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The everlasting demands of new materials to fulfill certain functional or structural 

applications stimulate the exploration and innovation of materials science. As a brand new field in 

material development, high-entropy materials have received great amounts of research effort in 

the past decade. In the community of metallurgy, high-entropy alloys are widely reported to 

possess excellent physical and mechanical properties beyond each of their individual components. 

As ceramics counterparts to high-entropy alloys, high-entropy ceramics present another big family 
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in high-entropy materials and have attracted increased attention since their inception in 2015. Over 

the past few years, numerous amounts of high-entropy ceramics of different kinds have been 

synthesized and characterized; and various fabrication routes have been developed and analyzed. 

Despite all these achievements, high-entropy ceramics is still a fledging topic with plenty of 

opportunities and challenges. In this dissertation, bulk synthesis and densification of dual-phase 

high-entropy ultrahigh temperature ceramics and four classes of high-entropy borides of different 

structures are investigated.  

First, a new series dual-phase high-entropy boride and carbide ultrahigh temperature 

ceramics are fabricated to full density in bulk pellets. Binary borides and carbides are utilized as 

the precursors. Extra addition of graphite and prolong holdings at elevated temperatures during 

sintering facilitate the removal of intrinsic oxides. The sintered dual-phase specimens are 

demonstrated to possess tunable microstructures and properties, as well as higher hardness than 

the average of single-phase high-entropy components. Then, three classes of refractory metal high-

entropy borides, each with prototype of Ta3B4, CrB, or AlB2, are synthesized via in-situ reactive 

spark plasma sintering of ball-milled elemental powders; and all sintered specimens are close to 

fully dense without measurable oxides. W-containing high-entropy diborides from elemental 

precursors are fabricated to be single-phase, which is not alternatively achievable from binary 

boride precursors; and somewhat unexpectedly, these W-containing high-entropy diborides are 

measured to possess higher hardness, although WB2 are predicted to have lower hardness than 

other refractory metal diborides. On the other hand, high-entropy monoborides represent a 

promising series towards superhard materials, with composition (V0.2Cr0.2Nb0.2Ta0.2W0.2)B 

demonstrated to be harder than the reported superhard ternary monoboride solid solutions. The 

final part of the dissertation focuses on the rare earth high-entropy borides; and a novel class of 
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high-entropy tetraborides with UB4-typed tetragonal structure has been successfully developed. 

The homogenous elemental distributions in the sintered specimen have been verified by both 

micro-scale SEM and nano-scale TEM characterizations. These high-entropy tetraboride represent 

the first equimolar high-entropy ceramics in tetragonal structure. 

The production of these novel high-entropy materials further expands the scope of high-

entropy ceramics; and the fabrication route of reactive sintering from elemental precursors 

facilitates the synthesis of other high-entropy materials at different cation-anion ratios.  The 

successful synthesis of these new materials provides another platform for composition adjustment 

and property tailoring. 
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Chapter 1. Introduction 

1.1 High-Entropy Materials: From High-Entropy Alloys to High-entropy Ceramics  

For centuries, people have been designing and utilizing traditional materials with one or 

two primary components with small additions of secondary components. These traditional 

materials have been proved to be reliable and have fulfilled the needs of human beings in many 

aspects. Nevertheless, with the unprecedented progress in science and technology witnessed during 

the past several decades, ever increasing demands on materials at different scales behoove modern 

scientists to search for new and novel materials that can withstand further extreme environments 

without sacrificing certain structural or functional properties. Under this circumstance, a new 

generation of high-entropy materials was ushered in within the field of material design and 

fabrication. 

The first results on the high-entropy materials were introduced by the seminal reports of 

Cantor et al. [1] and Yeh et al. [2] in 2004, where crystalline multi-principal element alloys or 

high-entropy alloys (HEAs) were first fabricated and reported. Compared with the traditional 

alloys that are composed of one primary element with several doping elements of small amounts, 

these reported HEAs involves five to eight constituent elements at (close to) equimolar amounts. 

Since then, HEAs with five or more constituent elements have been extensively studied and 

expanded by researchers all over the world. Based on the critical review given by Miracle et al. 

[3], 408 unique alloy compositions drawn from 112 different alloy systems have been synthesized 

and reported by early 2015. In each of these HEAs, it usually requires a composition of five or 

more principal elements between 5 to 35 at. %, or a configurational molar entropy in the ideal solid 

solution 𝑆 > 1.61𝑅, where R is the gas constant [3, 4]; and this high entropy is believed to facilitate 

the stabilization of single-phase solid solution. 
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Compositionally, most reported HEAs fall into the following two categories: 1. 3d 

transitional metal HEAs. This category has the constituent elements of Al, Ti, V, Cr, Mn, Fe, Co, 

and Ni [3]. The seminal “Cantor alloy” [1] composed of CrMnFeCoNi with FCC structure also 

belongs to this category. Other than the prevalent austenite FCC structure, this category also 

involves duplex (FCC + BCC) and precipitation hardened CrFeNi-contained HEAs [3]. 2. 

Refractory metal HEAs. These HEAs are mainly composed of the nine refractory metals (Ti, V, 

Cr, Zr, Nb, Mo, Hf, Ta, and W) with addition of Al and Si [4]; and they usually have a single-

phase BCC structure or duplex BCC + HCP/Laves structure. Other categories of HEAs include 

low-density HEAs composed of Li, Be, Mg, Al, Si, Sc, Ti, Zn, and Sn [5], as well as rare earth 

lanthanide HEAs consist of Y, Dy, Gd, Tb, Dy, Tm, and Lu [3]; nevertheless, HEAs of these 

categories of less-extensively studied. 

One scientifically interesting aspect of high-entropy materials is that they can usually 

achieve excellent, and sometimes even unexpected, properties beyond the simple rule-of-mixture 

of each constituent [3, 4, 6], both for the functional materials (in terms of their functional properties, 

including thermal properties, electrical properties, magnetic properties, etc.) [7] and structural 

materials (regarding of their mechanical properties, involving hardness, compressive/tensile 

strengths, Young’s/shear moduli, etc.) [5]. In the same critical review by Miracle et al. [3], the 

properties of HEAs (or more generally, high-entropy materials) can be rationalized by the 

following four core effects: 1. The high entropy effect. The high configurational entropy in the 

near-equimolar high entropy materials with five or more components facilitates the stabilization 

of such solid solution structure, as the existence of phase separations and/or intermetallics would 

significantly reduce system configurational entropy. While comprehensive discussion on system 

entropy acknowledges other entropy terms from vibration, electronics and magnetics, the 
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configurational entropy is known to be dominant [8]. 2. The lattice distortion effect. Unlike pure 

materials that are composed of same atoms with uniform sizes, different atoms with distinct sizes 

induce severe lattice distortion in the crystal of high-entropy solid solutions. This intrinsic severe 

lattice distortion associated with crystalline high-entropy materials are known to increase the 

hardness [9], to reduce electrical and thermal conductivity [10], and to reduce the temperature 

dependence of such properties [10]. 3. The sluggish diffusion effect. The sluggish diffusion in 

high-entropy materials has been justified by proposed high activation energies involved and the 

difficulty in substitutional diffusion [11]. Secondary observations of the structural evolution during 

the formation of nanocrystals and amorphous phases upon cooling in HEAs, such as 

AlxCrFeCoNiCu [12, 13], AlSiCrTiMo [14], etc., further substantiate the sluggish diffusion, albeit 

the related diffusivities are difficult to measure. 4. The “Cocktail” effect. This term implies a 

synergistic effect where the result of high-entropy mixture is unpredictable and significantly 

different than the simple sum of all its constituents. This “Cocktail” effect requires no proof and 

is the consequence from unusual combinations of components and microstructures.  

While the research of HEAs keeps receiving great attentions, the research on high-entropy 

ceramics (HECs), as another big family in high-entropy materials, also attracts a lot of efforts. The 

first bulk entropy-stabilized ceramics (Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O synthesized by Rost et al. [15] 

in 2015, as well as the successive (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)1-x-yGayAxO (where A = Li, Na, or K) 

with colossal dielectric constants and room temperature lithium superionic conductivity [16, 17] 

in 2016, remarked the inception of HECs. Since then, researchers have reported numerous amounts 

of HECs in bulk form, at the same time demonstrating the unique functions and applications of 

HECs involving lithium-ion batteries, supercapacitors, thermochemical water splitting, and 

thermal & environmental protection [6]. Among them, high-entropy rocksalt oxides [15], fluorite 
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oxides [18], pervoskite oxides [19], diborides [20], carbides [21-24], nitrides [25], silicides [26, 

27], and sulfides [28] are the major categories. Recently, more generalized class of 

compositionally-complex ceramics involving medium-entropy and/or non-equimolar 

compositions [29-31], as counterparts to compositionally-complex alloys, have also been 

developed and investigated. Meanwhile, with earliest publication on (AlTiCrZrTa)N [32] dated 

back in 2006, thin-film HEC materials have also demonstrated irreplaceable properties in the 

applications of wear-resistant and corrosion/oxidation-resistant coatings, microelectronics 

diffusion barriers, electronics ceramics, spintronics antiferromagnetic layers, thermal insulators, 

and biocompatible coatings [6].  

Among all the bulk HECs synthesized, Gild et al. [20] successfully synthesized single-

phase (Ti0.2Zr0.2Nb0.2Hf0.2Ta0.2)B2 and five other high-entropy borides (HEBs) of hexagonal AlB2 

metal diboride structure in 2016, which is the first series of high-entropy ultrahigh temperature 

ceramics (UHTCs) made in bulk form. Inspired by this study, more HEB fabrication routes, 

including boro/carbothermal reduction of metal oxides [33-35] and reactive sintering of elemental 

precursors[36, 37], have been developed by researchers in recent years. 

The past decade witnessed the ever-expanding field of high-entropy materials, both in the 

family of HEAs and HECs; and they will keep playing important roles in science and technology 

for decades to come. This behooves us to further explore and develop new HEAs and HECs to 

fulfill the increasing demands on materials of all kinds in this modern age. 

1.2 Ultrahigh Temperature Ceramics: Needs for Extreme Environments 

Throughout years, researchers have been working on UHTCs with the motivation of 

searching for materials that can withstand extreme environment to fulfill the everlasting needs in 

the applications of hypersonic aviation, nuclear reaction, composite armor, etc. [38-41]. These 



5 
 

extreme environments usually involve ultrahigh temperature, chemical reactivity, mechanical 

stress, and radiation; so that it requires promising UHTC materials to exhibit high melting point, 

high hardness, good oxidation/corrosion resistance, etc. In the traditional family of UHTCs, 

transitional metal diborides (e.g., ZrB2, HfB2, and TaB2) and carbides (e.g., ZrC, HfC, and TaC) 

are among the most robust UHTC materials due to their high melting temperatures and functional 

properties indicated above [23, 42, 43]. Nevertheless, extensive studies have already demonstrated 

that none of these single-phase diborides or carbides can conclusively satisfy the whole scope of 

demanding requirements [43, 44]. For example, transitional diborides generally performs better 

against oxidation and decomposition at intermediate temperatures, while carbides usually have 

merits of higher melting points.  

In the meanwhile, dual-phase (or multiple-phase) UHTCs are also widely studied to 

achieve a good combination of mechanical property and corrosion/oxidation resistance from the 

constituting phases. Among them are ZrB2-based or HfB2-based UHTCs doping with SiC, WC, 

and B4C to achieve prominent high temperature mechanical property and supreme hardness [44-

47]. For a more specific area of diboride-carbide dual-phase UHTCs, these materials enjoy unique 

properties inherited from their intertwining phase matrices and complex covalent, metallic, and 

ionic bonds from diboride and carbide; thus, they intrinsically have high melting points, good 

electronic conductivities, high flexural strength and hardness, and good wear resistance [48-50]. 

Nevertheless, the application of this kind of UHTCs has been largely limited due to its difficulty 

to process; and much of the research effort has been only invested on processing and synthesizing 

procedures [50-54], such as two-step sintering [54], spark plasma sintering [53], and carbothermal 

reduction [51] for its fabrications. 
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It is obvious that traditional pure binary or multiple-phase UHTCs of any kind cannot 

satisfy all the demands in the leading edges with extreme environments; and more UHTC materials 

of different designs and microstructures are highly desired. 

1.3 Borides: A Family with Various Crystallographic Structures 

For decades of study, researchers in crystal chemistry have discovered and identified a 

wide variety of boride structures. In 2017, Akopov et al. [55] gave an extensive review on boron 

compounds and indicated that there are as many as 1253 entries in the Inorganic Crystal Structure 

Database for binary borides alone, not to mention those ternary or quaternary borides with higher 

structural complexities. Just for binary borides, the structures can expand from the metal-rich end 

of M23B6, M3B, or M2B, to the boron-rich end of MB50, MB66, or MB100 (with M represents the 

metal elements). Albeit these distinctive stoichiometry numbers and crystal structures, authors in 

the review categorize the binary borides into the following structural types based on the boron 

atom interactions: 1. Borides with isolated or paired boron atoms. These borides are highly metal-

rich; and the boron atoms are largely isolated or separated into pairs due to the huge amounts of 

surrounding metal atoms. From another aspect, these borides can be viewed as solutions of isolated 

or paired boron in the metallic structures. 2. Borides with ordinary chains of boron atoms. With 

increasing content of boron, boron atoms start to form zigzag single boron chains. Monoborides 

with prototypes of CrB, FeB, and α-MoB fall into this category. 3. Borides with double chains of 

boron atoms. Borides with prototypes of Ta3B4 and V5B6 are in this group. In this structure, boron 

chains start to encapsulate the metal atoms and form double-chain structure; these double chains 

can be considered as primitive elements for the hexagonal layered structure of higher boron-

content compounds with AlB2 structure. 4. Borides with network of boron atoms. This is the most 

pervasive structural type of binary borides including the UHTCs of refractory metal diborides with 
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AlB2 structure (e.g., TiB2, ZrB2, and TaB2). At this boron content level, zigzag boron chains form 

2D networks (or 3D networks with puckers); and these networks alternate with metal atoms 

forming a layered structure. 5. Borides with a skeleton/backbone of boron atoms. This category 

involves borides of prototypes with intermediate boron-content as UB4, CaB6, up to UB12. The 

interaction of boron atoms determines the 3D structure and the size of the unit cell; and metal 

atoms are filling the voids in the backbone structure formed by boron atoms. Other borides on the 

boron-rich end fall into the last category of boride with boron icosahedra (B12) units (e.g. YB66) or 

solid solution of transitional metals in β-rhombohedral boron. 

Besides the study on crystallography, another important aspect of borides comes from the 

high hardness. Due to the existence of zigzag boron chains and 2D boron networks, boride 

materials usually result in extended 3D network of covalent bonds; this gives borides a unique 

property in material hardness. ReB2 [56] and WB4 [57] are among the well-known superhard 

binary borides; and solid solutions of monoborides [58], diborides [59], and dodecaborides  [60] 

have also been demonstrated to be superhard. Moreover, Y- and/or Re-containing ternary borides 

are also fabricated to be superhard materials [61]. 

1.4 Objective and Overview 

The objective of this dissertation is to expand the state-of-the-art high-entropy material 

families by design, synthesis and characterization of new HECs with different structures and/or 

phase compositions. Particularly, the development of novel synthesis route which leads to fully-

dense high-entropy UHTCs in bulk form, and the application of in-situ reactive sintering for 

synthesizing HEBs of various structures are of the major significance. Furthermore, fabrication 

and characterization of high-entropy diborides and monoborides of high hardness compose another 

contribution.  
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In Chapter 2, a series of bulk dual-phase high-entropy diboride and carbide UHTCs are 

fabricated from N binary diborides and (5-N) binary carbides with >99% relative densities. The 

fabrication route involves addition of small amount of graphite and extended holding at ~1400 ℃ 

and ~1600 ℃, to facilitate the removal of native oxides. The synthesized dual-phase UHTCs 

demonstrate tunable Vickers hardness, Young’s and shear moduli, and thermal conductivity, 

providing another platform for property tailoring. 

In Chapter 3, a new series of W-containing HEBs (diborides) are synthesized via in-situ 

metal-boron reactive sintering from elemental precursors. Unlike fabrication route started from 

binary borides that ends up in secondary W-rich phases, this reactive sintering generates HEBs of 

homogenous single phase. Another scientifically interesting finding suggests unexpected hardness 

increase for HEBs containing W. 

In Chapter 4, high-entropy monoborides (of CrB prototype) with five refractory metal 

cations are prepared. Stichometry amounts of elemental precursors were utilized in the study for 

in-situ reactive sintering, which leads to single-phase monoboride structure. These high-entropy 

monoborides are measured to possess excellent Vickers hardness, making another group of good 

candidates for superhard materials. 

In Chapter 5, refractory metal high-entropy M3B4 borides of Ta3B4 prototype have been 

synthesized. The successful fabrication on HEBs of this less-studied structure further manifest the 

usefulness of in-situ metal-boron reactive sintering and expand the family of HECs with different 

structures reported to date. 

In Chapter 6, high-entropy rare earth tetraborides of the tetragonal UB4 structure are 

synthesized. This is a second class of rare earth HEBs and the first rare earth HEBs synthesized to 
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fully dense in bulk form. Notably, sintered (Y0.2Nd0.2Sm0.2Gd0.2Tb0.2)B4 specimen is the first 

equimolar single-phase tetragonal HEC without any measurable oxides or secondary phases. 
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Chapter 2. Dual-Phase High-Entropy Ultrahigh Temperature Ceramics 

2.1 Introduction 

The introduction of high-entropy alloys (HEAs) by Cantor et al. [1] and Yeh et al. [2] in 

2004 has attracted significant research interest in the physical metallurgy community. HEAs can 

be considered as a subset of compositionally complex alloys (CCAs) or multi-principal element 

alloys (MPEAs) [3]. Specifically, a HEA typically has five or more constituent elements of equal 

or nearly-equal molar fractions with greater than ~1.6R/mol configuration entropy, where R is the 

gas constant [3-5]. It is argued that a large configuration entropy (the so-called ‘high-entropy’ 

effect) can help to stabilize the solid solution phase against the formation of intermetallic 

compounds, and HEAs may also exhibit severe lattice distortion, sluggish diffusion, and ‘cocktail’ 

effects, but some of these core effects are in debate [3, 6]. HEAs exhibit a few general traits, such 

as low stacking fault energies, high thermal stability, good corrosion resistance, and improved 

radiation tolerance [3-5, 7-9]. It is also easier to design trade-offs of different properties in HEAs 

due to the availability of compositional spaces. While most early work was focused on single-

phase HEAs, more recent studies have begun to investigate dual-phase and multi-phase HEAs [3-

5, 10-16]. Notably, dual-phase (FCC + BCC or HCP) metallic HEAs have been explored 

extensively due to their superior and tunable mechanical properties [3-5, 10-14]. In this study, we 

explore dual-phase high-entropy ceramics to further extend the families of compositionally-

complex ceramics  [17]. 

On the one hand, researchers have reported the fabrication of numerous high-entropy 

ceramics in bulk form in the last four years, including rocksalt [18], perovskite [19], and fluorite 

[20] oxides, borides [21], carbides [22-25], silicides [26, 27] and nitrides [28] (while high-entropy 

nitride and carbide thin films and coatings were also reported previously [29-31]). Most recently, 
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Luo and co-workers propose to further broaden HECs to compositionally-complex ceramics 

(CCCs) [17, 32, 33]. See a recent review and perspective for related discussion [17].  

In 2016, Gild et al. [21] reported the synthesis of  (Ti0.2Zr0.2Nb0.2Hf0.2Ta0.2)B2 and five 

other single-phase high-entropy borides (HEBs) of hexagonal AlB2 metal diboride structure, 

representing the first high-entropy ultrahigh temperature ceramics (HE-UHTCs) made in bulk 

form. Since then, HEBs [21, 34-36] and high-entropy carbides (HECs) [22-25, 37] such as 

(Ti0.2Zr0.2Nb0.2Hf0.2Ta0.2)C with the rocksalt (B1) structure have been fabricated and studied 

extensively. In a recent study, HEB and HEC were fabricated (separately) via a reactive flash spark 

plasma sintering (reaFSPS) from mixtures of five commercial powders [34]; notably, single-phase 

HEB formed in 2 mins in reaFSPS (via “flash sintering” with a large current flowing through the 

specimen) and ~99% density was achieved with minimal oxides after using minor carbon additive 

[34]. This motivated us to adopt a small amount of carbon additive as a reducing agent and 

sintering aid to achieve high densities, but via a different (new) processing route, to fabricate a 

new class of dual-phase high-entropy UHTCs (DPHE-UHTCs) in this study.  

In addition, researchers have been working on UHTCs to search for materials that can 

withstand extreme environments for potential applications in leading edges for hypersonic 

vehicles, nuclear reactors, armors, etc. [38-41]. Within the family of UHTCs, transition metal 

diborides (e.g., ZrB2, HfB2, and TaB2) and carbides (e.g., ZrC, HfC, and TaC) are the most 

promising materials owing to their high melting temperatures and other outstanding properties [25, 

42, 43]. Yet, none of these single-phase metal diborides and carbides can satisfy the whole gamut 

of demanding requirements [43, 44]. Moreover, dual-phase (or multi-phase) UHTCs are often used 

to achieve desired mechanical and oxidation resistant properties. Some common examples of this 

are ZrB2-based or HfB2-based UHTCs with secondary SiC, WC, and/or B4C phase(s) to achieve 
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superior mechanical properties and oxidation resistance [44-47]. In addition, boride-carbide dual-

phase UHTCs, e.g., TiB2-TiC, ZrB2-ZrC, and NbB2-NbC, have been made by two-step sintering 

[48], spark plasma sintering (SPS) [49], and carbothermal reduction [50], which exhibit high 

melting/eutectic temperatures, good electronic conductivities, high flexural strength and hardness, 

and good wear resistance [51-53]. Dual-phase UHTCs also allow more tunable properties and 

more room for microstructural engineering. Yet, dual-phase high-entropy UHTCs (DPHE-

UHTCs) have not been investigated to date.  

In this work, we have fabricated the first HEB-HEC DPHE-UHTCs. Moreover, we have 

devised a novel synthesis and processing route to use 𝑁 individual borides and (5 − 𝑁) carbides 

(each with different metals) as the start powders, along with 1 wt. % carbon additive as the 

sintering aid and reducing agent, to form two high-entropy phases (i.e., HEB and HEC in a 

chemical equilibrium each other) via “reactive” SPS and achieved >98.5% of the theoretical 

densities (with the lowest measured relative density being ~98.8%) with virtually no native oxide 

contamination. This study further discovered a thermodynamic relation that governs the 

compositions of the HEB and HEC phases in equilibrium in DPHE-UHTCs. This new class of 

dual-phase high-entropy UHTCs exhibit several interesting properties, tunable by phase fraction. 

In a broader context, this study suggests dual-phase high-entropy ceramics or DPHECs as a new 

platform to tailor various properties via changing the phase fraction and microstructure. 

