostatically; second, radial X-ray diffraction, where the
incoming X-ray beam is perpendicular to the compression direction and the sample is
confined under non-hydrostatic stress. By combining axial- and radial-diffraction
measurements, we explore how the atomic network in metal borides evolves elastically and
plastically under hydrostatic and non-hydrostatic pressures. With this information, we can
understand how the intrinsic bonding in WB4 produces high hardness. More importantly, we
can explore how changes to the electronic and physical structure arising from solid solutions
formation can result in the remarkable hardness values observed for many complex WB4

based solid solutions.
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Chapter 1 Introduction
1.1 Mechanical Properties of Superhard Materials
1.1.1 Elastic Properties of Solids

All solid objects are deformable under applied external forces. Stress is the quantity
that is proportional to the external force causing the deformation. Strain is the result of a
stress, and it is a measure of the degree of deformation. For sufficiently small stresses, stress
is directly proportional to strain; the constant of proportionality depends on the material being
deformed and on the nature of the deformation. This constant (E) is called the elastic
modulus: £ = o/ € where ois the stress (GPa) and & is the strain (unitless or %).

We consider three types of deformation with a specific elastic modulus for each: 1)
Bulk modulus (K) measures the resistance of solids to changes in their volume, ii) shear
modulus (G) measures the resistance to motion of the planes within a solid parallel to each
other, and iii) Young’s modulus (£) measures the resistance of a solid to a change in its
length.

Bulk modulus is directly dependent on the elastic stiffness, or incompressibility, of a
solid. It can be formally defined as K = -V dp/dV, where p is the pressure and V is the volume.
Bulk modulus is thus simply the inverse of the fractional volume change with pressure.
Figure 1.1 shows the bulk moduli of the first 94 chemical elements. The ones with the highest
values are C (diamond) and Os.' Recently, a clear correlation has been found between bulk
modulus and valence electron density (VED-electron/unit volume) because higher
concentrations of electrons result in greater repulsive forces within the material.'?

While bulk modulus measures the resistance to volume change for a constant shape,
shear modulus measures the resistance to shape change at a constant volume. The shear
modulus is related to bond bending, and depends on both the plane of shear and the direction

of shear. As a result, it is a more complex property than bulk modulus.' The shear modulus is
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defined as the ratio of shear stress to shear strain: G = (F/4)/(Ax/L), where F is the applied
force, Ax is the resulting displacement, 4 is the area upon which the force acts and L is the
initial length. The shear modulus and bulk modulus are related by Poisson’s ratio (v), which
is the ratio between the transverse strain (&) to the magnitude of the longitudinal strain (&) as
v = -&/ &. In the case of isotropic materials, G = (3/2) K (1-2v)/(1+v), in order for G to be
high, v must be small, and the above expression reduces then to G = (3/2) K (1-3v). The
value is small for covalent materials (typically v = 0.1), and there is little difference between
G and K: G = 1.1K. A typical value of v for ionic materials is 0.25 and G = 0.6 K; and for
metallic materials v is typically 0.33 and G = 0.4K.>

Young’s modulus, also referred to as the modulus of elasticity, is a measure of a
material’s ability to withstand changes in length when under lengthwise tension or
compression. It may be expressed as E = (FLo)/A (Ln,-Lo), where Ly is the original length, and
(Ln-Lo) is the change in length. For isotropic materials simple relations exist between bulk
modulus, shear modulus, and Young’s modulus: £ =2 G (1+v) = 3 K (1-2v). In anisotropic
materials, Young’s modulus may have different values depending on the direction of the
applied force with respect to the material’s structure.
1.1.2 Strength of Materials

In material science, the strength of a material is its ability to withstand an applied
stress without failure. The applied stress may be tensile, compressive, or shear. Compressive
strength is the capacity of a material or structure to withstand loads tending to reduce size. It
can be measured on a universal testing machine, and the measurements are affected by the
specific test method and conditions of measurement. Shear strength (7) is one form of
compressive strength, and is often related to a failure in shear. Although there is a certain
correlation between the shear modulus and shear strength, the shear strength plays a more

significant role in the plastic deformation stage. For different materials with similar shear

3



Stress

Tensile strength f---------=-mmemmmmmmrmmrrnne oo Breaking point

Yield point
Yield strength  }--------------

Plastic region

Elasticé
region :

Strain

Figure 1.2 A typical engineering stress-strain curve. The slope in the linear elastic region is

the Young’s modulus.



moduli, the shear strength varies as much as a factor of 10.>* It has been theoretically shown
that 7 /G is on the order of 0.03-0.04 for a face-centered cubic metal, 0.02 for a layered
structure such as graphite, 0.15 for an ionic compound such as sodium chloride, and 0.25 for
a purely covalent material such as diamond.” The materials with the highest possible 7 /G
values are covalently bonded solids and ionic materials with partially covalent bonds. The
directional nature of the bond yields a low Poisson’s ratio, which increases the elastic shear
modulus G, and prevents the nucleation and motion of dislocations, which increases the shear
strength.

Tensile strength (ors), or ultimate strength, is the maximum stress that a material can
withstand while being stretched or pulled before failure. Figure 1.2 shows the typical
engineering stress-strain curve.® Tensile strength is usually the highest value on the stress-
strain curve. In the early (low strain) portion of the curve, many materials obey Hooke’s law
to a reasonable approximation, so that stress is proportional to strain with the constant of
proportionality being the Young’s modulus. As strain is increased, many materials eventually
deviate from this linear proportionality, the point of departure being termed the yield point.
Yield strength (ov) is the stress at which a material begins to deform plastically. Knowledge
of the yield strength is vital when designing a component since it generally represents the
upper limit to the load that can be applied to it. Many manufacturing operations on metals are
performed at stress levels between the yield strength and the tensile strength. Beyond the
yield point, we observe a nonlinearity that is usually associated with stress-induced “plastic”
flow in the sample. Here the material undergoes a rearrangement of its internal molecular or
microscopic structure, in which atoms are being moved to new equilibrium positions. When
even higher strain is applied, the sample breaks at the breaking point. The corresponding

strength is the breaking strength, also known as rupture strength.



1.1.3 Hardness

Hardness is a material characteristic less well defined in comparison to other physical
properties. Hardness was first defined as the ability of one material to scratch another, which
corresponds to the Mohs hardness scale. This scale is highly nonlinear, and is a relative scale
with talc = 1 at the minimum and diamond = 10 as the maximum. However, this definition of
hardness is not reliable because materials of similar hardness can scratch each other and the
resulting value depends on the specific details of the contact between the two materials.

A more accurate way of defining and measuring hardness is by indentation hardness.
In general, indentation hardness is a measure of the plastic deformation at the surface in
response to a hard indenter applying a given load. Depending on the nature and shape of the
indenter, different scales are used: Brinell, Rockwell, Vickers, and Knoop. The first two are
commonly used for metals, while the last two are frequently used for hard and brittle
materials. The indenter is made of a pyramidal-shaped diamond with a square base (Vickers),
or elongated lozenge (Knoop). For the Vickers hardness, a diamond pyramid is pressed into
the material to be tested under a defined load, and after unloading, the average size of the
plastic deformation remaining is measured under a microscope. The Vickers hardness is
proportional to the ratio of the applied load and the area of the plastic deformation, H, = P/S.

Another indentation hardness test, which is most often used for thin films, is
nanoindentation and is referred to as depth-sensing indentation testing. During a typical
nanoindentation test, force and displacement are recorded as the indenter tip is pressed into
the test material’s surface with a prescribed loading and unloading profile. The response of
interest is the load-displacement curve (or p-4 curve), which often contains signals of discrete
physical events, such as energy-absorbing or energy-releasing cracking, beneath the indenter

tip.” From the “pop-in” events observed in the p-4 curve, we could learn about the plastic



yield point, dislocation development, mechanical instabilities, and phase transformations at
an atomic scale.

Because the indentation process involves many different physical phenomena,
interpreting hardness data in chemical terms is thus difficult. In addition, hardness is a
complex property involving both elasticity and plasticity. It is governed by both intrinsic
properties, that is bond strength, cohesive energy, and crystal structure, as well as extrinsic
properties, that is, defects, stress fields, and morphology. The size of the permanent
deformation produced depends on the elastic resistance to the volume compression from the
pressure created by the indenter, the elastic resistance to the deformation in a direction
different from the applied load, and the plastic resistance to the creation and motion of
dislocations. There various types of resistance to deformation indicate which properties a
material must have to exhibit the smallest indentation possible and consequently the highest
hardness. There are three conditions that must be met in order for a material to be hard: i) the
material must support the volume decrease created by the applied pressure, therefore it must
have a high bulk modulus, ii) the material must not deform in a direction different from the
applied load, therefore it must have a high shear modulus, and iii) the material must not
deform plastically, i.e. the creation and motion of the dislocations must be as small as
possible, and thus it must have high yield strength. These conditions give indications of
which materials may be superhard.

1.2 Superhard Materials
1.2.1 Ultra- and Superhard Materials

Ultra- (H > 70 GPa) superhard (H > 40 GPa) materials generally include single-phase
substances that have extreme hardness among other superior mechanical properties.® The
synthesis of these materials generally requires high pressure high temperature (HPHT)

conditions. Diamond and c-BN are good examples of this class of materials.



Diamond is generally regarded as the hardest bulk material with a measured hardness
between 70 and 100 GPa depending on the type and quality of the diamond. The intrinsic
hardness of diamond originates from its strong nonpolar covalent C-C bonds and the high
(for C) coordination number of 4.° Diamond also possesses an extremely high shear modulus
(534 GPa), the highest known bulk modulus (442 GPa), a very low Poisson’s ratio (0.07), and
a high thermal conductivity (20 W cm™ K™').> However, diamond is exceptionally weak for
cutting ferrous metals and it burns to produce carbon dioxide at 700-900 °C in air. These
shortcomings have significantly limited its application in machining.

Another well-known superhard material is ¢-BN (H > 45 GPa), which has been
considered as the second hardest bulk material for a long time. High hardness together with
high wear resistance and excellent thermal stability make c-BN very attractive for many
applications. In addition, unlike diamond, c-BN does not react with ferrous metals and alloys
making it a potential candidate for a cutting tool for ferrous alloys. The state-of-art synthesis
of bulk ¢-BN involves HPHT sintering of cutting tool inserts consisting of c-BN grains
surrounded by a binder.® The HPHT synthetic methods make bulk ¢-BN expensive and
limited to only the straightforward geometries found in tools and simple devices. In addition,
they are expensive, and this has motivated the search for other superhard materials.

1.2.2 Designing Ultra-incompressible Superhard Metal Borides

A new method to creating incompressible hard materials, pioneered by our group,
involves reacting light p-block elements with dense transition metals.'’ The benefit of using
metals stems from the high valence electron densities for the 5d metals and high heat of
formation of the respective borides. The obvious problem with metals is that metallic
bonding is essentially omni-directional and therefore does a poor job of resisting either
plastic or elastic shape deformations resulting in both a low shear modulus and low hardness.

However, through the introduction of nonmetallic elements, such as boron, covalent bonds to



metals are formed that can drastically increase the hardness. Additionally, due to the high
heats of formation, HPHT methods are unnecessary and low pressure solid state synthetic
techniques can be utilized.

Introducing boron into osmium, the most incompressible metal known, to create
OsB.,, we found that this material was capable of scratching sapphire (which is 9 on the Mohs
hardness scale) without substantially reducing the bulk modulus (365-395 GPa) (Fig. 1.3).""
2 Although OsB; is a hard material, it does not belong to the “superhard” category. One
reason for this is that the OsB; structure contains double Os layers, alternating with covalent
B layers.”” The weak Os-Os metallic bonds within the layers likely reduce the resistance of
OsB; to large shear deformations in the easy-slip direction, which is parallel to the layers. To
create potentially harder materials, we looked at rhenium instead of osmium. We believe
ReB; would be harder because 1) it does not contain any double metal layers that are shown
to reduce the hardness for OsB,, and ii) the lattice expansion of inserting boron into
interstitial sites of Re is half of that of Os. Indeed, with an average hardness of 48.0 GPa at
low load, ReBs; is considered as a superhard material.'*
More recently, tungsten tetraboride (WB4) has attracted tremendous attention as a less

expensive member of the growing group of superhard dense metal borides.'>'®

The advantage
of this material over other borides are: 1) both tungsten and boron are relatively inexpensive,
i1) the lower metal content in the higher borides reduces the overall cost of production
because the more costly transition metal is being replaced by less expensive boron thus
reducing the cost per unit volume, and iii) the higher boron content lowers the overall density
of the structure, which could be beneficial in applications where light weight is an asset.

Characterizations of this new material (such as hardness, in situ X-ray diffraction, and

thermal gravimetric analysis) are described in Chapter 3.



Figure 1.3 Sapphire window scratched by OsB, powder viewed under 500x magnification in
an optical microscope. Reproduced with permission from Ref. 11, copyright 2005 American

Chemistry Society.
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1.3 High Pressure Diamond Anvil Cell Techniques

The diamond anvil cell (DAC) is the most versatile and popular device used to create
very high pressures by trapping a sample between tiny flat faces ground on the pointed ends
of two diamonds (culet faces). A modest force applied across the wide “table” face of the
diamond can generate tremendous pressure on the small “culet” face. One of the advantages
of the DAC over many other high-pressure techniques is that the diamond anvils are
transparent to so many forms of radiation. The sample may be viewed at pressure and
temperature using an optical microscope. Lasers, of various wavelengths, may be used to
measure optical Raman, Brillouin, or IR spectra. X-ray may be used to measure nuclear
resonance scattering and diffraction from both single and polycrystals. Magnetic properties
may also be measured as well as sound speed. Thus much of what we know about the
physical properties of materials at pressures above 26 GPa comes from DAC experiments.

Because of the above benefits, DACs are used to make a wide variety of

: 17-19
measurements relevant to the geosciences.'’

DAC has been used to measure the melting of
Fe at conditions similar to the Earth’s core and used to describe and characterize high
pressure phases present only in the interior of planets and stars.'” They are used to measure
the equation of state of earth materials, including solids and liquids.***' More recently, DACs
have extended their applications to study the elastic properties, strength, and deformation
behaviors of strong ceramics, including B60,* SisN4,** TiB,,> and etc. In this section, we will
focus on synchrotron-based high pressure X-ray diffraction and high pressure Raman
spectroscopy.
1.3.1 Synchrotron-based in situ High Pressure X-ray Diffraction

There is no fundamental difference between diffraction experiments conducted at

high pressures and those at one atmosphere. The only differences are related to the physical

constraints placed by the high-pressure apparatus. For example, electron diffraction is an
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incredibly useful tool in transmission and scanning electron microscopy, but since electrons
cannot penetrate any significant amount of solid, no one has figured out how to do electron
diffraction during high-pressure experiments. Both neutrons and X-rays can be used in high-
pressure experiments. Neutrons interact less with matter than electrons do so they can
penetrate and diffract from high Z metal samples. Neutrons also interact with hydrogen,
which is nearly invisible to X-rays. However, neutrons also require a large amount of low Z-
material to produce measurable diffraction. Sufficiently high-energy X-rays can penetrate a
DAC and produce patterns from just cubic microns worth of material. As a result,
synchrotron X-rays are used in our high-pressure diffraction experiments in characterizing
ultra-incompressible superhard metal borides. Detailed results and discussions can be found
in Chapters 4-5. In general, two types of measurements are of particular interests; 1) axial X-
ray diffraction that determines the equation of state of materials under hydrostatic conditions,
and ii) radial X-ray diffraction that examines the stress and strain state of compounds under
non-hydrostatic conditions.

