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ABSTRACT OF THE DISSERTATION 

 

On the Basis of Structure and Chemical Bonding: 

Solubility and Superhardness of Transition Metal Borides 

 

by 

 

Lisa Elen Pangilinan 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles 

Professor Richard B. Kaner, Chair 

 

 

Materials with superior hardness are desirable in the machining and manufacturing industries, 

where higher hardness affords higher wear resistance and longer lifetimes for cutting tools and 

abrasives. Diamond is the hardest known material used for industrial applications. Its structure 

consists of covalent, directional carbon bonds, resulting in both a high bulk modulus and shear 

modulus. However, diamond’s use is limited by its cost prohibitive synthesis (requiring both high 

temperature and high pressure) as well as its reactivity to ferrous alloys (resulting in poor cutting 

performance and thermal stability above 700 °C). These shortcomings have motivated the search 

for alternative superhard materials (Vickers hardness, Hv ≥ 40 GPa) that are readily synthesized 

and capable of cutting materials at lower cost. The creation of new superhard materials has largely 

developed through an iterative trial-and-error process. One area of exploration is to combine light 

elements, such as boron, carbon, and oxygen, with highly incompressible transition metals to form 

covalent bonding networks capable of replicating diamond. More specifically, several transition 
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metal boride systems exhibit exceptionally high hardness, making them an attractive alternative to 

traditional hard materials for industrial applications. 

The primary focus of this dissertation is to examine the structure and bonding parameters required 

to optimize solid solution formation and grain morphology in new superhard materials. This work 

begins with an introduction to the factors that contribute to hardness and guide the exploration of 

transition metal borides. The dissertation centers on the effects of metal atom substitution on the 

intrinsic hardness of tungsten diboride (WB2) and rhenium diboride (ReB2) solid solutions 

(Chapters 2 and 4, respectively). Furthermore, secondary phases are observed to extrinsically 

enhance the hardness and oxidation resistance of the diboride compositions via grain boundary 

strengthening and precipitation hardening (Chapter 3 and 5). These solid solutions were then 

compiled into a collective library of various metal borides studied in our group to identify 

solubility trends across solid solution compositions (Chapter 6). Potential avenues in the field of 

superhard materials synthesis and discovery are discussed in the final chapter. 
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CHAPTER 1 

Introduction 

 

MOTIVATION 

From rocks to metals and ceramics, hardness is a property used to evaluate a material’s 

resistance to deformation (i.e., scratching or imprinting). For instance, the Mohs scale is a 

qualitative method of comparing hardness through scratch resistance. Materials are ranked based 

on their ability to scratch another material, with hardness values ranging from 1 (soft materials 

such as talc) to 10 (diamond). Due to its lack of precision, the Mohs scale does not gauge the 

performance of hard materials in an industrial setting. Hardness can be quantified by indenting a 

sample with a diamond indenter at a constant applied load. The size of the indent is then correlated 

with a hardness value. In the Vickers micro-indentation test, the hardness is quantified by the 

average indentation diagonal length at an applied force. Materials that exceed a threshold Vickers 

hardness value (Hv ≥ 40 GPa) are classified as superhard.1 

The applications of hard materials are most evident in the manufacturing and machining 

industries, where these materials are used to cut or grind softer materials. Currently, diamond, 

cubic boron nitride, and tungsten carbide are the most commercially relevant hard materials.2,3 

Although diamond is the hardest known material (Hv = 115 GPa at a load of 4.9 N for single-

crystal diamond),4 it graphitizes at high temperatures and reacts with iron to form brittle carbides 

with ferrous materials.5 The alternative, cubic boron nitride (c-BN), is insoluble in iron, but has 

approximately half the hardness of diamond (Hv = 62 GPa at 4.9 N for single-crystal c-BN).6 In 

addition, both materials require high-pressure high temperature (HPHT) conditions to form 

making them expensive. Tungsten carbide (WC) can be used, but it is much softer than diamond 
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and c-BN (Hv = 13–25 GPa).3,7 These limitations motivate the search for new superhard materials 

that can bridge the gap between diamond and softer materials such as WC. Thus, the focus of 

superhard materials research is to create materials with high hardness, enhanced chemical stability, 

and low cost of production.8,9 

A superhard material has a high bulk modulus (K0 > 300 GPa), or resistance to change in 

volume (i.e., incompressibility). However, having high incompressibility does not necessarily 

result in a superhard material.10 Although diamond (K0 = 438–446 GPa)11 and osmium (K0 = 395–

462 GPa)12,13 are both ultra-incompressible, diamond is much harder than osmium (Hv = 115 GPa 

versus 4 GPa, respectively).4,14 The hardness is directly related to the resistance to plane slippage 

and dislocations. Diamond’s highly covalent bonding network contributes to its great resistance to 

dislocation movement and extreme hardness, while Os, containing weak metallic planes, is more 

susceptible to slip. 

Inspired by the highly covalent bonding network found in diamond, our group has focused 

its efforts on designing new superhard materials by combining incompressible transition metal 

atoms with light elements (e.g. boron and carbon).8 We began our investigation with osmium 

diboride (OsB2), an Os metal lattice with boron sheets in a boat-like configuration.15 Although 

OsB2 is not superhard (Hv ≈ 27 GPa at 0.49 N), the addition of boron to the Os lattice increases its 

corresponding hardness.16 Since our introductory work on OsB2, we have produced a range of 

superhard transition metal borides with the aforementioned design parameters.  

 

DIRECT MEASUREMENT OF HARDNESS 

There are three general techniques used to measure and report hardness: (i) a scratch test, 

(ii) an indentation test, and (iii) a dynamic hardness test. The scratch test evaluates materials based 
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on their ability to scratch one another. This method is useful for developing an intuitive sense of 

hardness through qualitative comparisons. Dynamic hardness tests are used less frequently than 

the first two options, primarily because they are more difficult to perform.  For example, one type 

of dynamic hardness tester, the Shore scleroscope, measures hardness from the rebound height of 

an indenter. Among the three methods of measurement, the most used technique for scientific and 

practical interest is the indentation hardness method, as it combines quantitative hardness 

determination with relative ease of measurement. 

Indentation hardness is measured using the impression made by an indenter on a specimen 

surface. Indentation hardness tests vary in the size and geometry of the indenter used for 

measurement and include: Brinell, Meyer, Rockwell, Vickers, and Knoop tests. The most widely 

used indenters for measuring hard materials with microhardness testers are the Vickers and Knoop 

indenters. While the Vickers indenter consists of a square pyramid (apex angle of 136°), the Knoop 

indenter is an elongated pyramid with a shallower depth of penetration than the Vickers indenter. 

Both Vickers and Knoop hardness are measured by dividing the applied load by the area of the 

impression made by the indenter, which is calculated by measuring the diagonal length of the 

indentation. The equations for Vickers and Knoop hardness are calculated using Equations 1.1 and 

1.2, respectively: 

𝐻𝑉 =
1.8544𝐹

𝑑2                 (1.1) 

where Hv is the measured Vickers hardness, F is the applied force in kilograms-force, and d is the 

average diagonal length of the indentation in millimeters, and 

𝐻𝐾 =
14.229𝐹

𝑑2                (1.2) 

where HK is the measured Knoop hardness, F is the applied force in kilograms-force, and d is the 

average diagonal length of the indentation in millimeters. Hardness values are typically reported 
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in kilogram-force per square millimeter (kgf mm-2) or gigapascals (GPa). Many materials exhibit 

an inverse relationship between hardness and applied load, where the measured hardness increases 

with decreasing load (Figure 1.1). This phenomenon, referred to as the indentation size effect 

(ISE), is predominantly observed at low load and likely arises from the localization of dislocations 

near the indenter-material surface interface. Measurements in the low load region should be 

reported since the load curve represents the real load dependent hardness. Low load hardness 

values offer insight into the hardening behavior of a material along an applied load range. While 

the load-dependent hardness of a material is the measured hardness at a specified applied load, the 

load-independent, or asymptotic, hardness is obtained from the load-independent region of 

hardness as a function of load. 

 

COMBINING HARDNESS MEASUREMENTS WITH HIGH-PRESSURE STUDIES 

Hardness is a mechanical property that results from both intrinsic and extrinsic effects, 

which depends on chemical bond strength and dissipation of energy at grain boundaries, 

respectively. Materials that are intrinsically hard (e.g. diamond and c-BN) possess high resistance 

to both volume and shape change (bulk modulus and shear modulus, respectively).17 One method 

to increase the intrinsic hardness of a material is through solid solution formation, where one type 

of atom is substituted for another atom. These solid solutions follow a set of guidelines known as 

the Hume-Rothery rules, which require the solute and solvent atoms to adopt similar crystal 

structures, atomic size (< 15% difference in atomic radii), electronegativity, and valence electron 

count.18 On the other hand, Hall-Petch hardening is introduced by creating smaller grains and more 

grain boundaries.19 Both solid solution effects and grain boundary hardening impede dislocation 
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motion by introducing non-uniformity throughout the crystal lattice, and consequently, lead to 

higher hardness.20 

While hardness is reported as an indentation value, the value itself fails to explain the 

chemical bonding and mechanisms for mechanical failure. In situ high-pressure radial diffraction, 

however, allows us to directly study the lattice specific mechanisms for intrinsic hardening. When 

the material is under uniaxial compression, the lattice planes undergo deformation. The shift of the 

corresponding d-spacings along different stress directions is referred to as the ratio between 

differential stress (t) and shear modulus (G), or differential strain (t/G). Differential strain reveals 

the degree to which each lattice plane can resist a shear force, while differential stress indicates 

the actual stress each lattice plane sustains during the deformation process. At the maximum stress, 

the yield point indicates the onset of plastic deformation and the corresponding value is defined as 

the yield strength, which is the maximum stress that the material can sustain before bond 

breakage. In general, superhard materials possess high yield strength, or withstand higher stress 

before plastic deformation. 

 

EXPLORING SUPERHARD TRANSITION METAL BORIDES 

Through the combined efforts of Vickers micro-indentation and high-pressure studies, we 

have obtained both direct hardness measurements and lattice-specific insights into various 

superhard transition metal borides. The majority of superhard metal borides exhibit short, 

directional metal-boron bonds, which result in high resistance to bond bending and breaking. This 

work examines the structure and bonding parameters required to optimize solid solution formation 

and grain morphology in new superhard materials. This is achieved through three main areas: (1) 

to intrinsically harden materials through metal atom substitution; (2) to extrinsically harden 
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materials through the refinement of grain morphology and the addition of secondary phases; and 

(3) to study the solubility trends of transition metals in metal boride structures. Special focus is 

given to the effects of solubility and grain size refinement on the mechanical properties of tungsten 

diboride (WB2), rhenium diboride (ReB2), and tungsten tetraboride (WB4) compositions. 
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Figure 1.1. (left) Schematic of a Vickers micro-indentation hardness test. A diamond indenter is 

pressed into the material’s surface at an applied load. The average diagonal length of the 

indentation (d) and the test load are used to calculate a Vickers hardness value. (right) Plot of 

Vickers hardness versus indentation load. At low load, hardness is often dominated by the 

indentation size effect (ISE) . The material achieves its maximum hardness in this load dependent 

region. As the load increases and exceeds a certain threshold, the hardness of the material reaches 

an asymptotic lower limit, also known as the load-independent hardness. 
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CHAPTER 2 

Superhard Tungsten Diboride-Based Solid Solutions 

 

INTRODUCTION 

Transition metal diborides have increasingly gained scientific interest due to their 

magnetic, mechanical, and thermal properties.1–3 These characteristic properties, such as the high-

temperature superconductivity of magnesium diboride (MgB2)4 and superhardness of rhenium 

diboride (ReB2),5,6 are inspiring the development of new materials. For instance, superhard 

materials (Vickers hardness ≥ 40 GPa) withstand greater surface damage and wear than 

conventional materials (e.g., tool steel), offering a potential alternative to current tooling in the 

manufacturing industries. Hardness values reported at loads ranging from low to high (0.49 N to 

4.9 N) give insight into the origin of a material’s hardness. For instance, at low load, extrinsic 

effects – such as grain boundaries and sizes or secondary phases – contribute to a material’s surface 

morphology and alter the overall hardness. Diamond, with a Vickers hardness of 80-100 GPa, is 

the most commercially relevant superhard material for industrial applications. However, its 

artificial synthesis requires a combination of high temperature and high pressure; thereby it is 

limited by cost. Furthermore, diamond deleteriously reacts with ferrous alloys, leading to poor 

cutting performance and low thermal stability at temperatures above 700 °C due to the formation 

of iron carbide.7 Its alternative, cubic boron nitride (c-BN, Hv = 45-80 GPa), is used to machine 

ferrous materials, but must be synthesized under high-temperature high-pressure conditions as 

well, making it an expensive process.8 Drawbacks such as these have led to the search for new 

ultra-incompressible, superhard, and less expensive materials.9–11 
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In the AlB2-type structure (P6/mmm), boron atoms form planar hexagonal rings that 

alternate with 12-coordinate metal layers. Most metals, such as MgB2, AlB2, and TiB2, take on the 

soft AlB2 structure.12,13 The ReB2-type (P63/mmc) structure contains 6-membered boron rings that 

pucker in a chair configuration and alternate with 8-coordinate metal layers. This lattice prevents 

the formation of slip planes, resulting in superhard ReB2.5,14  

While the ReB2-type structure gives insight into the strengthening mechanisms of borides, 

the high cost of rhenium limits the applications of these superhard materials for high-performance 

cutting tools and wear-resistant abrasives. The combination of high electron density of transition 

metals with short covalent boron-boron bonds has guided a new generation of intrinsically 

superhard materials such as WB4.15,16 These materials can be hardened through the formation of 

solid solutions, in which the addition of an alloying element impedes dislocation motion 

throughout the crystal lattice.17–19  

WB2 (P63/mmc), with a structure containing alternating flat and puckered sheets of boron, 

serves as a hybrid structure between superhard ReB2 and the common AlB2 lattice (Figure 2.1).20–

22 Although pure WB2 is known not to be superhard,23–26 metallurgical techniques such as solid 

solution hardening, precipitation hardening, and grain boundary strengthening can be used to 

increase the overall hardness. The hardnesses of WB2 solid solutions have yet to be studied 

extensively. These compounds merit further examination because they are inherently harder than 

common materials, such as tungsten carbide (WC), and exhibit higher thermodynamic stability 

than higher borides. Further work must be done to elucidate the bonding motifs that determine 

structural changes and increased hardness. 

In this study, we investigate the synthesis and characterization of WB2 solid solutions with 

the addition of tantalum (Ta) and niobium (Nb). The solubility limit and phase-purity of these 



12 

 

samples are characterized through powder X-ray diffraction (PXRD). A minimal amount of 

scandium (Sc) was added to stabilize phase-pure WB2, which will be discussed further later on. 

Load-dependent Vickers hardness values verified that the addition of Sc had negligible effects on 

the mechanical properties of the WB2 solid solutions. Here we will demonstrate that the increased 

hardness can be attributed to solid solution hardening. 

 

MATERIALS AND METHODS 

Solid solutions of WB2 with Ta, Nb, and Sc were prepared using tungsten (99.95%, Strem 

Chemicals, U.S.A.), tantalum (99+%, Strem Chemicals, U.S.A.), niobium (99.8%, Strem 

Chemicals, U.S.A.), scandium (99.9% REO, Strem Chemicals, U.S.A.), and amorphous boron 

(99+%, Strem Chemicals, U.S.A.). The overall M:B ratio was kept at 1:2.1. Excess boron was used 

to compensate for the evaporation of boron during the arc melting process and restrict lower boride 

formation with tungsten. Powders were weighed according to the following stoichiometric ratios: 

W1-xTaxB2.1, W1-xNbxB2.1, W1-yScyB2.1, W0.99–xSc0.01TaxB2.1, and W0.99–xSc0.01NbxB2.1, where x = 

0.02-0.50 and y = 0.01-0.50. The mixed powders were pressed into pellets under a 10 ton load by 

a hydraulic jack press (Carver) and arc-melted in an argon atmosphere for 1-2 minutes with a 

current of 70 A. Each sample was melted three times and flipped in between each melt to ensure 

homogeneity in the resulting ingot. 

The arc-melted ingots were then cut in half with a diamond saw (Ameritool Inc., USA). 

One half was crushed into <45 m powder (-325 mesh) using a tool steel Plattner-style mortar and 

pestle set (Humboldt Mfg., model H-17270) for powder X-ray diffraction (PXRD) analysis. The 

other sample half was placed in epoxy using an epoxy/hardener set (Allied High Tech Products 

Inc., U.S.A.) and polished on a semi-automated polishing station (South Bay Technology Inc., 
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USA) to produce an optically flat surface (Ra < 0.5 m). Each sample was polished with silicon 

carbide discs (120-1200 grit sizes, Allied High Tech Products Inc., U.S.A.) followed by diamond 

films (30-0.5 m particle size, South Bay Technology Inc., U.S.A.). The polished samples were 

used for Vickers hardness testing, scanning electron microscopy (SEM), energy-dispersive X-ray 

spectroscopy (EDS), and X-ray photoelectron spectroscopy (XPS). 