2.2 Experimental 

2.2.1 Synthesis and Sintering 

Commercial powders of TiB2, TiC, ZrB2, ZrC, NbB2, NbC, HfB2, HfC, TaC (99.5% purity, 

~325 mesh, purchased from Alfa Aesar, MA, USA), and TaB2 (99% purity, ~45 μm, purchased 

from Goodfellow, PA, USA) were used as the start powders for synthesizing the dual-phase high-
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entropy UHTCs. For each specimen listed in Table 2.1, appropriate amounts of five powders (𝑁 

boride powders and (5 − 𝑁) carbide powders as shown in Table 2.1, where N = 0, 1, 2, 3, 4 and 

5, with the stoichiometry being calculated on the metal basis), were weighted out in batches of 10 

g with 0.1 g (or ~1wt. %) of graphite (99.9% purity, 0.4-1.2 μm, purchased from US Nano, TX, 

USA) being added to the systems. The powders were hand mixed, and subsequently high energy 

ball milled (HEBM) in a Spex 8000D mill (SpexCertPrep, NJ, USA) in tungsten carbide lined 

stainless steel jars and 11.2 mm tungsten carbide milling media, at weight ratio between powder 

and milling media ~1:2.3, for 100 min with 0.1 g stearic acid as lubricant. The HEBM was 

performed in an argon atmosphere (O2 < 10 ppm) with 50-min milling segments and 10-min cool-

off periods to prevent overheating and oxidation.  

The milled powders were loaded into 20-mm graphite dies lined with graphite foils in 

batches of 8 g, and subsequently consolidated into dense pellets via spark plasma sintering (SPS) 

in vacuum (10-2 Torr) using a Thermal Technologies 3000 series SPS (Thermal Technologies, CA, 

USA). During SPS, the powders were first held at 1400 C, and then at 1600 C, respectively, for 

80 min each to allow out-gassing as well as reduction of native oxides with the carbon additive, 

with minimal uniaxial load of 5 MPa at a heating rate of 100 C /min. After that, the temperature 

was raised to 2200 C at a slower rate of 30 C /min and held at 2200 C isothermally for 20 min 

for densification; at the same time, the uniaxial load was increased to and held at 80 MPa on a rate 

of 5 MPa/min.  

After sintering, all specimens were cooled in the SPS machine to room temperature within 

10-15 min. The final sintered pellets were measured to be approximately 3-4 mm in thickness. 

After grinding and polishing the surfaces, the densities were measured via the Archimedes method 

with an accuracy of ± 0.01 g/cm3.  
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Specimens of six different compositions were fabricated in this study. The specific 

conditions, including the starting powders and measured compositions for each specimen, are 

shown in Table 2.1. The specimens are called HEB, 8B2C, 6B4C, 4B6C, 2B8C and HEC, 

respectively, in this article, to represent the nominal HEB:HEC molar ratios of 100%-0%, 80%-

20%, 60%-40%, 40%-60%, 20%-80% and 0%-100%, respectively. However, these are only the 

targeted nominal ratios and the actual measured compositions are also given in Table 2.1. The 

differences, when present, stem from the non-equal partition of metals in carbides and borides, as 

well as the introduction of a small amount of W from WC ball mill media. 

2.2.2 Characterization 

X-ray diffraction (XRD) was conducted on a Rigaku Miniflex diffractometer with Cu Kα 

radiation at 30 kV and 15 mA over a 2θ range of 20°-80° using 0.02° steps.  

Scanning electron microscopy (SEM), electron dispersive X-ray spectroscopy (EDS), and 

electron backscatter diffraction (EBSD) analyses were conducted on a FEI Apreo microscope 

equipped with an Oxford N-MaxN EDX detector and an Oxford Symmetry EBSD detector at an 

acceleration voltage of 5 kV, 30 kV, and 20 kV, respectively. 

2.2.3 Measurements of Hardness and Moduli 

Microhardness measurements were performed on all specimens with a Vickers diamond 

indenter at specified loading force of 1 kgf (9.8 N) or 200 gf (1.96 N) with a hold time of 15 

seconds following the ASTM standard C1327. The size of the indentations was within the range 

of 25-30 and 10-15 μm for loading forces 9.8 and 1.96 N, respectively. Multiple measurements 

were performed at different locations on each specimen.  

Moduli measurements were conducted with a Tektronix TDS 420A digital oscilloscope at 

20 MHz for a longitudinal ultrasonic wave, and at 5 MHz for a transverse ultrasonic wave, 
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following the ASTM standard E494-15. The longitudinal wave and transverse wave had average 

velocities in the range of 7000-9000 m/s and 4000-6000 m/s, respectively, in all specimens. 

Multiple measurements were carried out at different locations on each specimen to calculate the 

means and standard deviations. 

2.2.4 Thermal Conductivity Measurements 

Thermal conductivities were determined using the optical pump-probe technique steady-

state thermoreflectance (SSTR), of which details can be found in Ref. [54]. A 532 nm continuous 

wavelength (CW) pump laser was used to induce steady-state temperature rise in the sample. A 

probe beam from 786 nm CW diode probe laser was used to detect the resulting reflectance change. 

SSTR uses Fourier’s law to determine thermal conductivity by changing the pump power and 

monitoring the corresponding temperature rise [55, 56]. Before measurements, a thin Al layer (87 

± 4 nm, determined by picosecond acoustics [57]) was deposited on the sample surface by electron 

beam evaporation to act as an optical transducer. The pump and probe laser 1/e2 diameters were 

nearly equal, about 20 μm. SSTR measurements are nearly insensitive to transducer properties and 

heat capacity of the samples [54]. 

SSTR measurements require accurate determination of a proportionality constant ϒ, that 

relates the temperature change predicted via the thermal modeling to the measured change in 

surface reflectivity; thus, ϒ is related to the thermoreflectance coefficient and conversion factor 

between reflectance change and photodetector voltage change. ϒ is determined from a calibration 

sample and used in thermal conductivity measurements under the assumption that it remains 

constant between the sample and calibration. Sapphire was used as the calibration and the resultant 

ϒ value was used to determine the thermal conductivity of Si and z-cut quartz; all values were 

found to be in good agreement with literature [54, 58, 59]. This ϒ value was then used to determine 
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the thermal conductivity of single-phase HEB and HEC, and dual-phase high-entropy UHTCs. As 

the surface roughness of the samples were slightly higher compared with the sapphire calibration, 

the uncertainty in determination of ϒ value was ~10%. 

2.3 Results 

2.3.1 Dual-Phase Microstructure 

SEM micrographs from backscattered electrons for all sintered specimens are illustrated in 

Fig. 2.1. All HEB-HEC DPHE-UHTCs demonstrate distinctive dual-phase microstructures in Fig. 

2.1(b)-(e), where the lower-density HEB phases show a darker contrast while the higher-density 

HEC phases exhibit a brighter contrast. HEB and HEC phases are indicated by arrows in Fig. 2.2(a) 

at a higher magnification. Not surprisingly, the area fraction of the dark HEB phase decreases, 

while that of the HEC phase increases, monotonously from 8B2C to 2B8C.  

A small amount (<1-1.5 vol. %) of very dark spots can be observed in Fig. 2.1, which were 

identified as either pores or remaining graphite additive. Both have similar (very dark) contrasts 

at low magnifications. They are only distinguishable at high magnifications as shown in Fig. 

2.2(b), where the surface morphology/features inside the pores can be observed by SEM. 

To further quantify the volumetric ratios of the HEB and HEC phases in these DPHE-

UHTCs, digital image processing was conducted on low-magnification (100) SEM micrographs 

for all dual-phase specimens; specific detail of this procedure is given in Fig. 2.14. The measured 

volumetric percentages of HEB and HEC phases are plotted in Fig. 2.3 and listed in Table 2.1. 

Each volumetric percentage was computed from multiple SEM micrographs at different locations 

of each specimen; the measured values were averaged and rounded to the closest integer. The 

measured HEB (and HEC) vol. % and mol. % are normalized to the total HEB + HEC amount 

(excluding a total amount of <1.5 vol. % of the pores and remaining graphite that is infeasible to 
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quantify exactly). The notation of 8B2C, 6B4C, 4B6C, and 2B8C are the nominal compositions 

of the specimens; figures are all plotted based on the measured mol. % of the HEC (carbide) phase. 

2.3.2 Formation of High-Entropy Boride and Carbide Phases 

XRD analyses were carried out for all specimens to determine the HEB and HEC phase 

structures and confirm the phase purity. Fig. 2.4 shows the XRD patterns of all specimens after 

HEBM and after SPS, respectively. After HEBM, multiple distinct hexagonal and cubic phases 

are detected (Fig. 2.4(a)), which shows that the high-entropy solid solution phases did not yet form 

before the SPS. The XRD peak broadening observed in Fig. 2.4(a) can be attributed to particle and 

grain size reduction and mechanical alloying from the HEBM. After SPS, all observed peaks can 

be attributed to one hexagonal AlB2 phase and one cubic rocksalt phase, which corresponds to the 

HEB phase and HEC phase, respectively. The variations in the relative XRD intensities from 8B2C 

to 2B8C are consistent with changes in the HEB vs. HEC phase fractions, which are evident in, 

and quantified based on, SEM micrographs. The lattice parameters for each individual phase were 

calculated and are listed in Table 2.1. 

Specimen HEC with five carbide precursors shows a single rocksalt phase in its XRD 

pattern. Specimen HEB with five boride precursors shows a dominant single hexagonal AlB2 

phase, albeit a small amount of secondary carbide phase, which presumably formed from the 

addition of 1 wt. % graphite (to reduce/remove native oxides and promote sintering). This 

secondary carbide phase in Specimen HEB can also be seen in the SEM micrograph, which are 

the bright spots in Fig. 2.1(a). A point EDS analysis (Fig. 2.19) showed that it is a high-entropy 

carbide or HEC phase akin to those found in dual-phase 8B2C to 2B8C specimens (instead of WC 

debris particles from ball mill media). It appears that this minor carbide (HEC) phase (of only ~1.5 

vol. %) is in a chemical equilibrium with the primary HEB phase, and its measured composition 
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(Fig. 2.19) follows the same thermodynamic relationship for the HEB-HEC DPHE-UHTCs 

discussed subsequently. 

2.3.3 Compositions of High-Entropy Phases 

EDS elemental analysis was conducted separately on each of the two phases. The metal 

atomic percentages of Ti, Zr, Nb, Hf, and Ta in the HEB and HEC phases were measured, and the 

results are illustrated in Fig. 2.5(a) and 2.5(b), respectively. In the HEB phase, the Ti composition 

increases monotonously from ~25% in 8B2C to 40% in 2B8C, the Zr and Nb compositions remain 

roughly constant at ~19%, and Hf (and Ta) compositions decrease continuously from 18% to 12% 

(and from 15% to 7%), with the increasing HEC fraction. Here, all percentages are at. % on the 

metal basis (excluding B or C), unless otherwise noted. In the HEC phase, the Ti composition 

increases monotonously from 10% to 17%, the Zr and Nb compositions fluctuate at ~16%, and the 

Hf (and Ta) compositions decreases from 25% to 21% (and from 33% to 24%), with the increasing 

HEC fraction (from 8B2C to 2B8C). On the other hand, all five cations (Ti, Zr, Nb, Hf, and Ta) 

have a similar composition of ~18-20% as expected in single-phase HEB and HEC specimens. 

Here, means and standard deviations were calculated from multiple measurements at different 

locations on the specimens. Because of the peak overlapping of Zr and Nb, Hf and Ta in EDS 

spectra, atomic percentages of these cations possess larger uncertainties.  

Furthermore, 1-6% of W, from the WC milling jar and media, is present in both the HEB 

and HEC phases of all specimens. The W compositions are also plotted accordingly in Fig. 2.5(a) 

and 2.5(b). The measured compositions of both HEC and HEB phases for all specimens are 

summarized in Table 2.1. 

2.3.4 Compositional Homogeneity 
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To verify the compositional homogeneity of the HEB and HEC phases, EDS elemental 

mapping was conducted at a micrometer-scale for all specimens and the results are shown in Fig. 

2.6. In the single-phase HEB and HEC specimens, all elements are uniformly distributed. Four of 

the DPHE-UHTCs, Fig. 2.6(b)-(e) show different concentrations in the individual HEB and HEC 

phases. Consistent with the quantitative compositional analysis discussed above, Ti, Zr and Nb are 

enriched in the HEB phases, while Hf and Ta are enriched in the HEC phases. Notably, the 

composition is highly uniform within each of the two (HEB and HEC) phases, which suggests the 

formation of homogeneous high-entropy boride and carbide solid solutions. The W maps were 

also collected but are not shown here, because the signals are barely above the background noises 

due to the low concentrations. 

2.3.5 Densities 

Based on the compositions measured from EDS and the lattice parameters obtained from 

XRD, theoretical density for each HEB or HEC phase was calculated. With the HEB and HEC 

volumetric percentage hitherto attained by digital image processing, the theoretical densities of all 

specimens were further determined. Using the experimental densities measured via Archimedes 

method, the relative densities of all sintered specimens were determined to be between ~98.8% 

and 100%. Specifically, Specimen 2B8C has the lowest measured relative density of ~98.8%, and 

all other specimens are >99% dense. This observation is consistent with results from digital image 

processing, where the total combination of pores and graphite regions with dark contrasts were 

measured to be less than 1.5 vol. % in all cases. The measured actual and relative densities for all 

specimens are given in Table 2.1. 

2.3.6 Grain Size and Microstructure 
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EBSD was utilized to measure the grain size distribution and examine the possible texture 

of all sintered specimens. For the DPHE-UHTCs, EBSD was conducted independently on the HEB 

and HEC phases. The EBSD maps and grain size distributions for each phase are shown in Fig. 

2.7. As shown in Fig. 2.7(a1), 2.7(b1), 2.7(c1), and 2.7(d1), the average grain size for the boride 

(HEB) phase decreases from 8.2 μm in 8B2C to 4.2 μm in 2B8C with decreasing HEB phase 

fraction. At the same time, the average grain size of carbide (HEC) phase increases from 4.9 μm 

to 11.4 μm with the increasing HEC phase fraction, as shown in Fig. 2.7(a2), 2.7(b2), 2.7(c2), and 

2.7(d2).  

The EBSD maps and grain size distributions for the single-phase HEB and HEC specimens 

are displayed in Fig. 2.8. The averaged grain size of the single-phase HEB specimen was measured 

to be 15.0 μm, while that of single-phase HEC specimen was measured to be 12.1 μm. Both are 

greater than the averaged grain sizes of their counterparts in DPHE-UHTCs.  

At the same time, EBSD maps revealed no significant texture for any of the specimens.  

The inverse pole figures of crystal preferred orientation for dual-phase (8B2C, 6B4C, 4B6C, and 

2B8C) and single-phase (HEB and HEC) UHTCs can be found in Fig. 2.15 and Fig. 2.16, 

respectively.  

The grains of both the HEB and HEC phases are largely equiaxed for all six specimens. 

The grain aspect ratios on each of the boride and carbide phases for all these UHTCs are displayed 

in Fig. 2.17. 

2.3.7 Vickers Microhardness 

Fig. 2.9 illustrates the measured Vickers microhardness for the sintered specimens at indent 

loading force of 9.8 N. The Vickers microhardness of the single-phase HEB was measured to be 

19.4 ± 1.3 GPa, and that of the HEC was determined to be 25.3 ± 1.4 GPa. All DPHE-UHTCs 
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have the measured Vickers hardness values in between these single-phase specimens. The hardness 

increases substantially from single-phase HEB to 8B2C, and subsequently increases somewhat 

linearly, but more moderately, with the increasing HEC phase fraction. Meanwhile, measured 

Vickers microhardness at a different indent loading force of 1.96 N is illustrated in Fig. 2.18. A 

similar trend of microhardness change from HEB to HEC is also observed at this loading force 

with slightly higher (by 0.8-1.5 GPa) measured hardness values for all specimens. 

2.3.8 Moduli 

Young’s modulus of elasticity (E) and shear modulus (G) for all sintered specimens were 

measured and are shown in Fig. 2.10(a) and 2.10(b), respectively. The measured Young’s modulus 

decreases monotonously from 524.6 ± 6.9 GPa for the single-phase HEB to 462.4 ± 4.0 GPa for 

the single-phase HEC specimen. The measured moduli for DPHE-UHTCs are in between those of 

HEB and HEC. The measured shear modulus also decreases monotonously from 232.2 ± 4.6 GPa 

for the single-phase HEB to 193.0 ± 3.6 GPa for the single-phase HEC specimen. The measured 

shear moduli for DPHE-UHTCs follows a more linear relation. 

2.3.9 Thermal Conductivity 

Fig. 2.11 displays the measured thermal conductivity of all specimens. The thermal 

conductivity decreases from ~26 Wm-1K-1 (for HEB, 8B2C, and 6B4C) to ~17 Wm-1K-1 (for 4B6C 

and 2B8C), and then further to ~13 Wm-1K-1 (for HEC); it generally follows a trend of monotonous 

decrease (with rather large error bars) with most substantial (step-wise) reduction observed 

between 6B4C and 4B6C. 

2.4 Discussion 

2.4.1 A New and Novel Processing Route 
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In the current processing, each metal was only present in either boride or carbide form (but 

not both) in the initial mixture of five powders of binary carbides or borides (see Table 2.1 for the 

specific start mixtures of powders for each case). Subsequently, the cations will be partitioned to 

both the HEB and HEC phases after SPS in the final specimens, presumably in a chemical 

equilibrium with one another. Thus, this process may be considered as a “reactive SPS” since it 

involves a chemical reaction, albeit it is not a reactive sintering directly from metal and B/C 

elements. We should note that sintering methods involving alternative chemical reactions (e.g. 

boro-carbothermal reduction of metal oxides) may also be regarded as “reactive sintering” [60, 

61]. 

In addition to adding minor graphite, a strategy to minimize the native oxides is to adopt 

carbides of the metals that are more prone to oxidations, e.g., ZrC and HfC (instead of ZrB2 and 

HfB2 that typically have more native oxides in the initial commercial powders), as the starting 

powders, whenever possible.  

A key achievement of the current work is the new and novel processing route to attain great 

than ~98.8% relative densities with virtually no native oxides and minimum impurity phase. This 

has been achieved via utilizing 1 wt. % graphite as the reducing agent and sintering aids, along 

with further optimization of processing (e.g., incorporating a two-step prolonged pre-heating 

stages at 1400C and 1600C) to allow reduction and out-gassing. On top of that, holding the 

specimen at 2200C for 20 mins at 80 MPa also facilitates the densification process.  

The total amount of porosity plus impurity phases (mostly remaining graphite and possibly 

B4C) in the final sintered specimens is less than 1.5 vol. % for all specimens, as confirmed 

independently by digital image processing. This novel processing itself is an advancement from 

the state of the art of sintering high-entropy UHTCs, particularly in comparison with prior studies 
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of fabricating HEBs from commercial powders [21]. In the past, high-density HEBs had to be 

made by synthesized high-entropy powders [62, 63] or via special method of reaFSPS [34].  

It has been widely accepted that existence of native oxides would hinder densification in 

both boride and carbide systems [48, 64, 65]. In our study, 1 wt. % graphite was added as an in 

situ reducing agent and powder processing was conducted in an argon atmosphere. Extra carbon 

in the specimens can help to keep a local reducing environment during both HEBM and SPS. 

Moreover, pellets were held at 1400C and 1600C for longer periods of time before the final 

densification. Annealing at 1400C in vacuum promotes removal of intrinsic metal oxides and 

B2O3 with the assistance of extra graphite [48]. Holding at 1600C, together with a low ramping 

rate of 30 C /min during densification, can facilitate pore elimination before rapid grain growth 

[66]. The combination of these strategies in this new procedure helped us to achieve the high 

relative densities (with the lowest measured relative density of ~98.8%, and >99% in all but this 

one cases) with virtually no native oxides observed in the final specimens. This has not been 

achieved previously for HEBs made from commercial powders via normal HEBM and SPS. 

We note that W contamination from WC balling media is an inevitable issue with the 

current processing route. In the current experiments, the overall measured W percentages are 

consistent across all specimens in the range of 3.0% to 5.0%. In general, the levels of W 

contamination can depend on the processing conditions and change as the WC media progressively 

worn. Thus, careful measurements of the actual compositions in the final specimens should be 

conducted to calibrate the nominal compositions, and the analysis should be based on the actual 

measured/calibrated (instead of nominal) compositions.  

2.4.2 High-Entropy Boride-Carbide DPHE-UHTCs 
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Combining the HEB and HEC phase percentages measured from the digital image 

processing, the lattice parameters measured from XRD, and compositions of each phase measured 

from EDS, the molar fractions of HEB and HEC phases were also calculated. The actual molar 

phase percentages and compositions were determined for all specimens, as: 

• HEB: 98% (Ti0.22Zr0.19Nb0.18Hf0.19Ta0.19W0.03)B2 + a minor carbide phase 

• 8B2C: 76% (Ti0.25Zr0.19Nb0.20Hf0.18Ta0.15W0.03)B2 + 24% (Ti0.10Zr0.13Nb0.14Hf0.25Ta0.33W0.05)C; 

• 6B4C: 55% (Ti0.30Zr0.21Nb0.19Hf0.16Ta0.10W0.04)B2 + 45% (Ti0.12Zr0.16Nb0.16Hf0.23Ta0.29W0.04)C;  

• 4B6C: 35% (Ti0.35Zr0.19Nb0.20Hf0.15Ta0.08W0.03)B2 + 65% (Ti0.13Zr0.17Nb0.18Hf0.22Ta0.24W0.06)C; 

• 2B8C: 17% (Ti0.40Zr0.20Nb0.20Hf0.12Ta0.07W0.01)B2 + 83% (Ti0.17Zr0.17Nb0.17Hf0.21Ta0.24W0.04)C; and 

• HEC: (Ti0.20Zr0.21Nb0.21Hf0.18Ta0.17W0.03)C, respectively.  

The results above are summarized and tabulated in Table 2.1. Noticeably, all high-entropy 

dual-phase UHTC specimens contain higher molar percentages (3-5%) of the carbide (HEC) phase 

than the nominal fractions. These discrepancies stem from several causes: (1) the addition 1 wt. % 

of graphite initially as a reducing agent and sintering aid, (2) the contamination from WC milling 

jar and media, and (3) the evaporation of B2O3 [48] during sintering. For the same reason, a minor 

carbide phase of ~1.5 vol. % is observed in the (nominally) HEB specimen. As we have discussed 

earlier, this minor carbide phase is also a HEC phase in a chemical equilibrium with the primary 

HEB phase, with its composition being governed by the same thermodynamic relationship (Fig. 