In axial X-ray diffraction, the X-ray beam is parallel to the compression direction, and
samples are compressed quasi-hydrostatically in the DAC using a pressure medium (such as
Ne gas). Isotropic diffraction rings are collected at elevated pressures. For a highly
incompressible (and large bulk modulus) material, application of high pressures would
produce remarkably small shifts in the peak positions. Obtained pressure-volume data are
then fitted using the third-order Birch-Murnaghan equation of state to calculate both the zero-
pressure bulk modulus, Ky, and its derivative with respect to pressure, Kj' 2425

In radial diffraction, which differs from standard axial X-ray diffraction, the incoming
X-ray beam is perpendicular to the compression direction (Fig. 1.4). Most of these
experiments are only possible because of the use of X-ray transparent gaskets, consisting of

amorphous B or Be, that allow the collection of X-ray diffraction data from samples
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gasket Imaging plate

Figure 1.4 Schematic of the radial X-ray diffraction experiment. The polycrystalline sample
is confined under non-hydrostatic stress conditions between two diamond anvils. o and 0 3
are the radial and axial stress components, respectively. A monochromatic X-ray beam is sent
through the gasket with the direction of the incoming beam orthogonal to the diamond axis
and the data collected on an imaging plate orthogonal to the incoming beam. The position of
the diffraction lines and intensity of diffraction are analyzed as a function of the azimuthal

angle 7.
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perpendicular to the loading axis.***’ In such a geometry, diffraction arises from lattice
planes having many orientations relative to the compression axis, and thus many different
stress states. Diffraction from components of the material with different stress states are
spatially separated on a 2D X-ray detector, so that a single diffraction image, which shows
elliptical diffraction “rings”, can provide both lattice plane and strain specific information.
Further information about plastic deformation is also visible through the variations of
diffraction intensities with orientations, which indicate lattice preferred orientations (texture).
As a result, the radial diffraction techniques not only provide information about the limits of
elastically-supported lattice strains, but also about lattice preferred orientations in
polycrystals associated with the microscopic deformation mechanisms controlling the plastic
behavior of the samples.
1.3.2 High Pressure Raman Spectroscopy

The frequencies of vibrational modes in solids are sensitive to changes in applied
pressure as a result of the volume and structural dependence of interatomic or intermolecular
forces in the material. Vibrational spectroscopy can thus be used to probe structural
properties of solids at high pressure and to identify pressure-induced phase transitions. In
particular, the combination of vibrational Raman scattering spectroscopy with the DAC has
proven to be an important technique for characterizing materials at very high pressures. It
complements direct structural methods that probe long-range order in materials, such as high-
pressure X-ray diffraction, and provides additional structural information. Chapter 2 is an
example of using high pressure Raman spectroscopy technique to study the microscopic

properties of ReB,, one of the hardest metal borides.
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Chapter 2 Raman Scattering from Superhard Rhenium Diboride under High Pressure
2.1 Introduction
Dense transition metal borides exhibit promising mechanical properties such as high
hardness and low compressibility, while remaining relatively easy to synthesize at ambient

- . 18- . 1320
pressure.”’ Many theoretical®'? and experimental

studies have focused on understanding
strength properties of superhard borides such as their extreme indentation hardness, and
correlating them with structural, elastic and electronic properties. To date, however, much of
what we know about the properties of superhard transition metal borides is based on macroscopic

46.7.13.20 11y dentation tests evaluate

indentation tests and structural studies using X-ray diffraction.
a material’s hardness by measuring the indentation size, which in turn depends on a material’s
response to a compressive load and its capacity to withstand deformations in a direction different
from the applied load. X-ray diffraction under pressure provides a microscopic view of lattice
elastic response under load, but structural information about low Z elements such as boron, is
missing because diffraction is dominated by the high Z transition metals. Despite this lack of
information, it is clear that bonds involving boron (either boron-boron bonds or boron-metal
bonds) are key to determining the material’s properties, as the parent pure metals are
incompressible, but not hard. Unfortunately, it is not clear how these different boron-containing
bonds combine to produce the observed resistance to plastic deformation.

The goal of this study is to gain an understanding of the correlation between microscopic
bonding and macroscopic properties of ReB,, one of the hardest transition metal borides.*’
Indentation tests demonstrate a spread in hardness values at constant load, which can be

attributed to the anisotropic structure of ReB,.* High-pressure X-ray diffraction further shows

that the c-axis is substantially less compressible than the g-axis, indicating a significant elastic
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anisotropy.™** Zhou et al."” examined the behavior of ReB; using neutron scattering and density
functional theory (DFT) based calculations, and indicated that the covalent B-B and Re-B
bonding play a critical role in the hardness and compressibility. However, understanding the
mechanical properties under load requires extending these studies to high pressures. Here we use
pressure-dependent Raman spectroscopy and DFT calculations to examine lattice vibrational
properties of ReB; and interpret them in terms of bond directionality to connect the microscopic
structure to the macroscopic observations of physical properties.

The crystal structure of ReB; is hexagonal with space group P6s/mmc (no. 194, a =
290.05(1) pm, ¢ = 747.72(1) pm, Fig. 2.1 left inset). Each Re is coordinated to eight B atoms in a
2+6 configuration (Fig. 2.1 right inset). The shortest B-B bonds are between B1-B2 with a
distance of 1.82 A; these slightly puckered layers lie mostly in the a-b plane. The shortest Re-B
distances are 2.23 A, which correspond to two B atoms aligned along the c-axis. The other six B
atoms with Re-B distance of 2.26 A are disposed in a triangular prismatic configuration that
forms strong covalent bonds with Re atoms. The triangular prisms, as the building blocks of the
ReB; crystal lattice, are net-joined through covalent B-B bonds, and arranged following an
ABAB... stacking pattern characteristic of an Acp structure. Group theoretical considerations lead
to the phonon modes of ReB, at the I'point, I'= A4, + 245, + 2By + Bo, + E», + 2E>5 + 2E;, +
Ej, One A», and one E, correspond to zero frequency acoustic modes and the rest are optic
modes. Hence, the structure predicts four zone-centered Raman active modes, I'= A4, + 2E», +
Ejq.

2.2 Theoretical Methods
The group theory prediction of Raman active modes in ReB; was confirmed by our

theoretical calculations using the CASTEP code.*' The code is an implementation of Kohn-Sham
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Table 2.1 Calculated and Measured Ambient Raman Frequencies v;, Pressure Coefficients a;, Mode

Griineisen Parameters ¥;, and Dominant Characters of Optical Modes of ReB, at the I" Point

Dominant a; [dv,;/dP,

-1 ..
Mode Vi (cm™) Activity character (em” GPa™)] v [-9(Invy)/ J(nV,)]
Cal. Cal.
Expt. (our  (Zhou Cal. Expt. Cal® Expt® Cal® Expt.
study) etal”)
Ex 151 149 150 R Reima-b g 4y 0.95 0.85
plane
Big 232 230 Realongc  0.83 1.22 1.59
Bin a-b
E, 404 401 404 plane, in- 1.34 1.15 1.02
phase
Bina-b
Ep 477 687 IR plane, in- 1.46 1.05 0.93
phase
A, 633 630 R Balongein- ) g 1.46 1.89
phase
Bina-b
Eiq 682 684 687 R plane, out-of- 3.09 3.3 1.55 1.65 138 1.47
phase
Bon 702 706 Balonge, ) 45 1.21 1.57
out-of-phase
Bina-b
Esg 729 727 729 R plane, out-of-  3.05 1.44 1.28
phase
B along c,
Big 736 735 out-of-phase 2.76 1.29 1.67
A, 788 784 788 Balonge, 0, 3 1.19 131 155 171

out-of-phase

*Values are calculated using Eqn. (1) with an isothermal bulk modulus of 344 GPa.’
®Values are calculated using Eqn. (2) with directional modulus of 305 and 446 GPa for a- and c-

axes, respectively.
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DFT based on a plane-wave basis set in conjunction with pseudo-potentials. The plane-wave cut-
off was set to 600 eV. All pseudopotentials were ultrasoft> and were generated using the
Perdew-Burke-Ernzerhof” generalized gradient approximation functional to allow for fully
consistent treatment of the core and valence electrons. The rhenium pseudopotential is
characterized by a core radius of 2.1 a.u. and the 5s and 5p semicore states were treated as
valence states. The boron pseudopotential had a core radius of 1.0 a.u. The Brillouin-zone
integrals were performed using Monkhorst-Pack grids with spacings between grid points of less
than 0.02 A, Full geometry optimizations at pressures between 0-20 GPa were performed so
that forces converged to 0.004 eV/A and the stress residual to 0.05-0.150 GPa. The calculated
mode frequencies are listed in Table 2.1.
2.3 Experimental Details

Samples of polycrystalline rhenium diboride were prepared by spark plasma sintering
(SPS). Experimental details and a discussion of how ideal samples were selected can be found in
the supporting information section at the end of this chapter. Our key criteria were that the
sample could not contain excess boron, which is highly absorptive, or show surface oxidation,
which produces a strong Raman signal from boric acid. Fresh-crushed samples with clean
surfaces are thus essential to obtain high-quality spectra.”* For high-pressure studies, freshly
ground ReB, fine powders were loaded in a steel-gasketed sample chamber with a 235 pm
diameter hole. A methanol-ethanol mixture with a 4:1 volume ratio was used as the pressure
medium. A small amount of ruby was added to the sample chamber to measure pressure using
standard ruby R-line emission with a precision of 3%.

Raman spectroscopy was performed on ReB, samples at ambient temperature and as a

function of pressure in the diamond anvil cell using a microscope-based confocal Raman
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Figure 2.1 Raman spectrum of ReB, at ambient pressure. Raman frequencies (in cm™) and
assigned symmetries of the first-order modes are indicated. The broad peak at a frequency 404
cm™ is symmetry-forbidden and thus a Raman inactive mode. The inset shows the structure of

ReB; and a perspective view of the first coordination shell of Re.
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spectroscopy system in the Mineral Physics Laboratory at UCLA.” Data were collected in
backscatter geometry using 488 nm light, which was obtained through a pinhole-based confocal
system and focused onto a Peltier-cooled CCD camera at the end of a 750 mm single
monochromator. Measurements were carried out up to 8.1 GPa.

2.4 Results and Discussion

2.4.1 Raman Spectrum of ReB, at Ambient Conditions

Figure 2.1 shows the Raman spectrum of ReB, taken at ambient conditions. The
spectrum is dominated by a major peak at 788 cm™, one shoulder peak at 731 cm™, and two
peaks at 687 and 151 cm™. We also observe a broad peak at 404 cm™', centered at a frequency
predicted for a non-Raman active mode. With the exception of this peak at 404 cm™, our
measured frequencies agree well with those measured from inelastic neutron scattering which is
also sensitive to lattice vibrations. Our calculated Raman frequencies at ambient conditions are
consistent with both experimental data and the previous theoretical prediction by Zhou et al."
This agreement gives confidence in the accuracy of our DFT calculations and allows us to draw
conclusions from theoretical pressure dependent frequency shifts.

The observation of a Raman mode at 404 cm™ was not expected since there is only a
Raman-inactive vibration predicted in this frequency range. This apparent breaking of phonon
selection rules could be due to intrinsic structural imperfections in ReB,, such as boron
vacancies. It might also arise from local distortions of the lattice that cause a change in the boron
atom distribution and thus a change in the local lattice symmetry.*® The peak can be tentatively
assigned to the symmetry forbidden mode E,. Given that this mode is likely only weakly

allowed, the low Raman intensity seen here is expected.”’
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Figure 2.2 (a) Representative Raman spectra of ReB, at elevated pressures up to 8.1 GPa. Two
Raman modes are followed under pressure: the 4, (B motion along the c-axis, out-of-phase) and
Ei; (B motion along the a-b plane, out-of-phase). (b) Experimental and theoretical Raman

frequencies as a function of pressure for two first-order modes in ReB,.
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2.4.2 Raman Spectra of ReB, at High Pressures

At high pressures, we observe three of the four Raman-active modes (Fig. 2.2a). Only the
A1, mode is seen at 0 GPa with a frequency of 783 cm™ and it is rather broad. The apparent
disappearance of the E, and E», modes (corresponding to B vibrations) in the high pressure cell
likely results from the low signal-to-noise in the 0 GPa scan, which could in turn be due to
surface oxidation when the sample was loaded into the diamond anvil cell. The other E», mode
corresponding to Re vibrations appears at very low frequencies, and it is often difficult to see
low frequency modes at pressure because of increased Rayleigh scattering from the many
interfaces associated with the high pressure cell. As discussed above, the £,, mode appears to be
a symmetry forbidden mode arising from local lattice distortions, and apparently it is suppressed
at high pressures. As the pressure increases, the Raman peaks shift to higher frequencies. This is
accompanied by an increase in the signal-to-noise ratio and the appearance of the £, mode with
a frequency of 711 cm™ at the highest pressure. There is also a shoulder peak (Fig. 2.2a),
corresponding to the E», mode, but the peak position cannot be fit accurately enough to use for
quantitative analysis.

Interestingly, up to 4 GPa, the Raman peaks become narrower with increasing pressure.
Above 4 GPa, the line-widths remain constant and the changes are reversible upon
decompression. If the narrowing is structural in origin, the reversibility indicates a change in
dynamic disorder, rather than a change in static ordering. In a system where the structure does
not change with pressure, however, it is established that pressure should not affect first-order
phonon line-widths.**** As an alternative explanation, large line-widths in conventional
semiconductors are usually caused by decreased phonon lifetimes due to strong phonon-phonon

interactions.”®” A nonstructural origin for the reversible line-width decrease in ReB, with
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increasing pressure up to 4 GPa could thus be a pressure induced separation between the first-
order Raman-active modes and the two-phonon density of states because the pressure
coefficients tend to be larger for first-order Raman modes than for sum modes.>*>°

Figure 2.2b shows the experimentally determined shift in vibrational frequency as a
function of pressure for our first-order ReB, Raman modes. These are compared with the
theoretically predicted frequencies and their calculated pressure dependencies. Measured
pressure coefficients a; = dv;/dP are consistent with theoretical calculations, as shown in Figure
2.2b and summarized in Table 2.1. Bolstered by the agreement between experiment and theory,
we use our DFT results to examine the relationship between the crystal structure and the phonon
vibrational properties at ambient and high-pressure conditions in ReB,.

The lattice vibrations of ReB; can be categorized into 1) vibrations involving mainly B
displacements, and 2) vibrations dominated by Re motions. According to Table 2.1, vibrations
involving mainly B displacements generally fall in the high-frequency region (680-800 cm™),
while vibrations dominated by Re motions fall in a low-frequency region (100-500 cm™). This
high-frequency region overlaps intra-icosahedral B vibrational frequencies found in B¢O’' and
o-B.** Generally speaking, frequencies of B vibrations along the c-axis, such as the 4 1 mode,
are higher than ones within the a-b plane, such as the E», mode, indicating stiffer bonds along the
c-axis. As a result, short, strong B-Re bonds along the c-axis dominate the highest frequency 4,
frequencies (788 cm™), while the other high frequency modes — the E» (729 cm™) and Ei, (682
cm'l) modes — relate to the network of short B-B bonds in the a-b plane. The shear mode E»,
describes the vibrations between adjacent B layers along the a-b plane.®”* This doubly
degenerate mode has the lowest frequency among B vibrations, suggesting that adjacent B layers

are more weakly coupled.
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2.4.3 The Mode Gruneisen Parameters
The relationship between the pressure dependence of vibrational modes and the thermal
properties of the lattice is described by the mode Gruneisen parameters,

_d(nv,) =&%

= , 2.1
Y= vy " v, 9P 1)

where V; is the frequency of the vibrational mode 7, K7 is the isothermal bulk modulus associated
with the volume vibrating (V) at zero pressure (in GPa), v;y is the frequency of the vibrational
mode i at zero pressure (in cm™), and P is the pressure (in GPa). This formula was developed for
isotropic solids as it uses the bulk modulus to relate the applied pressure to a volume change.
Since ReB; is strongly elastically anisotropic, and since our goal of this work is to use high-
pressure Raman to learn about bond changes under pressure, we have modified this analysis to
incorporate elastic anisotropy. For each mode, we replace the bulk modulus with a directional
modulus, Ky, which depends on the direction associated with each vibrational mode according to
the band assignment.*® These modified-mode Griineisen parameters are given by

__9(nv,) _K, v,

v onV) v, oP (2:2)
In ReB,, for vibrations in the a-b plane, such as E,,, we use the linear modulus along the a-axis,
K,, for Ky. For vibrations in the ¢ direction, such as 4,,, we use the linear modulus along the c-
axis, K. for Ky.