Crushed powder samples were analyzed for composition and phase purity using a Bruker 

D8 Discover Powder X-ray Diffractometer. Data were acquired with a CuKα X-ray beam (λ = 

1.5418 Å) in a 2θ range of 5-100. PXRD patterns were cross-referenced against the Joint 

Committee on Powder Diffraction Standards (JCPDS) database to identify the phases in each 

sample. Materials Analysis Using Diffraction (MAUD) software was used for unit cell 

refinements.27,28 

An FEI Nova 230 high-resolution scanning electron microscope (FEI Company, U.S.A.) 

was used to check surface morphology; an UltraDry EDS detector (Thermo Scientific, U.S.A.) 

was used for elemental analysis. The polished samples were then treated with argon sputtering for 

10 minutes to remove any surface oxides. XPS spectra were obtained using a Kratos Axis Ultra 

XPS with Al X-ray source and analyzed using CasaXPS processing software. The working 

distance for each sample was calibrated to achieve a maximum signal in the high-energy electron 

emission region. Survey scans, from which atomic percentages were derived, were performed from 

1200 to 0 eV. High-resolution scans were obtained for the B 1s, W 4f, Nb 3d, Ta 4f, and Sc 2p 

electron regions. Peak positions in the survey scans were calibrated according to the adventitious 

carbon peak assigned to 284.6 eV. The high-resolution peaks were calibrated by assigning 

positions according to the shift assessed for the corresponding survey scan. Peak deconvolution of 
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W and B was performed to reveal differences in bonding and periodic structure according to the 

work of Wang et al.24 and Jian et al.29  

The hardness of each polished sample was determined by the Vickers method on a multi-

Vickers hardness tester (Leco, U.S.A.) with a diamond indenter. Indentations were made at force 

loads of: 0.49, 0.98, 1.96, 2.94, and 4.9 N.  The diagonal lengths of each indent were measured 

under a high-resolution optical microscope, Zeiss Axiotech 100HD (Carl Zeiss Vision GmbH, 

Germany), at 500x magnification. Vickers hardness values (Hv, in GPa) were calculated for each 

indent and averaged for ten indents per load using the following equation: 

𝐻𝑣 =
1854.4𝐹

𝑑2
 

where F is the applied load in Newtons and d is the average indent diagonal length in micrometers. 

For thermogravimetric analysis, a Pyris Diamond TGA/DTA unit (TG-DTA, PerkinElmer 

Instruments, U.S.A.) was used under the following heating parameters: heat in air from 25 to 200 

°C at a rate of 20 °C/min, hold at 200 °C for 30 minutes, heat from 200 to 1000 °C at 2 °C/min, 

hold at 1000 °C for 2 hr, and cool from 1000 to 25 °C at 5 °C/min. The resulting phase(s) of the 

heated samples were identified through PXRD analysis. 

 

RESULTS AND DISCUSSION 

 This work studies the effects of Nb and Ta on the hardness and thermal stability of the 

corresponding tungsten diboride (WB2) solid solutions: W1-xNbxB2 and W1-xTaxB2, where x = 

0.00-0.50. The Hume-Rothery rules state that in order to form a substitutional solid solution, the 

solute and solvent atoms must: (1) differ in atomic size by no more than 15%; (2) have similar 

crystal structures; (3) have similar valence electron densities; and (4) be similar in 

electronegativity.30–32 The atomic sizes of niobium (Nb = 1.45 Å) and tantalum (Ta = 1.45 Å) are 
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less than 8% larger than tungsten (W = 1.35 Å),33 satisfying the aforementioned criteria of the 

Hume-Rothery rules. Figure 2.2a and 2.2b show PXRD spectra for W1-xNbxB2 and W1-xTaxB2. 

Both metals form solid solutions with WB2 at low percentages, with solubility limits at less than 8 

at. % for Nb and less than 10 at. % for Ta. SEM images and elemental maps for W0.94Nb0.06B2 

(Figure 2.3a) and W0.92Ta0.08B2 (Figure 2.4a) indicate solid solution formation below the 

respective solubility limits. When tungsten is substituted above 8 at. % Nb and above 10 at. % Ta, 

NbB2 (P6/mmm) and TaB2 (P6/mmm) appear as secondary phases, respectively. Precipitation of 

the secondary AlB2-type phase is most prominent in samples with a large excess of the 

substitutional element (Nb and Ta), as seen in elemental maps for W0.50Nb0.50B2 and W0.50Ta0.50B2 

(Figure 2.3b and 2.4b). Since Nb and Ta are comparable in atomic size, electronegativity, and 

valence electron count, these results suggest that the filled 4f shell in Ta may be an additional 

determining factor for solubility.34,35  

Rietveld refinement of unit cell parameters was performed using MAUD software.27,28 The 

calculated cell parameter (c) increased from 13.898(6) Å for pure WB2 to 13.933(6) Å for 

W0.94Nb0.06B2, suggesting that a solid solution between WB2 and Nb is formed until the solubility 

limit of <8 at.% Nb is achieved (Table 2.1). Elongation along the c-axis for concentrations at and 

below 8 at. % Ta are presented in Table 2.2. The c/a axial ratio for both WB2-Nb and WB2-Ta 

systems are presented in Figure 2.5. The strong positive correlation between the c/a ratio and the 

percent of atomic substitution below the solubility limit show an adherence to Vegard’s law as the 

lattice expands linearly up to the point of maximum solubility. This increase – at and below the 

solubility limit for Nb and Ta in WB2 – is attributed to the atomic size difference between tungsten 

and these two elements (Ta and Nb). 
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Both WB2-Nb and WB2-Ta systems show the presence of tungsten tetraboride (WB4) 

impurities at all concentrations. However, full investigation of the WB2-Sc system (1–50 at. % Sc) 

demonstrated no WB4 formation. The addition of 1 at. % Sc was determined to be the minimum 

detectable amount of Sc required to inhibit WB4 formation and stabilize phase-pure WB2 by PXRD 

analysis. It has previously been shown that scandium forms an AlB2-type structure with 

tungsten.36,37 This phase may be favorable in the Sc-W-B system and lead to the suppression of 

higher boride formation (WB4).38 Figure 2.6 shows XPS data for the W 4f electron region of both 

unsubstituted and 1 at. % Sc-substituted WB2.  Both W 4f7/2 and W 4f5/2 peaks are shifted to lower 

binding energies in the Sc-substituted WB2. In the case of substitutional solid solutions, binding 

energy shifts are dependent on the electronegativity difference of the dopant and parent element 

as well as the coordination number.39 For instance, if the electronegativity of the dopant is lower 

than the parent element, the electron density of the parent element increases and the binding energy 

decreases.39 The electronegativity of scandium (1.36)40 is lower than that of tungsten (2.36).40 This 

decrease in electronegativity increases the electron density surrounding the unsubstituted tungsten, 

favoring the 10-coordinate WB2 structure over the 12-coordinate metal layers found in WB4.  

Survey XPS scans of WB2 solid solutions (W0.94Nb0.06B2 and W0.92Ta0.08B2) were also 

taken and compared to unsubstituted WB2 to examine the bonding behavior of W and Nb/Ta. The 

binding energy of the W 4f7/2 and 4f5/2 peaks noticeably shifted between the pure WB2 and the 

solid solutions. There was not a significant shift in the W peak positions between the two solid 

solutions; however, the similarity in position of the W peaks between the Nb and Ta solid solutions 

was not unexpected, considering both are in the same column on the periodic table. High-

resolution scans for the Nb 3d and Ta 4f regions of the respective solid solution samples 

demonstrated that both Nb and Ta exhibit bonding behavior characteristic of the dopant metals.  
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Analysis of the density of states (DOS) of the corresponding transition metal diborides 

(ScB2, TaB2, and NbB2) supports the observation of Sc-stabilized WB2. The calculated DOS of 

WB2 shows that the Fermi level (EF) lies above the pseudo-gap, thus both bonding and antibonding 

states are occupied.41 In the DOS of ScB2 calculated by Vajeeston et al., the EF is lower than the 

pseudo-gap.42 In effect, the addition of Sc lowers the overall EF of WB2, resulting in higher stability 

of the WB2 structure as more bonding states are filled than antibonding states. Addition of Ta or 

Nb with Sc in WB2 does not raise the EF sufficiently to induce the WB4 structure. Although both 

TaB2 and NbB2 exhibit DOS filling similar to that of WB2,42 Sc effectively lowers the EF enough 

to retain the WB2 structure. 

To determine the contributions of WB4 to the measured hardness data, the hardness of WB2 

was compared to WB2 with 1 at. % Sc. If any WB4 impurities exist, the likely contribution to 

hardness would be extrinsic, as WB2 and WB4 are separate phases; however, in the formulation of 

WB2, the WB4 phase is bordering on the detectable limit. If the concentration of the WB4 phase 

increases, the contribution of extrinsic hardening would be greater, as typically seen in the 

precipitation of secondary phases when the solubility limit is reached in a solid solution.18,43,44 At 

all loads, both unsubstituted WB2 and WB2 with 1 at. % Sc are within error of each other. These 

results indicate that the presence of WB4 in the WB2 solid solutions has minimal effect on the 

overall hardness values within the tested applied loads. Solid solution hardening—rather than 

extrinsic hardening due to the presence of WB4—plays the most significant role in hardening of 

the WB2-type structured samples. Additional samples of WB2 solid solutions were made with 1 at. 

% Sc according to the following nominal composition: W0.99-xSc0.01MxB2.1, where M = Ta or Nb 

and x = 0.02-0.50. PXRD patterns confirm phase purity of the Sc-stabilized samples (Figure 2.7). 
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Both Ta and Nb series show no WB4 phase at low substitutional concentrations when containing 

1 at. % Sc. 

Once the purity and phase composition of the samples were verified, Vickers micro-

indentation hardness values were measured for polished samples of the WB2-Nb and WB2-Ta 

systems under five loads ranging from 0.49 N to 4.9 N. These measurements were compared to 

the hardness values of the corresponding analogs containing 1 at. % Sc. Figure 2.8a shows that 

the hardness increases from 29.5 ± 1.7 GPa for unsubstituted WB2 to a maximum of 40.3 ± 1.6 

GPa with the addition of 6 at. % Nb under low load (0.49 N). This increase is due to intrinsic 

hardening (exclusively from the addition of Nb, excluding potential effects from WB4) introduced 

by the formation of a solid solution. Once the solubility limit (<8 at. % Nb) is exceeded, the 

hardness decreases as the secondary phase (NbB2) precipitates out. Hardness measurements of 

W0.99-xSc0.01NbxB2 with 0 – 6 at. % Nb are in agreement with the W1-xNbxB2 hardness values 

(Figure 2.8b). 

For the WB2-Ta system, the maximum hardness is 41.0 ± 1.2 GPa with 8 at. % Ta, under 

a load of 0.49 N. Beyond the solubility limit (~10 at. % Ta), the hardness sharply decreases to 34.9 

± 2.4 GPa (Figure 2.9a). A local maximum at 30 at. % Ta is attributed to the extrinsic hardening 

effects of the secondary TaB2 phase present. Comparison with W0.99-xSc0.01TaxB2 (up to x = 0.08) 

indicates that the hardness measurements of the two solid solution systems are within error (Figure 

2.9b). While the addition of 1 at. % Sc yields phase pure WB2 for both Ta and Nb systems, the 

solid solutions containing Sc do not dramatically alter the bulk mechanical properties. 

To examine the potential of these materials for use in real-world applications, the thermal 

stability of the hardest WB2 solid solution (W0.92Ta0.08B2) was measured. Increased heat and 

oxidation resistance is an important factor in cutting tools, where the formation of surface oxides 
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at high temperatures leads to overall degradation and decreased performance.45,46 Figure 2.10 

demonstrates the solid solution powder is thermally stable in air up to ~570 °C. The resulting 

products upon heating in air are Ta0.1W0.9O2.95 and WO3, identified by powder X-ray diffraction. 

The enhanced oxidation resistance of these materials indicate that WB2 solid solutions are a 

prospective alternative to the machining industry standard, tungsten carbide, which oxidizes at 

~500 °C.47 

 

CONCLUSIONS 

Tungsten diboride solid solutions with varying Ta and Nb substitution were synthesized to 

increase the mechanochemical properties of WB2. The addition of 6 at. % Nb and 8 at. % Ta had 

the highest hardness values with 40.3 ± 1.6 GPa and 41.0 ± 1.2 GPa, respectively. These solid 

solutions demonstrate that transition metals that differ in atomic size and valence electron count 

with tungsten can be utilized to advance WB2 into the superhard regime. Furthermore, the hardest 

solid solution (W0.92Ta0.08B2) is thermally stable up to ~570 °C in air.  

These diboride solid solutions have not been previously explored for their mechanical 

properties. The results of this work indicate that WB2-structured compounds may merit further 

investigation in the search for novel superhard materials. Additional work on solid solutions and 

ternary compounds will provide insights into the hardening mechanisms and factors of superhard 

materials with potential industrial applications.48 
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Table 2.1. Unit Cell Dataa for WB2 with Variable Nb Substitutionb,c 

 

 

 

 

 

 

 

aStandard deviations are indicated in parentheses. 

bCell parameters were calculated through comparison with WB2 ICSD-615700 (a = 2.985 Å; c = 

13.878 Å). 

cSamples were prepared with a (W,Nb) : B = 1 : 2.1. 

 

 

 

 

 

 

 

 

 

 

 

 at. % Nb a (Å) c (Å) 

WB2 0.00 2.988(4) 13.898(6) 

W0.98Nb0.02B2 0.02 2.989(2) 13.907(3) 

W0.96Nb0.04B2 0.04 2.989(7) 13.914(2) 

W0.94Nb0.06B2 0.06 2.992(7) 13.933(6) 

W0.92Nb0.08B2 0.08 2.991(6) 13.928(6) 

W0.90Nb0.10B2 0.10 2.992(1) 13.932(7) 

W0.80Nb0.20B2 0.20 2.991(5) 13.929(5) 

W0.70Nb0.30B2 0.30 2.991(2) 13.925(6) 

W0.60Nb0.40B2 0.40 2.990(1) 13.925(4) 

W0.50Nb0.50B2 0.50 2.991(6) 13.928(8) 
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Table 2.2. Unit Cell Dataa for WB2 with Variable Ta Substitutionb,c 

 

 

 

 

 

 

 

aStandard deviations are indicated in parentheses. 

bCell parameters were calculated through comparison with WB2 ICSD-615700 (a = 2.985 Å; c = 

13.878 Å). 

cSamples were prepared with a (W,Ta) : B = 1 : 2.1. 

 

 

 

 

 

 

 

 

 

 

 at. % Ta a (Å) c (Å) 

WB2 0.00 2.988(4) 13.898(6) 

W0.98Ta0.02B2 0.02 2.989(7) 13.912(5) 

W0.96Ta0.04B2 0.04 2.990(4) 13.913(5) 

W0.94Ta0.06B2 0.06 2.993(3) 13.943(3) 

W0.92Ta0.08B2 0.08 2.992(5) 13.941(6) 

W0.90Ta0.10B2 0.10 2.992(5) 13.946(6) 

W0.80Ta0.20B2 0.20 2.993(1) 13.949(3) 

W0.70Ta0.30B2 0.30 2.993(4) 13.955(6) 

W0.60Ta0.40B2 0.40 2.992(8) 13.949(2) 

W0.50Ta0.50B2 0.50 2.995(1) 13.955(1) 
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Figure 2.1. Crystal structure of WB2 (P63/mmc, ICSD (Inorganic Crystal Structure Database) 

615700). Tungsten atoms are shown in blue and boron atoms are shown in red. Boron atoms are 

arranged in alternating flat and puckered sheets, represented by boron sites B1 and B2 in the flat 

sheets and B3 in the puckered sheets. 
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(b) 

 

Figure 2.2. Powder XRD patterns (10 – 55º 2θ) of WB2 when 0 – 50 at. % (a) niobium and (b) tantalum are added with a M:B of 1:2.1. 

The solubility limit is less than 8 at. % for Nb and less than 10 at. % for Ta. Above 8 at. % Nb and above 10 at. % Ta, NbB2 (JCPDS 

00-035-0742) and TaB2 (JCPDS 01-075-1047) appear, respectively as secondary phases (indicated in bottom patterns). WB4 (JCPDS 

00-019-1373), denoted by an asterisk (*) is present at all concentrations of Nb and Ta substitution. Select patterns are displayed in each 

series to highlight the structural changes. 
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(b) 

 

Figure 2.3. Elemental maps for niobium (L line) and tungsten (M line) for alloys of the following nominal compositions: (a) 

W0.94Nb0.06B2.1 and (b) W0.50Nb0.50B2.1. A solid solution was formed for W0.94Nb0.06B2.1, while niobium-rich areas (NbB2) are observed 

in W0.50Nb0.50B2.1. SEM BSED images and the corresponding elemental maps were taken at a magnification of 1000x at 15 keV with 

scale bars of 100 m. 
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(b) 

 

Figure 2.4. Elemental maps for tantalum (M line) and tungsten (M line) for alloys of the following nominal compositions: (a) 

W0.92Ta0.08B2.1 and (b) W0.50Ta0.50B2.1. A solid solution was formed for W0.92Ta0.08B2.1, while a secondary phase of TaB2 appears in 

W0.50Ta0.50B2.1. SEM BSED images and the corresponding elemental maps were taken at a magnification of 1000x at 15 keV with scale 

bars of 100 m. 
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(a) 

 

(b) 

 

Figure 2.5.  Plots of the axial ratio calculated from XRD cell refinement versus substitutional 

atomic percentage for the following nominal compositions: (a) W1-xNbxB2.1 and (b) W1-xTaxB2.1. 

Both WB2-Nb and WB2-Ta systems demonstrate a strong positive correlation of the axial ratio and 

the percentage of atomic substitution up to the solubility limits of <8 at. % Nb and <10 at. % Ta. 

Past the solubility limit, a secondary phase precipitates; Vegard’s law no longer holds.
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(a) 

 

 

(b) 

 

Figure 2.6.  XPS spectra for W 4f core levels for (a) WB2 and (b) W0.99Sc0.01B2. The samples with 

added scandium have lower binding energies in comparison to unsubstituted WB2. 
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(b) 

 

Figure 2.7. Powder XRD patterns of: (a) W0.99-xSc0.01NbxB2 and (b) W0.99-xSc0.01TaxB2, where x = 0 – 50 at. % Nb or Ta, respectively. 