2.19). The mol. % of the boride phase is estimated from the measured volumetric percentage and 

the cation ratios in HEB vs. HEC phase derived in the next section (since it is difficult to accurately 

measure the composition of the minor carbide phase); the error should be negligibly small (well 

below the 1% round-off error), given the small volumetric fraction of the secondary carbide phase. 

It should also be pointed out that the carbon vacancies commonly observed in transition metal 
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carbides [67] (also noted as MC1-x, where M is the metal atom) shouldn’t be significant in all HEC 

phases above due to excess carbon in the systems from extra 1 wt.% graphite addition. 

The non-equimolar partitions of the metal cations between the HEC and HEB phases also 

results in the deviation of the nominal and actual phase fractions. As shown in Fig. 2.5(a) and 

2.5(b), the phase compositions of the HEB and HEC phases can vary significantly in the four dual-

phase high-entropy UHTCs, and they depend on the phase fraction, although there are roughly 

equal molar amounts of each metal cations overall (i.e., 20% each to start with, albeit extra W 

contamination picked up from HEBM). 

2.4.3 Equilibrium Compositions of the HEB and HEC Phases 

The ratios of cation/metal percentages in HEB vs. HEC phases were calculated and plotted 

against the actual molar fraction of the HEC phase in Fig. 2.12. Although the cation compositions 

vary significantly in the HEB and HEC phases with the varying phase fraction, this ratio remains 

remarkably steady. First, Ti preferentially dissolves into the HEB phase with the ratio of 

TiHEB:TiHEC ≈ 2.5:1. Second, both Zr and Nb exhibit slight preference in dissolving in the HEB 

phase, with the ratios of ZrHEB:ZrHEC ≈ 1.3:1 and NbHEB:NbHEC ≈ 1.2:1, respectively. Third, both 

Ta and Hf are enriched in the HEC phase, with ratios of HfHEB:HfHEC ≈ 1:1.5 and TaHEB:TaHEC ≈ 

1:2.9, respectively. The nearly constant ratios, largely independent of the HEC/HEB phase 

fraction, also support that chemical equilibria were likely achieved in this set of specimens. In 

summary, the following relation approximately holds for the HEB and HEC phases in chemical 

equilibria at 2200C: 
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{
 
 
 
 

 
 
 
 

𝑋𝑇𝑖
𝐻𝐸𝐵

𝑋𝑇𝑖
𝐻𝐸𝐶≈2.5     (~0.25<𝑋𝑇𝑖

𝐻𝐸𝐵<~0.40;~0.10<𝑋𝑇𝑖
𝐻𝐸𝐶<0.17)

𝑋𝑍𝑟
𝐻𝐸𝐵

𝑋𝑍𝑟
𝐻𝐸𝐶≈1.3     (~0.19<𝑋𝑍𝑟

𝐻𝐸𝐵<~0.21;~0.13<𝑋𝑍𝑟
𝐻𝐸𝐶<0.17)

𝑋𝑁𝑏
𝐻𝐸𝐵

𝑋𝑁𝑏
𝐻𝐸𝐶≈1.2     (~0.17<𝑋𝑁𝑏

𝐻𝐸𝐵<~0.20;~0.14<𝑋𝑁𝑏
𝐻𝐸𝐶<0.18)

𝑋𝐻𝑓
𝐻𝐸𝐵

𝑋𝐻𝑓
𝐻𝐸𝐶≈0.67   (~0.12<𝑋𝐻𝑓

𝐻𝐸𝐵<~0.18;~0.21<𝑋𝐻𝑓
𝐻𝐸𝐶<0.25)

𝑋𝑇𝑎
𝐻𝐸𝐵

𝑋𝑇𝑎
𝐻𝐸𝐶≈0.36    (~0.07<𝑋𝑇𝑎

𝐻𝐸𝐵<~0.15;~0.24<𝑋𝑇𝑎
𝐻𝐸𝐶<0.33)

 , (2.1) 

where 𝑋𝑀
𝐻𝐸𝐵 and 𝑋𝑀

𝐻𝐸𝐶   (M = Ti, Zr, Nb, Hf or Ta) are the fraction (or percentage) of the M in the 

HEB and HEC phases, respectively, on the metal basis.  

The preferential dissolution of metal cations in HEB vs. HEC phases can be justified from 

the formation energies for different transition metal diborides and carbides calculated from density 

functional theory (DFT) [68]. By comparing the formation energies of metal diboride (𝐸𝑓
𝑀𝐵2) and 

carbide (𝐸𝑓
𝑀𝐶) for a same metal cation [69], it can be found that the differential formation energies 

(𝐸𝑓
𝑀𝐵2 – 𝐸𝑓

𝑀𝐶) are −0.25 eV/atom for Ti, −0.24 eV/atom for Nb, −0.18 eV/atom for Zr, −0.08 

eV/atom for Hf, and −0.07 eV/atom for Ta, respectively. The order is largely the same as that in 

𝑋𝑀
𝐻𝐸𝐵/𝑋𝑀

𝐻𝐸𝐶with the only exception of the order of Zr and Nb. Note that the formation energy from 

elements of the metal diboride is always lower than that of the carbide of the same metal (so that 

𝐸𝑓
𝑀𝐵2  – 𝐸𝑓

𝑀𝐶  < 0 for all cases), but only the relative rankings are relevant for considering the 

preferential dissolution in HEB vs. HEC with the overall mass conservation and stoichiometry 

requirements imposed on the dual-phase equilibria in closed systems.  

A simplified ideal solution model can be proposed to further rationalize the observed 

composition ratios in HEB vs. HEC phases. When an HEB phase and an HEC phase are in a 

thermodynamic equilibrium, the chemical potential for each metal M cation in the HEB and HEC 
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should be equal (𝜇𝑀
𝐻𝐸𝐵 = 𝜇𝑀

𝐻𝐸𝐶). For ideal solid solutions (as the first order of approximation), we 

have: 

 𝜇𝑀
𝐻𝐸𝐵 = 𝜇𝑀

𝑀𝐵2 + 𝑅𝑇𝑙𝑛𝑋𝑀
𝐻𝐸𝐵  (2.2) 

and 

 𝜇𝑀
𝐻𝐸𝐶 = 𝜇𝑀

𝑀𝐶 + 𝑅𝑇𝑙𝑛𝑋𝑀
𝐻𝐸𝐶 , (2.3) 

where 𝜇𝑀
𝑀𝐵2 and 𝜇𝑀

𝑀𝐶  are the chemical potentials for the metal M cation in their corresponding 

individual diboride and carbide, respectively. At a given temperature, we have 

𝜇𝑀
𝑀𝐵2 − 𝜇𝑀

𝑀𝐶 = (𝛥�̅�𝑀
𝑀𝐵2 − 𝛥�̅�𝑀

𝑀𝐶) − 𝑇(𝛥𝑆�̅�
𝑀𝐵2 − 𝛥𝑆�̅�

𝑀𝐶) (2.4) 

where 𝛥�̅� and 𝛥𝑆̅ are the corresponding molar partial enthalpy and entropy of M, respectively. In 

the above equation, the molar partial entropy is the vibration entropy  𝛥𝑆�̅�𝑖𝑏, as the configuration 

entropy 𝛥𝑆�̅�𝑜𝑛𝑓𝑖𝑔 in the single metal diboride or carbide is zero. Since the vibrational entropy 

𝛥𝑆�̅�𝑖𝑏  depends mainly on the crystal structure [70], 𝑇(𝛥𝑆�̅�,𝑣𝑖𝑏
𝑀𝐵2 − 𝛥𝑆�̅�,𝑣𝑖𝑏

𝑀𝐶 ) should be relatively 

independent of the specific metal cation at a fixed temperature. Moreover, the differential molar 

partial enthalpy of M in pure MB2 and MC should be correlated with the differential formation 

energies (𝐸𝑓
𝑀𝐵2 − 𝐸𝑓

𝑀𝐶) calculated from DFT as: 

(𝛥�̅�𝑀
𝑀𝐵2 − 𝛥�̅�𝑀

𝑀𝐶) = (𝐸𝑓
𝑀𝐵2 − 𝐸𝑓

𝑀𝐶) + 𝐶1 (2.5) 

To the first order of approximation, combining Eqs. (2.2-2.5) produces:  

 𝑅𝑇𝑙𝑛
𝑋𝑀
𝐻𝐸𝐵

𝑋𝑀
𝐻𝐸𝐶 = −(𝐸𝑓

𝑀𝐵2 − 𝐸𝑓
𝑀𝐶) + 𝐶2, (2.6) 

where 𝐶2  is a largely constant (as the first order of approximation). Eq. (2.6) shows that 

𝑋𝑀
𝐻𝐸𝐵 𝑋𝑀

𝐻𝐸𝐶⁄ ratios are expected from the ideal solution models, which is consistent with our 

experimental observations (Fig. 2.12 and Eq. (2.1)). To further analyze our experimental results 

quantitively, a linear regression of 𝑅𝑇𝑙𝑛 (𝑋𝑀
𝐻𝐸𝐵 𝑋𝑀

𝐻𝐸𝐶)⁄  from our experimentally measured 
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(𝑋𝑀
𝐻𝐸𝐵 𝑋𝑀

𝐻𝐸𝐶)⁄   values (as given in Eq. (2.1)) vs. DFT calculated differential formation energies 

(𝐸𝑓
𝑀𝐵2 − 𝐸𝑓

𝑀𝐶) values was performed, which produces: 

𝑅𝑇𝑙𝑛
𝑋𝑀
𝐻𝐸𝐵

𝑋𝑀
𝐻𝐸𝐶 = −1.65(𝐸𝑓

𝑀𝐵2 − 𝐸𝑓
𝑀𝐶) − 26303 J/mol  (2.7) 

with the correlation coefficient: 

r = 0.903 (or r2 = 0.816) (2.8) 

The errors in the (𝐸𝑓
𝑀𝐵2 − 𝐸𝑓

𝑀𝐶) values calculated from DFT [71, 72], as well as the two 

simplified assumptions of ideal solutions and constant (𝛥𝑆�̅�,𝑣𝑖𝑏
𝑀𝐵2 − 𝛥𝑆�̅�,𝑣𝑖𝑏

𝑀𝐶 ) (i.e., independent of 

the specific metal M), should have contributed to the nonlinearity (r < 1) and the deviation of the 

fitted slope from the theoretical value of −1  in Eq. (2.6). Nonetheless, the agreement with 

experiments is rather satisfactory given all the errors, simplifications, and assumptions.  

Overall, the proposed thermodynamic model supports the constant 𝑋𝑀
𝐻𝐸𝐵 𝑋𝑀

𝐻𝐸𝐶⁄ ratios 

observed in experiments, and it largely produces the correct orders of  the experimentally observed  

𝑋𝑀
𝐻𝐸𝐵 𝑋𝑀

𝐻𝐸𝐶⁄ ratios of five metal cations (with only one exception of swamping the positions of Zr 

and Nb). 

2.4.4 Microstructural Development 

There is a definite correlation between the grain sizes of the HEB and HEC phases with 

the phase fraction, as shown in Fig. 2.13. With very limited mutual solubilities of the anions 

between the HEB and HEC phases, the two phases inhibit the grain growth of each other [73, 74]. 

This is illustrated by the measured averaged grain sizes in Fig. 2.13 (from the EBSD maps in Fig. 

2.7 and Fig. 2.8), where both boride and carbide phases show significant larger grain size in single-

phase UHTCs (HEB and HEC), in comparison with those in DPHE-UHTCs (8B2C, 6B4C, 4B6C, 

and 2B8C). Among the four DPHE-UHTCs, the carbide phase in 8B2C and the boride phase in 
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2B8C have the smallest averaged grain sizes (4.9 μm and 4.2 μm, respectively). This can be 

explained by their low molar fractions (24%  and 17%, accordingly), as it is more difficult for the 

minor phase to grow directly. As observed in the EBSD maps in Fig. 2.7(a2) and Fig. 2.7(d1), the 

grains in all these phases are mostly isolated by their complementary phase in the same specimen, 

which are then prevented from further grain growth. Moreover, the (mean-field) coarsening is 

small because of the limited mutual solubilities of anions. 

2.4.5 Hardness 

The measured Vickers hardness and Young’s moduli are summarized in Table 2.2. As we 

can see from previous studies of HEB [63] and HEC [22, 37], Vickers hardness demonstrates a 

trend of indentation load dependence, viz., the measured Vickers hardness value decreases when 

the indentation load increases. For HEB, our measured Vickers hardness is consistent with that 

reported by Zhang et al. [62] (19.4 ± 1.3 vs. 21.7 ± 1.1 GPa) despite different loading forces (9.8 

N vs. 1.96 N); and at the same loading force of 1.96 N, the discrepancy becomes even smaller 

(20.2 ± 1.3 vs. 21.7 ± 1.1 GPa). In the first work of HEB, Gild et al. [21] reported a lower Vickers 

hardness value of 17.5 ± 1.2 GPa, which can be attributed to the lower relative density. Gu et al. 

[63] reported the change in measured Vickers hardness from ~22GPa to ~26GPa when the indent 

loading force decreased from 9.8 N to 1.96 N, whereas our measurement indicates hardness of 

19.4 and 20.2 GPa at loading forces of 9.8 and 1.96 N respectively; this discrepancy may be 

ascribed to (1) different synthesis method (boro/carbothermal reduction by Gu et al. [63]), and (2) 

the associated residual phases in the specimens (harder B4C in boro/carbothermal reduction and 

softer C in the current case).  

For HEC, the measured nanohardness values (obtained from nanoindentation) are 

significantly greater than the measured microhardness values (30-40 vs. 15-30 GPa). Our 
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measured Vickers hardness (25.3 ± 1.4 GPa at 9.8 N and 26.8 ± 1.6 GPa at 1.96 N) is similar to 

that presented by Ye et al. [37] (18.8 ± 0.4 GPa at 9.8 N and 22.5 ± 0.3 GPa at 0.98 N). In addition, 

a lower value of 15 GPa at 9.8 N indent loading force was reported in Ref. [23]. Besides the 

different indent loading forces applied in different studies, the relatively low Vickers hardness can 

also be attributed to their low relative densities (95.3% and 93%, respectively, in comparison with 

the high relative density of ~99% in this study).  

It has already been shown by several independent studies that the single-phase HEB [21, 

37, 62] or HEC [22, 24] is harder than the rule-of-mixture (RoM) average of those of the five 

individual components (binary carbides or borides). A new observation in this study is that the 

Vickers hardness of a dual-phase UHTC is further enhanced above the linear interpolation of two 

single-phase endmembers (HEB and HEC), which is indicated by the blue dash line in Fig. 2.9; on 

the other hand, hardness data taken at indent loading force of 1.96 N in Fig. 2.18 also confirms 

this phenomenon. A commentary here is that the grains in DPHE-UHTCs (4.2-11.9 μm in size) 

are substantially smaller than those of single-phase HEB and HEC counterparts (with size of 15.0 

μm and 12.1 μm, respectively); with higher hardness being reported on finer grain ceramics [75, 

76],the actual mechanism of this enhancement on Vickers hardness for DPHE-UHTCs would 

require further study. 

2.4.6 Moduli 

Young’s and shear moduli of the DPHE-UHTCs are further assessed. Here, the theoretical 

RoM averages from the data in Material Project Database [69] are presented in Fig. 2.10 as the 

references. Here, the rule of mixture has been applied twice. First, it was used to obtain the 

weighted averaged moduli for HEB and HEC phases, respectively, based on the actual measured 

composition of each phase. Second, the RoM averages of the dual-phase high-entropy UHTCs 
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were obtained from weighted averages of the moduli of two single-phase HEB and HEC calculated 

in Step 1.  

One may argue that traditional isostrain model of Voigot and isostress model of Reuss for 

dual-phase materials adopted in RoM are overly simplified. In a more generalized approximation 

recently developed by Zhang et al. [77], Young’s and shear moduli for dual-phase material can be 

estimated as 𝐸 = 𝐸1
𝐸2(𝑓2+𝛿𝑓1)+𝐸1(𝑓1−𝛿𝑓1)

𝐸2𝛿𝑓1+𝐸1(1−𝛿𝑓1)
  and 𝐺1

𝐺2(𝑓2+𝛿𝑓1)+𝐺1(𝑓1−𝛿𝑓1)

𝐺2𝛿𝑓1+𝐺1(1−𝛿𝑓1)
, where E1, G1, f1 and E2, G2, 

f2 are Young’s modulus, shear modulus, and volume fractions of the primary and secondary phases, 

respectively; and  is the shape and distribution parameter, which is set to be 1/3 for three-

dimensional cubic systems. We also applied the above equations to our dual-phase high-entropy 

UHTCs, and the results show negligible discrepancies with those obtained from simple RoM 

averages, shown in Fig. 2.20. 

Elastic moduli of two single-phase UHTCs (HEB and HEC) are tabulated in Table 2.2 

along with those reported in previous publications. Fig. 2.10 shows that the general trends of 

experimental and calculated values conform each other. However, there are several interesting and 

new observations, which will be discussed subsequently.  

A comparison of selected moduli of the HEB and HEC phases with the reported values 

show our measurements are consistent with literature. Gu et al. [63] used a mechanical resonance 

frequency technique to determine Young’s moduli, which is similar to our method. They have 

measured the Young’s modulus of their high relative density (97.9%) HEB specimen (with the 

same nominal composition as our HEB) to be 527 GPa, which is within the uncertainty of our 

measurement (524.6 ± 6.9 GPa). At the same time, they also ascribed the low Young’s modulus 

(500 GPa) to more porosity in their low relative density (94.4%) HEB specimen. For HEC, on the 

other hand, the Young’s modulus measured in this study (462.4 ± 4.0 GPa) is close to those 



37 
 

reported by Yan et al. (479 GPa) [23] and Harrington et al. (443 ± 40 GPa) [22], although both 

previous studies applied nanoindentation in the measurement. Ye et al. [37] reported the Young’s 

modulus of HEC to be 514 - 522 ± 10 GPa, where the disparity might be attributed to the small 

indent loading force (8 mN) in their nanoindentation measurement [22]. Shear moduli for single-

phase HEB and HEC UHTCs are rather limited in previous studies. Sarker et al. [24] reported the 

shear modulus of HEC as 188 GPa, which is consistent with our measurement of 193.0 ± 3.6 GPa 

in this study. In summary, our measured moduli are consistent with those reported in literature for 

single-phase high-entropy UHTCs, whenever there are reported data, albeit with expected 

differences due to porosity and loading.  

For the four DPHE-UHTCs (8B2C, 6B4C, 4B6C, and 2B8C), both their elastic and shear 

moduli follow a largely linear interpolation with their single-phase endmembers (HEB and HEC); 

this trend is also consistent with that expected from a composite rule.  

The measured Young’s moduli for the single-phase HEB and HEC specimens, as well as 

the dual-phase high-entropy UHTCs, are higher than the theoretical RoM averages from individual 

components in all cases. Similar observations have already been reported for single-phase HEB 

and HEC previously [22-24, 63], yet our Young’s moduli measured from ASTM standard acoustic 

wave tests are expected to be more accurate than those obtained via nanoindentation. 

A most interesting new observation in Fig. 2.10(b) is that the measured shear modulus of 

HEC is higher than the theoretical RoM value, while the opposite is observed for HEB. We assume 

this phenomenon is related to different bonding nature of the layered AlB2 structure [78]. As 

observed in Table 2.1 and Ref. [21], interlayer lattice parameters c measured experimentally from 

XRD patterns are always larger than those predicted by the RoM of individual components; this 

can be understood intuitively, as large cations will weighted more in determining the lattice 
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parameter c in layered structure with rigid covalent B layer that separates the metal layers, leaving 

more space around smaller cations. This expansion along the c-axis implies a relatively weak 

interlayer metal-B bonding, which would make the structure more susceptible to shear 

deformation. The (~0.3%) expansion of the lattice parameters c of the HEB (2.359 Å) with 

respective to RoM average (3.348 Å) has been confirmed by XRD for the current case/composition 

(Table 2.1), and this effect (expanded c) was observed universally for HEBs of many different 

compositions [21].  

It should be noted that porosity can contribute to the decrease of measured moduli for all 

six UHTCs above. Nevertheless, based on the empirical relationship proposed by Dean et al. [79], 

the porosity in these UHTCs can only affect their measured moduli by <2-3% due to their high 

relative density (≥99%, except for 2B8C ≈98.8%); this impact is smaller than or barely comparable 

to the uncertainties associated with the measured moduli hence excluded in the discussion above. 

2.4.7 Thermal Conductivity 

The uncertainty in the thermal conductivity value incorporates the standard deviation, the 

uncertainty in determining ϒ value, transducer thermal conductivity, and the thermal boundary 

conductance between Al transducer and sample.  

The thermal conductivities of the single-phase HEB and HEC are significantly lower than 

those of their constituent borides and carbides. HEB has a thermal conductivity of 26.2 ± 2.8 Wm-

1K-1, whereas ZrB2 can achieve a thermal conductivity of over 100  Wm-1K-1 [80-84], though the 

value may vary widely based on processing conditions, porosity, impurity concentrations, and 

microstructure. The thermal conductivity of HEC is 13.2 ± 1.7 Wm-1K-1, whereas TiC and TaC 

have thermal conductivities of 30.4 ± 1.3 and 36.2 ± 1.5 Wm-1K-1, respectively [85]. Such decrease 
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in thermal conductivity agrees with reported thermal conductivity reduction in high entropy 

silicide [26] and entropy stabilized rocksalt oxide systems [86, 87].  

For the dual-phase specimens, the most significant drop in thermal conductivity, observed 

between 6B4C and 4B6C, can be attributed to the change of specimen matrix phase [88, 89], as 

the carbide phase ratio passes 50 vol. %. As shown in Fig. 2.1 and 2.7, HEB phase performs as the 

matrix in 8B2C and 6B4C, whereas 4B6C and 2B8C have HEC phase as their matrix, largely due 

to the different phase volume ratios in each specimen. 

2.4.8 Tunable Properties 

In comparison with their single-phase counterparts, this new class of dual-phase high-

entropy UHTCs provide a new platform to tune properties, including grain size, hardness, 

modulus, and thermal conductivity that have already been demonstrated here as well as many other 

functional properties. Furthermore, DPHE-UHTCs also provide more possibilities for controlling 

mechanical and other properties via microstructural engineering, e.g., thru changing the fraction, 

the size, and the shape of each phases, as well as tailoring the interfaces. These should be explored 

systematically in future studies. 

In a broader context, we expect that various physical properties can be tuned and enhanced 

in dual-phase high-entropy ceramics (DPHECs), just like metallic dual-phase HEAs with 

demonstrated unique and tunable mechanical properties [3-5, 90-93]. 