The directional moduli are derived by fitting lattice constants with a second-order Birch-

Murnaghan equation of state.’**’

According to synchrotron-based X-ray diffraction
measurements on ReB,,” the directional moduli along the a- (K,) and c-axes (K.) are calculated

to be 305 and 446 GPa, respectively. Table 2.1 lists the calculated mode Griineisen parameters of

ReB, following Eqns. (2.1) and (2.2). Values based on the isothermal bulk modulus vary
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between 0.95 and 1.56, while the range is larger when directional moduli are considered (0.85 to
1.89). These modest values are expected for phonon modes in a compound dominated by
covalent bonding, where typically ydoes not exceed 2.**

To calculate average mode Griineisen parameters <>, given by

_Zcz’yi
= Zci , (2.3)

each mode is weighted by the Einstein heat capacity

<y, >

39-41

¢ = LX) (2.4)
[1—exp(x;)]

where x;= hv; / kgT, h is Planck’s constant, and kz is Boltzmann’s constant. The calculated c;
values were quite close to 1 for all vibrational modes, a result that is expected for Einstein solids
in the high temperature limit (~300 K), where a solid can be considered as an ensemble of
independent quantum harmonic oscillators. Using Equation (2.3), we obtain an average mode
Griineisen parameter of 1.25 and 1.37 using the isothermal (Eqn. 2.1) and directional modulus
(Eqn. 2.2), respectively. Our average mode Griineisen parameters are lower than the thermal
Griineisen parameters () based on the Debye approximation, with reported values of 1.7 and
2.4 from resonant ultrasound spectroscopy'® and synchrotron-based X-ray diffraction,*
respectively. Thermal Griineisen parameters are obtained by averaging over all mode Griineisen
parameters, including acoustic and optic modes; while the average mode Griineisen parameters
calculate here include only optical modes. In practice, <y;> is often up to 25% lower than ¥ ,,.**
Our calculated mode Griineisen parameters provide insights into the microscopic bonding
evolution of the ReB, crystal lattice under load. As seen from Table 2.1, no systematic

statements can be made about Griineisen parameters for modes involving B vibrations compared
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to Re vibrations. The B;, mode involving Re motion in the ¢ direction shows a nearly identical
Griineisen parameter to the B, mode, which involves B motion in the same direction. From this
we conclude that both B-B and Re-B bonds can play a dominant role in supporting the applied
load under pressure. One thing that does stand out is that the £, Re mode in the a-b plane has a
particularly low Griineisen parameter, indicating that these bonds are fairly insensitive to
changes in volume and thus do not support the dominant load under pressure.

For boron-based modes in the a-b plane, the in-phase modes are more sensitive to
changes in volume than the out of phase modes. This is likely a reflection of the fact that the out-
of-phase modes involve vibrations between adjacent B layers, as discussed above. These weakly
coupled layers apparently do not experience major bonding changes under pressure.

Finally, when one uses Equation (2.2) to calculate Griineisen parameters, the results
indicate that modes with vibrations along the ¢ direction show more volume sensitivity than
modes in the a-b plane, as evidenced by the higher Griineisen parameters. This suggests that
bonds along the c-axis tend to support more stress, while planes orthogonal to the c-axis bear less
stress and are more likely to be slip planes. The trends in Griineisen parameters both parallel and
perpendicular to the c-axis thus agree with observations of elastic lattice anisotropy obtained
from both in situ X-ray diffraction and resonant ultrasound experiments.*'*'°
2.5 Conclusions

In summary, here we have reported the experimental and theoretical first-order Raman
spectra of ReB, at room temperature. The ambient pressure spectra show the expected Raman
active modes as well as one additional mode, which may be indicative of symmetry breaking
caused by either vacancies or bond distortions. Good agreement is found between experimental

and theoretically predicted Raman shifts, validating the DFT methods used here as a way to
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explore high-pressure behavior in ReB,. The examination of mode Griineisen parameters further
improves our understanding of the macroscopic mechanical properties of superhard ReB, from
the microscopic bonding point of view.
2.6 Supporting Information

To find the optimal sample for this work, we examined the Raman spectra of a broad
range of ReB, samples, including conventional arc melted ReB; ingots that contain some excess
boron, a high-purity (twinned) ReB, single crystal prepared using a tri-arc crystal-growing
furnace,'* and a densified compact of ReB, prepared by sparks plasma sintering (SPS, the sample
used for this work) (Figure S2.1). Although X-ray diffraction patterns for all ReB, samples
indicate single-phase compounds, extra boron was added to both arc-melted samples to prevent
formation of undesired phases and to compensate for B evaporation. Highly absorptive
amorphous boron is detrimental to high-quality Raman spectra, leading to peak broadening and a
low signal-to-noise ratio. In addition, ReB, has a short optical penetration depth due to its
metallic nature. Even slight surface oxidation results in Raman spectra that are dominated by
oxidized amorphous boron. Specifically, surface oxidation or hydrolysis introduces an additional
peak at a frequency of 1168 cm™ that comes from boric acid.** As a consequence, standard arc
melted ingots show Raman modes only for boric acid (Figure S2.1, green). When theses samples
are highly polished to remove any surface oxide, the result is a Raman spectrum with no distinct
peaks (Figure S2.1, red). The tri-arc melted single crystal is somewhat better, with one peak
corresponding to the A, mode that can be observed within the measured range, but some boric
acid scattering is still observed and peaks corresponding to the lower intensity Ei, and E,
Raman modes are not detected. In contrast, the SPS ReB, sample used in this work showed all

three Raman active modes within measured range, as predicated from the group theory. As a
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result, the system presented in our manuscript provides higher quality Raman data than either

single crystal ReB; or arc-melted ingots.
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Figure S2.1 Raman spectra of a high-purity (twinned) single crystal of ReB, prepared using a

tri-arc crystal-growing furnace (blue), a densified compact of ReB, prepared by sparks plasma

sintering (SPS, black), polished (red) and unpolished (green) ingots prepared by arc melting

method. Only the SPS sample clearly shows the expected array of first-order Raman modes.
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Chapter 3 Exploring the High Pressure Behavior of Superhard Tungsten Tetraboride

3.1 Introduction

The search for new superhard materials is driven by the need for chemically inert, robust
materials for abrasives, cutting tools, and coatings that can be synthesized under modest
conditions. Broadly, two approaches are used to design and synthesize materials with high
hardness. A first approach is to imitate natural diamond by combining light first row elements
(B, C, N or O) to produce materials that maintain short bonds with high-covalency, such as c-
BN,1 B6O,2 and BC,N.® A second route is to start with elemental metals that are intrinsically
incompressible, but not hard, and try to improve their hardness by incorporating light elements
into the metal structure to simultaneously optimize covalent bonding and valence-electron
density.4 This class, which generally contains late transition metal borides, carbides, nitrides, and
oxides, contains many candidate hard materials.”®

For example, by applying the second approach to Os, with a hardness of only 3.9 GPa,
Cumberland ez al.’ sought to introduce covalent bonds to its lattice using boron to increase its
hardness while maintaining the high bulk modulus. The presence of covalent bonds in OsB,
results in a hardness of 21.6 GPa under an applied load of 0.49 N, without substantially reducing
the bulk modulus (365-395 GPa).”'® Although this hardness value is relatively high, it does not
assign this material to the “superhard” category.'' One reason for this is that the OsB; structure
contains double Os layers, alternating with covalent B layers. The weak Os-Os metallic bonds
within the layers likely reduce the resistance of OsB; to large shear deformations in the easy-slip
direction, which is parallel to the layers.'" To create potentially harder materials, hexagonal
rhenium diboride was synthesized by completely replacing Re for Os. The ReB, structure

consists of alternating single layers of hexagonally packed Re and puckered interconnected
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hexagonal rings of boron. Without the double metal layers that reduce the hardness for OsB,, this
material exhibits a much higher hardness of 48 + 5.6 GPa under an applied load of 0.49 N."?

The next logical step in this pattern would be to further increase the boron concentration
in a related late transition metal boride to further increase the hardness. Unfortunately, few
transition metals form compounds with boron to metal ratios greater than 2:1. Tungsten,
however, is an exception, forming the unusual compound tungsten tetraboride (WBy). It is the
highest boride formed under normal pressures.'” " Interestingly, the structure of WBy exhibits a
unique covalent bonding network with B-B covalent bonds aligned along the c-axis.'® This
covalent bonding framework of WB, should result in a more isotropic structure than that
exhibited by ReB,. In general, isotropic structures favor high hardness, as demonstrated in
diamond, because materials fail at the weakest point. This suggests that WB4, embracing a more
isotropic structure, has potential for improved hardness. As a candidate superhard material, WB4
also has a number of advantages over other borides. Specifically, 1) both tungsten and boron are
relatively inexpensive, 2) the lower metal content in the higher borides reduces the overall cost
per volume of production and 3) the higher boron content lowers the overall density of the
compound, which could prove to be beneficial in applications where light-weight is a critical
asset.'’

Recently, Gu et al.'® synthesized WB, and they measured hardness values as high as 46.2
GPa and a bulk modulus of 304 + 10 GPa by fitting the second-order Birch-Murnaghan equation
of state (EOS). With an exceptionally high first derivative Ky'of 15.3 + 5.7, they obtained an
extremely low value of the zero pressure bulk modulus Ky of 200 + 40 GPa using the third-order
Birch-Murnaghan equation of state. Unfortunately, this work did not include any details on the

synthesis of the WB4 or present any raw X-ray diffraction data; thus, it is difficult to effectively
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evaluate the lattice behavior of WBy4 from this work, especially under extreme conditions. In
parallel, Wang et al.’ theoretically predicted the hardness of WB4 to be between 41.1-42.2 GPa
with a bulk modulus of 292.7-324.3 GPa. They also calculated a low shear modulus of 103.6-
181.6 GPa. More recently, Liu et al." studied the high-pressure behavior of WB,4 synthesized
using a hot press. While the sample was stated to be phase-pure, X-ray diffraction data clearly
show the presence of WB; in addition to WB4. Indeed, the thermodynamically favored tungsten
diboride is the major challenge in producing phase-pure WB,.!” Moreover, their high pressure
work up to 50.8 GPa used silicone oil as the pressure medium, which is known to give large non-
hydrostatic stresses above ~8 GPa.”” The presence of deviatoric stresses in the diamond anvil
cell, as evidenced from significant peak broadening in their X-ray diffraction patterns, means
that the high-pressure behavior of WB4 under hydrostatic conditions had not yet been fully
determined.

In our recent study, high-quality crystalline WB4 was successfully synthesized via arc
melting. We confirmed the high hardness using both microindentation and nanoindentation,
obtaining hardness values of 43.3 + 2.9 GPa, and 40.4 GPa, respectively.'” From high pressure
X-ray diffraction results, our newly measured bulk modulus of 339 + 3 GPa obtained using a
second order Burch-Murnaghan EOS was 10% higher than the value reported by Gu ez al.'® and
close to the value reported by Liu ef al. (324 GPa in the pressure range up to 23.9 GPa)."”

In order to clarify the elastic moduli of WB4 with higher accuracy and to further examine
the lattice distortions of WB4 under elevated pressure, we have undertaken a more complete
experimental study of the pressure-dependent compression behavior of WB4 using synchrotron-
based angle-dispersive X-ray diffraction in the diamond anvil cell. It is now widely recognized

that hydrostaticity is the key to obtaining reliable values of bulk modulus and its pressure
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derivatives, particularly for fairly incompressible materials. We have thus used neon as the
pressure transmitting medium since it offers good quasi-hydrostatic conditions to at least 50
GPa.”’ In addition, we have performed a similar set of experiments on ReB; to 63 GPa, allowing
us to compare and contrast the behavior of these two transition metal borides. The example of
ReB, provides a good cross-comparison because of the close proximity of Re to W in the
Periodic Table, the similar valence electron densities of these two materials (ReB,: 0.477 ¢’ A”;
WB4: 0.485 e'A'3), the similar indentation hardness values measured for these materials (48.0 +
5.6 GPa and 43.3 + 2.9 GPa for ReB,'” and WB,,'” respectively), and their related structure (both
space group P63;/mmc).
3.2 Experimental Procedure
3.2.1 Synthesis of WB4

Powders of pure tungsten (99.9994%, JMC Puratronic, USA) and amorphous boron
(99+%, Strem Chemicals, USA) were mixed together with a molar ratio of 1:11 and pressed into
a pellet using a Carver press under 10,000 lbs. of force. The pellets were then placed in an arc-
melting furnace. The WBy, ingot was synthesized by applying an AC current of >70 amps under
high-purity argon at ambient pressure. All ingots were crushed to form a fine powder using a
hardened-steel mortar and pestle set. The rhenium diboride sample was produced in a two-step
process that involved first synthesizing ReB, powder and then sintering the powder into an ingot.
The detailed description of the process can be found elsewhere.”' To confirm the phase purity of
all powder samples, powder X-ray diffraction patterns were collected on an X Pert Pro™ X-ray
powder diffraction system (PANalytical, Netherlands) (Fig. 3.1). Elemental analysis was

performed using a JSM-6700F field-emission scanning electron microscopy (JEOL Ltd.)
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Figure 3.1 Labeled X-ray diffraction pattern for powder tungsten tetraboride (WB4) at ambient
pressure (X-ray wavelength A = 1.54 A). The vertical bars indicate previously determined lattice

spacings for WB, (JCPDS, Ref. Code: 00-019-1373)." The corresponding Miller index is given

above each peak. The material used in this work is thus shown to be highly crystalline and phase

pure.
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equipped with an energy-dispersive X-ray spectroscopy detector (EDAX) utilizing an ultrathin
window.
3.2.1 High Pressure Measurements
High-pressure experiments were carried out using a symmetric diamond anvil cell equipped with
300 pm diamond culets using a pre-indented rhenium gasket with a 150 pm diameter sample
chamber. A 50 um diameter piece of sample was loaded into the cell, supported by a piece of
platinum foil (5 pm thick, 99.95%, Alfa Aesar, USA), which was used as an internal pressure
calibrant. We also placed a 10 um ruby chip next to the sample as an external pressure calibrant.
To ensure a quasi-hydrostatic sample environment, neon gas was loaded into the cell using the
COMPRES/GSECARS gas loading system.”* High-pressure angle dispersive X-ray diffraction
experiments were performed at Beamline 12.2.2 at the Advanced Light Source (ALS, Lawrence
Berkeley National Laboratory) and 16-BM-D of the HPCAT sector of the Advanced Photon
Source (APS) with X-ray beam sizes of approximately 10 x10 pm? and 5 x15 pm?, respectively.
Image plate detectors were used at both beamlines. The distance and orientation of the detector
were calibrated using LaBs and CeO, standards, respectively. Pressure was determined using
ruby fluorescence. A secondary pressure calibration was performed by referencing the measured
lattice parameter of the internal standard Pt to its P-V equation of state. X-ray diffraction patterns
of WB,4 and ReB, were collected up to pressures of 58.4 and 63 GPa, respectively.
3.3 Results

At ambient temperature and pressure, X-ray diffraction studies of WB, reveal a
hexagonal structure with the lattice parameters @ = 5.1945 £ 0.0013 A, ¢ = 6.3311 £ 0.0030 A, ¥,
=147.94 + 0.15 A’ and axial ratio ¢/a = 1.2188 + 0.0006 (Fig. 3.1). Representative high-pressure

diffraction patterns for WB,4 are shown in Fig. 3.2. The two-dimensional diffraction patterns
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Figure 3.2 Representative angle dispersive X-ray diffraction patterns for WB4 as a function of
increasing and decreasing pressure. The Re peaks are from the gasket due to incomplete filtering
of the tails of the X-ray beam. No changes in peak patterns that would be indicative of a change

in symmetry are observed under pressures up to 58.4 GPa.
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were integrated using the program FIT2D* to yield one-dimensional plots of X-ray intensity as a
function of d-spacing. All patterns were indexed to the hexagonal phase, and there were no signs
of phase transformations. The sample remained in the hexagonal phase up to the highest pressure
of 58.4 GPa, at which point the lattice parameters were a = 4.949 + 0.013 A and c = 5.984 +
0.027 A and ¥, = 126.9 £ 1.30 A’. Similarly, ReB, was also shown to be stable in the hexagonal
phase to 63 GPa.