Both series show no presence of WB4 at low concentrations. Select patterns are displayed to highlight the structural changes. Comparison 

of the solubility limits of W1-xMxB2 (Figure 2.2) with W0.99-xSc0.01MxB2 show no change in the solubility limits and no significant effect 

on structure. 
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(b) 

 

Figure 2.8. Vickers micro-indentation hardness of WB2-Nb solid solutions with (a) no Sc addition 

and (b) 1 at. % Sc addition under loads ranging from 0.49 N to 4.9 N. The concentrations were 

varied by increasing substitution of tungsten with Nb from 0 – 50 at. % on a metals basis. Hardness 

measurements were recorded up to the solubility limit (<8 at. % Nb) for samples containing Sc to 

monitor WB4 effects on solid solution hardening. 
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(b) 

 

Figure 2.9. Vickers micro-indentation hardness of WB2-Ta solid solutions with (a) no Sc addition 

and (b) 1 at. % Sc addition under loads ranging from 0.49 N to 4.9 N. Hardness measurements 

were recorded up to the solubility limit of <10 at. % for Ta. 
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Figure 2.10. Thermal stability of the hardest tungsten diboride solid solution (W0.92Ta0.08B2) 

measured by thermal gravimetric analysis. The powder of the WB2 solid solution is thermally 

stable up to ~570 °C in air. The weight gain of approximately 40-45% can be attributed to the 

oxidation of tungsten and tantalum. Powder XRD determined Ta0.1W0.9O2.95 (JCPDS 00-045-

0115) and WO3 (JCPDS 00-041-0905) as the resulting phases.
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CHAPTER 3 

Enhanced Hardening Effects in Molybdenum-Doped WB2 and WB2-SiC/B4C Composites 

 

INTRODUCTION 

Although pure WB2 is not intrinsically superhard, substitutional solid solutions of WB2 

have been characterized with hardness values measuring in the superhard regime.1 In addition to 

single-phase systems, many studies have examined the microstructure and properties of multi-

phase composites based on metal diborides.2 For instance, secondary additives, such as boron 

carbide (B4C) and/or silicon carbide (SiC), have been shown to decrease the grain size of metal 

diborides, such as ZrB2 and TiB2, in ultra-high temperature ceramics and enhance bulk mechanical 

properties.3,4 Thus, it is of great interest to identify the contributions of both intrinsic and extrinsic 

hardening effects in order to optimize a material’s grain morphology and mechanical properties. 

In this study, we synthesize molybdenum (Mo)-doped WB2 solid solutions and characterize 

their mechanical properties as a function of solubility. Given that Mo (1.45 Å)5 has the same 

number of valence electrons (group 6) and a close atomic radius to W (1.35 Å),5 we have obtained 

an extended range of solid solutions (up to less than 40 at. % Mo in WB2). Vickers hardness 

measurements, high-pressure data, and SEM images are discussed in further detail to demonstrate 

that the addition of Mo enhances bulk material hardness through both solid solution formation, as 

well as additional extrinsic hardening through a change in surface morphology. Additionally, we 

study the effects of secondary phases, SiC and B4C, in both unsubstituted WB2 and 30 at. % Mo 

substituted WB2 (W0.70Mo0.30B2), the hardest WB2 solid solution created to date. These additives 

serve to extrinsically harden the bulk material through the inhibition of grain growth and increase 
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oxidation resistance through increased phase stability and protective oxide formation during 

thermal cycling. 

 

MATERIALS AND METHODS 

Samples were prepared using: tungsten (99.95%, Strem Chemicals, U.S.A.), amorphous 

boron (99+%, Strem Chemicals, U.S.A.), molybdenum (99.95%, Strem Chemicals, U.S.A.), 

silicon (99.9%, American Elements, U.S.A.), and carbon (graphite, 99+%, Strem Chemicals, 

U.S.A.). Elemental boron and metal powders were weighed and mixed according to the following 

nominal compositions: W1-xMoxB2.0, where x = 0.02-0.50. Composites were prepared by weighing 

and mixing elemental powders according to the compositions: WB2.0-B4C, WB2.0-SiC, 

W0.70Mo0.30B2.0-B4C, and W0.70Mo0.30B2.0-SiC, where the weight percentage of B4C or SiC in each 

total composition was varied (10, 20, and 30 wt. %). The powder mixtures were pressed into 12.7 

mm (0.5 in) diameter pellets under a 10-ton load using a hydraulic jack press (Carver). The pressed 

pellets were arc-melted on a water-cooled copper hearth in an argon atmosphere with a maximum 

current of approximately 140 amps for 1-2 minutes. Each sample was arc-melted until molten, 

subsequently flipped and re-melted, totaling three times to ensure homogeneity. Details on the 

procedures for sample preparation and characterization through powder X-ray diffraction (PXRD), 

scanning electron microscopy (SEM), Vickers hardness, and thermogravimetric analysis (TGA) 

can be found in Chapter 2. 

Nonhydrostatic in-situ high-pressure radial X-ray diffraction was performed in a diamond 

anvil cell at synchrotron beamline 12.2.2 of the Advanced Light Source (ALS, Lawrence Berkeley 

National Laboratory). Crushed powder of the sample (W0.70Mo0.30B2) was loaded into a laser-

drilled hole (~60 μm in diameter, ~130 μm in depth) in a ~400 μm diameter boron gasket made of 
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amorphous boron and epoxy. A small piece of Pt foil (~20 μm diameter) was placed on top of the 

sample to serve as an internal pressure standard. A monochromatic X-ray beam (λ = 0.4959 Å, 

spot size = 20 μm × 20 μm) was passed through the sample, which was compressed between two 

diamond tips up to 60 GPa of pressure, and 2-D diffraction data were collected using an MAR-

345 image plate and FIT2D software. A cerium dioxide (CeO2) standard was used to calibrate the 

detector distance and orientation. The angle-dispersive diffraction patterns were converted from 

elliptical to rectangular coordinates using FIT2D. The integrated “cake” patterns, azimuthal angle 

(𝜂) versus diffraction angles (2𝛳), were then analyzed using Igor Pro (WaveMetrics, Inc.). Peak 

positions were manually picked for three easily resolvable diffraction peaks (004, 101, 110). All 

peaks were indexed to hexagonal phases with no indication of phase transition throughout the 

measured pressure range.  

The stress in the sample under uniaxial compression is described by Equation 3.1: 

𝜎 = [

𝜎1 0 0
0 𝜎1 0
0 0 𝜎3

] = [

𝜎𝑝 0 0

0 𝜎𝑝 0

0 0 𝜎𝑝

] + [

−𝑡/3 0 0
0 −𝑡/3 0
0 0 −2𝑡/3

]               (3.1) 

where 𝜎1 is the minimum stress along the radial direction, 𝜎3 is the maximum stress in the axial 

direction, 𝜎P is the hydrostatic stress component, and t is the differential stress, which gives a 

lower-bound estimate of yield strength. The d-spacing is calculated by: 

       dm(hkl) = dp(hkl)[1 + (1 − 3cos2φ)Q(hkl)]       (3.2) 

where dm is the measured d-spacing, dp is the d-spacing under the hydrostatic component of the 

stress, φ is the angle between the diffraction normal and axial directions, and Q(hkl) is the lattice 

strain under the uniaxial stress condition. The differential stress, t, is directly related to the 

differential strain, t(hkl)/G(hkl), by: 

𝑡(hkl) = 6𝐺(hkl)𝑄(hkl)        (3.3) 
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where G(hkl) is the shear modulus of the specific lattice plane. Incompressibility was determined 

using the third-order Birch-Murnaghan equation-of-state (EOS), which can be written as:  

    𝑃 =
3

2
𝐾0 ((

𝑉0

𝑉
)

7 3⁄
− (

𝑉0

𝑉
)

5 3⁄

) (1 +
3

4
(𝐾0

′ − 4) ((
𝑉0

𝑉
)

2 3⁄
− 1))     (3.4) 

where P is the pressure, K0 is the bulk modulus, V is the volume, V0 is the undeformed unit cell 

volume, and K0’ is the derivative of K0 with respect to P. 

 

RESULTS AND DISCUSSION 

Here, we investigate the effects of molybdenum substitution in WB2 solid solutions (W1-

xMoxB2). Figure 3.1 shows PXRD patterns for W1-xMoxB2, where the solubility limit of Mo in 

WB2 is less than 40 at. % Mo. Rietveld refinement was performed using GSAS-II software to 

calculate the unit cell parameters of Mo-substituted solid solutions through comparison with the 

WB2 structure (P63/mmc). The c/a axial ratio and unit cell volume for the WB2-Mo system from 0 

– 50 at. % Mo addition are presented in Figure 3.2. As the percentage of Mo increases, the c/a 

ratio decreases; however, there is still an overall volume increase. These results indicate a higher 

rate of unit cell expansion along the a-axis with increasing Mo substitution. The observed lattice 

expansion is in adherence with Vegard’s law and substitutional solid solution formation as Mo 

substitutes for W in W sites in the WB2 lattice.  

SEM images and elemental maps of W0.70Mo0.30B2, the composition of maximum Mo 

solubility, show an even distribution of Mo up to 30 at. % substitution and indicate no secondary 

phase formation (Figure 3.3). Above the solubility limit, a secondary phase, β-MoB2 (P6/mmm) 

precipitates upon cooling from the melt. While EDS and XRD analysis demonstrate the presence 

of MoB2 precipitates above 30 at. % Mo, the WB2 lattice continues to expand linearly with 40 and 

50 at. % Mo substitution. This volume expansion past the solubility limit suggests that some of the 



46 

 

Mo atoms may still further substitute into the WB2 structure in addition to forming a secondary 

MoB2 phase.  

Vickers micro-indentation hardness measurements from low to high load (0.49 to 4.9 N) 

for the WB2-Mo system are shown in Figure 3.4. All solid solutions exhibit load-dependent indent 

sizes (and consequently hardness values), where the hardness increases as the applied load 

decreases. This phenomenon, known as the indentation size effect, has been observed in the 

hardness of other systems and is likely due to the specimen’s resistance to plastic (and elastic) 

deformation at varying loads.6 A gradual increase in hardness was observed from 29.5 ± 1.7 GPa 

at 0.49 N for unsubstituted WB2 to a maximum value of 45.7 ± 2.5 GPa at 0.49 N with 30 at. % 

Mo. Above 30 at. % Mo, the hardness abruptly decreases due to the precipitation of the softer 

AlB2-type β-MoB2 phase (11.77 GPa at 0.49 N).7  

Unlike ReB2, which adopts a puckered boron structure that impedes dislocation slip, WB2 

contains alternating flat and puckered boron sheets, resulting in lower shear resistance than ReB2. 

In situ X-ray radial diffraction was conducted under non-hydrostatic compression up to 60 GPa to 

probe changes in bond length and strength within W0.70Mo0.30B2 upon pressure. At low pressure 

(~3 GPa), the diffraction lines are almost straight due to hydrostatic stress state. However, at high 

pressure, the diffraction lines deviate to higher angle (2𝛳) in the high stress direction (φ=0°) and 

to lower angle (2𝛳) in the low stress direction (φ=90°). The sinusoidal variations of the diffraction 

lines at high pressure indicate the lattice-supported strains. In the integrated 1-dimensional 

diffraction pattern obtained at the magic angle φ=54.7°, all peaks are indexed with no indication 

of phase transition throughout the measured pressure range. A clear shift to the higher angle is 

observed at the higher pressure, indicating a decrease in the lattice spacing with greater 

compression. The peak broadening is due to strain inhomogeneity. The pressure for each 
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compression step was determined from the equation-of-state of Au standard, using its d-spacing at 

φ=54.7°. The hydrostatic compression curve is fit to the second-order Birch-Murnaghan equation-

of-state in terms of normalized pressure and Eulerian strain and yields a bulk modulus of 355 ± 2 

GPa for W0.70Mo0.30B2.  

As shown in Figure 3.5, the measured differential strain for each lattice plane from Eqn. 

3.3, increases linearly with pressure and then appears to level off. This plateau is interpreted to 

imply that the lattice plane can no longer sustain additional differential strain, and presumably 

indicates the onset of plastic deformation (which is not clearly identifiable in the X-ray diffraction 

measurements). The plane with the lowest differential strain plateau value supports the least 

deformation, while planes with higher differential strain plateau values resist more shear and 

dislocation movement. The (004) plane, parallel to the boron layers, is prone to slip and therefore 

exhibits the lowest differential strain, while the (101) and (110) planes, which both cut through the 

metal-boron layers, support more lattice deformation (Figure 3.5). In the elastic region, t(101)/G 

increases linearly with pressure and supports an amount of differential strain comparable to 

t(004)/G. However, past the elastic region, t(101)/G deviates from t(004)/G and eventually reaches 

the same value as t(110)/G at 60 GPa. The fact that t(101)/G only reaches t(110)/G near 60 GPa 

indicates that substituting Mo into WB2 strengthens the metal-boron bonds in W0.70Mo0.30B2. 

The differential stress (t) value at the plateau indicates the yield strength of the plane upon 

shear and is directly correlated to hardness. The differential stress values under Reuss and Voigt 

conditions were calculated using the elastic stiffness constants provided in the paper by Ding et 

al.8 Since the exact differential stress is determined as a weighted average of both Reuss and Voigt 

conditions, both values were calculated as upper and lower limits of the true differential stress. 

The differential stress of the (110) plane plateaus at 19 GPa and 14 GPa under Voigt and Reuss 
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conditions, respectively, suggesting that the plane has reached its yield strength at the pressure 

achieved in this experiment (Figure 3.6). The plateau in differential stress supported by (004), the 

weakest plane, reaches 11-16 GPa, which is higher than the strongest plane in ReB2 (9-10 GPa).9 

Although W0.70Mo0.30B2 adopts the WB2 structure, which deforms more readily than ReB2, the 

presence of Mo dopant atoms in WB2 strengthen the covalent bonds and enable W0.70Mo0.30B2 to 

support higher differential stress. These results indicate that increased hardness upon 30 at. % Mo 

substitution in WB2 is largely the result of solid solution strengthening in the single-phase system.  

Previous calculations have predicted that the WB2-type MoB2 (WB2-MoB2, P63/mmc) is 

more energetically favorable than experimentally synthesized rhombohedral (R3̅m) and hexagonal 

AlB2-type MoB2 (P6/mmm) structures.8 The theoretically calculated strong covalency of the B-

Mo bond in the WB2-MoB2 structure can provide insight into the observed high solubility of Mo 

in WB2 and corresponding high hardness values. In addition, surface patterning was observed in 

SEM and optical images of the bulk 30 at. % Mo solid solution. This change in morphology leads 

to a reduction in grain size, causing an increase in hardness due to the Hall-Petch effect, where 

smaller grain sizes increase the number of grain boundaries thereby impeding dislocation 

movement.10 

Once the solubility and Vickers hardness of the WB2-Mo system were optimized, B4C and 

SiC were incorporated as additives to both unsubstituted WB2 and 30 at. % Mo substituted WB2 

to examine the effects of B4C and SiC precipitation on surface morphology and hardness in the 

multi-phase composites. The formation and stability of a phase from liquidus via arc melting is 

dependent on the heat of formation as well as the melting point of each respective phase. In general, 

a phase is more likely to precipitate first upon cooling if it has a higher melting point than another 

phase and more likely to be stable if it has a highly negative heat of formation.11 Both carbides 
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have higher melting points than WB2 (~2450 °C for B4C12 and ~2700 °C for SiC13 versus ~2365 

°C for WB2
14) and exhibit high thermodynamic stability. In fact, the addition of these secondary 

phases and amount of precipitation can be used to template subsequent WB2 nucleation and grain 

growth.  

Figure 3.7 shows SEM images of arc-melted samples with increasing SiC content in both 

WB2 and W0.70Mo0.30B2 composites. As the amount of elemental Si and C collectively increase in 

the WB2 system, the SiC grains nucleate and increase in size. These results are in agreement with 

PXRD data, where a two-phase WB2-SiC system forms and the SiC content increases (Figure 

3.8). Upon substitution of Mo, this change in SiC grain size with increasing Si and C is less 

apparent. Elemental analysis indicates that the W0.70Mo0.30B2-SiC system contains additional 

carbide precipitates: B4C for 10 and 20 wt. % SiC and a Mo-C phase for 30 wt. % SiC. These 

carbides melt at temperatures that are lower than SiC but higher than WB2, thereby decreasing the 

temperature gradient of the multi-phase system to allow carbide precipitate formation and inhibit 

further SiC grain growth. 

The addition of SiC to WB2 led to an overall increase in hardness at 0.49 N from 29.5 ± 

1.7 GPa for WB2 to 45.7 ± 6.6 GPa for WB2 with 30 wt. % SiC (Figure 3.9a). This value is 

comparable to the hardness achieved in the hardest solid solution, W0.70Mo0.30B2 (45.7 ± 2.5 GPa). 

SiC has a Vickers hardness range of 21-29 GPa at varying load.6,15 Therefore, the individual SiC 

grains do not provide any additional hardening in the WB2-SiC system. Instead, the SiC 

precipitates impede the dislocation of smaller WB2 grains and additional stress must be added for 

plastic deformation to occur, resulting in a harder bulk material. Hardness enhancement occurs 

only in the unsubstituted WB2, where decreasing WB2 grain size and increasing SiC content leads 

to grain refinement. For the W0.70Mo0.30B2 system, SiC addition resulted in no change in average 
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hardness (Figure 3.9b). This may be due to the inherent solid solution hardening and grain 

boundary strengthening already present in the single-phase W0.70Mo0.30B2 material. These results 

demonstrate that hardening effects are not necessarily additive. The WB2-SiC system is an 

example of solely extrinsic hardening through SiC addition, while the W0.70Mo0.30B2-SiC system 

contains both intrinsic and extrinsic contributions from the superhard W0.70Mo0.30B2 solid solution.  

SEM images of WB2 and W0.70Mo0.30B2 composites with B4C are shown in Figure 3.10. 

Both systems show increasing B4C precipitation as the amount of elemental B and C increases. 

Unlike SiC, the excess elemental boron added to form WB2-B4C-based composites results in the 

formation of a WB4 impurity in addition to B4C. PXRD data indicate that less WB4 is present in 

W0.70Mo0.30B2 composites, where the substitution of Mo results in less W available for WB4 

formation (Figure 3.11). Like the WB2-SiC composites, increased hardness was observed in the 

WB2-B4C system (Figure 3.12a). However, the WB2-B4C system showed greater hardness 

enhancement from 29.5 ± 1.7 GPa with no B4C addition to 53.8 ± 6.0 GPa with 30 wt. % B4C 

addition. This average increase in hardness is due to two additional phases: WB4 (43.3 ± 2.9 GPa 

at 0.49 N16) and B4C (~38 GPa17), both of which are harder than the parent WB2 system. In 

W0.70Mo0.30B2-B4C, the system plateaus to a hardness value of approximately 45 GPa at all B4C 

percentages (Figure 3.12b). With B4C addition, changes in average grain size do not significantly 

contribute to the hardness of the material. Here, the large surface area of harder WB4 and B4C 

grains results in harder WB2 composites. 