2.5 Conclusions 

This study successfully fabricates, for the first time to our knowledge, a new series of dual-

phase high-entropy UHTCs, including 76% (Ti0.25Zr0.19Nb0.20Hf0.18Ta0.15W0.03)B2 + 24% 

(Ti0.10Zr0.13Nb0.14Hf0.25Ta0.33W0.05)C, 55% (Ti0.30Zr0.21Nb0.19Hf0.16Ta0.10W0.04)B2 + 45% 

(Ti0.12Zr0.16Nb0.16Hf0.23Ta0.29W0.04)C, 35% (Ti0.35Zr0.19Nb0.20Hf0.15Ta0.08W0.03)B2 + 65% 
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(Ti0.13Zr0.17Nb0.18Hf0.22Ta0.24W0.06)C, and 17% (Ti0.40Zr0.20Nb0.20Hf0.12Ta0.07W0.01)B2 + 83% 

(Ti0.17Zr0.17Nb0.17Hf0.21Ta0.24W0.04)C. 

In addition to systematically exploring dual-phase high-entropy ceramics (DPHECs) for 

the first time, this study also presents the following new observations or advancements: 

• A new reactive SPS route is developed to make single-phase and dual-phase high-entropy 

UHTCs directly from commercial powders to achieve ~99% or higher relative densities 

with virtual no native oxides via utilizing 1 wt. % graphite as a reducing agent and sintering 

aid, which represent a significant advancement in the processing of high-entropy UHTCs 

(particularly high-entropy borides that have been proven difficult to densify). Noticeably, 

3-5% W contamination from HEBM is observed in all sintered specimens. 

• We discovered a thermodynamic relation that dictates the compositions of the HEB and 

HEC phases in equilibrium and drives them away from equimolar composition (despite the 

nearly equimolar composition overall for the DPHE-UHTCs), which is important and 

essential to design dual-phase high-entropy UHTCs. 

• The grain sizes and properties of dual-phase high-entropy UHTCs can be tailored by 

changing phase fraction and microstructure. 

• The hardness of the dual-phase high-entropy UHTCs are improved from the weighted 

linear average of the two single-phase high-entropy UHTCs, which are already harder than 

the rule-of mixture averages of individual binary carbides and borides.      

• The Young’s moduli of high-entropy UHTCs, which are measured accurately from 

acoustic waves, are higher than the theoretical rule-of mixture predictions.  

• As a new observation, the shear modulus of HEC is higher, but that of the HEB is lower, 

than the rule-of mixture average; the latter unusual observation is explained from different 
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crystal structures and a confirmed expansion of interlayer distance in the layered HEB 

structures.   

• The measured thermal conductivities of single-phase HEB and HEC are significantly lower 

than those of their constituent borides and carbides. A stepwise transition of thermal 

conductivity in the DPHE-UHTCs is revealed. The relatively large decrease between 6B4C 

and 4B6C can be ascribed to the change of boride matrix to carbide matrix. 

In a broader content, the current study extends the state of the art by introducing dual-phase 

high-entropy ceramics or DPHECs to provide a new platform to tailor and further enhance various 

functional properties. 

Chapter 2, in full, is a reprint of the material “Dual-phase high-entropy ultra-high 

temperature ceramics”, M. Qin, J. Gild, C. Hu, H. Wang, M.S.B. Hoque, J.L. Braun, T.J. 

Harrington, P.E. Hopkins, K.S. Vecchio, and J. Luo, as it appears in Journal of the European 

Ceramics Society, 40(15) (2020) 5037-5050. The dissertation author was the primary investigator 

and wrote the first draft of manuscript. 

  



42 
 

 

Figure 2.1. SEM micrographs of sintered specimens: (a) HEB: 98% 

(Ti0.22Zr0.19Nb0.18Hf0.19Ta0.19W0.03)B2 + a minor carbide phase, (b) 8B2C: 76% 

(Ti0.25Zr0.19Nb0.20Hf0.18Ta0.15W0.03)B2 + 24% (Ti0.10Zr0.13Nb0.14Hf0.25Ta0.33W0.05)C, (c) 6B4C: 55% 

(Ti0.30Zr0.21Nb0.19Hf0.16Ta0.10W0.04)B2 + 45% (Ti0.12Zr0.16Nb0.16Hf0.23Ta0.29W0.04)C, (d) 4B6C: 

35% (Ti0.35Zr0.19Nb0.20Hf0.15Ta0.08W0.03)B2 + 65% (Ti0.13Zr0.17Nb0.18Hf0.22Ta0.24W0.06)C, and (e) 

2B8C: 17% (Ti0.40Zr0.20Nb0.20Hf0.12Ta0.07W0.01)B2 + 83% (Ti0.17Zr0.17Nb0.17Hf0.21Ta0.24W0.04)C, 

and (f) HEC: (Ti0.20Zr0.21Nb0.21Hf0.18Ta0.17W0.03)C. All phase percentages are calculated molar 

percentages based on XRD results and phase volume percentages from digital image processing. 

 

Figure 1.1. SEM micrographs of sintered specimens: (a) HEB: 98% 

(Ti0.22Zr0.19Nb0.18Hf0.19Ta0.19W0.03)B2 + a minor carbide phase, (b) 8B2C: 76% 

(Ti0.25Zr0.19Nb0.20Hf0.18Ta0.15W0.03)B2 + 24% (Ti0.10Zr0.13Nb0.14Hf0.25Ta0.33W0.05)C, (c) 6B4C: 55% 

(Ti0.30Zr0.21Nb0.19Hf0.16Ta0.10W0.04)B2 + 45% (Ti0.12Zr0.16Nb0.16Hf0.23Ta0.29W0.04)C, (d) 4B6C: 

35% (Ti0.35Zr0.19Nb0.20Hf0.15Ta0.08W0.03)B2 + 65% (Ti0.13Zr0.17Nb0.18Hf0.22Ta0.24W0.06)C, and (e) 

2B8C: 17% (Ti0.40Zr0.20Nb0.20Hf0.12Ta0.07W0.01)B2 + 83% (Ti0.17Zr0.17Nb0.17Hf0.21Ta0.24W0.04)C, 

and (f) HEC: (Ti0.20Zr0.21Nb0.21Hf0.18Ta0.17W0.03)C. All phase percentages are calculated molar 

percentages based on XRD results and phase volume percentages from digital image processing. 
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Figure 2.2. SEM micrographs at higher magnifications. (a) Specimen 4B6C, where the boride 

(HEB) phase with a dark contrast and carbide (HEC) phase with a light contrast are indicated by 

the arrows. (b) Specimen HEB, where the porosity and remaining graphite are marked by 

arrows. 

 

Figure 2.2. SEM micrographs at higher magnifications. (a) Specimen 4B6C, where the boride 

(HEB) phase with a dark contrast and carbide (HEC) phase with a light contrast are indicated by 

the arrows. (b) Specimen HEB, where the porosity and remaining graphite are marked by 

arrows. 
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Figure 2.3. The volume percentages of the HEB (boride) and HEC (carbide) phases, obtained via 

digital image processing, for all six UHTCs. The actual HEC (carbide) phase molar percentage is 

marked on the top x-axis. There is a minor carbide phase in the (nominally) HEB specimen due to 

graphite addition and carbon contamination from HEBM and SPS. 

 

Figure 3.3. The volume percentages of the HEB (boride) and HEC (carbide) phases, obtained via 

digital image processing, for all six UHTCs. The actual HEC (carbide) phase molar percentage is 

marked on the top x-axis. There is a minor carbide phase in the (nominally) HEB specimen due to 

graphite addition and carbon contamination from HEBM and SPS. 
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Figure 2.4. XRD patterns of the samples of all six compositions (a) after HEBM (as-milled 

powders) and (b) after SPS (sintered pellets). 

 

Figure 4.4. XRD patterns of the samples of all six compositions (a) after HEBM (as-milled 

powders) and (b) after SPS (sintered pellets).  
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Figure 2.5. Cation atomic percentages in (a) HEB (boride) phase and (b) HEC (carbide) phase, 

measured from EDS elemental analysis, for four DPHE-UHTCs (8B2C, 6B4C, 4B6C, and 2B8C), 

and HEB, HEC (nominally) single-phase UHTCs. 

 

Figure 5.5. Cation atomic percentages in (a) HEB (boride) phase and (b) HEC (carbide) phase, 

measured from EDS elemental analysis, for four DPHE-UHTCs (8B2C, 6B4C, 4B6C, and 2B8C), 

and HEB, HEC (nominally) single-phase UHTCs. 
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Figure 2.6. SEM micrographs and EDS elemental maps of Specimens (a) HEB, (b) 8B2C, (c) 

6B4C, (d) 4B6C, (e) 2B8C, and (f) HEC. All samples were synthesized by the same procedure. 

Note that the boride (HEB) phases are enriched in Ti, Zr, and Nb, while the carbide (HEC) phases 

are enriched in Hf and Ta in the DPHE-UHTCs. 

 

Figure 6.6.  SEM micrographs and EDS elemental maps of Specimens (a) HEB, (b) 8B2C, (c) 

6B4C, (d) 4B6C, (e) 2B8C, and (f) HEC. All samples were synthesized by the same procedure. 

Note that the boride (HEB) phases are enriched in Ti, Zr, and Nb, while the carbide (HEC) phases 

are enriched in Hf and Ta in the DPHE-UHTCs. 
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Figure 2.7. EBSD maps and grain size distributions for Specimens (a) 8B2C, (b) 6B4C, (c) 4B6C, 

and (d) 2B8C. The EBSD maps of the boride (HEB) phases are displayed in the panels (a1), (b1), 

(c1), and (d1), while those of the carbide (HEC) phases are displayed in the panels (a2), (b2), (c2), 

and (d2). The insets are grain size distributions. 

 

Figure 7.7. EBSD maps and grain size distributions for Specimens (a) 8B2C, (b) 6B4C, (c) 4B6C, 

and (d) 2B8C. The EBSD maps of the boride (HEB) phases are displayed in the panels (a1), (b1), 

(c1), and (d1), while those of the carbide (HEC) phases are displayed in the panels (a2), (b2), (c2), 

and (d2). The insets are grain size distributions.  
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Figure 2.8. EBSD maps and grain size distributions for Specimens (a) HEB and (b) HEC. 

 

Figure 8.8. EBSD maps and grain size distributions for Specimens (a) HEB and (b) HEC. 
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Figure 2.9. Measured Vickers hardness values (red circles) of six specimens (HEB, 8B2C, 6B4C, 

4B6C, 2B8C, and HEC) at indent loading force of 9.8 N. The blue dash line indicates the predicted 

hardness of DPHE-UHTCs from a simple linear composite rule. 

 

Figure 9.9. Measured Vickers hardness values (red circles) of six specimens (HEB, 8B2C, 6B4C, 

4B6C, 2B8C, and HEC) at indent loading force of 9.8 N. The blue dash line indicates the predicted 

hardness of DPHE-UHTCs from a simple linear composite rule. 
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Figure 2.10. (a) Young’s moduli, and (b) shear moduli of six specimens (HEB, 8B2C, 6B4C, 

4B6C, 2B8C, and HEC). The theoretical rule-of-mixture (RoM) average values are also presented 

as black squares as references. 

 

Figure 10.10. (a) Young’s moduli, and (b) shear moduli of six specimens (HEB, 8B2C, 6B4C, 

4B6C, 2B8C, and HEC). The theoretical rule-of-mixture (RoM) average values are also presented 

as black squares as references. 
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Figure 2.11. Measured thermal conductivities of six specimens (HEB, 8B2C, 6B4C, 4B6C, 2B8C, 

and HEC). 

 

Figure 11.11. Measured thermal conductivities of six specimens (HEB, 8B2C, 6B4C, 4B6C, 

2B8C, and HEC). 
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Figure 2.12. The ratio of cation atomic percentages in HEB (boride) vs. HEC (carbide) phases, 

for four DPHE-UHTCs. Ticks with different values at the same scale are presented on the right y-

axis. 

 

Figure 12.12. The ratio of cation atomic percentages in HEB (boride) vs. HEC (carbide) phases, 

for four DPHE-UHTCs. Ticks with different values at the same scale are presented on the right y-

axis. 
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Figure 2.13. The averaged grain size and distribution of the HEB (boride) and the HEC (carbide) 

phases, illustrated with red squares and blue dots respectively, for six specimens (HEB, 8B2C, 

6B4C, 4B6C, 2B8C, and HEC). 

 

Figure 13.13. The averaged grain size and distribution of the HEB (boride) and the HEC 

(carbide) phases, illustrated with red squares and blue dots respectively, for six specimens (HEB, 

8B2C, 6B4C, 4B6C, 2B8C, and HEC). 
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Figure 2.14. Evaluation of the volume percentages of the boride (HEB) and carbide (HEC) phases 

via digital image processing of (a) an SEM micrograph. (b) The image pixel histogram is obtained 

via digital image processing, whereas the (c) boride (HEB) and (d) carbide (HEC) phases are 

highlighted separately. This example is from a 6B4C specimen. 

 

Figure 14.14. Evaluation of the volume percentages of the boride (HEB) and carbide (HEC) 

phases via digital image processing of (a) an SEM micrograph. (b) The image pixel histogram is 

obtained via digital image processing, whereas the (c) boride (HEB) and (d) carbide (HEC) phases 

are highlighted separately. This example is from a 6B4C specimen. 
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Figure 2.15. Inverse pole figures of crystal preferred orientation for Specimens (a) 8B2C, (b) 

6B4C, (c) 4B6C, and (d) 2B8C, measured from EBSD. Contour maps represent multiples of the 

uniform distribution (MUD) in each figure. Figures of the boride (HEB) phases are displayed in 

(a1), (b1), (c1), and (d1), and those of the carbide (HEC) phases are displayed in (a2), (b2), (c2), 

and (d2). 

 

Figure 15.15. Inverse pole figures of crystal preferred orientation for Specimens (a) 8B2C, (b) 

6B4C, (c) 4B6C, and (d) 2B8C, measured from EBSD. Contour maps represent multiples of the 

uniform distribution (MUD) in each figure. Figures of the boride (HEB) phases are displayed in 

(a1), (b1), (c1), and (d1), and those of the carbide (HEC) phases are displayed in (a2), (b2), (c2), 

and (d2).  
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Figure 2.16. Inverse pole figures of crystal preferred orientation for Specimens (a) HEB and (b) 

HEC, measured from EBSD, where contour maps represent multiples of the uniform distribution 

(MUD). 

 

Figure 16.16. Inverse pole figures of crystal preferred orientation for Specimens (a) HEB and (b) 

HEC, measured from EBSD, where contour maps represent multiples of the uniform distribution 

(MUD).  
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Figure 2.17. The grain aspect ratios for (a) HEB (boride) phase and (b) HEC (carbide) phase, 

measured from EBSD analysis. 

 

Figure 17.17. The grain aspect ratios for (a) HEB (boride) phase and (b) HEC (carbide) phase, 

measured from EBSD analysis.  
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Figure 2.18. Measured Vickers’ hardness of six specimens (HEB, 8B2C, 6B4C, 4B6C, 2B8C, and 

HEC) at different indent loading forces of 9.8 N (red circles) and 1.96 N (blue diamonds). 

 

Figure 18.18. Measured Vickers’ hardness of six specimens (HEB, 8B2C, 6B4C, 4B6C, 2B8C, 

and HEC) at different indent loading forces of 9.8 N (red circles) and 1.96 N (blue diamonds).  
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Figure 2.19. EDS elemental map of W and a point EDS analysis of the minor carbide phase in the 

HEB specimen. A relatively large carbide particle is selected for the analysis to ensure the 

measurement accuracy. 

 

Figure 19.19. EDS elemental map of W and a point EDS analysis of the minor carbide phase in 

the HEB specimen. A relatively large carbide particle is selected for the analysis to ensure the 

measurement accuracy. 
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Figure 2.20. Comparison of calculated (a) elastic moduli and (b) shear moduli of six specimens 

via rule-of-mixture (RoM) (black squares) and the generalized approximation method proposed 

by Zhang et al. [77] (red circles). 

 

Figure 20.20. Comparison of calculated (a) elastic moduli and (b) shear moduli of six specimens 

via rule-of-mixture (RoM) (black squares) and the generalized approximation method proposed 

by Zhang et al. [77] (red circles). 
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Table 2.1. Summary of the six compositions studied. Specimens HEB and HEC are single-phase, 

while 8B2C, 6B4C, 4B6C, and 2B8C are (HEB + HEC) DPHE-UHTCs. Compositions of all HEB 

and HEC phases were measured from EDS. The volume percentages of HEB and HEC phases 

were measured from digital imaging processing. Note that the carbide (HEC) vol. % and mol. % 

in Table 2.1 are normalized to the total HEC + HEB amount (excluding <1-1.5 vol. % of the pores 

and remaining graphite in total). The experimental lattice parameters were measured by XRD, 

whereas averaged values represent the weighted means of single metal borides or carbides 

calculated via the rule of mixture. See Table 2.3 for additional data. 

Table 1.1. Summary of the six compositions studied. Specimens HEB and HEC are single-phase, 

while 8B2C, 6B4C, 4B6C, and 2B8C are (HEB + HEC) DPHE-UHTCs. Compositions of all HEB 

and HEC phases were measured from EDS. The volume percentages of HEB and HEC phases 

were measured from digital imaging processing. Note that the carbide (HEC) vol. % and mol. % 

in Table 2.1 are normalized to the total HEC + HEB amount (excluding <1-1.5 vol. % of the pores 

and remaining graphite in total). The experimental lattice parameters were measured by XRD, 

whereas averaged values represent the weighted means of single metal borides or carbides 

calculated via the rule of mixture. See Table 2.3 for additional data. 

 

Specimen Precursors Post-sintering Boride and Carbide Phase Compositions 

Experimental 
Lattice 

Parameters 
a, c (Å ) 

Averaged Lattice 
Parameters by 

RoM a, c (Å ) 

Theoretical 
Phase Density 

(g/cm3) 

HEB-HEC 
(vol. %) 

HEB-HEC 
(mol. %) 

Theoretical 
Density 
(g/cm3) 

Measured 
Density (g/cm3) 

(Relative 
Density) 

HEB 
20TiB2-20ZrB2-

20NbB2-20HfB2-
20TaB2 

Boride (Ti0.22Zr0.19Nb0.18Hf0.19Ta0.19W0.03)B2 3.097, 3.359 3.105, 3.348 8.34 98.5% 98% 

8.34 8.27 (≈99%) 

Carbide - - - - - - 

8B2C 
20TiB2-20ZrB2-
20NbB2-20HfC-

20TaB2 

Boride (Ti0.25Zr0.19Nb0.20Hf0.18Ta0.15W0.03)B2 3.103, 3.367 3.103, 3.346 7.99 79% 76% 

8.67 8.62 (>99%) 

Carbide (Ti0.10Zr0.13Nb0.14Hf0.25Ta0.33W0.05)C 4.514 4.516 11.23 21% 24% 

6B4C 
20TiB2-20ZrC-

20NbB2-20HfC-
20TaB2 

Boride (Ti0.30Zr0.21Nb0.19Hf0.16Ta0.10W0.04)B2 3.098, 3.360 3.100, 3.347 7.49 59% 55% 

8.80 8.80 (≈100%) 

Carbide (Ti0.12Zr0.16Nb0.16Hf0.23Ta0.29W0.04)C 4.513 4.514 10.69 41% 45% 

4B6C 
20TiC-20ZrC-

20NbB2-20HfC-
20TaB2 

Boride (Ti0.35Zr0.19Nb0.20Hf0.15Ta0.08W0.03)B2 3.095 3.355 3.095, 3.337 7.23 39% 35% 

9.20 9.12 (≈99%) 

Carbide (Ti0.13Zr0.17Nb0.18Hf0.22Ta0.24W0.06)C 4.508 4.513 10.46 61% 65% 

2B8C 
20TiC-20ZrC-

20NbB2-20HfC-
20TaC 

Boride (Ti0.40Zr0.20Nb0.20Hf0.12Ta0.07W0.01)B2 3.089, 3.346 3.092, 3.331 6.85 20% 17% 

9.37 9.26 (≈98.8%) 

Carbide (Ti0.17Zr0.17Nb0.17Hf0.21Ta0.24W0.04)C 4.515 4.508 10.01 80% 83% 

HEC 
20TiC-20ZrC2-
20NbC-20HfC-

20TaC 

Boride - - - - - - 

9.34 9.30 (>99%) 

Carbide (Ti0.20Zr0.21Nb0.21Hf0.18Ta0.17W0.03)C 4.505 4.509 9.34 100% 100% 
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Table 2.2. Comparison of Vickers hardness and Young’s modulus of HEB and HEC measured in 

this study and those reported in literature. The indent loading forces applied in the hardness 

measurements, which affect the reported hardness values, are also given. 

Table 2.2. Comparison of Vickers hardness and Young’s modulus of HEB and HEC measured in 

this study and those reported in literature. The indent loading forces applied in the hardness 

measurements, which affect the reported hardness values, are also given.   

 

 

  

Composition 
Relative 

Density 

Measured Vickers 

Hardness (GPa) 

Indent Loading 

Force 

Young’s 

Modulus (GPa) 
Reference 

HEB 

(Ti0.2Zr0.2Nb0.2Hf0.2Ta0.2)B2 

≈99% 

19.4 ± 1.3 9.8 N 

524.6 ± 6.9 This Work 

20.2 ± 1.0 1.96 N 

94.4% 

22.44 ± 0.56 9.8 N 

500 [63] 

25.61 ± 0.83 1.96 N 

97.9% 26.82 ± 1.77 1.96 N 527 [63] 

96.3% 21.7 ± 1.1 1.96 N - [62] 

92.4% 17.5 ± 1.2 1.96 N - [21] 

HEC 

(Ti0.2Zr0.2Nb0.2Hf0.2Ta0.2)C 

>99% 

25.3 ± 1.4 9.8 N 

462.4 ± 4.0 This Work 

26.8 ± 1.6 1.96 N 

93% 15 9.8 N 479 [23] 

99% 32 ± 2 300 mN 443 ± 40 [22, 24] 

95.3% 

18.8 ± 0.4 9.8 N 

514 – 522 ± 10 [37] 22.5 ± 0.3 0.98 N 

40.6 ± 0.6 8 mN 



64 
 

Table 2.3. Summary of lattice parameters of the corresponding individual metal diborides and 

carbides. The references are given. 

 

 

 

 

 

 

 

 

 

Table 3.3. Summary of lattice parameters of the corresponding individual metal diborides and 

carbides. The references are given. 

 

 

  

Lattice Parameters a, c (Å ) of the Boride 

(Metal Diboride)  
Lattice Parameter a (Å ) of the Carbide 

TiB2 3.031, 3.237 [94] TiC 4.328 [95] 

ZrB2 3.168, 3.531 [96] ZrC 4.691 [97] 

NbB2 3.114, 3.265 [98] NbC 4.454 [99] 

HfB2 3.142, 3.477 [96] HfC 4.631 [97] 

TaB2 3.097, 3.226 [96] TaC 4.459 [97] 

WB2 3.022, 3.382 [69] WC 4.385 [69] 
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Chapter 3. Dissolving and Stabilizing Soft WB2 and MoB2 Phases into High-Entropy 

Borides via Boron-Metals Reactive Sintering to Attain Higher Hardness 

3.1 Introduction 

In the physical metallurgy community, high-entropy alloys have received great attentions 

since their introduction by Yeh et al. [1] and Cantor et al. [2] in 2004. In the ceramics community, 

high-entropy rocksalt [3], perovskite [4], fluorite [5], and pyrochlore [6] oxides, as well as borides 

[7], carbides [8-11], silicides [12, 13], and fluorides [14] have been made in the past a few years. 