Figure 3.3 shows the normalized unit cell volume of WBy as a function of pressure, under
both compression (filled circles) and decompression (open circles). Figure 3.4 shows the
normalized compressibility of both the a- and c-lattice parameters of WB,4. Up to ~40 GPa, both
the a- and c-lattice constants show a gentle decrease upon compression, with the a-axis
appearing slightly more compressible than the c-axis. However, at ~42 GPa, the c-axis appears to
suddenly undergo a softening, becoming significantly more compressible than the g-axis. The a-
axis does not show any change in behavior. This structural change is reversible, with the c-lattice
constant recovering its original strain values upon decompression. This structural change has not
been observed in other studies and emphasizes the need for high-quality data.

Due to this anomalous behavior in the ¢ direction, fits to the Birch-Murnaghan equation
of state were performed at pressures lower than 42 GPa. The measured zero-pressure bulk
modulus, Ky, using a second-order Birch-Murnaghan equation of state is 317 + 3 GPa; the value
is 367 + 11 GPa with Ky'= 0.9 + 0.6 using a third-order Birch-Murnaghan equation of state.
Using only data obtained on compression results in Ky = 326 = 3 GPa (second-order Birch-
Murnaghan equation of state) and 369 + 9 GPa with Ky'= 1.2 £ 0.5 (third-order Birch-
Murnaghan equation of state). These values are slightly lower than our previous study of WBL4,

which presented a bulk modulus of 339 + 3 GPa obtained using a second-order finite strain

45



[T T T T T
1.00¢ E
E ® WB, compression E
0.98 E A O WB, decompression E
TR B ReB,compression E

E ] ReB, decompression
0.96 E — Birch-Murnaghan fit E
0.94F 3
2 o 5
> 0.92% =
0.90F .
0.88: 3
0.86F -
0_84;.||||\.||\.\|||\.nI.u.|||ulu.\|||||\ynllu..l....lunl.uﬂz

Pressure (GPa)
Figure 3.3 Measured fractional unit cell volume of WB4 and ReB, plotted as a function of
pressure. Black solid circle: compression of WB4; black open circle: decompression of WB4;
grey solid square: compression of ReBy; grey open square: decompression of ReB;; black solid
line: a Birch-Murnaghan fit to the compression data of WBy; grey solid line: a Birch-Murnaghan
fit to the compression data of ReB,. Error bars that are smaller than the size of the symbol have
been omitted. While WB4 is more compressible than ReB; under high pressures, below 30 GPa

the data are quite comparable.

46



R e M AAARRRARRS S

1005_ ® a axis compression _

VU O a axis decompression ]

o B ¢ axis compression ]

E O c axis decompression ]
0.99F
o —
< o8t
Q TR
'c —
C E
© 0.97-
o r
© o
\ -
©  0.96F
0.95F

0_94:71|||11|1111]1111]111lllllllllllllllllllll|111111|||l11|||111|1E

0 10 20 30 40 50 60

Pressure (GPa)
Figure 3.4 WB, fractional lattice parameters plotted as a function of pressure. Black solid
circles: compression data for the a-lattice constant; black open circle: decompression data for the
a-lattice constant; black solid squares: compression data for the c-lattice constant: black open
square: decompression for the c-lattice constant; solid lines: fits to the Birch-Murnaghan
equation of state. The error bars when not shown are smaller than the symbol. At ~42 GPa
during compression, the c-lattice constant undergoes a softening and becomes more compressible
than the a-lattice constant. The a-lattice constant does not exhibit this abrupt change.

Decompression data reveal that this structural change is reversible, but with some hysteresis.
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Table 3.1 Comparison of the Theoretical Calculations and Experimental Results for the Bulk

Modulus K, (GPa) and Their First Derivative K", Shear Modulus G (GPa), Young’s Modulus E

(GPa), Poisson’s Ratio v of WB4 and ReB; Found in the Literature and Presented in This Study

Material Ky K, G E v
ReB, Cal. Wang et al. (LDA)*® 359 313 696 022
Wang et al. (GGA)™ 344 304 642 021
Hao et al. (LDA) 369.2 2949 698.7 0.1846
Hao et al. (GGA)*’ 354.5 2894  682.5 0.1791
Expt. Chung ef al. (X-ray)"? 360° 4 7127
Levine et al. (RUS)* 383° 273 661 021
Koehler et al. (RUS)* 317° 276 642 0.163
Suzuki et al. (RUS)* 367.7° 271.6 6712 0.1958
This work 344 4
340° 4.2
WB, Cal. Wang et al. (GGA)'® 292.7 103.6
Wang et al. (LDA)' 3243 129.1
Expt. Mohammadi ez al.'” (X-ray) 339 4 553.8
Gu et al.'® (X-ray) 304° 4
200° 153
Liu ef al."’ (X-ray) 342° 4
325 5.1
This work 326 4 249 595
369 1.2

*Reported bulk modulus Kj are isothermal values. Measured bulk modulus is obtained by fitting

the Birch-Murnaghan equation of state.

PReported bulk moduli are adiabatic values.
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equation of state.'” The inferred values of K and (dK/dP), are strongly correlated, however, with
an inverse relationship. For the WB, data up to 40 GPa, the pairs (Ky, Ky') = (326, 4) and (369,
1.2) are statistically indistinguishable. The trade-offs between the two parameters are plotted in
Fig. 3.6, which show contours for the sum of the deviations from the fits as a function of varying
Ky and K. The trade-off between Kj and K,' produces a change in bulk modulus of -12 GPa for
every 1 GPa (?) change in K for WB4. This relationship is sufficient to explain the variation in
previous studies, including the exceptional low bulk modulus in Gu’s results.'®

Figure 3.3 also shows the compression and decompression behavior of ReB, up to 63
GPa. Second-order Birch-Murnaghan equation fitting to the ReB, data gives an ambient bulk
modulus of Ky = 344 £ 1 GPa, with a similar trade-off between K, and (dK/dP), (Fig. 3.6). The
measured bulk modulus is slightly lower than the previously-reported bulk modulus of 360 GPa,
also obtained using second-order Birch-Murnaghan equation of state fits to pressure-dependent
X-ray diffraction,'? but both values fall in the range of 317-383 GPa previously reported from

212428 Fitting the third-order

resonant ultrasound spectroscopy (RUS) experiments (Table 3.1).
Birch-Murnaghan equation of state gives Ky = 340 = 5 GPa with K’ = 4.2 + 0.2. Compressibility
along different crystallographic axes in hexagonal ReB; is illustrated in Fig. 3.5. Importantly,
close examination of a- and c-lattice constants shows no evidence of lattice softening in either

direction. Comparison of Fig. 3.4 and 3.5 also clearly emphasizes the fact that WB,4 shows much

more isotropic bonding than ReB, with much more similar compressibility in a and ¢ directions.
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3.4 Discussion
3.4.1 Pressure-induced Second-order Phase Transition in WBy,

At the point of the structural change at 42 GPa, the WBy4 diffraction pattern remains the
same, with no evidence of peak broadening or splitting (Fig. 3.2). Thus, there is no evidence for
a first-order phase transition. Additionally, the compression behavior is reversible upon release
of pressure. Since this transition pressure for WBy4 (42 GPa) appears far from the hydrostatic
limit of the pressure medium (~15 GPa),”" it is unlikely that deviation from hydrostaticity is
responsible for this observation. Additionally, if deviatoric stresses were affecting the measured
X-ray strains, the axial geometry of the X-ray in the diamond anvil cell combined with the gasket
direction would predict the opposite observation—that lattice planes should appear less
compressible, not more compressible, as the medium becomes less hydrostatic. As a result, it
appears that the abrupt change in c/a ratio observed at 42 GPa is a real structural change of the
system; specifically, a second-order phase transition. The challenge now is to understand the
origins of this phase transition and to determine if it can provide insight into the bonding found
in this unique metal tetraboride.

To make a more direct comparison between the high-pressure behavior of WB,4 and
ReB,, we examined their ¢/a ratios normalized to each other at ambient pressure. Because the
unit cells are not the same in these two materials, the absolute c/a ratios are rather different
(1.2188 for WB4 and 2.5786 for ReB») (Fig. 3.7). Normalization is thus required to compare the
fairly small changes observed here. Up to ~40 GPa, both materials show a linear increase in their
c/a ratio of similar magnitude. However, this increase continues for ReB, while there is a

discontinuous change in slope for the c/a ratio at ~42 GPa for WB4. As shown in Fig. 3.4, this
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Figure 3.5 ReB, fractional lattice parameters plotted as a function of pressure. Black solid
circles: compression data for the a-lattice constant; black open circle: decompression data for the
a-lattice constant; black solid squares: compression data for the c-lattice constant: black open
square: decompression for the c-lattice constant; solid lines: fits to the Birch-Murnaghan
equation of state. Examination of the a- and c-lattice constants shows no evidence of lattice

softening in either direction during compression.
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¢/a ratio drop can be almost solely accounted for by the anomalous compression behavior of the
c-axis.

This structural change may be mechanical or may be electronic in nature. Electronic band
structure calculations have been reported on ReB, without any evidence for transitions up to 90
GPa,” but less is known for WB,. While transitions based on changes in optimal atomic
positions or bond orientation may seem to be the likely explanation for the observed transitions,

30-33

other anomalous compression phenomena have been documented experimentally and

theoretically’**

when distortion of the electronic band structure results in a topological
singularity of the Fermi surface. Those are known as electronic topological transitions (ETTs) or
Lifshitz transitions.” The anomaly has mostly been found in hep metals including Zn,*** Cd,*
and Os,"* and intermetallic compounds such as Auln,,*"* or CdgsHgo,.*® However, these
transitions are highly controversial because of their subtle nature and because of difficulties in
their direct experimental detection at high pressures. The magnitude of the anomalies observed in
the compression data associated with ETTs is usually small, as opposed to the significant
softening observed in WB4. In addition, most of the discontinuities associated with an electronic
phase transition occur below 20 GPa (e.g. calculated to be 7 and 14 GPa for Zn;* observed at 2.7
GPa for Auln,*"**). Moreover, ETTs do not necessarily affect only one lattice direction and
usually result in a decrease in compressibility after the anomaly. While the possibility of an ETT
in WB4 at high pressure is intriguing, the data do not fit the standard profile for these transitions,
and thus it seems likely that the observed bond softening in WB4 does not arise from this kind of
singularity, but is instead due to changes in optimal bonding at high pressure.

Lacking the observation of peak splitting and/or a new phase in the X-ray diffraction

data, we assign this anomaly to a structurally induced second-order phase transition. The
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Figure 3.7 Normalized c/a ratio plotted as a function of pressure for WB4 and ReB,. Black solid
circle: compression of WBy; black open circle: decompression of WB4; grey solid square:
compression of ReB,; grey open square: decompression of ReB;; solid lines: linear fits of
compression data serve as a guide to the eye. WB4 undergoes a pressure-induced second-order
phase transition at ~42 GPa. This transition is reversible with some hysteresis, suggesting a
mechanical origin. In contrast, ReB, shows no evidence of a phase transition. The different

pressure behavior can be related to difference in crystal structures between these two materials.
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intersection of the two regions defines the transition pressure at 42 GPa. Furthermore, Fig. 3.7
reveals that although the ¢/a compression behavior is reversible, the c¢/a ratio does not fully
recover its compression value until the pressure is decreased to less than 20 GPa. Such hysteresis
further indicates that the softening is mechanical, rather than electronic in origin.

3.4.2 Structural Origin

In order to understand this decompression behavior, the nature of the second-order phase
transition of WBy, and the lack of similar pressure-induced lattice-axis softening in ReB, and
OsB., it is essential to consider the crystal structures of both ReB, and WB4 (Fig. 3.8(a) and (b)).
The crystal structure of ReB, (Fig. 3.8(a)) is characterized by alternating layers of metal atoms
and boron atoms. The boron atoms are condensed into six-membered rings in a chair-like
conformation. The Re atoms are arranged in a hexagonal close-packed layer with B atoms
occupying all tetrahedral voids; this enlarges the lattice by about 40%. A strong anisotropy has
been found in the hexagonal structure (Fig. 3.5), with the c-axis much less compressible than the
a-axis. This can be explained by the directional electronic repulsion between the borons and
transition metal atoms aligned along the c-axis. This repulsion reduces the pressure-induced
compression in the ¢ direction. Because the layers are not highly constrained in the a-b direction,
continuous structural optimization upon compression results in smooth and continuous changes
in the c-axis lattice constant up to 63 GPa.

The most widely cited structure of WB4 was originally assigned by Romans and Krug in
1966," which consists of alternating layers of hexagonal network of boron and hexagonal layers
of tungsten atoms (Fig. 3.8(b)). In contrast with the ReB; structure (Fig. 3.8a), however, these
planar B layers are propped up by B-B bonds aligned along the c-axis. This makes the ¢ direction

more compressible (pure B is more compressible than ReB;) and less flexible. We hypothesize
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Figure 3.8 (a) Crystal structure of ReB,; (b) suggested structure of WB4 and (c¢) a second

suggested structure for WB4 (W g3B9). The presence of the boron-boron covalent bonds in WB4

may account for its distinct high-pressure behavior relative to ReB,.
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that because of the more constrained bonding in the WBy4 structure, high-pressure bond
optimization within the ambient-pressure structure is not possible and a second-order phase
transition is required to optimize the bonding at high pressure. This is not the case for the less
constrained ReB; structure, which shows no signs of phase transitions up to 63 GPa. Upon
decompression, the structural distortion is recovered, but rather incomplete at a low pressure, as
is typical for pressure-induced phase transitions.

Note that at least one competing, although lesser known, structure has been proposed for
WB, (Fig. 3.8c).” While the tungsten lattice remains the same, there are considerable
stoichiometric variations (WB4 vs. W s3By) and boron lattice dissimilarities between the two
structures. The unresolved structure certainly warrants more investigation, but for this
discussion, the differences may not be that important as both structures contain a three-
dimensional boron network, including both boron layers in the a-b plane and boron covalent
bonding in the ¢ direction.