Both oxidation resistance and hardness are important factors in cutting tools, where the 

lifetime and wear resistance of a material greatly affect its performance. To compare the thermal 

stability of the hardest samples, thermogravimetric studies were performed on fine powders of 

unsubstituted WB2 and 30 at. % Mo-substituted WB2 as well as the two hardest composites, WB2-
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30 wt. % SiC and WB2-30 wt. % B4C. Figure 3.13 shows the oxidation behavior of the four 

samples up to 1000 °C in air. Both W0.70Mo0.30B2 (~425 °C) and WB2-30 wt. % SiC (~480 °C) 

exhibit lower onset temperatures for steady state oxidation in comparison to unsubstituted WB2 

(~520 °C). Upon 30 at. % Mo substitution, the solid solution is less thermally stable; however, this 

solid solution also has the least weight gain. WB2-30 wt. % SiC shows the slowest rate of oxidation 

due to the high stability of SiC and slow formation of SiO2 in addition to WO3, identified by 

PXRD. In addition to having the highest hardness, WB2-30 wt. % B4C has high thermal stability, 

up to ~570 °C in air. The high onset temperature and rate of mass increase upon B4C addition to 

WB2 is due to the higher inherent phase stability of B4C and a higher amount of boron oxide (B2O3) 

produced upon heating in air. While all systems increase the hardness of unsubstituted WB2, their 

effects on oxidation resistance vary. Understanding the grain morphology, hardness, and thermal 

stability of these systems provides valuable information towards tailoring boride-based materials 

for industrial applications.  

 

CONCLUSIONS 

The development of materials with high hardness, thermal stability, and cost-effectiveness 

remains a challenge in the manufacturing and machining industries. In this study, the substitution 

of 30 at. % Mo increased the hardness of the parent WB2 structure, largely due to intrinsic solid 

solution effects. Multi-phase materials (WB2 with B4C and SiC) exhibited additional extrinsic 

hardening through grain size reduction and phase precipitation. In effect, grain refinement can be 

utilized as a key strengthening mechanism in the WB2 system. These strategies demonstrate the 

ability to design boride-based materials with enhanced mechanical properties through 

microstructure and composition, while using less expensive alloying additives. 
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Table 3.1. Unit Cell Dataa,b and Vickers Hardness for WB2 with Variable Mo Substitution  

 

at. % Mo a (Å) c (Å) Hv (4.9 N) Hv (2.94 N) Hv (1.96 N) Hv (0.98 N) Hv (0.49 N) 

0 2.9840(2) 13.8861(7) 22.0 ± 1.3 23.2 ± 0.6 24.7 ± 0.7 25.9 ± 1.2 29.5 ± 1.7 

2 2.9849(2) 13.8873(7) 24.5 ± 1.5 26.9 ± 1.6 28.0 ± 1.1 31.7 ± 1.7 35.5 ± 2.8 

4 2.9870(2) 13.8966(6) 25.4 ± 1.2 27.4 ± 0.7 28.9 ± 0.9 32.5 ± 0.8 36.4 ± 1.4 

6 2.9866(3) 13.8916(8) 26.3 ± 0.8 27.9 ± 1.3 29.0 ± 1.5 33.4 ± 1.7 38.0 ± 1.8 

8 2.9897(2) 13.9045(7) 28.0 ± 0.9 28.2 ± 0.9 30.4 ± 1.0 35.3 ± 1.3 40.9 ± 1.6 

10 2.9872(2) 13.8928(8) 28.5 ± 0.8 29.2 ± 2.0 31.3 ± 1.2 36.2 ± 1.9 41.3 ± 2.6 

20 2.9915(2) 13.9065(7) 28.1 ± 2.3 29.5 ± 3.0 32.2 ± 2.5 37.3 ± 2.8 42.6 ± 2.1 

30 2.9918(3) 13.9065(6) 28.0 ± 1.4 29.6 ± 1.7 33.4 ± 1.6 39.9 ± 1.9 45.7 ± 2.5 

40 2.9951(1) 13.9148(3) 24.1 ± 1.1 26.9 ± 0.9 29.1 ± 1.9 32.9 ± 2.1 40.1 ± 2.8 

50 2.9972(1) 13.9170(3) 23.9 ± 1.7 26.9 ± 2.1 29.3 ± 1.7 33.5 ± 2.1 39.7 ± 2.6 

 
aStandard deviations are indicated in parentheses. 

 
bCell parameters were calculated on GSAS-II software through comparison with WB2 ICSD-023716 (a = 2.9831 Å; c = 13.879 Å). 
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Table 3.2. Vickers Hardness for WB2 and W0.70Mo0.30B2 with Variable Weight Percentage (wt. %) of SiCa 

 

 wt. % SiC Hv (4.9 N) Hv (2.94 N) Hv (1.96 N) Hv (0.98 N) Hv (0.49 N) 

WB2 0 22.0 ± 1.3 23.2 ± 0.6 24.7 ± 0.7 25.9 ± 1.2 29.5 ± 1.7 

 10 29.3 ± 1.2 30.2 ± 1.2 33.4 ± 2.6 39.6 ± 2.6 41.5 ± 5.4 

 20 28.9 ± 2.6 30.3 ± 2.1 34.4 ± 3.4 39.9 ± 4.2 44.2 ± 5.5 

 30 27.9 ± 4.3 30.0 ± 3.7 35.5 ± 4.7 40.3 ± 5.8 45.7 ± 6.6 

W0.70Mo0.30B2 0 28.0 ± 1.4 29.6 ± 1.7 33.4 ± 1.6 39.9 ± 1.9 45.7 ± 2.5 

 10 26.7 ± 1.5 30.5 ± 1.9 33.0 ± 1.4 39.0 ± 4.4 44.1 ± 3.9 

 20 28.4 ± 2.5 30.0 ± 2.9 34.3 ± 1.6 40.3 ± 5.6 45.4 ± 6.9 

 30 26.7 ± 1.9 28.5 ± 3.2 32.2 ± 3.8 35.7 ± 5.2 43.4 ± 7.6 

 
aWeight percentage of SiC was determined by nominal composition of elemental Si and C (1:1 molar Si:C) added during synthesis. 
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Table 3.3. Vickers Hardness for WB2 and W0.70Mo0.30B2 with Variable Weight Percentage (wt. %) of B4Ca 

 

 wt. % B4C Hv (4.9 N) Hv (2.94 N) Hv (1.96 N) Hv (0.98 N) Hv (0.49 N) 

WB2 0 22.0 ± 1.3 23.2 ± 0.6 24.7 ± 0.7 25.9 ± 1.2 29.5 ± 1.7 

 10 29.7 ± 2.3 31.9 ± 2.1 34.6 ± 1.6 36.9 ± 1.9 40.4 ± 3.2 

 20 32.3 ± 5.1 35.5 ± 7.3 39.6 ± 7.4 44.7 ± 4.8 49.1 ± 5.6 

 30 32.3 ± 5.0 37.5 ± 5.1 42.1 ± 5.6 48.1 ± 6.2 53.8 ± 6.0 

W0.70Mo0.30B2 0 28.0 ± 1.4 29.6 ± 1.7 33.4 ± 1.6 39.9 ± 1.9 45.7 ± 2.5 

 10 29.3 ± 1.8 34.3 ± 4.5 37.3 ± 4.2 43.6 ± 7.1 46.3 ± 6.5 

 20 30.5 ± 4.5 34.9 ± 4.0 37.6 ± 2.9 42.2 ± 4.0 46.0 ± 5.8 

 30 32.2 ± 6.0 34.2 ± 4.8 37.7 ± 2.9 40.3 ± 3.3 46.8 ± 4.7 

 
aWeight percentage of B4C was determined by nominal composition of elemental B and C (4:1 molar B:C) added during synthesis. 
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Figure 3.1. Selected PXRD data of tungsten diboride (WB2) solid solutions with up to 50 at. % molybdenum (Mo). The solubility limit 

is less than 40 at. % Mo. WB2 (JCPDS 00-043-1386) is present at all concentrations of Mo, while β-MoB2 (JCPDS 01-075-1046) appears 

at concentrations past the solubility limit, denoted by an asterisk (*). 
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Figure 3.2. Plot of (black) axial ratio, c/a, calculated from XRD cell refinement and (blue) unit 

cell volume calculated from W1-xMoxB2 lattice parameters versus Mo concentration in atomic 

percentage. Dashed lines represent linear trendlines as a function of Mo concentration. As the 

concentration of Mo increases, the axial ratio decreases and the unit cell volume increases, 

indicating a higher rate of overall lattice expansion along the a-axis. Unit cell parameters of all 

compositions are provided in Table 3.1. 
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Figure 3.3. SEM BSED image and elemental maps for tungsten (M line), molybdenum (L line), and boron (K line) for W0.70Mo0.30B2 

showing a uniform distribution of tungsten and molybdenum throughout the grains. The image and corresponding elemental maps were 

taken at 1000x magnification at 15 kV; all scale bars are 100 µm.
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Figure 3.4. Vickers micro-indentation hardness versus atomic percentage of Mo in WB2-Mo solid 

solutions from low (0.49 N) to high (4.9 N) load. Concentrations of Mo were varied by increasing 

the substitution of Mo from 0-50 at. % on a metals basis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



59 

 

 

 
 

Figure 3.5. Comparison of the differential strain, given by the ratio of differential stress (t) to shear 

modulus (G), as a function of pressure between W0.70Mo0.30B2 (WMoB2) and ReB2. 
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Figure 3.6. Differential stress (t) calculated under Reuss (tR) and Voigt (tV) conditions for 

W0.70Mo0.30B2 (WMoB2).
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Figure 3.7. SEM images of (top) WB2 and (bottom) W0.70Mo0.30B2 with 10, 20, and 30 wt. % SiC addition taken at 1000x magnification 

with scale bars of 100 µm. Light gray regions represent areas of WB2 and W0.70Mo0.30B2, while dark gray regions represent SiC grains. 

For WB2, SiC grains increase with increasing SiC addition. In the W0.70Mo0.30B2 system, changes in average grain size are less 

pronounced. 
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(b) 

 

Figure 3.8. PXRD data of: (a) WB2 and (b) W0.70Mo0.30B2 with 10, 20, and 30 wt. % SiC addition. The growth of a secondary β-SiC 

phase (JCPDS 03-065-0360) is denoted by an asterisk (*).  
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(b) 

 

Figure 3.9. Vickers micro-indentation hardness versus weight percentage (0-30 wt. %) of SiC 

addition in: (a) WB2 and (b) W0.70Mo0.30B2 from low (0.49 N) to high (4.9 N) load. 
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Figure 3.10. SEM images of (top) WB2 and (bottom) W0.70Mo0.30B2 with 10, 20, and 30 wt. % B4C additions taken at 1000x 

magnification with scale bars of 100 µm. Light gray regions represent areas of WB2 and W0.70Mo0.30B2, while black regions represent 

B4C grains. Both systems demonstrate an increase in B4C precipitation and grain growth with increasing B4C weight addition. A higher 

content of additional WB4 impurity (shown as gray areas surrounding WB2 and B4C) occurs in the WB2 system, where more W is 

available for tetraboride formation. 
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(b) 

 

Figure 3.11. PXRD data of: (a) WB2 and (b) W0.70Mo0.30B2 with 10, 20, and 30 wt. % B4C addition. All patterns show additional phases, 

(+) WB4 (JCPDS 00-019-1373) and (*) B4C (JCPDS 00-035-0798). 
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(b) 

 

 

Figure 3.12. Vickers micro-indentation hardness versus weight percentage (0-30 wt. %) of B4C 

addition in: (a) WB2 and (b) W0.70Mo0.30B2 from low (0.49 N) to high (4.9 N) load. 
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Figure 3.13. Thermogravimetric analysis of unsubstituted WB2 and the three hardest compositions 

studied in this work. The percentage of mass change is correlated to three main stages: the start of 

water loss at ~100 °C, WB2 oxidation at ~450 °C, and B4C oxidation at ~700 °C. 
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CHAPTER 4 

Exploring the Hardness and High-Pressure Behavior of Osmium and Ruthenium-Doped 

Rhenium Diboride Solid Solutions 

 

INTRODUCTION 

The ReB2 structure is one of three structurally related, yet distinct diboride structure types: 

AlB2, ReB2, and RuB2 (Figure 4.1).1,2 A vast majority of diborides (e.g., TiB2 and ZrB2) adopt the 

AlB2-type structure (P6/mmm) of planar boron sheets that alternate with 12-coordinate metal 

layers. In the case of the ReB2 and RuB2 systems, the boron sheets corrugate in chair and boat 

conformations for ReB2 (P63/mmc) and RuB2 (Pmmn) structures, respectively. Among these three 

diboride systems, only ReB2 has been experimentally measured as superhard at low load. 

Theoretical investigation of the diboride structures show that only ReB2 has the right electron 

count to consist of only bonding metal-boron (M-B) bonds and no antibonding M-B bonds.3 

Moreover, the study states that the chair OsB2 configuration would be harder than its boat OsB2 

counterpart, indicating the significance of the boron configuration towards covalent M-B bonding 

and hardness. These results demonstrate good agreement between theory and experiment about the 

specific chemical bonding environments that dictate high hardness in metal borides. 

Previous studies have examined the ReB2 structure type in other diboride solid solutions 

(e.g. W0.5Ru0.5B2 and W0.5Os0.5B2).4,5 With the exception of solid solutions of tungsten in ReB2 

(Re1-xWxB2)6 and a limited number of Re-M-B phase diagrams, no other ReB2-based solid 

solutions with the ReB2 structure have been extensively studied and reported for their mechanical 

properties. Given the high incompressibility of both osmium (Os) and ruthenium (Ru) and their 
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proximity to rhenium (Re) on the periodic table, the Re-Os-B and Re-Ru-B diboride systems merit 

further examination of their solubility and hardness.  

In this study, we report the Vickers hardness of two ReB2 solid solutions (Re0.98Os0.02B2 

and Re0.98Ru0.02B2) and probe changes in bond length and strength within the solid solutions as a 

function of pressure. Although both Os and Ru exhibit limited solubility in the ReB2 structure (<5 

at. % for both metals), our results indicate that substituting low concentrations of these metals for 

Re in the ReB2 lattice significantly increases both the hardness and resistance to deformation under 

pressure. 

 

MATERIALS AND METHODS 

Samples were prepared using elemental powders of: rhenium (99.99%), ruthenium 

(99.9%), osmium (99.8%), and amorphous boron (99+%). All powders were purchased from Strem 

Chemicals, U.S.A. Solid solutions of rhenium diboride were weighed and mixed according to the 

nominal composition: Re1-xMxB2.3, where x = 0, 0.02, and 0.05 and M = Ru or Os with the total 

M:B ratio maintained at 1:2.3. The mixed powders were pressed into pellets under a 10-ton load 

using a hydraulic jack press (Carver). Each pellet (1.27 cm diameter) was arc-melted in an argon 

atmosphere (I ≥ 70 A; t = 1-2 min) until molten three times, flipping in between each melt.  

Details on the procedures for sample preparation and characterization through powder X-

ray diffraction (PXRD), scanning electron microscopy (SEM), Vickers hardness, and 

thermogravimetric analysis (TGA) can be found in Chapter 2. Rietveld refinement was performed 

on a GSAS-II in order to determine unit cell parameters.7 Nonhydrostatic in situ high pressure 

radial X-ray diffraction of the crushed powdered samples (Re0.98Os0.02B2 and Re0.98Ru0.02B2) was 

performed in a diamond anvil cell at synchrotron beamline 12.2.2 of the Advanced Light Source 
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(ALS, Lawrence Berkeley National Laboratory). Details of the experimental setup and data 

analysis for high pressure experiments can be found in Chapter 3. 

 

RESULTS AND DISCUSSION 

Here, we investigate the effects of osmium and ruthenium substitution in ReB2 (Re1-xOsxB2 

and Re1-xRuxB2) on Vickers hardness and deformation of the ReB2 structure upon pressure. 

According to the Hume-Rothery rules, a thermodynamically favorable solid solution forms when 

the host and dopant atoms are: (1) <15% different in atomic radius; (2) similar in crystal structure; 

(3) similar in oxidation state (valency); and (4) similar in electronegativity.8–10  Although both Os 

and Ru are similar to Re in atomic radius, valence electron count, and electronegativity, they form 

solid solutions with ReB2 at low percentages, with solubility limits at less than 5 atomic percentage 

(at. %) for both metals.  The low solubility of Os and Ru in the hexagonal ReB2 (P63/mmc) 

structure can be largely explained by the fact that both of these metals form metal diborides of the 

orthorhombic RuB2-structure type (Pmmn).2,11 When Re is substituted above 2 at. % Os or Ru, 

OsB2 (Pmmn) and RuB2 (Pmmn) appear as secondary phases, respectively. In order to isolate 

intrinsic solid solution effects from the presence of any potential extrinsic effects (e.g., secondary 

phase precipitation), we discuss the properties of only the two solid solutions, Re0.98Os0.02B2 and 

Re0.98Ru0.02B2, in further detail below. 

Rietveld refinement of Re0.98Os0.02B2 and Re0.98Ru0.02B2 (hereon noted as “ReOsB2” and 

“ReRuB2”, respectively) was performed through comparison with the ReB2 structure using GSAS-

II software. Table 4.1 compares the refined unit cell parameters of ReOsB2 and ReRuB2 with that 

of pure ReB2 synthesized under the same conditions. While Os substitution compresses the unit 

cell along the c-axis, ReOsB2 expands the unit cell along the a-axis. This results in the lowest c/a 
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axial ratio between the three compositions and less volume compression than that observed with 

Ru substitution in the ReB2 unit cell. In the ReRuB2 system, both the a and c lattice parameters 

decrease in comparison to unsubstituted ReB2, indicating an overall unit cell compression and 

decrease in volume as a result of Ru substitution.  