Recently, it was proposed to further broaden high-entropy ceramics (HECs) to compositionally-

complex ceramics (CCCs) [15, 16], where medium-entropy and/or non-equimolar compositions 

can often outperform their equimolar, high-entropy counterparts. 

In 2016, Gild et al. [7] first reported the fabrication of single-phase high-entropy borides 

(HEBs) in the hexagonal AlB2 structure, which represent the first non-oxide high-entropy ceramics 

fabricated in bulk form and a new class in ultra-high temperature ceramics (UHTCs). Since then, 

substantial efforts have been made to fabricate HEBs [17-22]. Notably, Tallarita et al. synthesized 

(Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2 [20] and (Ti0.2Zr0.2Hf0.2Nb0.2Mo0.2)B2 [22] via a two-step processing 

method, achieving relative densities of ~92.5% for both cases; in their method, elemental metals 

and boron were first converted to metal diborides via self-propagating high-temperature synthesis 

(SHS), and subsequently densified by spark plasma sintering (SPS); noting that although SPS is 

the most commonly used terminology in literature, it more accurately described as direct current 

sintering (DCS) or field assisted sintering technique (FAST). Tallarita et al. also tried directly 

reactive SPS (Ti0.2Zr0.2Hf0.2Nb0.2Mo0.2)B2 from boron and metals in one step (1950 °C, 20 min, 

20 MPa), but did not achieve a high density and uniform microstructure due to out-gassing  [22].  

Moreover, direct reactive SPS from elemental precursors was applied to make high-entropy 
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(Ti0.2Zr0.2Nb0.2Ta0.2W0.2)C [23] and (Ti0.2Zr0.2Nb0.2Mo0.2W0.2)Si2 [12].  

WB2 of the AlB2 prototype structure is thermodynamically unstable and difficult to 

synthesize [24, 25]. Instead, a W2B5-x phase (space group P63/mmc, no.194), a different hexagonal 

structure of stacking AlB2-type layers separated by defect-rich puckered boron layers of alternating 

orientations, is the equilibrium phase in the W-B phase diagram. Only a limited number of studies 

demonstrated the formation of  AlB2-type WB2 in nano-scale coating or thin films [26-29] or after 

extensive ball milling [30]. Notably, an AlB2-type phase can be kinetically stabilized in TiB2-WB2 

[31, 32]; yet, a WB secondary phase found to precipitate out in TiB2-CrB2-WB2 [33]. In recent 

studies of HEBs, a W-rich secondary phase was reported to form in nominally 

(Ti0.2Zr0.2Hf0.2Mo0.2W0.2)B2 specimens made by either SPS of a high energy ball milled (HEBM) 

mixture of five binary borides [7] or powders synthesized by boro/carbothermal reduction [21]. 

To the best of our knowledge, single-phase HEBs containing 10-20 mol. % WB2 have not been 

successfully made to date (albeit HEBs containing 20 mol. % MoB2 have been made [7, 18, 22], 

although AlB2-type MoB2 is also not a stable phase at room temperature). 

In this study, we showed that reactive SPS of elemental metal and boron powders enables 

the synthesis of three compositions of single-phase HEBs containing 20 mol. % WB2 (plus another 

HEB containing 10 mol. % WB2); in contrast, SPS of milled mixtures of five binary borides always 

led to the formation of a secondary WB-rich monoboride phase in the same four compositions. 

Notably, we further made a scientifically interesting discovery: HEBs containing softer WB2 

and/or MoB2 components [34] are harder than (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2. Thus, this study 

exemplifies that HECs can achieve unexpected properties beyond the simple mixture effect. 

3.2 Method 

For boron-metals reactive SPS, elemental powders of Ti, Cr, Zr, Nb, Mo, Hf, Ta, and W 



74 
 

(>99% purity, ~325 mesh, purchased from Alfa Aesar, MA, USA) and boron (99% purity, 1-2 μm, 

purchased from US Research Nanomaterials, TX, USA) were utilized for making specimens HEB-

A1 to HEB-F1 listed in Table 3.1. For each composition, appropriate amounts of metals and boron  

were weighted out in batches of 5 g; noting that we added 10% excess B (i.e., weighted a nominal 

metal-to-boron atomic ratio of 1:2.2) to offset the loss due to reaction with native oxide and 

subsequently evaporation. The powders were hand-mixed and subsequently HEBM in a Spex 

8000D mill (SpexCertPrep, NJ, USA) in tungsten carbide lined stainless steel jars and 10 mm 

tungsten carbide milling media (ball-to-powder ratio ≈ 4:1), for 50 min with 1 wt. % (0.05 g) 

stearic acid as lubricant. The HEBM was performed in an argon atmosphere (O2 < 10 ppm) to 

prevent oxidation.  

The milled powders were loaded into 10 mm graphite dies lined with graphite foils in 

batches of 2 g, and subsequently consolidated into dense pellets via SPS in vacuum (10-2 Torr) 

using a Thermal Technologies 3000 series SPS (CA, USA). During the initial temperature ramping 

at 50 C/min with uniaxial load of 10 MPa, in-situ reaction of metals and boron likely takes place. 

Differing from Tallarita et al.’s trial of directly reactive SPS of (Ti0.2Zr0.2Hf0.2Nb0.2Mo0.2)B2 in one 

step (1950 °C, 20 min, 20 MPa) that did not achieve a high density [22], our specimen was first 

held in SPS at 1400 C and 1600 C, successively, for 40 min each, to allow out-gassing and 

reduction of native oxides with excess boron [35, 36]. After that, the temperature was raised to 

2000 C at a lower heating rate of 30 C/min and sintered isothermally for 10 min for final 

densification; at the same time, the load was increased to 50 MPa at a rate of 5 MPa/min. Finally, 

the sintered specimen was cooled in the SPS machine to room temperature. 

For a comparison study, specimens of the four W-containing compositions were also 

synthesized via conventional HEBM and SPS of five binary metal borides (following the route in 
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Ref. [7]), and these benchmark specimens are labelled as HEB-C2 to HEB-F2. TiB2, CrB2, ZrB2, 

NbB2, HfB2, W2B5-x (>99% purity, ~325 mesh, purchased from Alfa Aesar, MA, USA), Mo2B5-x, 

and TaB2 (>99% purity, 45 μm, purchased from Goodfellow, PA, USA) were utilized as the 

precursors for these specimens; and it should be noted that Mo2B5-x and W2B5-x powders were used 

as the starting binary borides of Mo and W since the AlB2-structured MoB2 and WB2 are unstable 

and not commercially available.  

All sintered specimens were ground (to remove carbon contamination from graphite 

tooling) and polished before further characterization. Densities for specimen HEB-A1 to HEB-F1 

were measured via Archimedes’ method; their relative densities were calculated based on 

theoretical densities calculated from the ideal stoichiometry and the lattice parameters measured 

by X-ray diffraction (XRD) and listed in  Table 3.2. XRD characterizations were carried out on all 

specimens using a Rigaku Miniflex diffractometer with Cu Kα radiation at 30 kV and 15 mA. 

Scanning electron microscopy (SEM), electron dispersive X-ray spectroscopy (EDS), and electron 

backscatter diffraction (EBSD) data for were collected with a FEI Apreo microscope equipped 

with an Oxford N-MaxN EDX detector and an Oxford Symmetry EBSD detector. Vickers’ 

microhardness tests were carried out on a diamond indenter with loading force of 1.96 N (200 gf) 

and holding time of 15 seconds according to ASTM C1327. Over 50 measurements were 

conducted at different locations to ensure statistical validity and minimize the microstructural and 

grain boundary effects. 

3.3 Results and Discussion 

XRD showed that all six specimens HEB-A1 to HEB-F1 synthesized via boron-metals 

reactive SPS have virtually single AlB2-structured HEB phases without any detectable secondary 

phase (Fig. 3.1(a)). Additional XRD patterns of the as-milled metal and boron powders are shown  
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in Fig. 3.5, which shows that the HEB phase formed during the reactive SPS. SEM further showed 

that these specimens are dense with <3 vol. % of total porosity and/or extra boron (Fig. 3.4), which 

is consistent with measured relative densities (95.5% for HEB-D1 and >97% for all other five 

specimens as shown in Table 3.1). EDS elemental maps shown in Fig. 3.2(a-1) to (f-1) confirm 

the formation of homogeneous HEB solid solutions for all six compositions.  

Thus, the above results showed that reactive SPS of elemental metals and boron enabled 

the formation of four WB2-containing single-phase HEBs without any detectable secondary phase, 

including HEB-C1: (Ti0.2Zr0.2Hf0.2Mo0.2W0.2)B2, HEB-D1: (Ti0.2Ta0.2Cr0.2Mo0.2W0.2)B2, HEB-E1: 

(Zr0.2Hf0.2Nb0.2Ta0.2W0.2)B2, and HEB-F1: (Zr0.225Hf0.225Ta0.225Mo0.225W0.1)B2. 

In addition, two WB2-free single-phase HEBs, HEB-A1: (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2 and 

HEB-B1: (Ti0.2Zr0.2Nb0.2Ta0.2Mo0.2)B2, have also been fabricated by boron-metals reactive SPS as 

benchmark. It is known that these two compositions can also be made into single-phase HEBs via 

conventional HEBM and SPS of five binary metal borides, as shown in a prior study [7].   

In a critical comparison, XRD patterns in Fig. 3.1(b) show that the four WB2-containing 

specimens HEB-C2 to HEB-F2 synthesized by conventional HEBM and SPS of five binary borides 

all exhibit a primary AlB2-structured HEB phase with a secondary phase of orthorhombic (CrB 

prototype, space group Cmcm, no. 63) monoboride. Small amounts of (Zr, Hf)O2 native oxides 

were also detected in HEB-C2, HEB-E2, and HEB-F2 where ZrB2 and HfB2 were utilized as 

precursors (while the specimens HEB-C1, HEB-E1, and HEB-F1 of the same compositions made 

by reactive SPS of elemental boron and metals are essentially oxide-free, as shown in Fig. 3.1(a)). 

EDS elemental maps in Fig. 3.2(c-2) to (f-2) further showed that the secondary monoboride phases 

are W-rich. Furthermore, the compositions of these monoboride phases were measured by EDS 

point analyses to be (W0.78Mo0.19Ti0.02Hf0.01)B in HEB-C2, (W0.41Mo0.28Cr0.18Ta0.09Ti0.04)B in 
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HEB-D2, (W0.54Ta0.15Hf0.13Nb0.11Zr0.07)B in HEB-E2, and (W0.55Mo0.36Ta0.09Hf0.01)B in HEB-F2, 

respectively (Fig. 3.7). Noticeably, the IVB elements Ti, Zr and Hf all have low fractions in these 

monoboride phases, because their corresponding monoborides are not stable [37]. The higher 

concentrations of VIB elements Cr, Mo, and W than the VB elements Nb and Ta can be justified 

by the differences in their formation enthalpies between CrB-type and AlB2-type structures. The 

differences in formation enthalpies (𝐻𝑀𝐵
𝑀 −𝐻𝑀𝐵2

𝑀 ) are -0.277, -0.211, -0.186, -0.163, and -0.07 in 

eV/atom, respectively for M = W, Mo, Cr, Ta, and Nb, respectively, based on the Material Project 

Database [38]. This order largely confirms the relative fractions of these metals in the secondary 

monoboride phase, where the most negative 𝐻𝑊𝐵
𝑊 − 𝐻𝑊𝐵2

𝑊  corresponds to the highest tungsten 

concentrations in the monoboride phase (followed by Mo, Cr, and Ta).  

The combination of XRD, SEM, EDS and density measurements showed that four dense, 

WB2-containing, single-phase specimens HEB-C1 to HEB-F1 have been successfully synthesized 

via this new reactive SPS of elemental boron and metals route, which could not be fabricated by 

conventional HEBM and SPS of mixtures of five binary borides (HEB-C2 to HEB-F2). While one 

may argue that the use of nonstoichiometric W2B5-x powder might cause a difference here, we note 

that a W-rich monoboride secondary phase was also observed in a (Ti0.2Zr0.2Hf0.2Mo0.2W0.2)B2 (i.e. 

composition HEB-C) specimen synthesized via boro/carbothermal reduction of mixed oxides and 

B4C and subsequent SPS in a most recent study [21] (while the compositions HEB-A and HEB-B 

were also made into single-phase HEBs via that boro/carbothermal reduction route [21]).  

The stabilization of 20 mol. % WB2 into the three compositions (plus 10 mol. % WB2 into 

another composition) of single-phase HEBs represents an achievement of this work, which have 

not been achieved in any prior study. This can be explained by the large reactive thermodynamic 

driving forces with elemental boron and metals as the starting powders.  It is yet unknown whether 
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these WB2-containing single-phase HEBs are truly thermodynamic stable, or metastable, phases. 

Nonetheless, this work serves as excellent demonstration that the phase formation in HEBs can 

strongly depend on the kinetic (synthesis and processing) route.  

EBSD inverse pole figure orientation maps and their grain size distributions are shown in 

Fig. 3.3 for all six specimens synthesized via boron-metals reactive SPS. The averaged grain size 

varies from 8.6 ± 4.8 μm (for HEB-B1) to 20.7 ± 14.8 μm (for HEB-F1). Notably, all specimens 

contain some small grains, which is due to the reactive process (as seen in prior studies of reactive 

sintering of Ti + B [39] and TiH2 + B [40]). Moreover, preferred grain orientation of (001) plane 

normal to the direction of the applied pressure is observed, as shown in the inverse pole figure in  

Fig. 3.8. This texture was further confirmed by comparing the experimental XRD pattern with the 

calculated XRD pattern (Fig. 3.9). To quantify the degree of this texture, Lotgering orientation 

factor [41] 𝑓 was calculated to be from ~0.08 (for HEB-E1 with the least texture) to ~0.15 (for 

HEB-C1 with the most texture), which represent moderate textures. For comparison, a prior study 

showed a significant texture in (𝑓~0.6 − 0.7) in TiB2 made by a similar in-situ reactive SPS from 

TiH2 [40]. We find that the formation of this texture in our HEBs is related to the applied pressure. 

To demonstrate this, an HEB-B specimen was fabricated at a reduced initial loading of <1 MPa 

via the same routine to achieve minimal texture (𝑓 < 0.01) ( Fig. 3.10 and 3.11).  

Vickers microhardness was measured for all six specimens made by reactive SPS of 

elemental boron and metals and the results are summarized in Table 3.1. The measured hardness 

of HEB-A1 (20.9 ± 1.1 GPa) is consistent with those previously-reported dense specimens of the 

same compositions (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2 synthesized via different routines [18, 21]. Note 

that single-phase specimens HEB-A1 and HEB-B1 sintered in this study are harder than those less 

dense (91-93%) specimens first reported by Gild et al., where the differences can be well explained 
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by the porosity as well as oxide inclusions in those earlier specimens [7].  

Most interestingly, the five Mo- and W-containing single-phase specimens HEB-B1 to 

HEB-F1 are harder than the MoB2- and WB2-free reference specimen HEB-A1: 

(Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2 (Vickers hardness 20.9 ± 1.1 GPa). In comparison, the Vickers 

hardness of the MoB2-containing specimen HEB-B1: (Ti0.2Zr0.2Nb0.2Ta0.2Mo0.2)B2 is increased to 

24.9 ± 1.1 GPa. This is consistent with two prior studies [7, 21]. More interestingly, four WB2-

containing specimens HEB-C1 to HEB-F1 have been made into single HEB phase for the first 

time. Three of them (HEB-C1, HEB-E1, and HEB-F1) have even greater Vickers hardness of 26-

27.5 GPa, while the relatively lower hardness of HEB-D1 (23.7 ± 1.3 GPa) may be explained from 

its lower relative density (95.5%).  

The fact that WB2- and MoB2-containing HEBs are harder is somewhat surprising and 

highly interesting since prior DFT calculations predicted WB2 (along with MoB2 and CrB2) to have 

significantly lower hardness (and to be more ductile) than other diborides (TiB2, ZrB2, HfB2, NbB2, 

and TaB2) [34]. While the predicted hardness values from DFT calculations are always higher than 

the measured Vickers hardness from experiments, DFT calculations [34] suggested the following 

order of hardness: TiB2 > ZrB2 > HfB2 > NbB2 > TaB2 > CrB2 > MoB2 > WB2 (Table 3.3), which 

should be mostly accurate. Moreover, based on the DFT predictions [34], the hardness values of 

four MoB2- and WB2-containing single-phase specimens HEB-B1 to HEB-F1 should be lower 

than that of the HEB-A1, (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2 by approximately 12%, 12%, 33%, 19%, 

and 21%, respectively (Table 3.1). In contrast, the measured Vickers hardness values for HEB-B1 

to HEB-F1 are in fact  higher than that of  the HEB-A1 reference specimen by approximately 19%, 

24%, 13%, 28%, and 32%, respectively (Table 3.1).  

Similar beneficial effects with tungsten or molybdenum additions were also evident in 



80 
 

“low-entropy” solid solutions of metal diborides. In IVB and VB metal diborides, MoSi2 additions 

were found to enhance the mechanical properties of ZrB2-, HfB2-, and TaB2-based ceramics [42-

44]. WB additions are known to improve the oxidation resistance of ZrB2 significantly [45, 46]. 

It is possible that this enhanced mechanical property is due to a solution effect of introducing 

different elements that can enhance different mechanical properties (e.g., ductility vs. modulus) 

[34] as well as higher valence electron concentrations from introducing VIB elements to contribute 

more p electrons to form p-d hybridization with boron [47]. Further modeling study is needed to 

uncover the exact underlying mechanism. Nonetheless, this clearly demonstrates that high-entropy 

ceramics can exhibit unexpected/improved properties beyond the simple mixture effect. 

3.4 Conclusions 

In summary, this study presents a novel method to synthesize single-phase WB2- and 

MoB2-containing HEBs via reactive SPS of elemental boron and metals; this represents the first 

report that single-phase HEBs that contains 20 mol. % WB2 can be synthesized. These single-

phase HEB specimens have achieved high relative densities with virtually no native oxides. In 

addition, this study demonstrates that the phase formation in HEBs depends on the kinetic route. 

In a broader context, it further suggests that reactive sintering of elements with large 

thermodynamic driving forces as a new route to synthesize single-phase HECs to allow alloying 

of certain elements that are otherwise difficult to dissolve in significant amounts. 

Most interestingly, this study further demonstrates that the incorporation of softer WB2 

and/or MoB2 components in HEBs can make them harder (although with larger grain size), thereby 

suggesting that HECs can attain unexpected properties beyond the simple mixture effect. 

 Chapter 3, in full, is a reprint of the material “Dissolving and stablizing soft WB2 and 

MoB2 phases into high-entropy borides via boron-metals reactive sintering to attain higher 
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hardness”, M. Qin, J. Gild, H. Wang, T. Harrington, K.S. Vecchio, and J. Luo, as it appears in 

Journal of the European Ceramics Society, 40(12) (2020) 4348-4353. The dissertation author was 

the primary investigator and wrote the first draft of manuscript. 
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Figure 3.1. XRD patterns of specimens of different compositions, synthesized via (a) reactive SPS 

of elemental boron and metals and (b) conventional SPS of mixtures of binary borides. On the one 

hand, specimens HEB-A1 to HEB-F1 fabricated via reactive SPS of elemental boron and metals 

all demonstrate a single AlB2-structured hexagonal phase without detectable secondary phase by 

XRD. On the other hand, the four W-containing specimens fabricated from mixed binary borides 

all show noticeable amounts of a WB-rich (as revealed the EDS analysis) secondary monoboride 

phase, as well as minor (Zr, Hf)O2 native oxides (except HEB-D2). Note that a similar XRD pattern 

for HEB-C2 was reported in Ref. [7] and included here for comparison purpose. 

 

Figure 21.1. XRD patterns of specimens of different compositions, synthesized via (a) reactive 

SPS of elemental boron and metals and (b) conventional SPS of mixtures of binary borides. On 

the one hand, specimens HEB-A1 to HEB-F1 fabricated via reactive SPS of elemental boron and 

metals all demonstrate a single AlB2-structured hexagonal phase without detectable secondary 

phase by XRD. On the other hand, the four W-containing specimens fabricated from mixed binary 

borides all show noticeable amounts of a WB-rich (as revealed the EDS analysis) secondary 

monoboride phase, as well as minor (Zr, Hf)O2 native oxides (except HEB-D2). Note that a similar 

XRD pattern for HEB-C2 was reported in Ref. [7] and included here for comparison purpose. 
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Figure 3.2. EDS elemental maps of specimens synthesized (a-1 to f-1) via reactive SPS of 

elemental boron and metals and (c-2 to f-2) conventional SPS of mixtures of binary borides. On 

the one hand, all six specimens fabricated by reactive SPS of elemental boron and metals show 

homogenous elemental distributions. On the other hand, the four W-containing specimens HEB-

C2 to HEB-F2 fabricated from SPS of mixtures of binary borides exhibit W-rich secondary phase 

particles, as well as high porosity Note that similar EDS elemental maps for HEB-C2 was reported 

for Ref. [7] and included here for comparison purpose. All scale bars represent 25 m. Enlarged 

figures of these EDS maps, along with the corresponding SEM micrographs, are shown in Fig. 

3.12. 

 

Figure 22.2. EDS elemental maps of specimens synthesized (a-1 to f-1) via reactive SPS of 

elemental boron and metals and (c-2 to f-2) conventional SPS of mixtures of binary borides. On 

the one hand, all six specimens fabricated by reactive SPS of elemental boron and metals show 

homogenous elemental distributions. On the other hand, the four W-containing specimens HEB-

C2 to HEB-F2 fabricated from SPS of mixtures of binary borides exhibit W-rich secondary phase 

particles, as well as high porosity Note that similar EDS elemental maps for HEB-C2 was reported 

for Ref. [7] and included here for comparison purpose. All scale bars represent 25 m. Enlarged 

figures of these EDS maps, along with the corresponding SEM micrographs, are shown in Fig. 

3.12. 
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Figure 3.3. EBSD normal direction inverse pole figure orientation maps for specimens (a) HEB-

A1, (b) HEB-B1, (c) HEB-C1, (d) HEB-D1, (e) HEB-E1, and (f) HEB-F1, synthesized via reactive 

SPS of elemental boron and metals. Insets are grain size distributions. 