Because the primary interest in both ReB; and WBy is for applications as hard materials,
it is interesting to consider how the high-pressure behavior of these materials can be used to
provide insights into their hardness. In order for a solid to have a high hardness, it must possess
sufficient structural integrity that can survive large shear strains without collapse.”® A strong
covalently-bonded three-dimensional and isotropic network may ensure high intrinsic hardness
of a material, as seen in diamond and ¢-BN.* In WB,, strong covalent B-B bonds in the c-axis
apparently add three-dimensional rigidity to the structure, which greatly reduces the chances of
shear deformation, or the creation and motion of dislocations. At the same time, this three-
dimensional boron bonding creates a more isotropic bonding environment that can withstand

larger shear strains. Moreover, high-pressure X-ray absorption spectroscopy on ReB, has shown
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flattening of the boron layers with increasing hydrostatic pressures.”® The flattening should
facilitate slipping of the layers in the a-b plane and further reduce the hardness under load.
Therefore, WB4 possesses higher resistance to shear and dislocation movement as compared to
ReB;, because of its three-dimensional, almost isotropic, rigid covalently bonded network.
Although WBy4 is more compressible than ReB,, it is intrinsically as hard, if not harder, than
ReB,. While the pressure-induced bond softening observed here is not a cause of this increased
hardness; it is likely that the structural change observed in WB4, but not in ReB,, and the
relatively high hardness of WB4 both stem from the increased stiffness of WBy4 that arises from
the three-dimensional boron network.

3.4.3 Calculated Shear Modulus of WB,

Many attempts have been made to correlate hardness with other physical properties for a
wide range of hard materials, especially bulk modulus and shear modulus.*>*'%!22%>163 Qhear
modulus is generally a much better predictor of hardness than bulk modulus.’’” We thus present
here a calculated shear modulus of WBy, obtained from the bulk modulus and an estimated
Poisson’s ratio using an isotropic model. We begin the estimation by assuming WBy4 has little
elastic anisotropy, as demonstrated in OsB,*® and ReB,,”’ so that an isotropic model can be
applied. Since the Poisson’s ratio of WB4 has not yet been experimentally measured, the
recently-reported value of 0.1958 for ReB, from resonant ultrasound spectroscopy is used.”” An
isotropic model is then applied to estimate the shear modulus and the Young’s modulus based on
the measured bulk modulus and estimated Poisson’s ratio of WB4. The calculated shear and
Young’s modulus values are compared with first-principles calculations and nanoindentation
data in Table 3.1. The measured bulk modulus (326 GPa) is in excellent agreement with the first-

principles calculations based on the LDA method (324 GPa)'® and falls between Gu ez al.'® and
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our previous X-ray diffraction data.'” Our shear modulus derived from the isotropic model is 249
GPa, comparable with the measured shear modulus of ReB, (223-276 GPa)*"*** and nearly
twice the value reported from theoretical calculations (104-129 GPa).'® Although many
assumptions went into calculating this shear modulus, the high value seems reasonable given the
similar hardnesses of ReB, and WBy, and the known correlation between shear modulus and
hardness. Finally, the Young’s modulus calculated from the bulk modulus in a similar manner to
the shear modulus is 595 GPa, which is only slightly higher than the value of 553.8 GPa derived
from nanoindentation measurements,'’ but lower than the measured Young’s modulus of ReB,
(642-671 GPa).”®
3.5 Conclusions

WB4, and ReB, were studied using synchrotron X-ray diffraction under quasi-hydrostatic
conditions up to 58.4 and 63 GPa, respectively. In contrast to ReB,, we found an anomalous
lattice softening of the c-axis in WB4 during compression, which was partially reversible during
decompression. The anomaly was assigned to a second-order phase transition and may be due to
pressure-induced structural rearrangements that are required because of the more rigid nature of
the WB4 network, compared with ReB,. We believe that the three-dimensional, almost isotropic,
rigid covalently boron network in WB4 is responsible for both the observed structural change in
WB4, and its high intrinsic hardness. In addition, based on our measured bulk modulus and an
estimated Poisson’s ratio, a high shear modulus of 249 GPa was estimated for WB4 using an
isotropic model.

By examining the behavior of superhard materials like WB4 under extreme conditions
such as highly-elevated pressures, we begin to understand the structural change that take place in

these strongly-bonded solids. In this way, we build up a knowledge base so that future iterations
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of ultra-incompressile superhard materials can be produced by design, rather than by the trial-

and-error process that we are often forced to employ.
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Chapter 4 Lattice Stress States of Superhard Tungsten Tetraboride from Radial X-ray
Diffraction under Non-hydrostatic Compression

4.1. Introduction

Superhard materials are of importance in a variety of high-speed cutting tool applications
such as lathing, milling, drilling and sawing. As a new family of superhard solids, transition
metal borides have demonstrated interesting properties including facile synthesis at ambient
pressure, high electrical conductivity, and excellent elastic moduli.'™ Recently, the focus of
research in the field of superhard materials has been redirected toward the inexpensive borides, a
prime example of which is tungsten tetraboride (WBy).” With a Vickers microindentation
hardness of 43.3 + 2.9 GPa, under an applied load of 0.49 N, WB, has drawn increasing research

to understand its very high hardness.”

In general, hardness is calculated from the size of the indentation mark left by the tip of
an indenter. In turn, the size of an indent depends on the material’s response to compression, and
its capacity to withstand deformations in the directions different from that of the applied load.’
Since examining those bond deformations and stress states of materials is a nearly impossible
task, high-pressure X-ray diffraction can be used as a versatile tool to characterize a material’s
response under compression, and therefore, to study its behavior under indentation.”'* Based
on this idea, in our recent work the bond stiffness of WB4 and its response upon hydrostatic
compression were measured using in situ high-pressure X-ray diffraction.” We obtained a zero-
pressure bulk modulus of 324 + 3 GPa using the second-order Birch-Murnaghan equation of
state. At a hydrostatic pressure of 42 GPa, WB4 underwent a reversible second-order phase
transition that was attributed to its rigid structure. This transition, however, was not observed in
ReB,. ReB; is another member of the family of superhard transition metal borides that possesses
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a hardness close to WB4 when compressed to similar pressures because the structure of ReB; is
less constrained. In these previous experiments, however, the material was situated in a
hydrostatic stress condition in the diamond anvil cell (DAC), which does not fully represent the

stress condition that happens under the indenter’s tip.

Radial X-ray diffraction, which determines the differential stress that each lattice plane
can support, is an emerging DAC technique that permits data collection from materials under
non-hydrostatic stress.'' "> This technique provides a route to better understand what happens to
the material beneath the indenter’s tip. In this method, the sample is compressed uniaxially and
the X-ray beam is directed onto the sample through an X-ray transparent gasket (Figure 4.1)."
Diffraction data are then collected from the lattice planes at all angles with respect to the
maximum and minimum stress directions. As shown in a previous work on osmium metal,'® this
technique enables one to gather information about the anisotropic nature of the material under
deformation and to measure the elastically-supported differential stress, which provides a lower-
bound estimate of the material’s yield strength — the stress at which the material begins to deform
plastically.””"” Since the yield strength is directly related to the material’s hardness, the
measurements of the differential stress can greatly improve our understanding of materials’

macroscopic mechanical properties.

Using the radial diffraction technique, strong transition metal borides have been

demonstrated to withstand high differential stresses.” '®

Dong et al. investigated
nanocrystalline tungsten monoboride (WB) under non-hydrostatic compression in a DAC and

measured a differential stress of ~14 GPa at the highest pressure of 60.4 GPa."” Chung et al.

found that the differential stress of superhard ReB, depends on the lattice planes, with values
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diamond

X-ray transparent :
gasket Imaging plate
Figure 4.1 Schematic of the experiment. The polycrystalline sample is confined under non-
hydrostatic stress conditions between the two diamond anvils. ¢ | and o ; are the radial and axial
stress components, respectively. A monochromatic X-ray beam is sent through the gasket with
the direction of the incoming beam orthogonal to the diamond axis and the data collected on an
imaging plate orthogonal to the incoming beam. The position of the diffraction lines and

intensity of diffraction are analyzed as a function of the azimuthal angle 7.
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ranging from 6.4 t012.9 GPa at a pressure of 14 GPa.’ The lattice-dependent differential stress
was also seen in hard OsB,, with an average differential stress of 11 GPa at 27.5 GPa.'” Most
recently, Xiong et al. studied the equation of state of WB4, synthesized using a hot press, under
non-hydrostatic condition up to 85.8 GPa.** Unfortunately, the stress states and lattice anisotropy
of the material were not explored in that study. In addition, the authors observed a smooth
compression curve under equivalent hydrostatic conditions and found that the a-axis was more
incompressible than the c-axis. These results, however, contrast with the observed second-order
phase transition and the more compressible a-axis observed during hydrostatic compression as

reported in our previous study.’

Hence, our current study aims to examine the high-pressure behavior of WB,4 under non-
hydrostatic conditions, with a goal of 1) clarifying the stress states and lattice anisotropy, and 2)
resolving the conflicts in the compression pathway and the directional compressibility of this
material. We have undertaken a complete experimental study of the deformation behavior of
WB, under uniaxial stress conditions using synchrotron-based angle-dispersive radial X-ray
diffraction in the diamond anvil cell up to 48.5 GPa. A similar set of experiments were
performed on ReB; up to 51.4 GPa, which allows us to compare and contrast the behavior of

these two interesting superhard transition metal borides.

4.2 Experimental Procedure

Radial X-ray diffraction measurements of WB4 and ReB; in a diamond anvil cell were
performed in an angle-dispersive geometry at beamline 12.2.2 of the Advanced Light Source
(ALS, Lawrence Berkeley National Lab). Polycrystalline WB4 and ReB, ingots, synthesized by

arc melting from pure elements, were ground to fine powders with a grain size of <20 um. To
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allow diffraction in a direction orthogonal to the compression axis, a confining gasket was made
of amorphous boron and epoxy.'* Two pre-compressed WBy platelets of 40-um diameter were
deposited at the bottom of the gasket hole. A platinum (Pt) flake, 30-um in size, was then added
into the gasket hole as an internal pressure standard. No pressure-transmitting medium was used
in order to create a non-hydrostatic environment in the DAC. We loaded the ReB, sample using

the same method and geometry.

To collect diffraction patterns, a monochromatic X-ray beam with a wavelength of
0.4959 A, and size of 20 x 20 um, was collimated on samples perpendicular to the loading axis.
The distance and orientation of the image plate detector were calibrated with powder LaBg. The
measured pressure ranges were 0-48.5 and 0-51.4 GPa for WB,4 and ReB,, respectively, with an
increment of 3-8 GPa. We estimated the equivalent hydrostatic pressures from the equation of

state of Pt after correcting the data for the effect of non-hydrostatic stress.”'

To study the variations in the position of diffraction peaks with the image plate azimuthal
angle 7, two-dimensional diffraction patterns were integrated into cake patterns with FIT2D.*
Generated cake patterns present diffraction angles 26 (in degree) as a function of 1 between 0°
and 360°. Cake patterns were then imported as images into Igor Pro (WaveMetrics, Inc.) where
diffraction lines were read individually. Six diffraction peaks of WB4 (101, 002, 110, 201, 112,
103) and seven peaks of ReB; (002, 100, 101, 102, 004, 103, 110) were resolved and used in the
analysis. The angle between the diffracting plane normal and the loading axis, ¢, was calculated

from cosg =cos@-cosn, where 6 is the diffraction angle.

4.3 Methods
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According to lattice strain theory, the state of stress in the sample under uniaxial

compression can be described as

oo 00 o, 0 0 ~t/3 0 0
o= 0 o, 0 |=| 0 o, O |+| O —/3 0 |, (4.1)
0 0 o, 0 0 o, 0 0 2¢/3

where 01 and o3 are the radial and axial principal stresses, respectively; op, is the mean of the
principle stress or hydrostatic stress component. The difference between o7 and o3 is the uniaxial
stress component £,

t=0,-0,221=0,, 4.2)
where 7 is the shear strength and oy is the yield strength of the material. The equality in relation
(4.2) holds for a von Mises yield condition and a measurement of the elastically-supported
differential stress, ¢, provides a lower-bound estimate on the material’s yield strength, oy.

The equation for the d spacings measured by X-ray diffraction is given by the following
relation:

d, (hkl)=d,(hkD[1+(1- 3cos” @)Q(hkl)], (4.3)
where d,, (hkl) is the measured d spacing and d, (hkl) is the d spacing due to the hydrostatic

component of the stress, and Q(hk) is given by

t o -«
Rk = 5[2GR(hkl) "2, }

(4.4)
where ¢ is the applied differential stress, « is a value between 0 and 1 that describes the
continuity behavior of the polycrystalline materials, and G (hkl) and Gy are the shear moduli of
the aggregate under the Reuss (isostress) and Voigt (isostrain) approximations, respectively. The
shear moduli are functions of the single crystal elastic compliances — five independent ones for
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hexagonal WB, and ReB,. According to Eqn. (4.3), the d spacing value at (1—3cos’¢)=0, i.e.
@ = 54.7°, corresponds to the hydrostatic component of the stress. Angles ¢ = 0° and 90°
correspond to the normal of the diffraction lattice plane being parallel and perpendicular to the
applied load, respectively. The measured d spacing value in these two orientations is maximum
and minimum, respectively.

Isostress boundary conditions are assumed in most high-pressure experiments, and thus
the different stress is indistinguishable across diffraction lines.** In anisotropic materials like
WB, and ReB,, however, the assumption of isostress conditions may not be valid. Hence, the
differential stress ¢ has to be calculated for each different diffraction planes. According to Eq.
(4.4), the differential stress supported by a set of lattice planes (4kl) can be estimated using the
relation®**’

t(hkl) = 6 G(hkl) Q(hkl) (4.5)
G(hkl) is the shear modulus of lattice planes (kkl). The ratio of the differential stress to shear
modulus #(hkl)/G(hkl) can be a useful parameter in describing contributions of both plastic and

clastic deformation.?*%¢

t(hkl)/G(hkl) is readily determined from the ratio of the slope to the
intercept of the d,, (hkl) vs 1-3cos’@ graphs. If the differential stress has reached its limiting
value of yield strength at high pressures, 6Q(hkl) = t(hkl)/G(hkl) will reflect the ratio of yield
strength of lattice plane (4k/) to shear modulus.
4.4 Results

Figure 4.2 shows representative diffraction patterns of WBy4 taken at ¢ = 0°, 55° and 90°
at pressures of 5.5 and 45.4 GPa. Each diffraction pattern is an integration over 5° intervals. All

patterns are indexed to the hexagonal WBy phase (P63/mmc),”’ and there are no signs of phase

transformations. As ¢ increases from 0° to 90°, diffraction peaks shift to smaller 26 in both
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sets of spectra. This indicates that the lattice planes of WB, are subject to less strain as the

diffraction plane’s normal approaches the minimum stress axis.

Figure 4.3 shows the variation of the d spacing as a function of 1-3cos’¢ for the first
observed four reflections of WB4 at the highest pressure. The slope of each line provides
information of the differential stress supported by each lattice plane and the shear modulus. As
expected from the theory (Eqn. 4.3), the measured d spacings vary linearly with 1-3cos’@. The
compression curves of WBy as a function of pressure at ¢ = 0° (up triangles), 54.7°(circles) and
90°(down triangles) are shown in Fig. 4.4a. The unit cell volumes observed at different pressures
are fitted to the third-order Birch-Murnaghan equation-of-state. The bulk modulus X
corresponding to the hydrostatic compression curve (¢ = 54.7°) is 309 = 5 GPa with Ky'=2.4 +
0.3. The hydrostatic compression data can thus be obtained from highly non-hydrostatic data by

choosing proper angle between the stress axis and the diffraction vector.