Subsequent Vickers micro-indentation hardness measurements were performed on both 

ReOsB2 and ReRuB2 to study the effects of Os and Ru on ReB2 hardness. Hardness measurements 

of unsubstituted ReB2, also synthesized in this study, are in agreement with literature values for 

ReB2 and serve as a basis for comparison between the two solid solutions.6,12 Measured values 

from low to high load (0.49 to 4.9 N) for the three compositions are given in tabular form and 

compared to literature values for OsB2 and RuB2 in Table 4.2. While both Os and Ru adopt the 

same orthorhombic diboride structure, previous studies have reported a higher hardness for OsB2 

than RuB2, suggesting that the increase in hardness for OsB2 is due to increased bond strength for 

Os-B bonds compared to Ru-B bonds.13–15 In the current study, a similar trend of higher hardness 

in the Os-based system is observed. The hardness increases from 40.3 ± 1.6 GPa for unsubstituted 

ReB2 to 47.4 ± 1.5 GPa with 2 at. % Os addition under an applied load of 0.49 N, while the same 

amount of Ru addition (2 at. % Ru) results in a hardness of 43.0 ± 2.8 GPa (at 0.49 N).  

SEM images and elemental maps of ReOsB2 and ReRuB2 indicate homogeneous elemental 

distribution across the samples with no secondary phase formation (Figure 4.2). It should be noted 

that the two compositions exhibit no significant difference from one another in surface grain 

morphology. In effect, any difference in hardness between the two compositions exists solely due 

to solid solution effects, with no extrinsic contributions from precipitation hardening or grain size 

reduction. Although Os and Ru are similar to one another in their atomic properties and their 
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effects on ReB2 morphology, our results suggest that the two metals differ in how they bond to 

other atoms in the ReB2 lattice and enhance Vickers hardness. 

In general, superhard materials show high resistance to volume change.16,17 The bulk 

modulus (incompressibility) of a material reflects the resistance to volume change upon 

compression and correlates to valence electron count and structure. Radial X-ray diffraction was 

conducted under non-hydrostatic compression up to 56 GPa to study the deformation mechanisms 

of ReOsB2 and ReRuB2 under pressure. In the 1-D diffraction patterns, a clear shift of the peaks to 

higher angles at higher pressure indicates a decrease in the lattice spacing with greater 

compression, and the peak broadening implies strain inhomogeneity. There is an abrupt change in 

the lattice constants above 30 GPa in both ReOsB2 and ReRuB2, suggesting a second-order phase 

transition upon compression (Figure 4.3).18 Moreover, the slope of the volume change becomes 

less steep above 30 GPa, indicating enhanced incompressibility at higher pressure. Therefore, the 

bulk modulus needs to be fit separately before and after the phase transition. Since the data points 

corresponding to lower pressure (< 30 GPa) in the normalized pressure versus Eulerian strain plot 

have a large amount of error, these data points were not included in the fit using the equation-of-

state (EOS). The second-order Birch-Murnaghan EOS (fixed K’0 = 4) in terms of normalized 

pressure and Eulerian strain suggests the best fit to the data points above 30 GPa and yields a bulk 

modulus of 357.74 ± 4.45 GPa and 394.04 ± 3.72 GPa for ReOsB2 and ReRuB2, respectively.  In 

comparison, the bulk modulus of ReB2, obtained from various experiments and calculations, falls 

between 317 – 383 GPa.19 Both solid solutions present similarly high bulk moduli, indicating great 

incompressibility attributed to high valence electron concentration with Ru or Os substitution.    

As shown in Figure 4.4a, a linear regression between the measured d-spacings and 

orientation function (1 - 3cos2𝜑) for the lattice planes of choice is observed at the highest pressure 
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based on lattice strain theory. The hydrostatic d-spacings, which are the zero-intercepts of the 

linear fit, are plotted as a function of pressure (Figure 4.4b). The differential strain (t/G) is 

obtained by taking the ratio of the slope of the linear fit to the zero-intercept, according to Equation 

4. The measured differential strain for each lattice plane increases linearly with pressure and then 

appears to level off, as shown in Figure 4.5. This plateau implies the onset of plastic deformation 

where the lattice plane can no longer sustain additional differential strain and the deformation is 

no longer reversible. The plane with the lowest plateau value, or lowest differential strain (t/G), 

supports the least deformation, while planes with higher differential strain plateau values resist 

more shear and dislocation movement. The (002) plane, which is parallel to the boron layers, is 

prone to slip and therefore support the least lattice deformation, while the (100), (101) and (110) 

planes, which cut through the metal-boron layers, exhibit higher differential strain (Figure 4.5).  

Due to the puckered boron sheets in the ReB2 structure, ReB2 exhibits great resistance to 

dislocation slip. In the current study, we investigated the effects of metal substitution on enhancing 

resistance to dislocation by doping 2 at. % of transition metals (Os and Ru) into ReB2 solid 

solutions.  Both ReOsB2 and ReRuB2 adopt the ReB2 structure and show higher differential strain 

values than that of pure ReB2.  For example, the plateaued t/G values of all lattice planes in the 

ReOsB2 system are higher than that of the strongest plane in ReB2, the (110) plane, which is found 

to be approximately 0.03, or ~3%, at 50 GPa. The t(hkl)/G(hkl) plateau values for ReOsB2 are in 

the range of 3.4% to 4.3%, while ReB2 shows a much lower range from 1.5% to 2.8%.  Unlike 

ReB2, whose t(002)/G(002) plateaued value is lower than that of other ReB2 lattice planes by 

almost 50%, the plateaued t(002)/G(002) value of ReOsB2 (~0.034) is similar to t(110)/G(110), 

indicating that the (002) plane is strengthened in ReOsB2. In addition, ReOsB2 sustains higher 

pressure before plastic deformation occurs at 30 GPa for the (100), (101) and (110) planes, while 
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the (002) plane does not yield in its plateau value of t/G until 50 GPa (Figure 4.5). Overall, ReOsB2 

shows both larger plateau values and higher plateau pressures for all lattice planes, indicating 

improved mechanical properties from doping a small percentage of Os in ReB2. 

In ReRuB2, only the (002) plane is enhanced. All other lattice planes exhibit similar trends 

in t/G to ReB2. In the elastic region, the t(hkl)/G(hkl) values for all lattice planes in ReRuB2 

increase similarly as those for ReB2 planes. Starting from the onset of plastic deformation for ReB2 

at ~20 GPa, t(002)/G(002) of ReRuB2 begins to deviate from the trend of the differential strain of 

ReB2, while t(101)/G(101) and t(110)/G(110) remain similar to those of ReB2. Above 30 GPa, the 

differential strain of the (002) plane in ReRuB2 yields a plateau value ~48% higher than that of 

ReB2. This may relate to the enhanced bond strength between boron layers due to the addition of 

Ru atoms.   

Solid solution effects are significant, as even 2 at. % dopant can change the strain 

anisotropy and enhance the differential strain in the ReB2 system. The addition of metal dopant 

atoms that differ from rhenium in atomic size and valence electron count lead to stronger 

dislocation barriers. High-pressure studies demonstrate that doping enhances the bond strength 

between the boron interlayers of ReB2 and consequently improves the Vickers hardness. More 

specifically, doping Os into ReB2 enhances resistance to dislocation slip in all lattice planes, 

whereas doping Ru enhances only the weakest plane in the ReB2 system. These results offer 

insights into the lattice specific strengthening mechanisms that lead to higher hardness with solid 

solution formation. 
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CONCLUSIONS 

ReB2-structured solid solutions (ReOsB2 and ReRuB2) were synthesized via arc melting 

and characterized for their mechanical properties. Vickers micro-indentation measurements 

demonstrate a greater increase in hardness for ReOsB2. To understand the lattice specific changes 

induced by metal doping in ReB2, the high-pressure behavior of ReOsB2 and ReRuB2 were 

examined and compared to ReB2 using synchrotron-based X-ray diffraction under non-hydrostatic 

compression. The equation-of-states for these two solid solutions were determined from the 

hydrostatic volume data measured at the magic angle (𝜑 = 54.7°). Both ReOsB2 and ReRuB2 

exhibit higher bulk modulus than pure ReB2, indicating enhanced incompressibility upon doping. 

However, lattice-dependent strength anisotropy suggests that Os doping enhances resistance to slip 

in all lattice planes, while Ru doping only strengthens the slip plane (002) in the ReB2 structure.  
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Table 4.1. Unit Cell Dataa,b for ReB2, ReOsB2, and ReRuB2 

 

Composition a (Å) c (Å) c/a 
volume 

(Å3) 

ReB2 2.9008(1) 7.4781(2) 2.5779 54.496 

Re0.98Os0.02B2 2.9010(1) 7.4754(1) 2.5768 54.482 

Re0.98Ru0.02B2 2.9006(1) 7.4762(3) 2.5775 54.472 

 
aStandard deviations are indicated in parentheses. 

bCell parameters were calculated on GSAS-II software through comparison with ReB2 ICSD-

243627 (a = 2.90047 Å; c = 7.47734 Å).
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Table 4.2. Vickers Hardness Measurements for ReB2, ReOsB2, ReRuB2, OsB2, and RuB2 

 

Composition Hv (GPa at 4.9 N) Hv (GPa at 2.94 N) Hv (GPa at 1.96 N) Hv (GPa at 0.98 N) Hv (GPa at 0.49 N) 

ReB2 30.6 ± 0.9 32.9 ± 0.9 34.8 ± 0.7 37.2 ± 1.3 40.3 ± 1.6 

Re0.98Os0.02B2 31.8 ± 1.7 34.9 ± 1.8 38.4 ± 1.9 44.1 ± 1.9 47.4 ± 1.5 

Re0.98Ru0.02B2 30.3 ± 1.5 34.0 ± 1.8 35.2 ± 1.6 40.5 ± 2.5 43.0 ± 2.8 

OsB2
a - - 17.8 21.8 27.4 

RuB2
b - - 14.4 16.7 20.6 

 
aRef. 15 

bRef. 13 
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Figure 4.1. Comparison of diboride structure types: (a) AlB2, (b) ReB2, and (c) RuB2. The unit cell for each structure is indicated by the 

black box. The gray spheres represent metal atoms, while the green spheres represent boron atoms arranged in different sheet 

conformations.
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Figure 4.2. SEM images and elemental maps for rhenium (M line), osmium (M line), and 

ruthenium (L line) for: (top) ReB2, (middle) ReOsB2, and (bottom) ReRuB2. The image and 

corresponding elemental maps were taken at 1000x magnification at 15 kV with scale bars of 100 

µm.
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Figure 4.3. Evolution of lattice constants and volume change of ReOsB2 (red) and ReRuB2 (blue) obtained at the magic angle 𝜑 = 54.7° 

upon pressure. The error bar is shown on the graph. Abrupt change in volume change occurs at 30 GPa. The best fit lines to the Birch-

Murnaghan equation-of-state on the volume change data points above 30 GPa (solid) and below 30 GPa (dashed) are shown to highlight 

the inflection point. 
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(b) 

 

Figure 4.4. (a) Linearized plots of d-spacings for ReOsB2 (red) and ReRuB2 (blue) as a function of 𝜑 angle at the highest pressure. (b) 

Measured d-spacings for selected lattice planes of ReOsB2 (red) and ReRuB2 (blue) as a function of pressure. The solid lines are the 

best linear fit to the data. 
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Figure 4.5. Comparison of the differential strain, the ratio of differential stress t to aggregate shear modulus G, as a function of 

pressure between ReOsB2 (red), ReRuB2 (blue) and ReB2 (open symbols).  
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CHAPTER 5 

Effects of Grain Morphology and Precipitation Hardening on ReB2 

 

INTRODUCTION 

Transition metal diborides have been extensively explored in materials research for their 

range of electronic,1–3 magnetic,4,5 catalytic,6–9 and mechanical10–13 properties. Rhenium diboride 

(ReB2), first synthesized in the 1960s,14 is a refractory metallic compound with a reported Vickers 

hardness reaching 40.5 GPa under a low applied load (0.49 N).15 This value distinguishes ReB2 as 

a superhard material (Vickers hardness, Hv ≥ 40 GPa).16 Generally, superhard materials possess a 

high bulk modulus (incompressibility) and a high shear modulus (resistance to change in 

shape).17,18 Using these properties as a guide, new superhard metal borides,19,20 carbides,21,22 and 

their solid solutions20,23–25 have been synthesized through a combination of highly incompressible 

transition metals with covalent, directional bonding networks.26 These hard materials are readily 

synthesized at ambient pressure, exhibit high thermal and chemical stability, and serve as potential 

alternatives to traditional superhard materials, such as diamond and cubic-boron nitride,27 in the 

next generation of cutting tools and abrasives.28 

Previous work has demonstrated that the hardness of ReB2 can be increased to ~48 GPa 

via solid solution hardening with metal dopant atoms added into the ReB2 host lattice (i.e., Re1-

xWxB2 and Re0.98Os0.02B2 systems).29 The ReB2-type structure is maintained and volumetrically 

expands with tungsten addition up to 48 atomic percentage (at. %), indicating a high degree of 

solubility in the Re1-xWxB2 solid solution system. Moreover, all low-load hardness values within 

this composition range (0 – 48 at. % W) are superhard. The hardness enhancement observed in 

Re1-xWxB2 solid solutions is an example of intrinsic effects (e.g. solid solution hardening), where 
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atomic size differences and valence electron mismatch between the host and dopant atoms induce 

structural changes and pin dislocation movement throughout the crystal lattice.30,31 

While structural changes can be utilized to tune the intrinsic hardness of a material, in many 

cases, extrinsic effects, such as grain size reduction (i.e., the Hall-Petch effect32–34) or precipitation 

hardening, can result in even greater hardness enhancement.35 For instance, 50 nm grain-sized 

ReB2 demonstrated a higher resistance to shear forces and increased differential stress compared 

to bulk ReB2.36 These effects have been observed in bulk metal boride systems as well, such as 

W1-xZrxB4, where the maximum hardness occurred with 8 at. % Zr in WB4 due to grain 

nanomorphology and patterning.37 To our knowledge, a study of extrinsic effects in ReB2 has not 

yet been explored. 

Here, we report the synthesis of ReB2 alloys formed with Group 5-9 transition metals and 

probe the effects of grain morphology on Vickers hardness through grain refinement and secondary 

phase precipitation. We have found that while these metal substituted ReB2 compounds appear to 

be phase pure by PXRD, elemental analysis reveals excess boron or secondary metal boride grains. 

As a result, the substitution of metal dopant atoms into the nominal composition of ReB2 results 

in reduced average ReB2 grain size and increases the overall hardness. This work highlights the 

varying effects that different metal dopants have on the properties of ReB2 and illustrates methods 

towards designing harder materials by optimizing grain size.  

 

MATERIALS AND METHODS 

Samples were prepared using elemental powders of: rhenium (99.99%), tantalum (99+%), 

niobium (99.8%), chromium (99%), molybdenum (99.95%), manganese (99.5%), iridium 

(99.8%), and amorphous boron (99+%). All powders were purchased from Strem Chemicals, 
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U.S.A. Samples were weighed and mixed according to the nominal composition: Re1-xMxB2.3, 

where x = 0.02, 0.05, 0.08, 0.10, and 0.20 and M = Ta, Nb, Cr, Mo, Mn, and Ir (i.e., Re1-xTaxB2.3) 

with the total M:B ratio maintained at 1:2.3. The mixed powders were pressed into pellets under a 

10-ton load using a hydraulic jack press (Carver). Each pellet was arc-melted in an argon 

atmosphere (I ≥ 70 A; t = 1-2 min) until molten, flipped, and re-melted for a total of three times to 

ensure sample homogeneity. Details on the procedures for sample preparation and characterization 

through powder X-ray diffraction (PXRD), scanning electron microscopy (SEM), Vickers 

hardness, and thermogravimetric analysis (TGA) can be found in Chapter 2. Rietveld refinement 

was performed on a GSAS-II in order to determine unit cell parameters.38 

 

RESULTS AND DISCUSSION 

In this work, we synthesize a series of ReB2 solid solutions and examine the effects of 

metal dopant solubility on ReB2 grain morphology and Vickers hardness. All transition metal 

dopants selected in this study (Groups 5-9 of the Periodic Table) serve as chemical probes for the 

Hume-Rothery rules of solid solution formation,39–41 since these elements vary from Re only 

slightly in atomic size (< 15% difference), electronegativity, and valence electron count. While Re 

is the only metal known to form in the ReB2 crystal structure (P63/mmc), as shown in Figure 5.1, 

most metal diborides adopt the AlB2-structure type (P6/mmm), which consists of flat boron 

sheets.42,43 This incompatibility between the host (Re) and dopant boride crystal structure results 

in limited solubility for all metal atom substitutions. Furthermore, the ReB2 structure does not 

contain vacancies or partial occupancy sites, suggesting that metal dopant atoms must substitute 

for Re atoms in Re sites or precipitate out of the ReB2 structure. PXRD analysis indicates no 

solubility for Ta and Ir in the ReB2 structure and low solubility in all other cases (<5 at. % Nb, <8 
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at. % Cr, <10 at. % Mn, and <20 at. % Mo). The most significant changes in Vickers hardness due 

to changes in grain morphology were observed in the ReB2-Mn and ReB2-Mo systems, which will 

be discussed further in detail below.  

PXRD analysis of the ReB2-Mn system (Re1-xMnxB2) indicates that Mn is soluble in ReB2 

below 10 at. % Mn. At higher concentrations (at or above 10 at. % Mn), peaks for a secondary 

phase, MnB2, were observed. However, EDS analysis demonstrates the presence of excess boron 

below the solubility limit detected by PXRD. Figure 5.2 shows SEM images of all polished 

samples below the PXRD determined solubility limits with increasing metal (M) content in each 

corresponding Re1-xMxB2 system. As the amount of Mn increases (2 – 8 at. %), the B grains 

nucleate and propagate, decreasing the average grain size of the ReB2 solid solution phase. This 

change in surface morphology and reduction in average grain size with increasing Mn 

concentration correlates to an increase in hardness from 40.3 ± 1.6 GPa at 0.49 N for unsubstituted 

ReB2 to a maximum of 49.4 ± 3.6 GPa at 0.49 N for ReB2 with 8 at. % Mn (Figure 5.3a). 8 at. % 

Mn substitution in ReB2 shows excess B in between regions of ReB2-structured grains (Figure 

5.4). Since ReB2 is significantly harder than pure β-rhombohedral boron (Hv ~ 34.2 GPa at 0.49 

N),30 the individual regions of excess B do not contribute to any additional hardening in the ReB2-

Mn system. Rather, the presence of B precipitates disrupts the dislocation of Re1-xMnxB2 grains, 

resulting in grain boundary strengthening of the bulk material. 