 

Figure 23.3. EBSD normal direction inverse pole figure orientation maps for specimens (a) HEB-

A1, (b) HEB-B1, (c) HEB-C1, (d) HEB-D1, (e) HEB-E1, and (f) HEB-F1, synthesized via reactive 

SPS of elemental boron and metals. Insets are grain size distributions.  
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Figure 3.4. SEM micrographs of six specimens synthesized via direct boron-metals reactive SPS: 

(a) HEB-A1, (b) HEB-B1, (c) HEB-C1, (d) HEB-D1, (e) HEB-E1, and (f) HEB-F1. The black 

spots in the micrographs are porosity and/or extra boron. 

 

Figure 24.4. SEM micrographs of six specimens synthesized via direct boron-metals reactive SPS: 

(a) HEB-A1, (b) HEB-B1, (c) HEB-C1, (d) HEB-D1, (e) HEB-E1, and (f) HEB-F1. The black 

spots in the micrographs are porosity and/or extra boron. 
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Figure 3.5. XRD patterns of specimens of six compositions synthesized via direct boron-metals 

reactive SPS: (a) as-milled metal and boron powders (after HEBM) and (b) sintered HEB pellets 

(after direct boron-metals reactive SPS). All six sintered specimens exhibit a single hexagonal 

phase of AlB2 structure. 

 

Figure 25.5. XRD patterns of specimens of six compositions synthesized via direct boron-metals 

reactive SPS: (a) as-milled metal and boron powders (after HEBM) and (b) sintered HEB pellets 

(after direct boron-metals reactive SPS). All six sintered specimens exhibit a single hexagonal 

phase of AlB2 structure. 
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Figure 3.6. XRD patterns of four W-containing specimens synthesized from mixtures of 

commercial binary borides (HEBM and subsequently SPS) as benchmark: (a) as-milled boride 

powders (after HEBM) and (b) sintered HEB pellets (after SPS). Sintered HEB-A2 and HEB-B2 

specimens show a largely single phase of hexagonal AlB2 structure, which were reported in Ref. 
[7]. All four W-containing compositions (HEB-C2 to HEB-F2) exhibit noticeable W-rich (WxM1-

x)B orthorhombic monoboride secondary phases (of CrB prototype structure), and minor (Zr, 

Hf)O2 native oxides (except HEB-D2). Note that the XRD patterns of HEB-C2 is replotted from 

Ref. [7] and included here for comparison; those for HEB-D2, HEB-E2, and HEB-F2 are new 

experiments of this study. 

 

Figure 26.6. XRD patterns of four W-containing specimens synthesized from mixtures of 

commercial binary borides (HEBM and subsequently SPS) as benchmark: (a) as-milled boride 

powders (after HEBM) and (b) sintered HEB pellets (after SPS). Sintered HEB-A2 and HEB-B2 

specimens show a largely single phase of hexagonal AlB2 structure, which were reported in Ref. 
[7]. All four W-containing compositions (HEB-C2 to HEB-F2) exhibit noticeable W-rich (WxM1-

x)B orthorhombic monoboride secondary phases (of CrB prototype structure), and minor (Zr, 

Hf)O2 native oxides (except HEB-D2). Note that the XRD patterns of HEB-C2 is replotted from 

Ref. [7] and included here for comparison; those for HEB-D2, HEB-E2, and HEB-F2 are new 

experiments of this study. 

  



88 
 

 

Figure 3.7. Point EDS analysis of four W-containing specimens (HEB-C2 to HEB-F2) synthesized 

from mixtures of commercial binary borides for comparisons. All four sintered specimens exhibit 

a similar W-rich secondary phase (Point 1), which is identified to be monoboride of the CrB 

prototype structure by XRD. The primary phases are still AlB2-type solid solutions (Point 2). The 

compositions are all given in cation at. % in the tables (on metal basis). 

 

Figure 27.7. Point EDS analysis of four W-containing specimens (HEB-C2 to HEB-F2) 

synthesized from mixtures of commercial binary borides for comparisons. All four sintered 

specimens exhibit a similar W-rich secondary phase (Point 1), which is identified to be monoboride 

of the CrB prototype structure by XRD. The primary phases are still AlB2-type solid solutions 

(Point 2). The compositions are all given in cation at. % in the tables (on metal basis). 
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Figure 3.8. Normal direction inverse pole figures of the crystal preferred orientation measured 

from EBSD for six specimens fabricated via direct boron-metals reactive SPS: (a) HEB-A1, (b) 

HEB-B1, (c) HEB-C1, (d) HEB-D1, (e) HEB-E1, and (f) HEB-F1. Contour maps represent 

multiples of the uniform distribution (MUD). All these six sintered specimens feature a preferred 

grain orientation of (001) plane normal to the direction of the applied pressure during SPS. 

 

Figure 28.8. Normal direction inverse pole figures of the crystal preferred orientation measured 

from EBSD for six specimens fabricated via direct boron-metals reactive SPS: (a) HEB-A1, (b) 

HEB-B1, (c) HEB-C1, (d) HEB-D1, (e) HEB-E1, and (f) HEB-F1. Contour maps represent 

multiples of the uniform distribution (MUD). All these six sintered specimens feature a preferred 

grain orientation of (001) plane normal to the direction of the applied pressure during SPS. 
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Figure 3.9. Calculated XRD patterns from the kinematic theory of diffraction for all six 

compositions assuming a random occupation of five cations in the AlB2 prototype HEB crystal 

structure. Note that the intensity of (100) peak is similar (or slightly lower) that of the (101) peak, 

whilst it is significantly higher than that of the (001) peak, for all six compositions. 

 

Figure 29.9. Calculated XRD patterns from the kinematic theory of diffraction for all six 

compositions assuming a random occupation of five cations in the AlB2 prototype HEB crystal 

structure. Note that the intensity of (100) peak is similar (or slightly lower) that of the (101) peak, 

whilst it is significantly higher than that of the (001) peak, for all six compositions. 
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Figure 3.10. Measured XRD patterns of two HEB-B specimens sintered at low (<1 MPa) and 

normal (10 MPa) pressures, respectively, via direct boron-metals reactive SPS, in comparison with 

the calculated XRD pattern. Comparison of the relative intensities of the (001) and (100) peaks 

shows little texture in the specimen sintered at the low pressure, while a (001) plane texture 

developed at the normal pressure. Note that the specimen sintered at normal pressure is the 

“normal” specimen labelled as HEB-B1 and discussed elsewhere in this article. 

 

Figure 30.10. Measured XRD patterns of two HEB-B specimens sintered at low (<1 MPa) and 

normal (10 MPa) pressures, respectively, via direct boron-metals reactive SPS, in comparison with 

the calculated XRD pattern. Comparison of the relative intensities of the (001) and (100) peaks 

shows little texture in the specimen sintered at the low pressure, while a (001) plane texture 

developed at the normal pressure. Note that the specimen sintered at normal pressure is the 

“normal” specimen labelled as HEB-B1 and discussed elsewhere in this article. 
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Figure 3.11. (a) EBSD normal direction inverse pole figure orientation map and (b) normal 

direction inverse pole figures of crystal preferred orientation, measured for the HEB-B specimen 

sintered at a low pressure of <1 MPa via direct boron-metals reactive SPS. Only very slight (001) 

plane texture is observed. 

 

Figure 31.11. (a) EBSD normal direction inverse pole figure orientation map and (b) normal 

direction inverse pole figures of crystal preferred orientation, measured for the HEB-B specimen 

sintered at a low pressure of <1 MPa via direct boron-metals reactive SPS. Only very slight (001) 

plane texture is observed. 
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Figure 3.12. SEM micrographs and EDS elemental maps of specimens synthesized (a-1 to f-1) 

via reactive SPS of elemental boron and metals and (c-2 to f-2) conventional SPS of mixtures of 

binary borides. Note that this Fig. 3.12 is the enlarged Fig. 3.2. 

Figure 32.12. SEM micrographs and EDS elemental maps of specimens synthesized (a-1 to f-1) 

via reactive SPS of elemental boron and metals and (c-2 to f-2) conventional SPS of mixtures of 

binary borides. Note that this Fig. 3.12 is the enlarged Fig. 3.2. 
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Table 3.1. Summary of the six specimens synthesized via reactive sintering of elemental boron 

and metals. Experimentally measured Vickers hardness values, along with the theoretical rule-of-

mixture (RoM) averages calculated from the those of individual metal diborides from DFT 

calculations (by Zhou et al. [34] and listed in  Table 3.3), are also listed. However, it is important 

to note that the theoretical hardness values calculated by this DFT method are always significantly 

higher than the measured Vickers hardness values from experiments. For example, the hardness 

of ZrB2 was predicted to be 41.2 GPa by DFT [34], whereas it was only measured to be 21-23 GPa 

experimentally [42]. Thus, it is not meaningful to directly compare the experimental Vickers 

hardness with the theoretical RoM averaged hardness values from the DFT calculations. Instead, 

we calculated the percentage changes for both experimental and DFT values from reference values 

of the HEB-A1 (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2 specimen. Comparing these relative percentage 

changes, it is clearly evident that adding MoB2 and WB2 components makes HEBs harder, despite 

that the DFT calculations predict lower hardness values. See  Table 3.2 for additional data of lattice 

parameters and theoretical densities. 

 
Table 4.1. Summary of the six specimens synthesized via reactive sintering of elemental boron and metals. Experimentally 

measured Vickers hardness values, along with the theoretical rule-of-mixture (RoM) averages calculated from the those of 

individual metal diborides from DFT calculations (by Zhou et al. [34] and listed in  Table 3.3), are also listed. However, it is 

important to note that the theoretical hardness values calculated by this DFT method are always significantly higher than the 

measured Vickers hardness values from experiments. For example, the hardness of ZrB2 was predicted to be 41.2 GPa by DFT 

[34], whereas it was only measured to be 21-23 GPa experimentally [42]. Thus, it is not meaningful to directly compare the 

experimental Vickers hardness with the theoretical RoM averaged hardness values from the DFT calculations. Instead, we 

calculated the percentage changes for both experimental and DFT values from reference values of the HEB-A1 

(Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2 specimen. Comparing these relative percentage changes, it is clearly evident that adding MoB2 and 

WB2 components makes HEBs harder, despite that the DFT calculations predict lower hardness values. See  Table 3.2 for additional 

data of lattice parameters and theoretical densities. 

 

  

Specimen Compositions 
Density (g/cm3) 

(Relative Density) 

Experimental 
Vickers Hardness 

(GPa) 

Theoretical RoM 
Averaged Hardness 

from DFT Calculations 
(GPa) 

(% Change from HEB-A1) 

HEB-A1 (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2 8.13 (98.1%) 20.9 ± 1.1 35.6 

HEB-B1 (Ti0.2Zr0.2Nb0.2Ta0.2Mo0.2)B2 7.46 (99.2%) 
24.9 ± 1.3 

(+19%) 
31.5 

(-12%) 

HEB-C1 (Ti0.2Zr0.2Hf0.2 Mo0.2W0.2)B2 8.35 (97.5%) 
26.0 ± 1.5 

(+24%) 
31.4 

(-12%) 

HEB-D1 (Ti0.2Ta0.2Cr0.2Mo0.2W0.2)B2 8.37 (95.5%) 
23.7 ± 1.3 

(+13%) 
24.0 

(-33%) 

HEB-E1 (Zr0.2Hf0.2Nb0.2Ta0.2W0.2)B2 9.78 (98.1%) 
26.7 ± 1.1 
(+28%) 

28.9 
(-19%) 

HEB-F1 (Zr0.225Hf0.225Ta0.225Mo0.225W0.1)B2 9.56 (98.8%) 
27.5 ± 1.1 
(+32%) 

28.3 
(-21%) 



95 
 

Table 3.2. Summary of the six specimens (HEB-A1 to HEB-F1) synthesized via direct boron-

metals reactive SPS. Lattice parameters were measured by XRD, and the averaged lattice 

parameters represent the weighted means of binary borides (individual metal diborides) calculated 

via the rule of mixture. Theoretical densities were calculated from the XRD measured lattice 

parameters and the ideal compositions. The specimen densities were measured via the Archimedes 

method. Experimentally measured Vickers hardness values, along with the theoretical rule-of-

mixture (RoM) averages calculated from the those of individual metal diborides from DFT 

calculations (by Zhou et al. [34] and listed in Table 3.3), are also listed. However, it is important 

to note that the theoretical hardness values by this DFT method are always significantly higher 

than the measured Vickers hardness values from experiments. For example, the hardness of ZrB2 

was predicted to be 41.2 GPa by DFT [34], whereas it was only measured to be 21-23 GPa 

experimentally [42]. Thus, it is not meaningful to directly compare the experimental Vickers 

hardness with the theoretical RoM averaged hardness values from the DFT calculations. Instead, 

we calculated the percentage changes for both experimental and DFT values from reference values 

of the HEB-A1 (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2 specimen. Comparing these relative percentage 

changes, it is clearly evident that adding MoB2 and WB2 components makes HEBs harder, despite 

that the DFT calculations predict lower hardness values. 

Table 5.2. Summary of the six specimens (HEB-A1 to HEB-F1) synthesized via direct boron-metals reactive SPS. Lattice 

parameters were measured by XRD, and the averaged lattice parameters represent the weighted means of binary borides (individual 

metal diborides) calculated via the rule of mixture. Theoretical densities were calculated from the XRD measured lattice parameters 

and the ideal compositions. The specimen densities were measured via the Archimedes method. Experimentally measured Vickers 

hardness values, along with the theoretical rule-of-mixture (RoM) averages calculated from the those of individual metal diborides 

from DFT calculations (by Zhou et al. [34] and listed in Table 3.3), are also listed. However, it is important to note that the 

theoretical hardness values by this DFT method are always significantly higher than the measured Vickers hardness values from 

experiments. For example, the hardness of ZrB2 was predicted to be 41.2 GPa by DFT [34], whereas it was only measured to be 

21-23 GPa experimentally [42]. Thus, it is not meaningful to directly compare the experimental Vickers hardness with the 

theoretical RoM averaged hardness values from the DFT calculations. Instead, we calculated the percentage changes for both 

experimental and DFT values from reference values of the HEB-A1 (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2 specimen. Comparing these 

relative percentage changes, it is clearly evident that adding MoB2 and WB2 components makes HEBs harder, despite that the DFT 

calculations predict lower hardness values.  

 

Specimen Compositions 
Lattice 

Parameters 
a, c (Å ) 

Averaged 
Lattice 

Parameters 
a, c (Å ) 

Theoretical 
Density 
(g/cm3) 

Density 
(g/cm3) 

(Relative 
Density) 

Experimental 
Vickers 

Hardness 
(GPa) 

Theoretical  
RoM Averaged 

Hardness from DFT 
Calculations (GPa) 

(% Change from HEB-A1) 

HEB-A1 (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2 
3.1000, 
3.3619 

3.1104, 
3.3472 

8.29 
8.13 

(98.1%) 
20.9 ± 1.1 35.6 

HEB-B1 (Ti0.2Zr0.2Nb0.2Ta0.2Mo0.2)B2 
3.0820, 
3.3224 

3.0898, 
3.2644 

7.52 
7.46 

(99.2%) 
24.9 ± 1.3 

(+19%) 
31.5 

(-12%) 

HEB-C1 (Ti0.2Zr0.2Hf0.2 Mo0.2W0.2)B2 
3.0790, 
3.3389 

3.0804, 
3.3380 

8.56 
8.35 

(97.5%) 
26.0 ± 1.5 

(+24%) 
31.4 

(-12%) 

HEB-D1 (Ti0.2Ta0.2Cr0.2Mo0.2W0.2)B2 
3.0376, 
3.1836 

3.0328, 
3.1948 

8.76 
8.37 

(95.5%) 
23.7 ± 1.3 

(+13%) 
24.0 

(-33%) 

HEB-E1 (Zr0.2Hf0.2Nb0.2Ta0.2W0.2)B2 
3.0933, 
3.3619 

3.1086, 
3.3762 

9.97 
9.78 

(98.1%) 
26.7 ± 1.1 
(+28%) 

28.9 
(-19%) 

HEB-F1 (Zr0.225Hf0.225Ta0.225Mo0.225W0.1)B2 
3.0956, 
3.3737 

3.1026, 
3.3300 

9.68 
9.56 

(98.8%) 
27.5 ± 1.1 

(+32%) 
28.3 

(-21%) 
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Table 3.3. Summary of the lattice parameters and predicted moduli and theoretical hardness values 

of individual metal diborides (binary borides). Due to the unavailability of high-quality 

experimental data for WB2 (since it is not a stable phase), its lattice parameters were obtained from 

Material Project Database [38] calculated by density function theory. The table also lists the 

predicted theoretical values of bulk (B) and shear (G) moduli, G/B ratios, and estimated/predicted 

hardness using the formula: 𝐻𝑉 =   2[(𝐺/𝐵)2𝐺]0.585 − 3 based on the DFT calculations by Zhou 

et al. [34]. Noting that the predicted theoretical hardness values are always significantly higher 

than the measured hardness values from experiments, which should correlate well with the G/B 

ratios that can be more reliably predicted. However, the trends (relative hardness of different metal 

diborides) should be reliable and meaningful. 

 

Table 6.3. Summary of the lattice parameters and predicted moduli and theoretical hardness values 

of individual metal diborides (binary borides). Due to the unavailability of high-quality 

experimental data for WB2 (since it is not a stable phase), its lattice parameters were obtained from 

Material Project Database [38] calculated by density function theory. The table also lists the 

predicted theoretical values of bulk (B) and shear (G) moduli, G/B ratios, and estimated/predicted 

hardness using the formula: 𝐻𝑉 =   2[(𝐺/𝐵)2𝐺]0.585 − 3 based on the DFT calculations by Zhou 

et al. [34]. Noting that the predicted theoretical hardness values are always significantly higher 

than the measured hardness values from experiments, which should correlate well with the G/B 

ratios that can be more reliably predicted. However, the trends (relative hardness of different metal 

diborides) should be reliable and meaningful.  

 

  

Metal Diboride Lattice Parameter a, c (Å ) 

Predicted Theoretical Values from the DFT Calculations by Zhou et al. [34] 

G (GPa) B (GPa) G/B HV (GPa) 

TiB2 3.031, 3.237 [48] 253 261 1.03 47.8 

ZrB2 3.168, 3.531 [49] 238 231 0.97 41.2 

HfB2 3.142, 3.477 [49] 261 233 0.89 37.3 

NbB2 3.114, 3.265 [50] 287 210 0.73 27.2 

TaB2 3.097, 3.226 [49] 296 204 0.69 24.7 

CrB2 2.975, 3.066 [51] 289 166 0.57 17.0 

MoB2 3.039, 3.063 [49] 330 178 0.54 16.4 

WB2 3.022, 3.382 [38] 325 165 0.51 14.3 
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Chapter 4. High-Entropy Monoborides: Towards Superhard Materials 

4.1 Introduction 

The research of high-entropy alloys (HEAs) has received great attentions since the seminal 

reports by Yeh et al. [1] and Cantor et al. [2] in 2004. HEAs are widely reported to possess 

excellent, and sometimes unexpected, mechanical and physical properties [3]. More recently, high-

entropy ceramics (HECs), including oxides [4-7], borides [8], carbides [9-11], silicides [12, 13], 

and fluorides [14] haven been successfully fabricated. Furthermore, the generalized class of 

compositionally-complex ceramics (CCCs) that also include medium-entropy and/or non-

equimolar compositions [15, 16], have been synthesized and studied as the ceramic counterparts 

to the metallic HEAs and compositionally-complex alloys (CCAs).  

Gild et al. [8] first reported the successful synthesis of single-phase high-entropy borides 

(metal diborides) in 2016, as a new class in ultrahigh temperature ceramics (UHTCs). 

Subsequently, Tallarita et al. [17, 18] reported the fabrication of HEBs from elemental precursors 

via a two-step processing method. Most recently, Qin et al. [19] used an in-situ reactive spark 

plasma sintering (SPS) method, with an isothermal holding prior to final densification to allow 

out-gassing, to synthesize highly dense HEBs; moreover, they showed that adding softer MoB2 

and/or WB2 components to make the high-entropy borides harder. While high-entropy metal 

diborides have been extensively studied [8, 17, 18, 20-27], the only other high-entropy boride 

reported to date is a rare earth hexaboride (Y0.2Yb0.2Sm0.2Nd0.2Eu0.2)B6 [28]. 

Specifically, the synthesis of high-entropy monoborides (HEMBs) of the orthorhombic 

CrB-prototype structure (space group: Cmcm, No. 63) has not been reported. Monoborides are of 

interest as hard materials, among which ternary (Ta0.5W0.5)B has been shown to be “superhard” 

(i.e., with Vickers hardness ≥ 40 GPa tested at an indentation load of 0.49 N) in a prior study [29]. 
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Only limited materials, including diamond, cubic boron nitride (c-BN), rhenium diboride (ReB2), 

and tungsten tetraboride (WB4) as the most classic examples, are known to be superhard [30-32]. 

For borides, the propensity for boron to catenate usually results in extended 2D or 3D network of 

covalent bonds to present an excellent platform for designing superhard materials [33, 34]. Over 

the years, superhard materials have been successfully designed and fabricated in monoboride [29, 

35], diboride [36], tetraboride [37-39], and dodecaboride [40-43] solid solutions. Notably, CrB-

structured ternary (TaxW1-x)B [29] solid solutions have been found to be superhard at the equimolar 

composition (x = 0.5). This motivated us to further explore HEMBs. 

In this study, we have successfully fabricated single-phase CrB-structured HEMBs in bulk 

form, for the first time to our knowledge, via reactive SPS of elemental metals and boron. The 

sintered HEMBs achieved ~98.3-99.5% relative densities with virtually no detectable oxides. 

Specifically, we showed that (V0.2Cr0.2Nb0.2Ta0.2W0.2)B is harder than the superhard ternary 

(Ta0.5W0.5)B, almost on a par with the classical superhard boride WB4.  

4.2 Method 

To synthesize HEMB, elemental powders of V, Cr, Nb, Mo, Ta, and W (>99.5% purity, 

~325 mesh, purchased from Alfa Aesar, MA, USA) and boron (99% purity, 1-2 μm, purchased 

from US Research Nanomaterials, TX, USA) were utilized for making specimens of three 

compositions listed in Table 4.1 as HEMB1 to HEMB3. For each composition, appropriate 

amounts of metals and boron powders were weighted out in batches of 5 g; 3 at. % of excess boron 

was added (i.e., a metal-to-boron ratio of 1:1.03) to offset the boron loss due to reaction with native 

oxide and subsequent evaporation. The powders were first hand-mixed and consecutively high 

energy ball milled (HEBM) in a Spex 8000D mill (SpexCertPrep, NJ, USA) in tungsten carbide 

lined stainless steel jars and 11.2 mm tungsten carbide milling media (with a ball-to-powder ratio 
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≈ 4.5:1) for 50 min with 1 wt. % (0.05 g) of stearic acid as lubricant. The HEBM was performed 

in an argon atmosphere (O2 < 10 ppm) to prevent oxidation. The milled powders were loaded into 

10 mm graphite dies lined with graphite foils in batches of 3 g, and consecutively consolidated 

into dense pellets via SPS in vacuum (10-2 Torr) using a Thermal Technologies 3000 series SPS 

(CA, USA). The detailed reactive SPS sintering procedure was specified in our prior report [19]. 