To examine the directional compressibility of WB4 under non-hydrostatic conditions, we
plot compression curves for the lattice parameters, @ and ¢ (Fig. 4.4b). Both lattice constants
decrease continuously with increasing pressure before 15 GPa, and the c-axis is less
compressible than the g-axis. At 15 GPa, an anomalous drop along the c-axis was seen in the
minimum stress direction ¢ = 90°, indicating a structural change. This anomalous drop in the c-
axis, however, is less dramatic at ¢ = 54.7°, and is not visible at ¢ = 0°. In contrast, the a-axis

does not show any changes in behavior at all stress directions.

To verify this abrupt change, we cross-compare the high-pressure behaviors of WB4 with

ReB,, one of the hardest transition metal borides known to date. We examined the ¢/a ratio of
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Figure 4.2 Representative spectra extracted from diffraction patterns at 5.5 and 45.4 GPa for ¢ =
0°, 55°, and 90° obtained with integrations over 5° intervals. Diffraction peaks are labeled with
Miller indices for WB4 and Pt. The asterisk indicates the diffraction from the boron-epoxy

gasket.
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Figure 4.3 Dependence of measured d spacings on 1-3cos”@ for (101), (002), (110) and (201)
diffraction lines of WBy at the highest pressure of 48.5 GPa. The solid lines are linear fit to the

data.
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WB, and ReB; normalized to each other at various stress directions (¢ = 0°, 54.7° and 90°) (Fig.
4.5). Because of the non-hydrostatic stress state in the high pressure cell, in all cases, we paired
orthogonal c-axis and a-axis data. In other words, for ¢ = 0°, we used high stress c-axis data, and
ratioed that to low stress a-axis data because a grain in the DAC with the c-axis oriented along
the high stress direction must have it’s a-axis oriented along the low stress direction. Up to 15
GPa, the c/a ratio shows a linear increase in both materials at ¢ = 90°(c-axis)/0°(a-axis) and
54.7°. This increase continues for ReB,; in contrast, there is a discontinuous change in slope for
the c/a ratio of WB4. This discontinuity is also observed at ¢ = 54.7° (Figure 4.5a). We note that
while the slope of the data show in Figure 4.5 is sensitive to our choice to use orthogonal c- and
a-axis data, because there are no discontinuous change in the a-axis data at any ¢, the presence
of a discontinuous slope changes in the c/a ratio is robust across all choices of a-axis data. At ¢ =
0°(c-axis)/90°(a-axis), the c/a ratio of WB4 shows no discontinuous changes, but the value
decreases across the entire pressure range (Fig. 4.5a). This results is in contrast with the steady

increase in @ = 0°(c-axis)/90°(a-axis) c/a ratio in ReB, over the entire pressure range (Fig. 4.5b).

Because of this structural change in WB4, we fitted volume-pressure data separately.
Using the third-order Birch-Murnaghan equation-of-state, the zero-pressure bulk modulus K
obtained at ¢ = 54.7° is 306 = 19 GPa with K" = 3.3 + 2.8. The relative large errors are due to
the limited data (up to 15 GPa) used in the fitting. This value is within error of the bulk modulus
of 326 + 3 GPa measured from quasi-hydrostatic compression.” As an exercise, we also
calculated bulk moduli using the second-order Birch-Murnaghan equation-of-state from data
obtained at the maximum stress direction ¢ = 0° and minimum stress direction ¢ = 90°. The

values obtained were 188 + 1 GPa and 443 +8 GPa, respectively, numbers that vary by more
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Figure 4.4 The evolution of unit cell volume (a) and lattice parameters (b) as a function of
pressure in WB4 under non-hydrostatic compression. Up triangles: compression data at ¢ = 0°;
circles: compression data at ¢ = 54.7°; down triangles: compression data at ¢ = 90°. The dashed
lines fit to the Birch-Murnaghan EOS. The error bars when not shown are smaller than the

symbol. At ~15 GPa during non-hydrostatic compression, the c-lattice constant undergoes a

decrease at 54.7° and 90°. The a-lattice constant does not exhibit this abrupt change.
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than a factor of 2. We present these values not to indicate that they are meaningful bulk moduli
under non-hydrostatic conditions, but instead to illustrate the profound effect that non-
hydrostaticity in a diamond cell can have on the calculated bulk modulus. The errors can be

extremely large when investigating the equation of states of superhard materials such as WB4.

To obtain the total differential stress that a material can stand without yielding, one needs
to take into account its shear modulus. Unfortunately, neither shear modulus nor elastic moduli
has been experimentally measured for WB4. Therefore, we looked at the ratio of differential
stress #(hkl) to shear modulus G(hkl). The t(hkl)/G(hkl) ratio is a reflection of the elastically-
supported differential strain in the lattice planes under an imposed differential stress.'’ Figure
4.6a shows the t(hkl)/G(hkl) ratio of representative sets of planes as a function of pressure for
WB, and ReB,. The t(hkl)/G(hkl) increases with pressures for all planes and it saturates at 4 -
6.2% and 1.7 - 2.9% for WB4 and ReB,, respectively. This indicates that WB4 could either

support a higher differential stress than ReB,, or possess a lower shear modulus.

To estimate the differential stress supported by WB4 and compare it to that of ReB,, we
used a calculated zero-pressure shear modulus (Gy) of 249 GPa for WB,' and a measured value
of 273 GPa for ReB,.”® The shear modulus 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,” and is also used for cermet and intermetallic materials, such as WB'? and
TiB,.** Figure 4.6b shows the differential stress #(hkl) of WB4 and ReB; as a function of pressure
for studied lattice planes. The differential stress in all lattice directions increases almost linearly
and slows down. WB,4 and ReB; yield at pressures of ~30 GPa and ~20 GPa, respectively. When

t(average) is approximated by taking the average of #002), #101), and #(110), a value of 15.8

81



o.osj\“"\""\““\""\‘“‘\“"\“"\“"|“"I““ “"J:
L (a) ® WB,(002) O ReB, (004) ]
F m WB,(101) O ReB,(110) 1
E A WB,(110) A ReB, (101) ]
0.06 § éi .
E . ]
F X ¢ -y
S 004 L1 o1 A
Z 4 =23 2 8 g8°
0.02[ ®» o 9
L O 4
- o T’ T
o.oozg‘. PR T U A A S SRS AR SRR BUTR =
0 10 20 30 40 50
Pressure (GPa)
25F
" (b) e WB,(002) O ReB, (004)
i B WB,(110) O ReB, (110)
20+ A WB, (101) A ReB, (101) ég
15 §§ Apg
© A
¥ 3 ®
) i §- l. 1 ‘
= 1ol ms
‘ =8 . R O H
St ? e} o o o
£ o o o o
I )
OE®. . i e i L L
0 10 20 30 40 50

Pressure (GPa)

Figure 4.6 The ratio of differential stress to shear modulus (¢(hkl)/G) (a) and the differential
stress t(hkl) (b) for studied planes in WB4 and ReB,. Both WB4 and ReB, demonstrate a
strain/strength anisotropy. In WBy, the (002) planes are able to support the highest differential
stress of 19.7 GPa at the highest pressure. This is unlike ReB, where the (004) planes support the

least amount of differential stress.
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and 7.2 GPa is deduced for WB4 and ReB; at the highest measured pressure, respectively. The
differential stress supported by ReB; is lower than that reported by Chung et al.,’ which could be
due to an underestimation of the pressure in the DAC in their study. The differential stress of
WB, is lower than that measured for nanocrystalline %SisN; (~18.5 GPa),”® and for
microcrystalline B¢O (~24.5 GPa) in the similar pressure range.”® Given that the measured
Vickers hardness of WB,4, 28.1 GPa (at high load), is also lower than that of 9%~Si;N4 (35 - 43
GPa)’'** and B¢O (45 GPa),”* the maximum differential stress values obtained here appear

reasonable.

4.5 Discussion

The abrupt change in the c/a ratio of WB4 under non-hydrostatic compression agrees with
our recent observation under hydrostatic compression that has been recognized as structurally
induced second-order phase transition.” When WB, was compressed hydrostatically, however,
the change occurred at a much higher pressure of 42 GPa compared to a pressure of 15 GPa
under non-hydrostatic compression. The WB, diffraction profiles remain the same during the
entire non-hydrostatic compression with no evidence of peak splitting. Thus, it is unlikely that a
first-order phase transition is responsible for this phenomenon. Because this transition pressure
(15 GPa) appears far from the pressure (~30 GPa) when WB4 began to yield, the structural
change is less likely caused by the plastic flow; but could be due to changes in optimal bonding
under pressure within the elastic regime. In ReB,, however, continuous increase of the c/a ratio
was found in regardless of the compression conditions within the measured pressure range. In
order to understand the structural changes in WBy4 and the lack of similar changes in ReB; under

non-hydrostatic compression, and to relate them to the observations under hydrostatic
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compression, it is essential to consider their crystal structures (Fig. 4.7).

The crystal structure of ReB; is characterized by puckered sixfold boron rings that are
intercalated by Re layers that have partial metallic bonding (Fig. 4.7a).”> The Re atoms are
arranged in a hexagonal close-packed layer with B atoms occupying all tetrahedral voids. X-ray
absorption spectroscopic data show that the B layers become flatten with increasing hydrostatic
pressure, indicating a reduced structural rigidity of the ReB, structure.’® Because the layers are
not highly constraint in the a-b direction, continuous structural optimization upon non-

hydrostatic compression results in smooth and continuous change in the c-axis up to 51.4 GPa.

The generally accepted structure of WB,4 consists of alternating hexagonal layers of boron
and tungsten atoms (Fig. 4.7b-c).>” Although the crystal structure of WB, is not fully solved yet,
the presence of covalently bonded boron atoms in the ¢ direction, either in the form of B-B
dimers, triangles, or octahedral boron cages, has been implied.5'7’ 27,3749 This additional boron
bonding along the ¢ direction could make the WBy structure more constrained. As a result, high
pressure induced structural rearrangements appear be required to optimize the bonding at high

pressurces.

Under hydrostatic compression a discontinuous change in the c¢/a ratio is observed at 42
GPa. This same discontinuity is observed at 15 GPa for data collected with the c-axis along the
low stress direction and the a-axis oriented along the high stress direction. The lower transition
pressure observed under non-hydrostatic conditions is expected. We do not see this discontinuity
in data collected with the a-axis along the low stress direction and the c-axis oriented along the
high stress direction, but logic says it should be there. If we assume the transition happens at a

fixed strain under non-hydrostatic conditions, we would predict a transition pressure < 5.5 GPa.

84



Unfortunately, the point density in our data is too low to identify a transition at pressures that

low.

While the pressure-induced bond optimization observed is not a cause of the high
hardness of WBy; it is likely that its comparatively high hardness arises from the three-
dimensional boron network. As we know, hardness is determined by the strength of the local
(nearest-neighbor) interatomic (bonding) interactions.*' In a covalent solid, such as WB, the
chemical bonds are localized and it is expected that the compressibility (the bulk moduli), which
is the resistance to volume change, may be connected to the hardness. This assumption, however,
is only valid when the forces are applied isotropically.”’ This is not the case in indentation
measurements or non-hydrostatic compression where both normal and shear stresses are to be
considered. Because of this, the hardness of a crystal is the ability to resist both elastic and
plastic deformation under hydrostatic compression as well as tensile load and shear. In WB4, the
three-dimensional rigid network, consisting of both boron layers in the a-b plane and boron
covalent bonding in the ¢ direction, not only resists isotropic compression (high bulk modulus),
but also helps maintain the structural integrity from shear deformation (high yield strength),

resulting in the exceptionally high hardness of WB,.

Furthermore, we explore the strength anisotropy in WB4 and ReB; by examining the
lattice-dependent differential stress (Fig. 4.6b). The (004) planes in ReB,, orthogonal to the ¢
axis, are parallel to the layers of Re and B, and support the least amount of differential stress due
to the ability of these layers to slip. The (110) planes, on the other hand, are perpendicular to
these slip planes, and are more likely to support a considerable differential stress. These results

are reinforced by DFT calculations showing that the (0001) direction is the easiest location for
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Figure 4.7 (a) Crystal structure of ReBj; (b) Suggested structure of WB4 and (c) a second
suggested structure for WB4 (W g3B9). The presence of the boron-boron covalent bonds in the ¢

direction of WB4 may account for its high hardness and high yield strength relative to ReB..

86



stress release due to a tendency to crack between atomic layers of metal and boron upon
cleavage.” Unlike ReB,, the (002) planes in WB,, parallel to the W layers, support a higher
differential stress than (101) and (110) planes. The covalently bonded boron atoms along the ¢
direction closely hold the boron layers together upon pressurizing and thus significantly prevent
them from shear. As a result, the (002) planes are unlikely to be the easiest locations for stress

release, and are able to withstand a substantial differential stress.

In a previous lattice strain analysis based on the radial X-ray diffraction technique, it has
been pointed out the strength anisotropy may indicate stress variations due to a preferred slip
system.*” In ReB,, the (004) planes support the least differential stress among the studied planes,

and are likely to be the slip planes. First-principle calculations have also shown that (001)[110]

is found to be the weakest direction during plastic flow, resulting in a significant weakening in
the puckered hexagonal boron layer that is responsible for the high structural strength of ReB,.**
In WBy, the (002) planes, on the other hand, are able to support large ¢. The corresponding slip
system, basal slip, is hence unlikely to be the principle slip system compared to other slip
systems, such as prism and pyramidal slip, occurring in hexagonal structures. This has been
evidenced in the calculated stress-strain relations of hexagonal WB4 where the [001] direction

supports the highest stress under tensile loading.*

4.6 Conclusions

The stress states and compressive strength of superhard material WB4 and ReB, were
studied using an X-ray radial diffraction experiment in the diamond anvil cell under non-
hydrostatic compression up to 48.5 and 51.4 GPa, respectively. In contrast to ReB,, we observed

an abrupt c/a ratio change in WB4 at 15 GPa due to structural rearrangements that are required
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by the rigid nature of the WB4 network. Lattice dependent strength anisotropy were investigated
in both WB, and ReB,. The (002) plane of WB4 supports the largest differential stress among the
planes studied because the additional covalent boron bonding along the ¢ direction significantly
prevents boron layers from shear. The (004) plane in ReB,, however, supports the least
differential stress due to the ability of the layers to slip. In the end, we obtained the differential
stress for both WB4 and ReB,. WB4 is able to sustain a maximum differential stress of 19.7 GPa
at a confining pressure of 48.5 GPa, and ReB; supports a differential stress of 9.2 GPa within
similar pressure range. We believe it is the three-dimensional covalent boron-bonding network in
WB, that is responsible for its high hardness and high yield strength. By examining the lattice
behavior of superhard materials like WB4 under non-hydrostatic compression at elevated
pressures, we begin to understand the material’s capacity to withstand deformations in a
direction different from the applied load. Although the stress states of a material under non-
hydrostatic compression are not fully representations of the stress conditions than happen under
the indenter’s tip, they do significantly advance our understanding of the deformation behavior
of a material. This should be useful in the future design of new superhard transition metal
borides, particularly in assessing the correlation between structural, elastic, and mechanical

properties.
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Chapter 5 Study of the Hardness Enhancing Mechanisms in Superhard Tungsten
Tetraboride-based Solid Solutions Using Radial X-ray Diffraction
5.1 Introduction