For the ReB2-Mo system, the solubility limit determined by PXRD is less than 20 at. % 

Mo; at and above this concentration, peaks corresponding to MoB2 appear in the spectra. SEM 

images of samples below the PXRD solubility limit indicate that increasing amounts of Mo 

addition result in smaller ReB2-structured grains due to the formation of excess B regions, where 

an optimal reduction in average grain size is achieved at 8 at. % Mo substitution (Figure 5.2). Like 
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the ReB2-Mn system, grain refinement serves as the key hardening mechanism in the Re1-xMoxB2 

samples. This is demonstrated by increased hardness at low concentrations of Mo, up to a 

maximum hardness of 49.5 ± 3.7 GPa for 8 at. % Mo (Figure 5.3b). Although all samples analyzed 

in Figures 5.2 and 5.3b are phase-pure by PXRD analysis, EDS indicates that a secondary Mo-B 

phase appears at 10 at. % Mo (Figure 5.4). The precipitation of the softer MoB2 phase increases 

the grain size and slightly lowers the overall hardness to 46.9 ± 3.2 GPa for ReB2 with 10 at. % 

Mo. 

Minor secondary phase precipitation has been observed in previous studies of solid 

solutions. However, the rationale behind secondary phases below the solubility limit, undetected 

by PXRD, has not yet been examined in detail. Table 5.2 compares the phase formation of the 

various ReB2-based systems determined by PXRD versus SEM/EDS. Elemental analysis of the 

ReB2 solid solutions demonstrates the precipitation of excess boron or metal boride phases along 

grain boundaries below the solubility limits determined by PXRD (Figure 5.4). EDS highlights 

two distinct outcomes of metal (M) substitution: (1) co-precipitation of a Re1-xMxB2 solid solution 

and secondary metal boride phase (i.e., M = Cr, Nb, and Mo) and (2) co-precipitation of Re1-xMxB2 

and excess boron (M = Mn). The resultant grain morphologies are highlighted in the SEM images 

of the ReB2 solid solutions (Figure 5.2). 

It should be noted that only Mn substitution leads to B grains, rather than a secondary M-

B phase. While each metal dopant can form their own mono- and diboride phases, the formation 

of these phases is contingent on both the melting point and the heat of formation for each respective 

phase. A phase that precipitates first from the liquidus via arc melting has a higher melting point 

(Tm) relative to another phase of interest; a more thermodynamically stable phase exhibits a higher 

negative heat of formation (ΔHf). Table 5.3 lists the lower borides (M : B = 1 : 1 or 1 : 2) formed 
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by each metal along with their corresponding Tm and ΔHf values.44 The high melting point and 

heat of formation for the Nb-B system (NbB and NbB2), relative to ReB2, results in the 

precipitation of Nb-B grains with Nb substitution in the ReB2 system. Although the Cr-B and Mo-

B systems have slightly lower melting temperatures than ReB2, the presence of Cr-B and Mo-B 

grains in their respective ReB2-based solid solutions suggest that the heat of formation is sufficient 

to drive secondary boride formation. On the other hand, despite having favorable (more negative) 

heat of formation values, the much lower melting points of both Mn-B phases relative to ReB2 

result in the precipitation of boron grains rather than a secondary Mn-B phase.  

Subsequent Vickers hardness measurements were compared at 2 at. % metal substitution 

(Figure 5.5a) and at the concentrations where maximum hardness was observed for each metal 

dopant (Figure 5.5b) to determine the most significant hardening effects in ReB2. Nb exhibited 

the lowest impact on the hardness of ReB2 (from 40.3 ± 1.6 GPa for unsubstituted ReB2 to 42.9 ± 

1.6 GPa for Re0.98Nb0.02B2 at 0.49 N), while Cr, Mn, and Mo all achieved average low-load 

hardness values greater than 44 GPa with the same amount of substitution (44.8 ± 2.7 GPa, 45.7 ± 

3.2 GPa, and 46.5 ± 2.5 GPa, respectively). Upon increasing the metal dopant concentration, 5 at. 

% Cr, 8 at. % Mn, and 8 at. % Mo in ReB2 resulted in maximum hardness values for each system 

(49.9 ± 3.4 GPa, 49.4 ± 3.6 GPa, and 49.5 ± 3.7 GPa, respectively). These concentrations appear 

to be the doping amount for optimal grain size reduction in each system (Figure 5.2). Since all 

metal substitutions resulted in secondary phase precipitation rather than completely solid solutions, 

enhanced hardness in the metal-doped ReB2 systems is largely due to the extrinsic effects of 

precipitation hardening and grain refinement.  
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CONCLUSIONS 

ReB2 alloys with Group 5-9 transition metals were synthesized using an electric-arc 

furnace and characterized for grain morphology and Vickers hardness. Elemental mapping 

indicates that in addition to forming ReB2-based solid solutions, each metal substitution produced 

secondary M-B or B precipitates, resulting in average grain size reduction of the ReB2-structured 

grains and enhanced bulk material hardness. In effect, the use of metal dopants such Cr, Mn, and 

Mo in ReB2 can achieve hardness values comparable to the Os-substituted system, Re0.98Os0.02B2 

(47.4 ± 1.5 GPa), where hardness enhancement was due to the intrinsic effects of increased bond 

strength and solid solution formation with highly incompressible Os atoms. Examination of the 

trends across ReB2-based compositions offers insights into the parameters required to optimize 

both grain morphology and hardness. Minor phase precipitation is governed by both the melting 

temperature and thermodynamic favorability of the selected dopant’s metal boride phases. These 

results demonstrate the potential to design novel superhard materials with lighter, less expensive 

metals on the basis of grain morphology and refinement. 
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Table 5.1. Vickers Hardness Measurements from High to Low Load (4.9 to 0.49 N) for the ReB2-based Solid Solutions 

Composition Hv (GPa at 4.9 N) Hv (GPa at 2.94 N) Hv (GPa at 1.96 N) Hv (GPa at 0.98 N) Hv (GPa at 0.49 N) 

ReB2 30.6 ± 0.9 32.9 ± 0.9 34.8 ± 0.7 37.2 ± 1.3 40.3 ± 1.6 

Re0.98Nb0.02B2 31.0 ± 1.5 35.0 ± 1.9 36.7 ± 1.3 38.0 ± 2.3 42.9 ± 1.6 

Re0.98Cr0.02B2 30.5 ± 1.2 33.0 ± 1.5 34.6 ± 1.8 39.0 ± 3.5 44.8 ± 2.7 

Re0.95Cr0.05B2 32.6 ± 1.0 36.8 ± 1.8 38.0 ± 2.9 44.8 ± 2.5 49.9 ± 3.4 

Re0.98Mn0.02B2
 31.6 ± 1.9 35.2 ± 1.8 35.6 ± 2.1 40.5 ± 0.8 45.7 ± 3.2 

Re0.95Mn0.05B2 31.5 ± 1.0 34.9 ± 0.6 37.1 ± 1.4 40.5 ± 2.3 46.3 ± 3.3 

Re0.92Mn0.08B2 30.5 ± 0.9 35.3 ± 1.4 37.2 ± 2.1 43.0 ± 2.2 49.4 ± 3.6 

Re0.98Mo0.02B2
 31.1 ± 1.0 35.0 ± 1.3 35.7 ± 1.8 42.2 ± 2.5 46.5 ± 2.5 

Re0.95Mo0.05B2 31.4 ± 1.2 36.2 ± 2.2 37.1 ± 1.8 42.5 ± 2.0 48.7 ± 3.2 

Re0.92Mo0.08B2 31.5 ± 0.9 35.8 ± 2.3 38.2 ± 2.0 42.3 ± 2.0 49.5 ± 3.7 

Re0.90Mo0.10B2 31.9 ± 2.2 36.1 ± 2.2 37.3 ± 1.2 41.1 ± 1.6 46.9 ± 3.2 
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Table 5.2.  Phase Formationa,b Based on the Concentration (x = 0.0 – 0.2) of a Secondary Metal Added to ReB2 

Nominal Composition  Phase Formation by PXRD Analysis Phase Formation by SEM/EDS Analysis 

Re1-xTaxB2.3 x > 0 Re1-xTaxB2 + TaB2 Re1-xTaxB2 + TaBy 

Re1-xIrxB2.3 x > 0 Re1-xIrxB2 +IrB1.1 Re1-xIrxB2 +IrBy 

Re1-xNbxB2.3 x < 0.05 Re1-xNbxB2 Re1-xNbxB2 + NbBy 

 x ≥ 0.05 Re1-xNbxB2 + NbB2 Re1-xNbxB2 + NbBy 

Re1-xCrxB2.3 x < 0.08 Re1-xCrxB2 Re1-xCrxB2 + CrBy 

 x ≥ 0.08 Re1-xCrxB2 + CrB2 Re1-xCrxB2 + CrBy 

Re1-xMnxB2.3 x < 0.10 Re1-xMnxB2 Re1-xMnxB2 + B 

 x ≥ 0.10 Re1-xMnxB2 + MnB2 Re1-xMnxB2 + MnBy 

Re1-xMoxB2.3 x < 0.20 Re1-xMoxB2 Re1-xMoxB2 + MoBy 

 x ≥ 0.20 Re1-xMoxB2 + MoB2 Re1-xMoxB2 + MoBy 
 

aSolubility limits were determined by PXRD.  

bPhase formation was determined by both PXRD and SEM/EDS analysis, where y = 1 – 2.   
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Table 5.3. Predicted Heats of Formationa and Melting Temperaturesb for Transition Metal Borides (33% and 50% Metal) 
 

Metal (M) Phases ΔHf (kJ/mol) Tm (ºC) 

Re ReB2 -26 2400 

Nb NbB -81 2330 

NbB2 -76 2990 

Cr CrB -45 2100 

CrB2 -35 2200 

Mn MnB -47 1890 

MnB2 -38 1990 

Mo MoB -48 2180 

MoB2 -43 2140 
 

aRef 44. 

bMelting temperatures as reported in M-B binary phase diagrams from the ASM Alloy Phase Diagram Database.
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Figure 5.1. Crystal structure of rhenium diboride, ReB2 [P63/mmc, Inorganic Crystal Structure 

Database (ICSD) 243627]. The unit cell is indicated by the black box. Boron atoms are represented 

in green as puckered sheets. Tungsten atoms are represented in gray. 
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Figure 5.2. SEM images of arc-melted and polished Re1-xMxB2 compositions with varying metal 

dopant (M) concentration from 2 – 10 at. % M. Gray regions represent Re1-xMxB2 grains with 

different crystallographic orientations, while black regions represent secondary metal boride (M-

B) or excess boron (B) grains. Images were taken at 1000x magnification at 15 kV. All scale bars 

are 100 µm. 
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(b) 

 

 

Figure 5.3. Vickers micro-indentation hardness versus atomic percent of: (a) Mn and (b) Mo in 

ReB2-based solid solutions from low (0.49 N) to high (4.9 N) load. Hardness measurements for all 

compositions are provided in Table 5.1. 
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Figure 5.4. SEM images and elemental maps for boron (K line), rhenium (M line), niobium (L 

line), chromium (K line), manganese (L line), and molybdenum (L line) for: (top to bottom) ReB2, 

Re0.98Nb0.02B2, Re0.95Cr0.05B2, Re0.92Mn0.08B2, and Re0.90Mo0.10B2. Images were taken at 1000x 

magnification at 15 kV. A scale bar of 100 µm is shown in each image.
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(b) 

 

 

Figure 5.5. Vickers micro-indentation hardness measurements for: (a) Re0.98M0.02B2, where M = 

Cr, Mn, Nb, or Mo and (b) ReB2-based compositions with the maximum hardness for each metal 

substitution system (Re1-xMxB2, where x = 0.05 for Cr, 0.08 for Mn and Mo, and 0.02 for Nb). 
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CHAPTER 6 

Mapping the Solubility Trends of Transition Metal Borides 

 

INTRODUCTION 

The hardness of a material is dependent on the chemical bond strength between atoms in a 

crystal lattice. Preventing the displacement of these atoms (e.g., shear stress) makes a material 

harder. One method to improve intrinsic hardness is through substituting atoms in a crystal lattice 

to form a solid solution.1 Due to the differences in atomic size and valence electron count between 

the solute and solvent atoms, increasing the concentration of solute atoms induces lattice 

compression or expansion. The atomic arrangement and inhomogeneity of atoms in a crystal lattice 

increases the resistance to dislocation, thereby strengthening the bulk material. 

All solid solutions studied in our group are synthesized using the parameters designated by 

the Hume-Rothery rules. The Hume-Rothery rules describe the conditions under which an element 

can dissolve into a crystal lattice to form a solid solution. For substitutional solid solutions, the 

solute and solvent atoms must: (1) have similar atomic radii (<15 % difference); (2) form similar 

crystal structures; (3) have similar valence electron densities; and (4) be similar in 

electronegativity.2–4 The upper limit to the concentration of solute atoms that can be incorporated 

into the structure is known as the solubility limit. Past the solubility limit, an impurity phase 

precipitates; hence, the material is no longer a solid solution. 

After the development of the Hume-Rothery rules, researchers began mapping the 

solubility of metal alloys on a Cartesian coordinate system. One of the main advantages of this 

system is that one can simply calculate the coordinates of an element on a diagram to predict its 

solubility. This direction took off in 1953 when Darken and Gurry proposed a diagram using the 
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solubility of 50 alloys.5 In the Darken-Gurry method, a plot of atomic electronegativity versus 

radius is used to map the solubility of each alloy system using the host material as a point of 

reference. An ellipse is drawn to qualitatively determine soluble and insoluble materials (inside 

and outside the ellipse, respectively). Since then, researchers have proposed various schemes, 

accounting for the effects of properties such as atomic radius, electronegativity, and valence 

electron density on overall solubility.6–8 While these methods have been implemented for binary 

metal alloy compositions, they have not been extensively studied in metal compounds such as 

borides, carbides, and phosphides. Thus, the focus of this study is to map the solubility of transition 

metals in diboride and tetraboride structures. Understanding the boundary conditions for the 

Hume-Rothery rules and identifying overall solubility trends can be used to generate a predictive, 

targeted approach towards new solid solutions with optimal intrinsic hardness. 

 

MATERIALS AND METHODS 

Sample data of WB4 and TiB2 solid solutions (i.e., composition, lattice parameters, and 

solubility) were extracted from previous research produced by our group.9–12 Additional solid 

solutions were arc-melted according to the following stoichiometric ratios: Re1-xMxB2.3 and Ti1-

xMxB2.1, where M = Group 4 – 8 transition metals and x = 0.02 – 0.50. Detailed information on the 

solid solutions used in this study is listed in Table 6.1.  

Crushed powder samples (-325 mesh, <45 m) of the arc-melted ingots were analyzed for 

composition and phase purity on an X’Pert Pro powder X-ray diffraction system (PANalytical, 

Netherlands) using a Cu Kα X-ray beam (λ = 1.5418 Å) in the 5-100 2θ range. The collected data 

were compared to reference patterns from the International Centre for Diffraction Data (ICDD), 

formerly known as the Joint Committee on Powder Diffraction Standards (JCPDS), for phase 
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identification in each powder sample. Rietveld refinement was performed on a GSAS-II in order 

to determine unit cell parameters.13 

The difference in atomic radius (RM) is defined by Equation 6.1 as the percent difference 

in atomic radius between the solute (M2) and solvent (M1) metal atoms: 

𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑅𝑀  (%) =  
(𝑅𝑀2−𝑅𝑀1)

𝑅𝑀1
× 100      (6.1) 

The change in electronegativity of the metal atom (ΔχM) is defined by Equation 6.2 as the 

difference between the weighted electronegativity of the solute and solvent atom through solid 

solution formation and the electronegativity of the solvent metal atom: 

∆χ𝑀  (%) =  
(((1−𝑥) χ𝑀1+(𝑥) χ𝑀2)− χ𝑀1)

χ𝑀1

 × 100         (6.2) 

The valence electron density (VED) for each sample was calculated in units of valence 

electrons/Å3 using Equation 6.3: 

𝑉𝐸𝐷 =  
(𝑉𝐸𝐵  × 𝐵𝑎𝑚𝑡) + (((1−𝑥) 𝑉𝐸𝑀1 +(𝑥) 𝑉𝐸𝑀2 ) × 𝑀𝑎𝑚𝑡)

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙
               (6.3) 

where VEB is the valence electron count for B, Bamt is the number of B atoms in the unit cell, x is 

the metal dopant concentration (ranging from 0.00 – 0.50), VEM1 is the valence electron count for 

the solvent atom, VEM2 is the valence electron count for the solute atom, and Mamt is the number 

of metal atoms in the unit cell. Both “metal dopant atom” and “solute atom” are used 

interchangeably throughout the text to describe the atom being substituted into the metal boride 

structure. All calculations were performed and analyzed using the Python script given in Appendix 

6.1. 
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RESULTS AND DISCUSSION 

 In this study, we examine the effects of atomic properties on metal solubility in a range of 

metal boride compositions. By mapping atomic radius, electronegativity, and valence electron 

density for each boride structure, we can identify the corresponding solubility range. In effect, 

these variables were selected to test the boundary conditions of the Hume-Rothery rules. 