It is noted that specimens were held at 1400C and then 1600C, isothermally, before final 

densification at 2000C. 

All sintered specimens were ground to remove the carbon-rich surface layer from the 

graphite tooling and polished for characterization. Densities were measured by Archimedes’ 

method, and theoretical densities were calculated from the ideal stoichiometry and the lattice 

parameters measured by X-ray diffraction (XRD) listed in Table 4.4(a). XRD characterizations 

were conducted on a Rigaku Miniflex diffractometer with Cu Kα radiation at 30 kV and 15 mA. 

Scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and electron 

backscatter diffraction (EBSD) data were obtained with a Thermo-Fisher (formerly FEI) Apreo 

microscope equipped with an Oxford N-MaxN EDX detector and an Oxford Symmetry EBSD 

detector. Vickers microhardness tests were carried out on a LECO diamond microindentor with 

loading force from 0.98 N (100 gf) to 9.8 N (1 kgf) with holding time of 15 seconds, abiding by 

ASTM Standard C1327. Over 20 measurements at different locations were conducted for each 

specimen at each indentation load to ensure the statistical validity and minimize the microstructural 

and grain boundary effects; specifically, over 50 measurements were conducted for each specimen 

at 9.8 N indentation load for accuracy. The twin boundary structure and nanoscale elemental 

distributions were characterized using aberration-corrected scanning transmission electron 
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microscopy (AC-STEM) and EDS using a JEOL 300CF microscope operated at 300 kV. The TEM 

lamella was prepared with FEI Scios focused ion beam/scanning electron microscope (FIB/SEM). 

4.3 Results and Discussion 

XRD shows that all three specimens (HEMB1 to HEMB3) synthesized via reactive SPS 

demonstrate virtually single orthorhombic HEMB phases of the CrB-prototype structure without 

detectable other boride or oxide phase; however, a tiny amount of rocksalt carbide is detected, 

which presumably formed due to contamination from SPS graphite tooling (Fig. 4.1(b)). XRD 

patterns of the as-milled powders (Fig. 4.1(a)) show multiple distinct cubic phases, thereby 

indicating the formation of HEMB phases during the reactive SPS. Peaks broadening observed in 

Fig. 4.1(a) can be ascribed to particle grain size reduction, as well as micro-strains caused by 

HEBM.  

For VB and VIB refractory metals, V, Cr, Nb, and Ta form CrB-structured monoborides, 

whereas Mo and W form CrB-structured orthorhombic (referred to as “orthorhombic” for brevity 

hereafter) monoborides at elevated temperatures but MoB-structured tetragonal monoborides (i.e. 

-MoB and -WB, space group: I41/amd, No.141) at ambient temperature [34, 44, 45]. Both 

structures are composed of stacking metal bilayers and boron chain layers. Although the 

orthorhombic β-MoB and β-WB are not thermodynamically stable at ambient temperature, 

HEMBs with 20 or 40 mol. % MoB and/or WB form the orthorhombic phases. This observation 

is not a surprise since a prior study found that even 1 cat. % of Ta in (Ta0.01W0.99)B can stabilize 

the solid solution to the orthorhombic phase [29].  

The homogeneous distributions of all metal elements in HEMB3 are confirmed by STEM-

EDS elemental maps at the nanoscale (Fig. 4.2(a)) as well as SEM-EDS elemental maps at 

microscale (Fig. 4.2(c)). SEM-EDS maps showing homogenous elemental distributions in 
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HEMB1 and HEMB2 are documented in Fig. 4.4. Additional SEM images at lower magnifications 

are shown in Fig. 4.5. These SEM results further confirm that the specimens are dense with <2 

vol. % porosity, consistent with the measured relative densities of >98% for all specimens (Table 

4.1). Averaged lattice parameters calculated by rule-of-mixture (RoM) from individual binary 

monoborides are also given in the Table 4.4(a), which agree those measured by XRD (with <1% 

differences). The measured metal compositions by quantitative EDS analysis are 

(V0.19Cr0.21Nb0.21Mo0.21Ta0.18)B for HEMB1, (V0.19Cr0.20Nb0.20Mo0.22W0.19)B for HEMB2, and 

(V0.19Cr0.19Nb0.22Ta0.21W0.19)B for HEMB3, where the differences (1-2 cat. %) from the 

equimolar compositions are comparable with EDS measurement errors. Hence, the nominal 

equimolar compositions are used for further discussion.  

Thus, the combination of above results shows that reactive SPS of elemental metals and 

boron lead to the formation of three orthorhombic HEMBs (listed in Table 4.1). These represent a 

new high-entropy phase that was made for the first time (and the third high-entropy boride phases 

reported [8, 28]).  

The reactive SPS procedure ensures the fabrication of dense single-boride-phase 

specimens, which also represents a novel contribution. The reaction between metals and boron (to 

form HEMB) is exothermal, which likely takes place during the initial temperature ramping, 

similar to prior synthesis of metal diborides [46, 47]. Here, the introduction of isothermal holding 

at 1400C and 1600C before final densification, promotes chemical reduction and outgassing of 

native oxides with the addition of excess boron. On the one hand, the addition of excess boron 

maintains a local reducing environment during both HEBM and SPS [17]; on the other hand, VB 

and VIB transition metals utilized can readily form various boron compounds (e.g. M3B2, M5B6, 

M3B4, and M2B3, where M represents a metal [34]) besides monoboride. Therefore, the excess 
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amount of boron has been optimized to be 3% in this study to avoid/minimize the 

presence/formation of both oxides and other B-rich borides; this also helps achieve high relative 

densities (~98.3-99.5%). In such case, this optimized process also represents a meaningful 

technical contribution. 

EBSD was utilized to measure the grain size and examine the texture of all sintered 

specimens. Conducted on well-polished specimen surface normal to SPS pressing direction, EBSD 

inverse pole figure orientation maps and their corresponding grain size distributions are shown in 

Fig. 4.6. The averaged grain sizes are measured to be 14.7 ± 9.0 μm for HEMB1, 18.9 ± 14.6 μm 

for HEMB2, and 13.4 ± 7.9 μm for HEMB3. The average grain size of HEMB2, with a significant 

amount of grains larger than 40 μm, is appreciably larger than those of HEMB1 or HEMB3.  

Notably, twin boundaries (with a misorientation angle of ~41.5 °, measured >30 distinct 

twin boundaries via EBSD, as well as directly from a STEM micrograph shown in Fig. 4.9) are 

pervasive in all HEMBs. Multiple grains repeated alternately on the same twinned plane suggest 

its nature of polysynthetic twinning [48]. Further study is needed to understand the observed 

microstructures and their formation mechanism.  

All HEMBs demonstrate a texture with a depletion of grain orientation of (001) normal to 

the SPS pressing direction. This texture is also obvious in the inverse pole figures of the crystal 

preferred orientation shown in Fig. 4.7, and it can be further confirmed by comparing the measured 

XRD patterns of sintered pellets (Fig. 4.1(b)) with the calculated XRD patterns assuming totally 

random cation occupation and grain orientation (Fig. 4.8). We believe the formation of this texture 

in our HEMB specimens is related to the applied pressure in SPS, as a similar texture was not 

observed in prior (TaxW1-x)B solid solutions synthesized by arc-melting [29]. 
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In addition to the first synthesis of HEMBs, a second significant finding of this study is the 

enhanced hardness of the HEMBs, in comparison with the ternary (Ta0.5W0.5)B that is already 

considered to be a “superhard” material [29]. Fig. 4.3 shows the measured Vickers microhardness 

of HEBMs under different indentation loads from 0.98 N to 9.8 N. At a high indentation load of 

9.8 N, hardness is measured to be 24.3  ± 0.6 GPa for HEMB1, 22.3 ± 0.6 GPa for HEMB2, and 

25.5 ± 0.8 GPa for HEMB3. The measured hardness increases steadily with decreasing indentation 

load, reaching 34.1 ± 2.3 GPa for HEMB1, 32.6 ± 2.5 GP for HEMB2, and 37.0 ± 3.1 GPa for 

HEMB1, at an indentation load of 0.98 N.  

This load-dependent hardness (a.k.a. indentation size effect [49]) is usually observed in 

brittle and incompressible materials with high hardness [29, 30], which has been ascribed to mixed 

elastic/plastic response during plastic deformation [50] and friction (or the underlying surface-to-

volume ratio) of indentation [51].  

Limited by the optical system on our hardness tester,  we could not measure the Vickers 

hardness at a lower load of 0.49 N for our HEMBs accurately (because indentations are too small 

to be precisely measured). To estimate the hardness at lower loads, Meyer’s law [52-54] was 

applied to fit the relationship between hardness and indentation: 𝑃 = 𝑎 ∙ 𝑑𝑛 , where P is the 

indentation load (g), d is the averaged indentation length (μm), n is an index, and a is a constant. 

The best-fitted curves are represented by the purple dash lines in Fig. 4.3. The corresponding fitted 

parameters and regression analyses results are given in Table 4.2. Based on this relationship, the 

hardness at the 0.49 N indentation load are estimated to be 35.7 GPa for HEMB1, 35.2 GPa for 

HEMB1, and 40.2 GPa for HEMB3. Thus, HEMB3 (V0.2Cr0.2Nb0.2Ta0.2W0.2)B may be considered 

as a superhard material based on the somewhat artificial criterion of  Hv  ≥ 40 GPa that was typically 
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measured at 0.49 N in the prior studies of superhard boride materials [29, 35-43]. We should note 

that this cut-off criterion is somewhat subjective and perhaps not the most important issue here.  

To further benchmark the hardness of HEMB3 (V0.2Cr0.2Nb0.2Ta0.2W0.2)B, we compare its 

load-dependent hardness with those of the two previously reported superhard materials, namely 

the classical WB4 [37] and the ternary (Ta0.5W0.5)B [29] in Fig. 4.10. Under the same indentation 

loads from 0.98 N to 4.9 N, the measured hardness values of HEMB3 evidently fall between those 

of WB4 and (Ta0.5W0.5)B.  

Notably, HEMB3 (V0.2Cr0.2Nb0.2Ta0.2W0.2)B is substantially harder than the ternary  

(Ta0.5W0.5)B that was considered as a superhard material [29] in the entire load range of 0.98N to 

4.9N, as shown in Fig. 4.10, which is probably more significant practically. To eliminate the 

possible effects from different fabrication routes, an additional specimen of (Ta0.5W0.5)B is 

fabricated via the same metal-boron reactive SPS method used to fabricate HEMBs. This 

(Ta0.5W0.5)B specimen prepared by SPS in this study (Fig. 4.3(d)) shows similar Vickers 

microhardness as the one made by arc melting in Ref. [29]; see Fig. 4.11 for the comparison and 

additional characterization results of the (Ta0.5W0.5)B specimen made in this study. Hence, 

HEMB3 is harder than the ternary (Ta0.5W0.5)B regardless the fabrication routes. 

This observation is also scientifically interesting as it suggests that the hardness can be 

further enhanced in a high-entropy solution in comparison with a (perhaps the best) ternary 

subsystem. This is even more interesting scientifically because all the constituent binary 

monoborides (except VB, whose measured hardness is unavailable in literature) have noticeably 

lower hardness [34, 55] (viz. CrB: 19.6 GPa at 9.8 N, NbB:  21.5 GPa at 0.49 N, MoB: 23-25 GPa 

at 0.49 N,  TaB: 30.7 GPa at 0.49 N, and WB: 36.3 GPa at 0.49 N). In other words, we can view 

this case as adding substantial amounts of three softer components (into (Ta0.5W0.5)B to form the 
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high-entropy (V0.2Cr0.2Nb0.2Ta0.2W0.2)B) makes the HEMB harder, akin to what we have recently 

observed in high-entropy metal diborides [19].  

Finally, we further compare the measured Vickers hardness of these HEMBs with several 

(probably the hardest reported) high-entropy metal diborides synthesized via a similar reactive 

SPS route in our prior study [19] in Table 4.3. At the same indentation load of 1.96 N, the HEMBs 

made in this study are notably harder than those hardest reported high-entropy metal diborides  

(27.2-31.8 GPa vs. 24.9-27.5 GPa shown in Table 4.3). 

4.4 Conclusions 

In summary, this study demonstrates the first synthesis of HEMBs via a novel metal-boron 

reactive SPS procedure from elemental boron and metals. We have successfully fabricated HEMBs 

in bulk form with high relative densities (98.3-99.5%) with virtually no observable oxides 

inclusions and minimal impurities. The sintered HEMBs exhibit high hardness. Specifically, the 

most promising composition (V0.2Cr0.2Nb0.2Ta0.2W0.2)B exhibits load-dependent hardness that falls 

between those of the two superhard materials, namely WB4 [37] and (Ta0.5W0.5)B [29], reported 

previously. It is also scientifically interesting to suggest that the hardness can be further enhanced 

in a high-entropy solution in comparison with their ternary subsystems. It is interesting to further 

note that the density of HEMB3 is only ~2/3 of that of the ternary (Ta0.5W0.5)B  [29] (Table 4.1; 

an advantage for certain applications), yet it is harder than the already superhard (Ta0.5W0.5)B. 

Chapter 4, in full, is a reprint of the material “High-entropy monoborides: Towards 

superhard materials”, M. Qin, Q. Yan, H. Wang, C. Hu, K.S. Vecchio, and J. Luo, as it appears in 

Scripta Materialia, 189 (2020) 101-105. The dissertation author was the primary investigator and 

wrote the first draft of manuscript. 
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Figure 4.1. XRD patterns of specimens synthesized and fabricated via HEBM and reactive SPS: 

(a) as-milled metal and boron powders mixtures (after HEBM) and (b) sintered HEMB pellets 

(after SPS). All three sintered HEMB specimens demonstrate a largely single CrB-structured 

orthorhombic phase, albeit a tiny amount of rocksalt carbide is detected due to contamination from 

graphite tooling during SPS. Note that some diffraction peaks in CrB-orthorhombic phase are 

overlapped and the XRD patterns of as-milled powders are not indexed because of extensive peak 

overlapping of six elements. 

 

Figure 33.1. XRD patterns of specimens synthesized and fabricated via HEBM and reactive SPS: 

(a) as-milled metal and boron powders mixtures (after HEBM) and (b) sintered HEMB pellets 

(after SPS). All three sintered HEMB specimens demonstrate a largely single CrB-structured 

orthorhombic phase, albeit a tiny amount of rocksalt carbide is detected due to contamination from 

graphite tooling during SPS. Note that some diffraction peaks in CrB-orthorhombic phase are 

overlapped and the XRD patterns of as-milled powders are not indexed because of extensive peak 

overlapping of six elements.  
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Figure 4.2. (a) STEM micrograph and corresponding EDS elemental maps of specimen HEMB3 

(V0.2Cr0.2Nb0.2Ta0.2W0.2)B. The STEM HAADF image also shows a (110)//(1̅10) twin boundary 

(indicated by the green dashed line). (b) An enlarged STEM HAADF image showing the twin 

boundary where atom positions of the two bordering grains are labeled by blue and yellow dots, 

respectively. See Fig. 4.9 for additional STEM micrographs of the twin boundary and analysis. (c) 

SEM micrograph and corresponding EDS elemental maps of the same specimen are also presented. 

The compositions are homogeneous at both microscale and nanoscale. See Fig. 4.4 for the SEM-

EDS elemental maps of specimens HEMB1 and HEMB2. 

 

Figure 34.2. (a) STEM micrograph and corresponding EDS elemental maps of specimen HEMB3 

(V0.2Cr0.2Nb0.2Ta0.2W0.2)B. The STEM HAADF image also shows a (110)//(1̅10) twin boundary 

(indicated by the green dashed line). (b) An enlarged STEM HAADF image showing the twin 

boundary where atom positions of the two bordering grains are labeled by blue and yellow dots, 

respectively. See Fig. 4.9 for additional STEM micrographs of the twin boundary and analysis. (c) 

SEM micrograph and corresponding EDS elemental maps of the same specimen are also presented. 

The compositions are homogeneous at both microscale and nanoscale. See Fig. 4.4 for the SEM-

EDS elemental maps of specimens HEMB1 and HEMB2.  
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Figure 4.3. Measured Vickers microhardness of (a) HEMB1, (b) HEMB2, and (c) HEMB3, along 

with (d) a reference (Ta0.5W0.5)W specimen made in this study by the same procedure, under 

indentation loads ranging from 0.98 N to 9.8 N. The purple dash lines represent the best-fitted  

microhardness vs. indentation load curves by Meyer’s law for each specimen. See Table 4.2 for 

the regression analyses to fit Meyer’s law. 

 

Figure 35.3. Measured Vickers microhardness of (a) HEMB1, (b) HEMB2, and (c) HEMB3, 

along with (d) a reference (Ta0.5W0.5)W specimen made in this study by the same procedure, under 

indentation loads ranging from 0.98 N to 9.8 N. The purple dash lines represent the best-fitted  

microhardness vs. indentation load curves by Meyer’s law for each specimen. See Table 4.2 for 

the regression analyses to fit Meyer’s law.  
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Figure 4.4. SEM micrographs and corresponding EDS elemental maps of three HEMB specimens 

(a) HEMB1, (b) HEMB2, and (c) HEMB3. All three sintered specimens show homogeneous 

elemental distributions. 

 

Figure 36.4. SEM micrographs and corresponding EDS elemental maps of three HEMB 

specimens (a) HEMB1, (b) HEMB2, and (c) HEMB3. All three sintered specimens show 

homogeneous elemental distributions. 
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Figure 4.5. SEM micrographs of three sintered HEMB specimens (a) HEMB1, (b) HEMB2, and 

(c) HEMB3. The small black spots in the micrographs are from pores. 

 

Figure 37.5. SEM micrographs of three sintered HEMB specimens (a) HEMB1, (b) HEMB2, and 

(c) HEMB3. The small black spots in the micrographs are from pores. 
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Figure 4.6. EBSD normal direction inverse pole figure orientation maps for three HEMB 

specimens on the plane perpendicular to the pressing direction in SPS: (a) HEMB1, (b) HEMB2, 

and (c) HEMB3. The insets show grain size distributions. 

 

Figure 38.6. EBSD normal direction inverse pole figure orientation maps for three HEMB 

specimens on the plane perpendicular to the pressing direction in SPS: (a) HEMB1, (b) HEMB2, 

and (c) HEMB3. The insets show grain size distributions. 
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Figure 4.7. Normal direction inverse pole figures of the crystal preferred orientation measured 

from EBSD for three sintered specimens: (a) HEMB1, (b) HEMB2, and (c) HEMB3. Contour 

maps represent multiples of the uniform distribution (MUD). All sintered specimens feature 

textures with depletion of the (001) plane grain orientation perpendicular to the pressing direction 

in SPS. 

 

Figure 39.7. Normal direction inverse pole figures of the crystal preferred orientation measured 

from EBSD for three sintered specimens: (a) HEMB1, (b) HEMB2, and (c) HEMB3. Contour 

maps represent multiples of the uniform distribution (MUD). All sintered specimens feature 

textures with depletion of the (001) plane grain orientation perpendicular to the pressing direction 

in SPS. 
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Figure 4.8. Calculated powder XRD patterns based on the kinematic theory of diffraction for three 

compositions assuming a random occupation of five cations in the CrB-prototype HEMB crystal 

structure. Noting that the intensity of (111) peak is slightly lower than that of the maximum (021) 

peak, and it is significantly higher than that of the (130) + (040) combined peak. 

 

Figure 40.8. Calculated powder XRD patterns based on the kinematic theory of diffraction for 

three compositions assuming a random occupation of five cations in the CrB-prototype HEMB 

crystal structure. Noting that the intensity of (111) peak is slightly lower than that of the maximum 

(021) peak, and it is significantly higher than that of the (130) + (040) combined peak. 
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Figure 4.9. (a, b) STEM micrographs of a (110)//(1̅10) twin boundary on specimen HEMB3 at 

different magnifications. The green line indicates the twin boundary plane; and the blue line 

indicates the (1̅10)  plane on the left grain. The misorientation angle between two grains is 

measured to be ~41.5°. (c, d) FFT diffraction patterns of the two grains, showing the 

crystallographic orientations. 

 

Figure 41.9. (a, b) STEM micrographs of a (110)//(1̅10) twin boundary on specimen HEMB3 

at different magnifications. The green line indicates the twin boundary plane; and the blue line 

indicates the (1̅10)  plane on the left grain. The misorientation angle between two grains is 

measured to be ~41.5°. (c, d) FFT diffraction patterns of the two grains, showing the 

crystallographic orientations. 
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Figure 4.10. Comparison of measured Vickers microhardness of HEMB3 

(V0.2Cr0.2Nb0.2Ta0.2W0.2)B and a reference (Ta0.5W0.5)B made in this study by identical procedure, 

with those of two superhard materials, WB4 [37] and (Ta0.5W0.5)B [29], reported in literature. (a) 

Vickers hardness vs. indentation loads. (b) Bar charts of measured Vickers hardness of  different 

specimens at four comparable indentation loads. 

 

Figure 42.10. Comparison of measured Vickers microhardness of HEMB3 

(V0.2Cr0.2Nb0.2Ta0.2W0.2)B and a reference (Ta0.5W0.5)B made in this study by identical procedure, 

with those of two superhard materials, WB4 [37] and (Ta0.5W0.5)B [29], reported in literature. (a) 

Vickers hardness vs. indentation loads. (b) Bar charts of measured Vickers hardness of  different 

specimens at four comparable indentation loads. 
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Figure 4.11. Characterization of (Ta0.5W0.5)B specimen synthesized via the identical HEBM and 

reactive SPS route (as other HEMBs) in this study. (a) XRD patterns of (Ta0.5W0.5)B specimen as-

milled metal and boron powder mixture (black line), sintered (Ta0.5W0.5)B pellet (red line), and 

calculated (Ta0.5W0.5)B powder assuming a random occupation of cations in the CrB-prototype 

structure (blue line). (b) SEM micrographs and corresponding EDS elemental maps of 

(Ta0.5W0.5)B specimen. (c) Measured Vickers microhardness of (Ta0.5W0.5)B specimen made in 

this study under indentation loads from 0.98 N to 9.8 N (orange line). Vickers microhardness of 

the reported superhard material with same composition (Ta0.5W0.5)B from Ref. [29] under 

indentation loads from 0.49 N to 4.9 N are also displayed for comparison (green line). The inset is 

the bar charts of comparing measured Vickers microhardness of (Ta0.5W0.5)B made by two 

different methods. Both (Ta0.5W0.5)B specimens possess comparable Vickers microhardness 

despite different fabrication routes adopted (metal-boron reactive SPS in this study vs. arc-melting 

in Ref. [29]). (d) Summary of the properties of (Ta0.5W0.5)B specimen synthesized in this study. 