The development of superhard materials is driven by their applications from cutting
and forming tools to wear-resistant coatings. The concept of introducing light p-block
elements into transition metals has been shown to be an effective method to create materials
with superior hardness, such as the superhard transition metal borides.'® With a Vickers
hardness above 40 GPa,” relatively easy synthesis at ambient pressure,”* excellent electrical
conductivity,” high bulk modulus (344-369 GPa)**'’ and high shear modulus (223-
273GPa),”"? rhenium diboride (ReB,) is a prime example of this growing family of superhard
materials. Since the addition of two boron atoms per transition metal induces covalent
bonding that strengthens the lattice, one would expect that higher concentrations of boron
could continue increasing the hardness of the material. This idea has led to highly
incompressible superhard tungsten tetraboride (WB4), which contains twice as many boron
atoms per metal as the diborides.>”*

The crystal structure of WB,4 consists of alternating hexagonal layers of boron and
tungsten with some tungsten atoms missing. In between the boron layers are out-of-plane B-
B bonds along the ¢ direction in an unknown configuration (dimer, triangles, etc.).>*"*"
Owing to the cross-linking boron bonds, the structure of WBy4 is more constrained compared
with the layered structure of ReB,, where the cross-linking boron bonds are absent.>® This
rigid structure of WBy is likely responsible for the pressure-induced second-order phase
transition observed during hydrostatic compression of the material, which was not seen in
ReB, when compressed to similar pressures.® With a strong covalently bonded network of
boron, WB4 not only resists hydrostatic compression (high bulk modulus of 326-339

GPa),”®* but also maintains its structural integrity during shear deformation (high
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differential stress of 15.8 GPa at a confining pressure of 48.5 GPa),”' ensuring its high
hardness (Vickers hardness ~43 GPa).>'*

Due to the missing tungsten sites, the defective structure of WBy4 is able to
accommodate atoms of various valence electron counts and atomic sizes. Hence, the hardness
and other mechanical properties of WB4 can be tuned by adding other transition metals such
as tantalum (Ta), manganese (Mn), and chromium (Cr) to form single-phase solid solutions’
Recently, Vickers hardnesses of 52.8 + 2.2, 53.7 + 1.8 and 53.5 + 1.9 GPa were measured
under an applied load of 0.49 N, when ~2.0, 4.0, and 10.0 at. % Ta, Mn and Cr were
respectively added to WBy4 on a metals basis.” In WB4-Mn solid solutions, the hardness data
(at a low load) showed two nearly equivalent peaks with the addition of 4.0 at.% Mn (H, =
~53 GPa) and 10.0 at.% Mn (H, = ~55 GPa). However, it is unlikely that both the observed
hardness enhancements are dominated by the same mechanism. In the next step, we produced
the ternary solid solutions that led to hardness values of 55.8 £ 2.3 and 57.3 + 1.9 GPa (under
a load of 0.49 N) for the combinations WyosTag0oMngosBs and Wy.93Tag,0,Cro05B4,
respectively. This solid solution hardening was attributed to the valence electron difference
together with the atomic size mismatches (Ta = 1.49, Mn = 1.32, Cr=1.30 and W = 1.41 A).
However, no experimental evidence has been provided to verify the hardening mechanisms
and to further distinguish the effects of size and valency of solute atoms on the hardness
increase.

To elucidate the hardening mechanisms of the WB4—based solid solutions, we have
employed non-hydrostatic in situ high-pressure diffraction experiments, i.e. radial X-ray
diffraction, using beamline 12.2.2 at the Advanced Light Source (LBNL). In radial X-ray
diffraction, the polycrystalline sample is confined under non-hydrostatic stress between two
diamond anvils. A monochromatic X-ray beam is sent through the gasket, perpendicular to

the compression direction. The elastic deformation of the crystals is expressed in changes of
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d spacings measured on the diffraction images that can be used to estimate the differential
stress supported by the sample and provide a lower bound to the yield strength.”** By
comparing the lattice-supported differential stress/strain across compositions, we will gain
knowledge of electronic mechanisms as well as atom specific effects (Ta, Mn, Cr) in these
solid solutions. Considering the topologically different boron fragments in WBy, i.e. in-plane
and out-of-plane boron bonds, a structural-chemical discussion will also be included to
understand their surroundings, i.e. the metal-boron bonding, in the crystal structure.
5.2 Experimental Procedure

Polycrystalline samples of WBs—based solid solutions were synthesized by arc
melting from the pure elements, and were ground to fine powders with a grain size of <20
pum. The samples were then pre-compressed into 40 pm diameter platelets, and were loaded
into a pre-indented X-ray transparent boron-epoxy gasket hole 70 um in diameter and 40 pm
in thickness. A platinum (Pt) flake, 30-um in size, was subsequently added into the gasket
hole as an internal pressure standard. The mixture was compressed in a diamond anvil cell
(DAC) equipped with 300 um diamond culets without inclusion of a pressure medium to
intentionally create non-hydrostatic pressure conditions. In the diffraction measurements, a
10 x 10 um X-ray beam was directed onto the sample through the X-ray transparent gasket
that is perpendicular to the loading axis.”* The sample to detector distance, detector tile and
pixel size ratio were calibrated using a LaB¢ standard. Angle dispersive diffraction patterns
were collected at room temperature that record over a whole range of orientations, with
lattice planes from parallel to almost perpendicular to the DAC and deformation axis.”
Collected two-dimensional diffraction patterns were then unrolled and integrated into “cake”
patterns using FIT2D. Generated “cake” patterns present the diffraction angles, 26 (in
degree), as a function of the image plate azimuthal angle, 77, which is between 0° and 360°.

“Cake” patterns were then analyzed with Igor Pro (WaveMetrics, Inc.) where diffraction lines
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were read individually.35 Six diffraction peaks (101, 002, 110, 201, 112, 103) were resolved
and used in the analysis.
5.3 Methods

In the non-hydrostatic diamond anvil cell sample chamber, the general stress state is
assumed to be cylindrically symmetric, with the maximum principal stress, 03, along the
DAC loading axis, and the minimum principle stress, o1, in the radial direction,**'33¢
The difference between o3 and o is the differential stress ¢ that measures the deviatoric

stress. Because of the non-hydrostatic stress, the measured d spacings (d.(4kl)) depend on the

angle ¢ between the diffracting plane normal and the load axis, and can be expressed as
d, (hkl)=d,(hkD[1+(1- 3cos’ )Q(hkD)](1). d,(hkl) is the d spacing due to the hydrostatic
component of the stress. The angle ¢ is calculated from cos¢ = cos0-cosn, where 6 is the

diffraction angle. ¢ = 0° and 90° correspond to the maximum and minimum stress condition,
respectively. Q(hkl) is the lattice strain parameter that measures the amplitude of the
sinusoidal variations in d spacings for the Akl diffraction lines, given by

otkhy="1] —% 1% o G k) and G the sh duli of th ¢
T 3|26, (hkD) " 2G, (2). Gr (hkl) and Gy are the shear moduli of the aggregate

under the Reuss (isostress) and Voigt (isostrain) approximations, respectively, and o is a
value between 0 and 1 that determines the relative weight of isostress (Reuss) and isostrian
(Voigt) conditions.

According to the von Mises yield criterion, given by 1 =00, <27=0,(4), where 7

is the shear strength and oy is the yield strength. The elastically supported differential stress ¢
provides a lower-bound estimate of the material’s yield strength-the stress at which the
material begins to deform plastically (flow stress). In anisotropic materials like WB4, the
differential stress ¢ has to be calculated for different diffraction planes.*'”’ According to Eq.

(5.2), the differential stress supported by a set of lattice planes (4kl) can be estimated using
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the relation #(hkl) = 6 G(hkl) O(hkl) (3).**° G(hki) is the shear modulus of the set of lattice
planes (hkl). If the differential stress has reached its limiting value of yield strength at high
pressures, 6Q(hkl) = t(hkl)/G(hkl) (4) will thus reflect the ratio of yield strength to shear
modulus of the set of lattice planes (hk/).>""!

5.4 Results and Discussion

Figure 5.1 shows the ‘“cake” patterns of the hardest WB4 solid solution, i.e.
Wo.93Tag.02Crp0sBs. At a low pressure of 1.3 GPa, diffraction lines of Wy 93Tag 02Cro05B4 are
straight due to a small non-hydrostatic stress applied to the sample in the diamond anvil cell
(Fig. 5.1a). However, small variations of diffraction lines are observed in the Pt pattern,
indicating that the solid solution supports a higher stress than Pt. As the compression on the
sample is increased, the difference between 26, (the 6 corresponding to the maximum
stress direction, ¢ = 0°) and 26,,;, (the 0 corresponding to the minimum stress direction, ¢ =
90°, -90°), becomes larger (Fig. 5.1b). This can be seen from the significant sinusoidal
variations of the diffraction lines, which are associated with large lattice-supported strains
that depend upon the applied compressive stress, elastic properties and plastic deformation of
the sample.

In systems such as WB4—based solid solutions, where the shear modulus has not been
measured experimentally, the ratio of the differential stress to shear modulus #(hkl)/G(hkl) is
often examined, which reflects the elastically-supported differential strain by the lattice
planes under an imposed differential stress.** According to Eqn. (5.4), the t(hkl)/G(hkl) ratio
can be calculated directly from the lattice strain parameter, Q(hkl). Figure 5.2 shows the
t(hkl)/G(hkl) ratio of representative planes of pure WB4 and its binary solid solutions as a
function of pressure. Up to a pressure of 20 GPa, the ¢(hkl)/G(hkl) ratios increase linearly,
indicating an elastic deformation regime. As the pressure increases above 20 GPa, the

increases of #(hkl)/G(hkl) slow down and level off at 35-40 GPa, indicating that the material
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Figure 5.1 The unrolled radial diffraction images (“‘cake”) of the hardest WB4 solid solution,
i.e. Woo3Tag0Cro0sB4, at a pressure of 1.3 (a) and 56.5 GPa (b) in the diamond anvil cell.
The images show the diffraction as a function of the Bragg angle 26 and the azimuth angle #
on the image plate. The sinusoidal variations in positions of the diffraction lines at the higher
pressure are due to elastic deformation and stress in the sample. The compression directions

are indicated by the dark arrows.
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starts deforming plastically. Overall, the #(hkl)/G(hkl) ratios of the solid solutions exhibit
similar trends as pure WB4 — the (002) planes support the highest #(hkl)/G(hkl) and thus the
highest differential strain, followed by the (110) and (101) planes. This observed lattice strain
anisotropy could be attributed to the three-dimensional strong covalent-bonded structure of
WB4. Due to the cross-linking boron bonds along the ¢ direction, the tungsten and boron
layers hold closely together upon pressurizing, significantly preventing the layers from shear.
As a result, the (002) planes, parallel to the layers of boron and tungsten atoms, are able to
withstand higher differential strains than the (110) planes, for instance, that are perpendicular
to the layers. This is unlike ReB,, one of the hardest transition metal borides, where the same
planes, (004), support the least differential strain as demonstrated in our previous study.”'
When 2.0 at.% Ta is added to WB4, the resulting solid solution shows a slight
increase of t(hkl)/G(hkl) in the (002) and (110) planes compared to pure WB4, while no
apparent changes in the (101) planes (Fig. 5.2a) were observed. The addition of 4.0 at.% Mn
on a metals basis further raises the #(hkl)/G(hkl) in all studied planes, as seen in Fig. 5.2b.
However, when a higher concentration of 10.0 at.% Mn is added to WBu4, the #(hkl)/G(hkl)
ratios undergo considerable decreases in all lattice planes compared to 4.0 at.% Mn addition,
although the hardness values are similar at these two different concentrations (Fig. 5.2¢). This
result suggests fundamentally different hardening mechanisms in the two solid solutions. In
contrast to Ta and Mn, the addition of 10.0 at.% Cr does not change the ¢(hkl)/G(hkl) of pure
WB4, in the (002) and (101) planes, with a slight enhancement in the (110) planes (Fig. 5.2d).
The increase of the lattice-supported differential strain in the WBy4 solid solutions with
the addition of 2.0 at.% Ta and 4.0 at.% Mn suggests changes of the electronic structure.
Most likely, it is due to changes in the number of valence electrons per formula unit, referred
to as the valence electron concentration (VEC), resulting from the addition of Ta and Mn.*

The optimal VEC could be reached at a dopant level of x = 0.02 and 0.04, for the WB4-Ta
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Figure 5.2 The ratio of differential stress to shear modulus ¢(hkl)/G(hkl) with addition of 2.0
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and WB4-Mn systems, respectively. We hypothesize that the optimal VEC would result in
maximized bond covalency (at the optimal dopant level), via completely filled ¢ bonding
states between the p orbital of boron and metal d orbitals, as is observed in transition metal
carbides (such as Ti,Nb;..C, and Zr,Nb,.,C),** leading to a potential reduction of the Fermi
level. This hypothesis is supported by recent first-principle calculations by Gou et al. that
studied the effect of vacancies (and thus doping) on the electronic structure of WB4. They
found that the presence of vacancies in the WBy structure is favored electronically by a
significantly reduction of the Fermi level.'>* Thus, it is likely that a VEC that deviates from
the optimal dopant level, either by an excess or deficiency, would result in under-populated
bonding states or overpopulated antibonding states, respectively, both of which would
increase the Fermi level and undermine the electronic structure of WB4, reducing the
capability of lattice planes to support the deviatoric stress. Indeed, when 10.0 at.% Mn was
added to WB4, the solid solution has a much lower #(hkl)/G(hkl) ratio than 4.0 at.% Mn
addition (Fig. 5.2c). This also suggests that the high hardness of 10.0 at.% Mn addition seems
to be unlikely a result of electronic effects; rather, it could be due to extrinsic effects, such as
the appearance of a second phase.

For the case of the WB4-Cr system, the measured lattice strains do not show apparent
changes compared to undoped WB4. Because Cr and W lie in the same column of the
Periodic Table, the VEC remains constant regardless of the dopant concentration. As a result,
there is no apparent electronic structure change in the WBy structure when doped with 10.0
at.% Cr. It also implies that the hardness increase at a concentration of 10.0 at.% Cr is less
likely due to a change in the electronic structure of WB4. Considering Cr has smaller atomic
radius than W, the atomic size misfit could be the driving force for the solid solution
hardening. Since hardness is determined by the generation and movement of dislocations, an

easy translation of dislocations could result in low hardness. The size misfit between W and
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Cr atoms tends to be a disruption in this easy dislocation translation from one atom to the
next, i.e. moving a bond from one W atom to the next W atom in WB4. The presence of Cr
atoms may change the energy profile of neighboring atoms and increase the energy barrier of
the dislocation mobility. Thus, higher bond-breaking energy would be required to induce
deformation, leading to higher hardness.

After examining the hardening mechanisms in the binary solid solutions, we
continued exploring the combined atomic effects in the ternaries, i.e. Woy.94Tag02Mng 04B4 and
Wo.97Tag02Crp0sBs. As shown in Figure 5.3, considerable increases of t(hkl)/G(hkl) are
observed when Ta and Mn or Cr are simultaneously added to WB4. The addition of 2.0 at.%
Ta and 4.0 at.% Mn on a metals basis results in ~18% increase of the ¢(hkl)/G(hkl) ratio in the
(002) planes (from 6.2% for pure WB4 to 7.3%), and 29% increase in the (110) planes (from
4.1% to 5.3%), implying a large electronic structure change. Similar trends are observed at a
concentration of 2.0 at.% Ta and 5.0 at.% Cr. In the (101) planes, however, there is no
apparent change in the #(hkl)/G(hkl) ratio.