Figure 6.1 shows two plots for Ti1-xMxB2 solid solutions, where M = Cr, Ta, Zr, Hf, and 

Sc and x = 0 – 0.50. All metals adopt the AlB2-type structure. Solid solutions that retain the TiB2 

structure are noted as soluble (red circles), while compositions that contain a secondary phase are 

labeled as insoluble (blue triangles). While the solubility of various metals in the TiB2 structure is 

independent of the difference in metal atomic radius (RM), metal substitution is soluble within a 

range of change in valence electron density (ΔVED), as shown in Figure 6.1a. However, a change 

in electronegativity of the metal atom (ΔχM) demonstrates a strong correlation with solubility 

(Figure 6.1b). In this case, metal dopant solubility (indicated by red circles) exists in the range of 

-2 < ΔχM < 2 and -2.5 < ΔVED < 2.5. Mapping the Ti1-xMxB2 solid solutions suggests that if the 

solute and solvent metal atoms adopt the same crystal structure, a change in electronegativity has 

the greatest influence on VED and overall solubility. If the metal atoms adopt different crystal 

structures (i.e., Re1-xMxB2), both atomic radius (Figure 6.2a) and electronegativity (Figure 6.2b) 

limit the overall solubility. This results in a narrower solubility range for Re1-xMxB2 solid solutions 

than the Ti1-xMxB2 system. 

Electronegativity and valence electron density were then used to probe the solubility range 

of W1-xMxB4 solid solutions. The WB4 crystal structure (P63/mmc) is a pseudo-cage structure with 

alternating boron and metal sheets.14 This highly covalent bonding network consists of partially 

occupied tungsten sites that can accommodate both boron trimers and metal dopant atoms. The 
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ability to accommodate atoms in partially occupied sites results in enhanced solubility in the WB4 

structure. For instance, up to 50 at. % Mo can be substituted in the W1-xMoxB4 system.10 The 

weighted metal electronegativity (χM) and overall VED resulting from the presence of both solute 

and solvent atoms can be calculated for each metal substitution range. A plot of χM vs. VED, rather 

than the percent difference (ΔχM vs. ΔVED), was used to identify specific W1-xMxB4 compositions 

based on their coordinates on the Cartesian plot (Figure 6.3a). Since W is the most electronegative 

transition metal, all metal substitutions decrease the weighted metal electronegativity. Only Mo 

substitution exhibits full solubility in the WB4 structure, where this substitution results in the 

smallest amount of electronegativity and VED change in WB4. In addition, the WB4 solid solutions 

demonstrate a higher degree of solubility, or greater solubility range, when the metal substitution 

results in a decrease in VED. 

The experimental W1-xMxB4 solid solution values for electronegativity and VED were 

compared to electronegativity and VED data calculated from atomic and structural properties for 

all possible binary metal combinations, where x = 0.01 – 0.50. A plot of χM vs. VED for the 

calculated values (Figure 6.3b) shows good agreement with experimental data (Figure 6.3a). In 

effect, the plot of all possible binary metal combinations can be used to select and experimentally 

synthesize new compositions with a high likelihood of solubility. 

All systems studied to date were normalized according to percent change in 

electronegativity relative to the parent metal atom and percent change in valence electron density 

with respect to their parent crystal structures (ΔχM and ΔVED). Figure 6.4 shows a solubility plot 

of all systems, where a high degree of solubility exists within an optimal range of ± 5% for both 

ΔχM and ΔVED. These calculations are a promising method to determine the potential solubility 

of a metal boride composition before experimental synthesis. Mapping the solubility limits of 
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transition metal borides can be used to guide the conventional trial-and-error process of materials 

discovery. 

 

CONCLUSIONS 

Understanding the solubility limits offers valuable information towards maximizing the 

intrinsic hardness of a solid solution. Using the solubility data of metal boride compositions studied 

in our group, we have generated a collective library of crystal structures and metal atom 

substitutions to study the effects of changes in electronegativity, valence electron density, and 

atomic radius on solubility. These results indicate that if the solute and solvent metal atoms adopt 

the same crystal structure (e.g., Ti1-xMxB2, where M = metals that adopt the AlB2-type structure), 

solubility is limited to an optimal range of change in metal electronegativity and overall valence 

electron density (VED). If the metal atoms adopt different structures (e.g., Re1-xMxB2), both metal 

electronegativity and atomic radius influence VED, further narrowing the range of solubility. 

These methods map the Hume-Rothery rules of solubility on a Cartesian coordinate system and 

can assist in selecting new metal boride compositions for synthesis. 
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(a) 

 

(b) 

Figure 6.1. Plots of: (a) difference in metal atomic radius (RM) versus change in valence electron 

density (ΔVED) and (b) change in electronegativity of the metal atom (ΔχM) vs. ΔVED compared 

to pure TiB2 for five different Ti1-xMxB2 compositions, where M = Cr, Ta, Zr, Hf, and Sc and x = 

0 – 0.50. Metal dopant solubility (indicated by red circles) exists in the range of -2 < ΔχM < 2 and 

-2.5 < ΔVED < 2.5. All metals adopt the AlB2-type structure. 



120 

 

 

(a) 

 

(b) 

Figure 6.2. Plots of: (a) difference in metal atomic radius (RM) versus change in valence electron 

density (ΔVED) and (b) change in electronegativity of the metal atom (ΔχM) vs. ΔVED compared 

to pure ReB2 for eight different Re1-xMxB2 compositions, where M = Ru, Mn, Os, Cr, Nb, Mo, Ir, 

and Ta and x = 0 – 0.10. Metal dopant solubility (indicated by red circles) exists in a narrower 

range than the TiB2 compositions. 
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(a) 

 

(b) 

Figure 6.3. Plots of weighted electronegativity of the metal atom (χM) vs. VED for (a) 

experimentally synthesized samples and (b) data calculated from atomic and structural properties 

for W1-xMxB4, where M = Mo, Sc, Y, Gd, Tb, Dy, Ho, Er, Ti, Zr, Hf, Ta, Mn, and Cr and x = 0 – 

0.50. 
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Figure 6.4. Plot of change in electronegativity of the metal atom (ΔχM) vs. ΔVED for all metal 

boride solid solution compositions studied to date. A solid solution is likely to form within 5% of 

both change in electronegativity and change in VED. 

  



123 

 

Table 6.1. Sample database of various transition metal boride compositions studied in our group, 

where M1 = solvent atom, M2 = solute atom, x = amount of M2 substitution, M_amt = number of 

metal atoms in one unit cell, B_amt = number of boron atoms in one unit cell, a and c = lattice 

parameters (in Angstroms), VED_parent = VED for parent crystal structure, B_stoic = number of 

boron atoms in boride phase stoichiometry, and pure = single-phase by PXRD (yes or no). For 

instance, the first row corresponds to W0.98Mo0.02B2, which retained the WB2 phase as confirmed 

by PXRD. Data were used in calculations found in Appendix 6.1. 

M1 M2 x M_amt B_amt a c VED_parent B_stoic pure 

W Mo 0.02 4 8 2.98494 13.8873 0.448762957 B2 y 

W Mo 0.04 4 8 2.98702 13.89658 0.448762957 B2 y 

W Mo 0.06 4 8 2.9866 13.8916 0.448762957 B2 y 

W Mo 0.08 4 8 2.98973 13.90454 0.448762957 B2 y 

W Mo 0.10 4 8 2.98717 13.89282 0.448762957 B2 y 

W Mo 0.20 4 8 2.99153 13.90647 0.448762957 B2 y 

W Mo 0.30 4 8 2.99186 13.90656 0.448762957 B2 y 

W Cr 0.02 4 8 2.98528 13.87864 0.448762957 B2 n 

W Mn 0.02 4 8 2.98781 13.8963 0.448762957 B2 n 

W Re 0.02 4 8 2.98639 13.8882 0.448762957 B2 n 

W Nb 0.02 4 8 2.98874 13.91059 0.448762957 B2 n 

W Ta 0.02 4 8 2.98846 13.90687 0.448762957 B2 n 

W Ru 0.02 4 8 2.98719 13.89455 0.448762957 B2 n 

W Os 0.02 4 8 2.9867 13.8918 0.448762957 B2 n 

W Ir 0.02 4 8 2.98715 13.89404 0.448762957 B2 n 

Re Ru 0.02 2 4 2.90056 7.47623 0.477379553 B2 y 

Re Mn 0.02 2 4 2.9015 7.48116 0.477379553 B2 y 

Re Mn 0.05 2 4 2.90071 7.47898 0.477379553 B2 y 

Re Mn 0.08 2 4 2.90072 7.47809 0.477379553 B2 y 

Re Os 0.02 2 4 2.901 7.47538 0.477379553 B2 y 

Re Cr 0.02 2 4 2.90041 7.47837 0.477379553 B2 n 

Re Cr 0.05 2 4 2.89981 7.47696 0.477379553 B2 n 

Re Nb 0.02 2 4 2.90095 7.47998 0.477379553 B2 n 

Re Mo 0.02 2 4 2.90132 7.48259 0.477379553 B2 n 

Re Mo 0.05 2 4 2.9015 7.48417 0.477379553 B2 n 

Re Mo 0.08 2 4 2.90108 7.49082 0.477379553 B2 n 
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M1 M2 x M_amt B_amt a c VED_parent B_stoic pure 

Re Mo 0.10 2 4 2.90077 7.49145 0.477379553 B2 n 

Re Ir 0.02 2 4 2.90159 7.47663 0.477379553 B2 n 

Re Ta 0.02 2 4 2.90121 7.48036 0.477379553 B2 n 

Ti Cr 0.01 1 2 3.03032 3.22741 0.389785895 B2 y 

Ti Cr 0.05 1 2 3.02959 3.22634 0.389785895 B2 y 

Ti Cr 0.10 1 2 3.03009 3.22323 0.389785895 B2 y 

Ti Cr 0.20 1 2 3.02553 3.22136 0.389785895 B2 n 

Ti Cr 0.35 1 2 3.02954 3.2209 0.389785895 B2 n 

Ti Cr 0.50 1 2 3.02575 3.21656 0.389785895 B2 n 

Ti Ta 0.01 1 2 3.03307 3.23127 0.389785895 B2 y 

Ti Ta 0.05 1 2 3.03492 3.23278 0.389785895 B2 y 

Ti Ta 0.10 1 2 3.03701 3.23564 0.389785895 B2 y 

Ti Ta 0.20 1 2 3.04476 3.24186 0.389785895 B2 y 

Ti Ta 0.35 1 2 3.05617 3.25042 0.389785895 B2 y 

Ti Ta 0.50 1 2 3.06902 3.26034 0.389785895 B2 y 

Ti Hf 0.01 1 2 3.03158 3.23289 0.389785895 B2 y 

Ti Hf 0.05 1 2 3.03677 3.24615 0.389785895 B2 y 

Ti Hf 0.10 1 2 3.04626 3.26471 0.389785895 B2 y 

Ti Hf 0.20 1 2 3.0568 3.2891 0.389785895 B2 n 

Ti Hf 0.35 1 2 3.075 3.34 0.389785895 B2 n 

Ti Hf 0.50 1 2 3.0975 3.3753 0.389785895 B2 n 

Ti Zr 0.01 1 2 3.03197 3.23249 0.389785895 B2 y 

Ti Zr 0.05 1 2 3.0392 3.24908 0.389785895 B2 y 

Ti Zr 0.10 1 2 3.04608 3.26948 0.389785895 B2 y 

Ti Zr 0.20 1 2 3.0652 3.3052 0.389785895 B2 n 

Ti Zr 0.35 1 2 3.0798 3.3521 0.389785895 B2 n 

Ti Zr 0.50 1 2 3.1012 3.4028 0.389785895 B2 n 

Ti Sc 0.01 1 2 3.0321 3.23025 0.389785895 B2 y 

Ti Sc 0.05 1 2 3.03296 3.23965 0.389785895 B2 y 

Ti Sc 0.10 1 2 3.03382 3.24219 0.389785895 B2 y 

Ti Sc 0.20 1 2 3.03534 3.22755 0.389785895 B2 n 

Ti Sc 0.30 1 2 3.05074 3.29079 0.389785895 B2 n 

Ti Sc 0.40 1 2 3.0629 3.3015 0.389785895 B2 n 

Ti Sc 0.50 1 2 3.068 3.3159 0.389785895 B2 n 

Mo Ru 0.02 3.0278 12 5.22054 6.32915 0.36360878 B4 n 

Mo Ru 0.04 3.0278 12 5.21567 6.33292 0.36360878 B4 n 

Mo Ru 0.06 3.0278 12 5.21075 6.33649 0.36360878 B4 n 

Mo Ru 0.30 3.0278 12 5.20951 6.33324 0.36360878 B4 n 
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M1 M2 x M_amt B_amt a c VED_parent B_stoic pure 

Mo Ru 0.40 3.0278 12 5.21013 6.33655 0.36360878 B4 n 

Mo Ru 0.50 3.0278 12 5.20877 6.33834 0.36360878 B4 n 

Mo Nb 0.01 3.0278 12 5.24418 6.28515 0.36360878 B4 n 

Mo Nb 0.02 3.0278 12 5.23367 6.30326 0.36360878 B4 n 

Mo Nb 0.04 3.0278 12 5.2563 6.28676 0.36360878 B4 n 

Mo W 0.02 3.0278 12 5.21732 6.32639 0.36360878 B4 n 

Mo W 0.04 3.0278 12 5.21896 6.32896 0.36360878 B4 n 

Mo W 0.06 3.0278 12 5.21681 6.33012 0.36360878 B4 n 

Mo W 0.08 3.0278 12 5.21622 6.33122 0.36360878 B4 n 

Mo W 0.10 3.0278 12 5.21525 6.32641 0.36360878 B4 n 

Mo W 0.20 3.0278 12 5.20873 6.33431 0.36360878 B4 n 

Mo W 0.30 3.0278 12 5.20384 6.33694 0.36360878 B4 y 

Mo W 0.40 3.0278 12 5.20216 6.33697 0.36360878 B4 y 

Mo W 0.50 3.0278 12 5.20145 6.33752 0.36360878 B4 y 

W Mo 0.03 3.43 15.312 5.19916 6.33701 0.448771613 B4 y 

W Mo 0.05 3.43 15.312 5.19972 6.33793 0.448771613 B4 y 

W Mo 0.1 3.43 15.312 5.20013 6.33865 0.448771613 B4 y 

W Mo 0.2 3.43 15.312 5.20031 6.33913 0.448771613 B4 y 

W Mo 0.3 3.43 15.312 5.20045 6.33966 0.448771613 B4 y 

W Mo 0.4 3.43 15.312 5.20113 6.33981 0.448771613 B4 y 

W Mo 0.5 3.43 15.312 5.20123 6.34005 0.448771613 B4 y 

W Sc 0.02 3.43 15.312 5.2042 6.341 0.448771613 B4 y 

W Sc 0.04 3.43 15.312 5.2033 6.3407 0.448771613 B4 y 

W Sc 0.06 3.43 15.312 5.2055 6.3417 0.448771613 B4 y 

W Sc 0.08 3.43 15.312 5.2036 6.3401 0.448771613 B4 y 

W Sc 0.10 3.43 15.312 5.2046 6.3389 0.448771613 B4 y 

W Sc 0.20 3.43 15.312 5.204 6.3381 0.448771613 B4 y 

W Sc 0.25 3.43 15.312 5.2035 6.3397 0.448771613 B4 n 

W Sc 0.30 3.43 15.312 5.1989 6.3374 0.448771613 B4 n 

W Y 0.02 3.43 15.312 5.2051 6.3435 0.448771613 B4 y 

W Y 0.04 3.43 15.312 5.204 6.3411 0.448771613 B4 y 

W Y 0.06 3.43 15.312 5.2026 6.3416 0.448771613 B4 y 

W Y 0.08 3.43 15.312 5.2024 6.3421 0.448771613 B4 n 

W Y 0.10 3.43 15.312 5.2014 6.3419 0.448771613 B4 n 

W Y 0.20 3.43 15.312 5.1994 6.3364 0.448771613 B4 n 

W Y 0.30 3.43 15.312 5.1998 6.3357 0.448771613 B4 n 

W Y 0.40 3.43 15.312 5.2001 6.3365 0.448771613 B4 n 

W Y 0.50 3.43 15.312 5.1991 6.336 0.448771613 B4 n 
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M1 M2 x M_amt B_amt a c VED_parent B_stoic pure 

W Gd 0.02 3.43 15.312 5.2043 6.3422 0.448771613 B4 y 

W Gd 0.04 3.43 15.312 5.2041 6.3426 0.448771613 B4 y 

W Gd 0.06 3.43 15.312 5.2025 6.342 0.448771613 B4 y 

W Gd 0.08 3.43 15.312 5.2027 6.3426 0.448771613 B4 n 

W Gd 0.10 3.43 15.312 5.2006 6.3392 0.448771613 B4 n 

W Gd 0.20 3.43 15.312 5.1991 6.3382 0.448771613 B4 n 

W Gd 0.30 3.43 15.312 5.2005 6.3394 0.448771613 B4 n 

W Gd 0.40 3.43 15.312 5.1994 6.3395 0.448771613 B4 n 

W Gd 0.50 3.43 15.312 5.1996 6.3374 0.448771613 B4 n 

W Tb 0.02 3.43 15.312 5.2042 6.3425 0.448771613 B4 y 

W Tb 0.04 3.43 15.312 5.2016 6.341 0.448771613 B4 y 

W Tb 0.06 3.43 15.312 5.2032 6.3433 0.448771613 B4 y 

W Tb 0.08 3.43 15.312 5.2026 6.3436 0.448771613 B4 y 

W Tb 0.10 3.43 15.312 5.2014 6.3415 0.448771613 B4 n 

W Tb 0.20 3.43 15.312 5.2011 6.3374 0.448771613 B4 n 

W Tb 0.30 3.43 15.312 5.1996 6.3352 0.448771613 B4 n 

W Tb 0.40 3.43 15.312 5.1998 6.3365 0.448771613 B4 n 

W Tb 0.50 3.43 15.312 5.1999 6.3368 0.448771613 B4 n 

W Dy 0.02 3.43 15.312 5.2087 6.3483 0.448771613 B4 y 

W Dy 0.04 3.43 15.312 5.203 6.3409 0.448771613 B4 y 

W Dy 0.06 3.43 15.312 5.2033 6.3433 0.448771613 B4 y 

W Dy 0.08 3.43 15.312 5.2023 6.3407 0.448771613 B4 y 

W Dy 0.10 3.43 15.312 5.2024 6.3421 0.448771613 B4 n 

W Dy 0.20 3.43 15.312 5.2013 6.3393 0.448771613 B4 n 

W Dy 0.30 3.43 15.312 5.202 6.3387 0.448771613 B4 n 

W Dy 0.40 3.43 15.312 5.1997 6.3353 0.448771613 B4 n 

W Dy 0.50 3.43 15.312 5.1982 6.3319 0.448771613 B4 n 

W Ho 0.02 3.43 15.312 5.2036 6.341 0.448771613 B4 y 

W Ho 0.04 3.43 15.312 5.2026 6.3408 0.448771613 B4 y 

W Ho 0.06 3.43 15.312 5.2023 6.3404 0.448771613 B4 y 

W Ho 0.08 3.43 15.312 5.2009 6.3407 0.448771613 B4 y 

W Ho 0.10 3.43 15.312 5.2043 6.3461 0.448771613 B4 n 

W Ho 0.20 3.43 15.312 5.2011 6.3378 0.448771613 B4 n 

W Ho 0.30 3.43 15.312 5.1997 6.3362 0.448771613 B4 n 

W Ho 0.40 3.43 15.312 5.201 6.3366 0.448771613 B4 n 

W Ho 0.50 3.43 15.312 5.2024 6.2391 0.448771613 B4 n 

W Er 0.02 3.43 15.312 5.2049 6.3424 0.448771613 B4 y 

W Er 0.04 3.43 15.312 5.2042 6.3426 0.448771613 B4 y 
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M1 M2 x M_amt B_amt a c VED_parent B_stoic pure 