To understand the origin of electronic structure changes in the ternary systems, it is
necessary to examine the variation of lattice parameters upon the addition of two metal
atoms. The lattice parameters of various solid solutions have been measured in our previous
work.” We found that the lattice parameters in ternary systems are consistently smaller than
corresponding binaries, indicating some synergistic effects associated with the addition of the
two elements. We postulate that the synergistic effects may serve to maximize the bond
covalency in the doped WBy structure. The end result could be that, as a solute, the transition
metal Ta combined with Mn or Cr exerts its full potential in optimizing the VEC and the
electronic structure on the solvent of WB4. This would, in turn, enhance the lattice planes’
capability in supporting a differential strain (thus higher ¢(hkl)/G(hkl) ratio) compared to a

single solute addition. A superposition of the electronic changes (by Ta) and the atomic size
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mismatch (by Mn or Cr) may also play a role to the exceptional high #(hkl)/G(hkl) ratio
observed in the ternary solid solutions, and possibly their high hardness.
5.5 Conclusions

In our attempt to understand the solid solution hardening on a fundamental level in
terms of the electronic structure changes, we have conducted in situ radial X-ray diffraction
on WBy-based solid solutions with the addition of Ta, Mn and Cr (at low concentrations). By
examining the lattice-supported differential strain across compositions, we have gained a
deeper understanding of electronic mechanisms in the solid solution hardening. We found
that the hardness increases with addition of 2.0 at.% Ta and 4.0 at.% Mn on a metal basis
were likely due to VEC adjustments in the WBy structure during doping. This electronic
effect, however, was not seen at a concentration of 10.0 at.% Cr; where the size misfit
parameter seems to serve as the driving force for the hardness increase. When two elements
were added to form ternary solid solutions of WB4, we observed some synergistic effects
associated with the combined addition that might contribute to their extremely high strength
and high hardness. Our work highlights the richness of the electronic mechanisms in solid
solution hardening, and enhances the philosophy of designing (super)hard materials largely
on the basis of bonding structure. This is a step forward in understanding the low-cost, easily
manufactured superhard transition metal borides, and provides a lesson for future materials

selection and design of new superhard materials.
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Chapter 6 Conclusions and Future Work

The previous chapters of this work present an in-depth characterization of ultra-
incompressible superhard transition metal diborides (e.g. ReB,) and tetraborides (i.e. WB4
and its solid solutions) using high-pressure diamond anvil cell techniques. High pressure
Raman spectroscopy has been used to explore the microscopic bonding structure in ReB;
(Chapter 2). A combination of high-pressure axial (Chapter 3) and radial (Chapters 4-5) X-
ray diffraction measurements enabled us to fully understand how the atomic network of metal
borides evolves elastically and plastically under load. From this information, we have begun
to understand the role of the crystal bonding and electronic structure in determining the
macroscopic mechanical properties of these materials. In this way, we will build up a
knowledge base so that future iterations of ultra-incompressible, superhard materials can be
produced by design, rather than by the trial-and-error process that we have been forced to
employ.

In future experiments, we will continue to apply these methods to new hard materials
synthesized in our laboratory, with a goal of establishing materials properties needed to
create new hard materials.

6.1 New WB, Solid Solutions

WB4-Mo solid solutions: WB4-Mo solid solutions are of great interest because Mo
has the same number of valence electrons as W, a close atomic radius to W, and both WBy4
and MoB, are hexagonal and crystallize in the P63/mmc space group, with almost identical
lattice parameters. These properties would lead to the absence of atomic size mismatch and
dispersion hardening of a second phase, and allow a study of hardening mechanism(s) due to
pure electronic effects.' Despite these similarities, the addition of Mo to WBy causes

significant increases in hardness.
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Preliminary radial diffraction experiments have been performed on beamline 12.2.2 at
the Advanced Light Source (Lawrence Berkeley National Lab). We examined two WB4-Mo
alloys at 3 at.% Mo concentration (higher hardness) and 10 at.% Mo concentrations (lower
hardness). By comparing the differential stress/strain at different Mo concentrations, we will
be able to investigate the effects of electronic structure changes on solid solution hardening.

WB4-Fe solid solutions: Recently, Gou et al. reported a highly incompressible and
superhard iron tetraboride phase (FeBj) synthesized at high pressure.” Since Fe is smaller
than W and has more valence electrons, we expect a hardness enhancement in WB4 by
adding Fe to form solid solutions in materials that can be made at ambient pressure. By
measuring the lattice supported differential stress using radial diffraction, we could inspect
possible hardening mechanisms associated with the structural and hardness changes in the
solid solutions made up of two different, but very hard components.

6.2 Tungsten Borides (W,By)

During the interval of our studies of WB4, we have nevertheless developed expertise
in the field of hard materials that we have yet to apply towards optimizing lower borides such
as W,B, WB, and WB,. These compounds, while not the hardest synthetically achievable,
still merit further study for at least two reasons: i) they are generally more
thermodynamically stable than WB4 and other higher borides, and ii) The very large variety
of crystal chemistry in the lower borides may allow further insight into the chemical design
of new hard materials.

Our preliminary micro-indentation experiments have shown that these compounds all
possess high hardness values of 39-45 GPa at low load despite different crystal structures.’
Intriguing questions can then be asked, such as, what leads to their high hardness regardless
of different crystal structures? In addition, the elastic and/or plastic properties of these

compounds remain unresolved and/or incomplete. For example, the bulk modulus of WB has
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been determined to be 267 GPa using ultrasonic methods,* while a much higher value of 350
GPa was predicted from theoretical studies.” High-pressure X-ray measurements under non-
hydrostatic conditions have only been reported for WB so far.® Both axial and radial
diffraction measurements on tungsten borides at room temperature are of interest. The goal is
1) to clarify the equation of state of tungsten borides, and ii) to understand their intrinsic high
hardness by examining the lattice anisotropy and differential stress across compositions.

6.3 TMB, (TM = Cr, Mn)

According to our design rule described in Chapter 1.2.2, the boron atoms are needed
to build strong covalent metal-boron and boron-boron bonds that are responsible for high
hardness. Because of this, it is expected that by increasing the concentration of boron in the
lattices, the hardness could increase. Chromium and manganese are two of only a few light
transition metals that are known for their ability to form higher boron content borides. First-
principle calculations have predicated a hardness of 48 GPa and 41.5 GPa for CrB4 and MnB4,
respectively.”® The synthesis of phase-pure CrB, and MnBy has been undertaken in our lab.
A combination of axial and radial diffraction experiments would be useful to examine their
elastic and plastic properties.

6.4 Lattice Preferred Orientation and Texture Analysis

Orientations of crystallites that constitute a polycrystal are rarely random and those
preferred orientations have important implications for the macroscopic properties of the
material. In general, lattice preferred orientations result from plastic deformation, and in
particular, activation of mechanisms such as slip or twining.” As we discussed in Chapter
1.3.1, the radial diffraction techniques not only provide information about the limits of
elastically supported lattice strains, but also about lattice preferred orientations in
polycrystals associated with the microscopic deformation mechanisms controlling the plastic

behavior of the samples.”"”
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Quantitative analysis of the lattice preferred orientations (texture) can be achieved
using the Rietveld method, a structural refinement method that solves the intrinsic problem of
the powder diffraction method with systematic and accidental peak overlap.'® The basic idea
behind the Rietveld method is to calculate the entire powder pattern using a variety of
refinable parameters and then to iteratively improve the selection of those parameters. That
way, not only the lattice parameter and space group are given by the reflection positions, but
also the crystal structure and atomic positions are obtained through the intensity of the
diffraction reflections. As shown in MgO'” and e-Fe,'” a combination of the radial diffraction
technique and the Rietveld method enables one to extract texture information from the
variation in diffraction intensity with orientation. A comparison between experimentally
observed texture and results of plasticity numerical models can be used to identify the
deformation mechanisms in the system, such as WB4 and its solid solutions.

6.5 Thermoelastic Properties at High Pressures and Temperatures

Ultra-incompressible superhard materials hold not only scientific interest, but also
practical attractiveness. They are metallic and machinable by electronic discharge machining,
and therefore have the potential to become an important material for a variety of industrial
applications. However, their use under extreme conditions, especially at high pressures and
temperatures, depends on their phase stabilities and thermoelastic behaviors. As a result, for
future experiments, we could extend the high-pressure DAC experiments to HPHT conditions.
The goal is to study the structural stability and thermoelastic properties of the metal borides,

such as WBy, under HPHT conditions.
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Appendix A Detailed Experimental Procedures for High Pressure Diamond Anvil Cell
Measurements of Ultra-incompressible Superhard Metal Borides

This section describes the detailed experimental procedures for the high pressure
DAC experiments. The first section includes the synthesis of ReB,, diamond anvil cell
loading and experimental set-ups in the high pressure Raman study of ReB,. The second
section contains the synthesis of WB4, and the collection and analysis of the axial diffraction
patterns of WB4. Finally, the third section describes the radial diffraction data collection and
analysis of WB.
A.1 Detailed Experimental Procedures of High Pressure Raman Study of ReB,
A.1.1 Synthesis of ReB;

Samples of polycrystalline rhenium diboride were prepared by spark plasma sintering
(SPS). Rhenium (Rhenium Alloys, Inc., -325 mesh, 99.99%) and amorphous boron (Cerac,
Inc., size < 1 pm. 99.99%) powders were initially dry mixed in a stoichiometric ratio. The
powders were then combined with 1% wt cresol-formaldehyde resin, which was previously
dissolved in acetone. The cresol-formaldehyde resin serves both as a binder, and as a carbon
source to react with any oxygen in the sample, which prevents the formation of boric acid.
Then the acetone was evaporated off and the powders were placed in a 10 mm graphite die
lined with graphite foil, and sintered to 1600 °C using a heating rate of ~50 °C min™, a
pressure of 50 MPa, and a final hold of 10 mins. The sample has a final density of 10.91 g
cm” determined by the Archimedes technique. The crystal structure of the sample was
confirmed by powder X-ray diffraction.
A.1.2 High Pressure Cell Loading

Diamond anvil cell was used for room temperature Raman study at high pressure. The
sample chamber was defined by the volume of a 235 um diameter hole drilled at the center of

the diamond indentation in a hardened stainless steel gasket that was pre-pressed to a
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thickness of 60 pum. A pre-compressed ReB, piece, 150 pm in diameter, was placed in the
center of the sample chamber. A pressure medium of methanol-ethanol mixture (with 4:1
volume ratio) was used to maintain a uniform pressure (with a hydrostatic limit of 10 GPa) in
the DAC. The pressure was calibrated to within 3% using the standard ruby R-line emission.
A.1.3 Experimental Set-ups

The Raman measurements were conducted using a microscope-based confocal Raman
spectroscopy system at the High P-T Mineral Physics Laboratory in the University of
California, Los Angeles. A Spectra Physics Ar' laser with a 488 nm wavelength and 400 mW
output was directed into an Olympus BM microscope. Through a Mitutoyo 20x objective lens,
the laser beam was focused to a 2 um spot on the sample in a backscattering geometry. The
Raman signal was directed to a confocal imagine system equipped with a 75 or 200 um
pinhole and collected by a Peltier-cooled CCD Princeton Instruments detector dispersed via
the 1800 grooves/mm grating. A neon lamp was used to calibrate the spectrometer for every
Raman measurement.
A.2 Experimental Details of the Axial Diffraction Measurements of WB,
A.2.1 Synthesis of WB4

Powders of pure tungsten (99.9994%, JMC Puratronic, USA) and amorphous boron
(99+%, Strem Chemicals, USA) were mixed together with a molar ratio of 1:11 and pressed
into a pellet using a Carver press under 10,000 Ibs. of force. The pellets were then placed in
an arc melting furnace. The WB, ingot was synthesized by applying an AC current of >70
amps under high-purity argon at ambient pressure. All ingots were crushed to form a fine
powder using a hardened-steel mortar and pestle set. To confirm the phase purity of the
powder samples, powder X-ray diffraction patterns were collected on an X Pert Pro™ X-ray

powder diffraction system (PANalytical, Netherlands). Elemental analysis was performed

118



using a JSM-6700F field-emission scanning electron microscope (JEOL Ltd.) equipped with
an energy-dispersive X-ray spectroscopy detector (EDAX) utilizing an ultrathin window.
A.2.2 High Pressure Experimental Procedures

High-pressure experiments were carried out using a symmetric DAC equipped with
300 pm diamond culets using a pre-indented rhenium gasket with a 150 um diameter sample
chamber. A 50 um diameter piece of sample was loaded into the cell, supported by a piece of
platinum foil (5 pm thick, 99.95%, Alfa Aesar, USA), which was used as an internal pressure
calibrant. We also placed a 10 pm ruby chip next to the sample as an external pressure
calibrant. To ensure a quasi-hydrostatic sample environment, neon gas was loaded into the
cell using the COMPRES/GSECARS gas loading system.' High-pressure angle dispersive X-
ray diffraction experiments were performed at Beamline 12.2.2 at the Advanced Light Source
(ALS, Lawrence Berkeley National Laboratory) with X-ray beam sizes of approximately 10
x10 um’. Image plate detectors were used. The distance and orientation of the detector were
calibrated using LaBs standards. Data were collected at a pressure increment of 2-4 GPa
during both compression and decompression. Pressure was determined using ruby
fluorescence. A secondary pressure calibration was performed by referencing the measured
lattice parameter of the internal standard Pt to its P-V equation of state.
A.2.3 Data Analysis

Intensity versus two-theta X-ray diffraction patterns were generated from the two-
dimensional image using the software FIT2D.> Diffraction patterns were then indexed, and
individual d spacings were determined by Lorentz fitting to each diffraction peak. The a and
c lattice parameters of WB4 were calculated from the d spacings of the diffraction peaks (100,
101, 110, 201, 103, 202, 211) using a least-squares linear fit to the hexagonal lattice. The
zero-pressure bulk modulus, Ky, can be obtained by fitting the volume-pressure data using a

third-order Birch-Murnaghan equation of state.
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A.3 Experimental Details of Radial Diffraction Measurements of WB4
A.3.1 High Pressure Experimental Procedures

Radial X-ray diffraction measurements of WB,4 in a DAC were performed in an angle-
dispersive geometry at the beamline 12.2.2 of the Advanced Light Source (ALS, Lawrence
Berkeley National Lab). As synthesized, polycrystalline WB, ingots were ground to fine
powders with a grain size of <20 pm. To allow diffraction in a direction orthogonal to the
compression axis, a confining gasket was made of amorphous boron and epoxy.” Two pre-
compressed WBy platelets of 40-um diameter were deposited at the bottom of the gasket hole.
A platinum (Pt) flake, 30-um in size, was then added into the gasket hole as an internal
pressure standard. No pressure-transmitting medium was used in order to create a non-
hydrostatic environment in the DAC.

To collect diffraction patterns, a monochromatic X-ray beam with a wavelength of
0.4959 A, and size of 20 x 20 um, was collimated on samples perpendicular to the loading
axis. The distance and orientation of the image plate detector were calibrated with powdered
LaB¢. We estimated the equivalent hydrostatic pressures from the equation of state of Pt after
correcting the data for the effect of non-hydrostatic stress.”

A.3.2 Data Analysis

To study the variations in the position of diffraction peaks with the image plate
azimuthal angle 1, two-dimensional diffraction patterns were integrated into cake patterns
with FIT2D.> Generated cake patterns present diffraction angles 26 (in degree) as a function
of 1 between 0° and 360°. Cake patterns were then imported as images into Igor Pro

(WaveMetrics, Inc.) where diffraction lines were read individually. Six diffraction peaks of

WB, (101, 002, 110, 201, 112, 103) were resolved and used in the analysis.
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