W Er 0.06 3.43 15.312 5.2037 6.3431 0.448771613 B4 y 

W Er 0.08 3.43 15.312 5.2029 6.3413 0.448771613 B4 y 

W Er 0.10 3.43 15.312 5.2017 6.3415 0.448771613 B4 n 

W Er 0.20 3.43 15.312 5.2012 6.3379 0.448771613 B4 n 

W Er 0.30 3.43 15.312 5.202 6.3382 0.448771613 B4 n 

W Er 0.40 3.43 15.312 5.2004 6.3372 0.448771613 B4 n 

W Er 0.50 3.43 15.312 5.2013 6.3384 0.448771613 B4 n 

W Ti 0.02 3.43 15.312 5.19915 6.33619 0.448771613 B4 y 

W Ti 0.04 3.43 15.312 5.19925 6.33441 0.448771613 B4 y 

W Ti 0.06 3.43 15.312 5.19993 6.33403 0.448771613 B4 y 

W Ti 0.08 3.43 15.312 5.20031 6.33208 0.448771613 B4 y 

W Ti 0.10 3.43 15.312 5.20091 6.33147 0.448771613 B4 y 

W Ti 0.20 3.43 15.312 5.20176 6.33045 0.448771613 B4 y 

W Ti 0.30 3.43 15.312 5.20157 6.33053 0.448771613 B4 n 

W Ti 0.40 3.43 15.312 5.2017 6.32867 0.448771613 B4 n 

W Ti 0.50 3.43 15.312 5.20147 6.32752 0.448771613 B4 n 

W Zr 0.02 3.43 15.312 5.19964 6.33633 0.448771613 B4 y 

W Zr 0.04 3.43 15.312 5.19928 6.33563 0.448771613 B4 y 

W Zr 0.06 3.43 15.312 5.1997 6.33659 0.448771613 B4 y 

W Zr 0.08 3.43 15.312 5.19995 6.3361 0.448771613 B4 y 

W Zr 0.10 3.43 15.312 5.20078 6.3358 0.448771613 B4 y 

W Zr 0.20 3.43 15.312 5.20107 6.33387 0.448771613 B4 n 

W Zr 0.30 3.43 15.312 5.20201 6.33419 0.448771613 B4 n 

W Zr 0.40 3.43 15.312 5.20124 6.33288 0.448771613 B4 n 

W Zr 0.50 3.43 15.312 5.20202 6.33054 0.448771613 B4 n 

W Hf 0.02 3.43 15.312 5.19952 6.33678 0.448771613 B4 y 

W Hf 0.04 3.43 15.312 5.19971 6.33613 0.448771613 B4 y 

W Hf 0.06 3.43 15.312 5.20026 6.33636 0.448771613 B4 y 

W Hf 0.08 3.43 15.312 5.20021 6.33615 0.448771613 B4 y 

W Hf 0.10 3.43 15.312 5.20026 6.33622 0.448771613 B4 n 

W Hf 0.20 3.43 15.312 5.20519 6.33992 0.448771613 B4 n 

W Hf 0.30 3.43 15.312 5.20957 6.34967 0.448771613 B4 n 

W Hf 0.40 3.43 15.312 5.20868 6.34558 0.448771613 B4 n 

W Hf 0.50 3.43 15.312 5.21195 6.34285 0.448771613 B4 n 

W Ta 0.02 3.43 15.312 5.2005 6.3412 0.448771613 B4 y 

W Ta 0.2 3.43 15.312 5.2064 6.3565 0.448771613 B4 y 

W Mn 0.04 3.43 15.312 5.2002 6.3414 0.448771613 B4 y 

W Cr 0.1 3.43 15.312 5.2002 6.3406 0.448771613 B4 n 
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Appendix 6.1 

 

import math 

import numpy as np 

import matplotlib.pyplot as plt 

import pandas as pd 

from mpl_toolkits.axes_grid1.inset_locator import zoomed_inset_axes 

from mpl_toolkits.axes_grid1.inset_locator import mark_inset 

 

df_xlsx = pd.read_excel('metal_database.xlsx') 

df_xlsx_2 = pd.read_excel('data_file.xlsx') 

finalData = [[] for i in range(len(df_xlsx_2))] 

 

for i in range(len(df_xlsx_2)): 

    exp_info = df_xlsx_2.iloc[i,:] 

    M1 = exp_info.iloc[0] 

    M2 = exp_info.iloc[1] 

    x = float(exp_info.iloc[2]) 

    M_amt = float(exp_info.iloc[3]) 

    B_amt = float(exp_info.iloc[4]) 

    a = float(exp_info.iloc[5]) 

    c = float(exp_info.iloc[6]) 

    VED_parent = float(exp_info.iloc[7]) 

    B_stoic = str(exp_info.iloc[8]) 

    pure = str(exp_info.iloc[9]) 

    deltaHf = float(exp_info.iloc[10]) 

    deltamp = float(exp_info.iloc[11]) 

     

    for j in range(len(df_xlsx)): 

        if M1 == df_xlsx.iloc[j,0]: 

            M1_info = df_xlsx.iloc[j,:] 

      

        if M2 == df_xlsx.iloc[j,0]: 

            M2_info = df_xlsx.iloc[j,:]  

         

    VE_M1 = float(M1_info.iloc[2]) 

    VE_M2 = float(M2_info.iloc[2]) 

    EN_M1 = float(M1_info.iloc[3]) 

    EN_M2 = float(M2_info.iloc[3]) 

    AR_M1 = float(M1_info.iloc[1]) 

    AR_M2 = float(M2_info.iloc[1]) 

 

    def weighted_VE(x, VE_M1, VE_M2): 

        minusx = 1 - x 

        new_VE = x * VE_M2 + minusx * VE_M1 

        return new_VE 
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    def vol(a, c): 

        vol_ss = (a**2)*c*math.sin(math.pi/3) 

        return vol_ss 

 

    def VED_ss(x, a, c, VE_M1, VE_M2, B_amt, M_amt): 

        minusx = 1 - x 

        VE_B = 3 

        vol_ss = vol(a, c) 

        new_VED_ss = ((B_amt*VE_B) + (((minusx*VE_M1)+(x*VE_M2))*M_amt))/vol_ss 

        return new_VED_ss 

 

    def deltaVED(x, a, c, M1, M2, VED_parent): 

        new_deltaVED = ((VED_ss(x, a, c, VE_M1, VE_M2, B_amt, M_amt) - 

VED_parent)/VED_parent)*100 

        return new_deltaVED 

 

    def EN_ss(x, EN_M1, EN_M2): 

        minusx = 1 - x 

        new_EN = x * EN_M2 + minusx * EN_M1   

        return new_EN 

 

    def deltaEN_ss(x, EN_M1, EN_M2): 

        new_deltaEN = ((EN_ss(x, EN_M1, EN_M2) - EN_M1)/EN_M1)*100 

        return new_deltaEN 

 

    def deltaEN_atoms(x, EN_M1, EN_M2): 

        new_deltaEN_atoms = ((EN_M2 - EN_M1)/EN_M1)*100 

        return new_deltaEN_atoms 

 

    def deltaAR_atoms(x, AR_M1, AR_M2): 

        new_deltaAR_atoms = ((AR_M2 - AR_M1)/AR_M1)*100 

        return new_deltaAR_atoms 

     

    finalData[i].append(str(M1)) #0 

    finalData[i].append(str(M2)) #1 

    finalData[i].append(x) #2 

    finalData[i].append(str(B_stoic)) #3 

    finalData[i].append(vol(a, c)) #4 

    finalData[i].append(deltaVED(x, a, c, M1, M2, VED_parent)) #5 

    finalData[i].append(deltaEN_ss(x, EN_M1, EN_M2)) #6 

    finalData[i].append(deltaEN_atoms(x, EN_M1, EN_M2)) #7 

    finalData[i].append(deltaAR_atoms(x, AR_M1, AR_M2)) #8 

    finalData[i].append(str(pure)) #9 

    finalData[i].append(deltaHf) #10 

    finalData[i].append(deltamp) #11 
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finalData_np = np.asarray(finalData, object) 

 

# plt.figure(figsize=(10,5))  

# plt.rc('font', size=20) 

 

fig, ax = plt.subplots(figsize = (10,5)) 

ax.set_xlabel(r'$\Delta$VED (%)', fontsize = 20) 

ax.set_ylabel(r'$\Delta$$\chi$ (%)', fontsize = 20) 

data_start = 15 

data_end = 35 

specificData = finalData_np[data_start:data_end] 

#print specificData 

xplot = 5 

yplot = 6 

xlabel_adjust = 0 

ylabel_adjust = 0 

 

for i in range(len(specificData)): 

    sample = str(specificData[i,0]) + str(specificData[i,1]) + str(specificData[i,2]) + 

str(specificData[i,3]) 

    if specificData[i,9] == 'y': 

        sol_pts = ax.scatter(specificData[i,xplot], specificData[i,yplot], color = 'r', s = 5**2) 

        plt.annotate(sample, xy=(specificData[i,xplot], specificData[i,yplot]), xycoords='data', 

xytext=(specificData[i,xplot]+xlabel_adjust,specificData[i,yplot]+ylabel_adjust), ha = 'left') 

    else: 

        insol_pts = ax.scatter(specificData[i,xplot], specificData[i,yplot], color = 'b', marker = '^', s 

= 5**2) 

        #plt.annotate(sample, xy=(specificData[i,xplot], specificData[i,yplot]), xycoords='data', 

xytext=(specificData[i,xplot]+xlabel_adjust,specificData[i,yplot]+ylabel_adjust), ha = 'left') 

 

#ax.legend((sol_pts, insol_pts), ('soluble', 'insoluble'),loc='lower right', fontsize=14) 

# axins = zoomed_inset_axes(ax, 1) 

# x1, x2, y1, y2 = -2.5, 2.5, -2, 2 

# axins.set_xlim(x1, x2) 

# axins.set_ylim(y1, y2) 

 

# plt.xticks(visible=False) 

# plt.yticks(visible=False) 

# mark_inset(ax, axins, loc1=0, loc2=0, fc="none", ec="0.5") 

#plt.savefig('TiB2AllNEW_deltaENvsdeltaVED_labeled.png') 
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CHAPTER 7 

Conclusion 

 

For more than 60 years, transition metal borides have been extensively studied for their 

rich crystal chemistry and range of properties (e.g., mechanical, magnetic, and catalytic behavior). 

The high hardness of these materials originates from the combination of highly incompressible 

metal atoms and short covalent bonding networks, which resist plane slippage and dislocations. 

Research on superhard materials in the Kaner laboratory has focused on developing new transition 

metal borides with high hardness and oxidation resistance through solid solution effects and grain 

boundary strengthening. Since 2005, we have produced an extensive library of superhard mono- 

(e.g. WB), di- (e.g. ReB2), tetra- (e.g. WB4), and dodeca- (e.g. MB12) boride alloys and solid 

solutions. While these studies offer great insights into the effects of both structural bonding and 

grain morphology on hardness, these findings have often been achieved through a fine balance 

between iterative trial-and-error and “chemical intuition”. Thus, potential avenues for superhard 

materials research exist in: (1) the development of high-temperature materials; (2) the phase 

stabilization of high entropy metal borides; and (3) the predictive, accelerated discovery of new 

materials. These research areas in the context of current literature will be discussed in detail below. 

 

HARD MATERIALS FOR HIGH-TEMPERATURE APPLICATIONS 

Superhard materials capable of operation in oxidizing environments and at high 

temperatures are desirable for applications in the manufacturing and aerospace industries. For 

instance, cutting tool materials undergo enormous amounts of force and generate heat during 

cutting or grinding processes, leading to overall tool wear and degradation with increasing 
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temperature.1 There is a demand for superhard materials that maintain high hardness, chemical 

stability, and oxidation resistance at elevated temperatures. 

Several borides, such as ZrB2, HfB2, and TiB2, are classified as ultra-high temperature 

ceramics (UHTCs). These materials have melting temperatures above 3000 ºC and are commonly 

explored for use in extreme heating environments.2 ZrB2 and HfB2 have been found to be the most 

oxidation resistant.3,4 However, while these materials experience high oxidation resistance, their 

hardness decreases with increasing temperature. For example, the Vickers hardness of ZrB2 

decreases from 29.4 GPa at room temperature to ~9 GPa at 600 ºC, while the hardness of HfB2 

decreases from 31.5 GPa to ~16 GPa at 500 ºC.5 All indentations were made at a load of 0.49 N. 

Understanding the composition-structure-property relationships of hard materials and their 

oxidation behavior is vital towards creating new materials with desirable properties for 

commercially viable and industrial applications.6,7 Future areas of research include developing 

novel materials that optimize high temperature hardness and oxidation resistance. 

 

PHASE STABILIZATION AND HIGH ENTROPY BORIDES 

Extending from the solid solutions, entropy stabilization was demonstrated in five-

component oxides in 2015.8 Such systems, consisting of five elements in relatively even 

concentrations, are defined as high-entropy materials.9 In the high-entropy system, with increasing 

number of elements, the entropic contribution to the total free energy overcomes the enthalpic 

contribution to drive the formation of a homogeneous single phase. High-entropy materials have 

since expanded to borides, carbides, nitrides, sulfides, and silicides. Much attention has been 

focused on synthesizing high-entropy borides with high density, low-oxygen impurity and refined 

microstructure through spark plasma sintering (SPS)10 and boro/carbothermal reduction of metal 
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oxides.11,12,13,14 In 2016, Luo et al. first proposed the synthesis of a series of high-entropy diborides 

by high-energy ball milling followed by SPS and demonstrated enhanced performance in hardness 

and oxidation resistance.10 In 2020, Feng et al. proposed a two-step synthesis, consisting of 

boro/carbothermal reduction followed by solid solution formation, to produce nanosized phase 

pure high-entropy diboride powder.15 Recently, they reported densification of the high-entropy 

diboride powder of high purity and fine particle size by SPS and performed Vickers hardness tests 

on the densified material.16 The majority of high-entropy borides reported form diborides, typically 

adopting the AlB2 structure with alternating boron sheets and high-entropy cation layers. Although 

the high-entropy diborides in general do not reach the Vickers hardness of superhard materials, 

these works open a new research topic on high-entropy borides with relatively high hardness at no 

expense of fracture toughness. 

 

ACCELERATED MATERIALS DISCOVERY 

High-throughput screening of data using machine learning (ML) has become an integral 

piece for materials discovery in areas ranging from clean energy and energy transmission to 

transportation and electronics.17 Recently, data-driven discovery has been used to more rapidly 

discover new compositions for superhard materials.18 While extrinsic properties of superhard 

materials (e.g. morphology and grain size) can be analyzed via simple trial-and-error experimental 

methods, intrinsic properties of superhard materials, such as electron configurations, radii, and 

chemical bond strength, are difficult to study in tandem. ML methods have delivered promising 

results in the field of data-driven discovery for superhard material composites. Brgoch et al. have 

developed algorithms with support-vector machine regression models that predict superhard alloy 

compositions based on previous intrinsic experimental data. Specifically, they experimentally 
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synthesized two compounds whose compositions were predicted to be superhard via nonlinear 

functions that fit closely to training data sourced from literature superhard values. Two 

compounds, Mo0.9W1.1BC and ReWC0.8, were predicted, synthesized, and found to produce 

hardness values within 10% of the hardness predicted by the ML model. The group has also 

recently published findings on load-dependent predictions for Vickers hardness based only on 

chemical composition, with a goal of training models using existing sparse data sets, a common 

issue that occurs when using training data from publicly available sources.19 Applying ensemble 

learning designed to rule out hypotheses outliers after multiple training runs, algorithms achieving 

high accuracy (R2 = 0.97) were created and 68 superhard materials were discovered, a reasonable 

value as these materials are scarce.  This new ensemble machine learning method has demonstrated 

excellent quantitative agreement with reported values for c-BN, ReB2, and WB4. 

While the search for new superhard materials highly benefits from automated discovery, it 

is still a tool rather than a replacement for the entire composition selection process. Certain intrinsic 

values still need to be manually vetted, such as negative moduli, incompatible crystal types, and 

hydrogen-incorporated phases. Pitfalls outside the control of computational models exist as well, 

such as missing data sets and the lack of reproducibility from reported data and code from 

publications. While there is still significant progress to be made with these computational tools, 

machine learning practices that incorporate active learning and neural network-based architectures 

have proven their value in paving the path for best practices in the field of materials discovery. 
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