 

Figure 43.11. Characterization of (Ta0.5W0.5)B specimen synthesized via the identical HEBM and 

reactive SPS route (as other HEMBs) in this study. (a) XRD patterns of (Ta0.5W0.5)B specimen as-

milled metal and boron powder mixture (black line), sintered (Ta0.5W0.5)B pellet (red line), and 

calculated (Ta0.5W0.5)B powder assuming a random occupation of cations in the CrB-prototype 

structure (blue line). (b) SEM micrographs and corresponding EDS elemental maps of 

(Ta0.5W0.5)B specimen. (c) Measured Vickers microhardness of (Ta0.5W0.5)B specimen made in 

this study under indentation loads from 0.98 N to 9.8 N (orange line). Vickers microhardness of 

the reported superhard material with same composition (Ta0.5W0.5)B from Ref. [29] under 

indentation loads from 0.49 N to 4.9 N are also displayed for comparison (green line). The inset is 

the bar charts of comparing measured Vickers microhardness of (Ta0.5W0.5)B made by two 

different methods. Both (Ta0.5W0.5)B specimens possess comparable Vickers microhardness 

despite different fabrication routes adopted (metal-boron reactive SPS in this study vs. arc-melting 

in Ref. [29]). (d) Summary of the properties of (Ta0.5W0.5)B specimen synthesized in this study.  
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Table 4.1. Summary of three HEMB specimens studied, along with a reference ternary 

(Ta0.5W0.5)B specimen made by the same procedure in this study. Theoretical densities were 

calculated from the measured lattice parameters and compositions. The specimen densities were 

measured via the Archimedes method. See Table 4.4 for lattice parameters. Averaged grain sizes 

were obtained from EBSD analyses shown in Fig. 4.6. 

 

Table 7.1. Summary of three HEMB specimens studied, along with a reference ternary 

(Ta0.5W0.5)B specimen made by the same procedure in this study. Theoretical densities were 

calculated from the measured lattice parameters and compositions. The specimen densities were 

measured via the Archimedes method. See Table 4.4 for lattice parameters. Averaged grain sizes 

were obtained from EBSD analyses shown in Fig. 4.6. 

 

  

Specimen Compositions 
Theoretical 

Density 
(g/cm3) 

Measured 
Density 
(g/cm3) 

Relative 
Density 

Vickers 
Hardness (GPa) 

at 9.8 N Load 

Vickers 
Hardness (GPa) 
at 0.98 N Load 

Grain Size 
(μm) 

HEMB1 (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)B 8.60 8.55 99.4% 24.3 ± 0.6 34.1 ± 2.3 14.7 ± 9.0 

HEMB2 (V0.2Cr0.2Nb0.2Mo0.2W0.2)B 8.84 8.69 98.3% 22.3 ± 0.6 32.6 ± 2.5 18.9 ± 14.6 

HEMB3 (V0.2Cr0.2Nb0.2Ta0.2W0.2)B 10.00 9.95 99.5% 25.5 ± 0.8 37.0 ± 3.1 13.4 ± 7.9 

Reference (Ta0.5W0.5)B 14.97 14.72 98.2% 21.2 ± 0.8 32.9 ± 1.7  
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Table 4.2. Regression analysis results of the measured hardness vs. indentation load curves according to 

Meyer’s law. All parameters are fitted based on Meyer’s law [52-54]:  

𝑃 = 𝑎 ∙ 𝑑𝑛 

or:             log𝑃 = 𝑛 ∙ log 𝑑 + log 𝑎, 

where P is the indentation load (g), d is the averaged indentation length (μm), n is an index, and a is a 

constant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 8.2. Regression analysis results of the measured hardness vs. indentation load curves according to 

Meyer’s law. All parameters are fitted based on Meyer’s law [52-54]:  

𝑃 = 𝑎 ∙ 𝑑𝑛 

or:             log𝑃 = 𝑛 ∙ log 𝑑 + log 𝑎, 

where P is the indentation load (g), d is the averaged indentation length (μm), n is an index, and a is a 

constant. 

 

 

  

Specimen n log a Correlation Factor r2 

HEMB1 1.7665 0.4530 0.9994 

HEMB2 1.7152 0.4875 0.9987 

HEMB3 1.7164 0.5374 0.9990 
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Table 4.3. Comparison of the measured Vickers microhardness of high-entropy monoborides 

(HEMBs) in this study and the (hardest reported) high-entropy metal diborides synthesized via 

similar reactive SPS method in a prior study [19]. The Vickers microhardness listed here were all 

measured at the same indentation load of 1.96 N. Measured densities, as well as the relative 

densities, are also listed for reference. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 9.3. Comparison of the measured Vickers microhardness of high-entropy monoborides 

(HEMBs) in this study and the (hardest reported) high-entropy metal diborides synthesized via 

similar reactive SPS method in a prior study [19]. The Vickers microhardness listed here were all 

measured at the same indentation load of 1.96 N. Measured densities, as well as the relative 

densities, are also listed for reference.  

 

  

High-entropy Monoboride Compositions Density (g/cm3) 
(Relative 
Density) 

Vickers 
Hardness at 
1.96 N (GPa) 

HEMB1: (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)B 8.55 (99.4%) 29.8 ± 2.2 

HEMB2: (V0.2Cr0.2Nb0.2Mo0.2W0.2)B 8.69 (98.3%) 27.2 ± 1.7 

HEMB3: (V0.2Cr0.2Nb0.2Ta0.2W0.2)B 9.95 (99.5%) 31.8 ± 1.6 

High-entropy Diboride Compositions   

(Ti0.2Zr0.2Nb0.2Mo0.2Ta0.2)B2 7.46 (99.2%) 24.9 ± 1.3 

(Ti0.2Zr0.2Mo0.2Hf0.2W0.2)B2 8.35 (97.5%) 26.0 ± 1.5 

(Zr0.2Nb0.2Hf0.2Ta0.2W0.2)B2 9.78 (98.1%) 26.7 ± 1.1 

(Zr0.225Mo0.225Hf0.225Ta0.225W0.1)B2 9.56 (98.8%) 27.5 ± 1.1 
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Table 4.4. Summary of the lattice parameters of HEMBs and binary monoborides 

 

Table 4.4(a). Summary of the lattice parameters of HEMBs made in this study. Lattice parameters 

were measured by XRD, whereas rule-of-mixture (RoM) averages were calculated from data of 

binary metal monoborides shown in Part (b). 

Table 10.4(a). Summary of the lattice parameters of HEMBs made in this study. Lattice 

parameters were measured by XRD, whereas rule-of-mixture (RoM) averages were calculated 

from data of binary metal monoborides shown in Part (b). 

Table 4.4(b). Summary of the lattice parameters of binary monoborides with references. Although 

the α-MoB and α-WB (I41/amd, No.141) are the thermodynamically stable phases at room 

temperature, the lattice parameters of the CrB-structured -MoB and -WB are listed here. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 11.4(b). Summary of the lattice parameters of binary monoborides with references. 

Although the α-MoB and α-WB (I41/amd, No.141) are the thermodynamically stable phases at 

room temperature, the lattice parameters of the CrB-structured -MoB and -WB are listed here. 

 

 

  

Specimen Compositions 

Measured Lattice 
Parameters by 
XRD a, b, c (Å ) 

RoM Averaged 
Lattice Parameters 

a, b, c (Å ) 

HEMB1 (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)B 3.178, 8.375, 3.056 3.150, 8.359, 3.059 

HEMB2 (V0.2Cr0.2Nb0.2Mo0.2W0.2)B 3.150, 8.301, 3.045 3.122, 8.318, 3.042 

HEMB3 (V0.2Cr0.2Nb0.2Ta0.2W0.2)B 3.180, 8.374, 3.066 3.149, 8.351, 3.058 

Monoboride Phase Lattice Parameters a, b, c (Å ) 

VB 3.060, 8.048, 2.972 [56] 

CrB 2.978, 7.870, 2.935 [57] 

NbB 3.297, 8.722, 3.165 [58] 

β-MoB 3.142, 8.496, 3.072 [59] 

TaB 3.275, 8.660, 3.153 [60] 

β-WB 3.135, 8.454, 3.066 [61] 
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Chapter 5. A New Class of High-Entropy M3B4 Borides 

5.1 Introduction 

In 2004, Yeh et al. [1] and Cantor et al. [2] independently reported the fabrication of high-

entropy alloys (HEAs), which has stimulated significant research interests. HEAs, which are more 

broadly defined as “complex-concentrated or compositionally-complex alloys (CCAs)”, have 

shown excellent, often unexpected, mechanical and physical properties [3]. In last five years, high-

entropy ceramics (HECs), including high-entropy oxides [4-7], borides [8-10], carbides [11-13], 

silicides [14, 15], and fluorides [16], have been synthesized in the bulk form as the ceramic 

counterparts to HEAs. Recently, it was proposed to generalize HECs to “compositionally-complex 

ceramics (CCCs),” where medium-entropy and/or non-equimolar compositions can outperform 

their high-entropy counterparts [17, 18]. 

In 2016, Gild et al. [8] first reported the synthesis of single-phase high-entropy diborides 

in AlB2-prototyped hexagonal structure, which represents the first high-entropy boride (HEB) 

fabricated. Follow-up studies synthesized the high-entropy diborides from boro/carbothermal 

reduction of metal oxides [19-21] or elemental precursors [22-24]. Only a limited number of 

studies explored the HEBs with other metal-to-boron stoichiometric ratios in monoboride (MB) or 

hexaboride (MB6) structures [9, 10, 25]. Specifically, Qin et al. [9] fabricated a class of high-

entropy monoborides, including (V0.2Cr0.2Nb0.2Ta0.2W0.2)B, (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)B, and 

(V0.2Cr0.2Nb0.2Mo0.2W0.2)B, via a synthesis route of reactive spark plasma sintering (SPS) of 

elemental boron and metals. This flexible direct boron-metal reactive SPS method enables us to 

further explore HEBs of other metal-to-boron stoichiometric ratios. 

Ta3B4-prototyped M3B4 (M represents a transition metal) orthorhombic structure (Space 

group: Immm, No. 71) is composed by stackings of metal cation bilayers and boron chain bilayers 



131 
 

with metal cation monolayers in between. Fig. 5.1 schematically illustrates of a high-entropy M3B4 

structure. Ti, V, Cr, Mn, Nb, and Ta are known to possess this M3B4 structure [26], and the M3B4 

phases can be made from elemental precursors [27]. These binary M3B4 materials are known to 

possess both high melting point [27] and high hardness [26], and they are predicted to have good 

thermodynamic stability and elastic property [28]. To further explore the high-entropy materials 

of this structure, here, we applied the direct boron-metal in-situ reactive SPS method to synthesize 

(V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and (V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4 as high-entropy M3B4 borides for 

the first time, thereby expanding the family of HEBs specifically, and HECs in general. 

5.2 Experimental 

High-entropy M3B4 specimens were synthesized via in-situ reactive SPS based on the 

following nominal reactions:  

0.6V + 0.6Cr + 0.6Nb + 0.6Mo + 0.6Ta + 4B → (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4,  

and 0.6V + 0.6Cr + 0.6Nb + 0.6Ta + 0.6W + 4B → (V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4.  

Commercial elemental powders of V, Cr, Nb, Mo, Ta, and W (>99.5% purity, ~325 mesh, 

purchased from Alfa Aesar, MA, USA) and boron (amorphous, 99% purity, 1-2 μm, purchased 

from US Research Nanomaterials, TX, USA) were utilized as precursors for making specimens 

listed in Table 5.1. For each composition, appropriate amounts of metals and boron powders were 

weighted out in batches of 5 g; 4 at% of excess boron was added (i.e., to keep a metal-to-boron 

atomic ratio of 3:4.16) to offset the boron loss due to reaction with native oxide and subsequent 

evaporation. The powders were first mixed by a vortex mixer, and successively high energy ball 

milled (HEBM) in a Spex 8000D mill (SpexCertPrep, NJ, USA) in tungsten carbide lined stainless 

steel jars and 11.2 mm tungsten carbide milling media (with a ball-to-powder ratio ≈ 4.5:1) for 50 

min with 1 wt% (0.05 g) of stearic acid as lubricant. After HEBM, as-milled powder mixtures were 
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loaded into 10 mm graphite dies lined with graphite foils in batches of 2.5 g, and subsequently 

consolidated into dense pellet via SPS in vacuum (10-2 Torr) using a Thermal Technologies 3000 

series SPS (CA, USA). The HEBM, as well as the loading and handling of as-milled powder 

mixtures, were conducted in an argon atmosphere (O2 < 10 ppm) to minimize oxidation. During 

SPS, specimens were first held isothermally at 1400 ℃, and consecutively at 1600 ℃, based on 

the procedure reported in a prior publication [24]; subsequently, the temperature was raised to 

1900 ℃ at a heating rate of 30 ℃/min, and maintained isothermally for 10 min, when the applied 

pressure was increased from 10 MPa to 50 MPa at a rate of 5 MPa/min, for final densification. The 

in-situ reactions between metals and boron likely took place during the initial temperature 

ramping. After sintering, the specimens were cooled down to room temperature in a natural manner 

inside SPS machine (with power off). 

The sintered specimens were first ground to remove the carbon-contaminated surface layer 

from the graphite tooling, and polished before further characterizations. X-ray diffraction (XRD) 

characterizations were conducted on a Rigaku Miniflex diffractometer with Cu Kα radiation at 30 

kV and 15 mA. Densities were measured by the Archimedes method. Theoretical densities were 

calculated from the nominal stoichiometry and lattice parameters measured by XRD. Scanning 

electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and electron 

backscatter diffraction (EBSD) were conducted using a Thermo-Fisher (formerly FEI) Apreo 

microscope equipped with an Oxford N-MaxN EDX detector and an Oxford Symmetry EBSD 

detector. Vickers microhardness tests were carried out on a LECO diamond microindentor with a 

standard loading force of 9.8 N (1 kgf) with holding time of 15 s, abiding by the ASTM Standard 

C1327. More than 30 measurements were conducted at different locations for each specimen to 

ensure the statistical validity and minimize the microstructural and grain boundary effects. 
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5.3 Results and Discussion 

Fig. 5.2 shows the ram displacement for a typical sintering of high-entropy M3B4 specimen 

during the initial temperature ramping to 1400 ℃, which can be further separated in to three stages: 

(I) an initial heating stage to ~550 ℃, with no significant ram displacement, (II) an in-situ metal-

boron reaction stage at ~600 ℃, where significant ram displacement is observed due to the 

exothermal self-propagating metal-boron reaction, and (III) a post-reaction stage, where the linear 

ram displacement is mainly due to the thermal expansion of specimen and graphite tooling. It can 

be clearly evident that the in-situ reaction between metal and boron powders (to form high-entropy 

M3B4) occurs during the temperature ramping at ~550-650 ℃. 

XRD patterns of the as-milled powder mixtures (after HEBM, but before SPS) show 

multiple distinct BCC phases for both specimens (Fig. 5.3). Peak broadening observed in the 

milled powders can be attributed to the grain size reduction, lattice distortion, and micro-strains 

developed during the HEBM. XRD shows that both sintered specimens primarily possess a Ta3B4-

prototyped orthorhombic phase (Fig.2). A minor amount of M5B6 secondary phases, which  likely 

include both the Ta5B6 [29] and V5B6 [30] based phases (Space group: Cmmm, or equivalently 

Ammm, No. 65), were also observed in sintered specimens. The calculated XRD patterns based 

on the nominal compositions and measured lattice parameters from XRD on sintered specimens 

(listed in Table 5.1), assuming random cation occupation and grain orientation, are also shown in 

Fig. 5.3 to validate the formation of the high-entropy M3B4 boride phase for both specimens.  

SEM micrographs on polished surfaces shown in Fig. 5.4(a)-(b) illustrate that both 

specimens are highly dense with porosities of merely 1-1.5%, which is consistent with the 

measured nominal relative densities (ignoring the influence of minor secondary phases, since the 

densities of the M3B4 and M5B6 phases are similar) of 98.7% for both specimens (Table 5.1). SEM-
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EDS elemental maps shown in Fig. 5.4(c)-(d) suggest that most elements distribute 

homogeneously, albeit some moderate agglomerations of Nb, in both sintered specimens. 

Furthermore, the quantitative EDS analyses were conducted to measure compositions of the 

primary phase in the two sintered specimens to be (V0.22Cr0.20Nb0.20Mo0.19Ta0.19)3B4 and 

(V0.18Cr0.20Nb0.18Ta0.23W0.21)3B4, respectively. The minor differences of 1-3 at% from the nominal 

equimolar compositions are comparable with the EDS measurement errors. Hence, the nominal 

compositions are still used in the following discussion. 

The combination of XRD, SEM, and EDS demonstrates the formation of high-entropy 

solid-solution phases of (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and (V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4 in the 

Ta3B4-prototyped orthorhombic structure. They represent HECs made in yet another new crystal 

structure and the fourth class of HEBs reported hitherto after high-entropy diborides, hexaborides, 

and monoborides [8-10, 25].  

Among all six metal elements, V, Cr, Nb, and Ta have been reported to possess the M3B4 

orthorhombic phase [31-34]. However, Mo3B4 and W3B4 have not been reported before, and they 

are not the thermodynamically stable phases based on the Mo-B and W-B phase diagrams [35]. 

Yet, this study showed that 20% of Mo3B4 and W3B4 can be dissolved and stabilized into the high-

entropy M3B4 boride phases.  

The lattice parameters of V3B4, Cr3B4, Nb3B4, and Ta3B4 reported in literature are listed in 

Table 5.2, based on which the lattice parameters of four-cation (V0.25Cr0.25Nb0.25Ta0.25)3B4 can be 

estimated via the rule-of-mixture (RoM). It can be recognized that both sintered high-entropy 

M3B4 specimens demonstrate very small discrepancies (<1%) in lattice parameters with 

(V0.25Cr0.25Nb0.25Ta0.25)3B4; a larger lattice parameter b for (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 over 

(V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4 is due to the different addition of Mo and W. 
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The formation of minor secondary M5B6 phases may be attributed to insufficient boron (or 

slight boron loss during the processing). In a HEBM-SPS synthesis route, addition of extra boron 

beyond the stoichiometric amount is necessary to remove native oxides and offset any boron loss 

[22]. However, this practice of adding extra boron, as well as the existence of native oxides in 

commercial precursors, leads to difficulties in control the exact stoichiometry [26]. For the M3B4 

phases, even 1 at% deficient boron in the final specimen can induce as much as ~10 mol% of the 

M5B6 secondary phase. After extensive optimization, a metal-to-boron atomic ratio ≈ 3:4.16 was 

adopted to fabricate high-entropy M3B4 specimens with no detectable oxide phase and high relative 

density (~98.7%).  

XRD (Fig. 5.3) shows that the amount of the secondary phases should be minor. To 

estimate the actual secondary phase fractions in the sintered specimens, SEM micrographs and 

EBSD maps on multiple areas at different locations have been analyzed and combined. First, 

digital image processing of a large number of SEM micrographs was used to accurately measure 

the porosities to be ~1.3% for (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and ~ 1.5% for 

(V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4, respectively. Second, the (black) un-indexed areas (corresponding to 

pores plus secondary phases) in the EBSD maps have been measured to be ~5.3% for 

(V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and ~6.7% for (V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4, correspondingly. Thus, 

the volume fractions of the secondary phases in the sintered specimens are determined to be ~4.0 

vol% for (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and ~5.2 vol% for (V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4, 

respectively. The data are summarized in Table 5.1. 

EBSD analyses were also applied to measure the grain size, determine the crystal 

orientation, and examine the texture. Carried out on well-polished specimen surface perpendicular 

to the direction of compressing pressure and current during SPS, EBSD normal direction inverse 
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pole figure orientation maps are shown in Fig. 5.5. The measured grain size distributions are shown 

in the insets in Fig. 5.5, suggesting similar grain size distributions. The means ± one standard 

deviations were measured to be 12.2 ± 10.1 μm for (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and 12.1 ± 10.3 

μm for (V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4, respectively. It is worth noting that both specimens contain 

some clustered regions of small-size grains, a microstructure feature commonly observed in 

reactive-SPS-synthesized borides [24, 36, 37]. While the XRD patterns (Fig. 5.3) suggest the 

existence of some texture, especially in (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4, where (150) peak was found 

to be significantly higher in relative intensity than that in the calculated XRD pattern, EBSD maps 

did not reveal significant texture.  

Vickers microhardness values were measured at the standard 9.8 N indentation load to be 

18.6 ± 1.2 GPa for (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and 19.8 ± 0.9 GPa for 

(V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4, respectively. These high-entropy M3B4 borides are lower in hardness 

than their high-entropy monoboride counterparts (24.3 GPa and 25.5 GPa, respectively, at 9.8 N 

for the same cation combinations) fabricated via the similar route [9]. Considering that Cr3B4 

(14.71 GPa at 0.98 N), Nb3B4 (22.46 GPa at 0.29 N), and Ta3B4 (32.85 GPa at 0.49 N) are all 

reported to have hardness values comparable to, or even slightly higher than, their monoboride 

counterparts (CrB: 12.75 GPa at 0.98 N, NbB: 21.53 GPa at 0.49 N, and TaB: 30.69 GPa at 0.49 

N), the relatively low hardness values in the high-entropy M3B4 borides, in comparison with high-

entropy monoborides, are somewhat unexpected. Note that these hardness data of binary M3B4 and 

MB materials were found in an earlier handbook [38], which were adopted in a recent review [26]. 

Nonetheless, the hardness values of high-entropy M3B4 borides are still comparable to those of 

some high-entropy diborides [20, 39, 40]. 

5.4 Conclusions 
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In summary, this study demonstrates the first successful synthesis of Ta3B4-prototyped 

orthorhombic high-entropy M3B4 borides via in-situ reactive SPS from elemental boron and metals 

precursors. The two specimens of (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and (V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4 

with 4-5% secondary phases (both of ~12 μm averaged grain sizes) have been synthesized in the 

bulk form with high relative densities (~98.7%) and virtually no detectable oxide impurities. Their 

Vickers microhardness at 9.8 N indentation load was measured to be 18.6 GPa and 19.9 GPa, 

respectively, which are lower than high-entropy monoborides but comparable to high-entropy 

diborides. 

Chapter 5, in full, is a reprint of manuscript “A new class of high-entropy M3B4 borides”, 

M. Qin, Q. Yan, Y. Liu, and J. Luo, submitted to Journal of Advanced Ceramics. The dissertation 

author was the primary investigator and wrote the first draft of manuscript. 
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Figure 5.1. Schematic illustration of the atomic structure of the Ta3B4-prototyped orthorhombic 

high-entropy M3B4 boride (Space group: Immm, No, 71). This high-entropy structure is 

composed by stackings of high-entropy metal cations bilayer and boron chain bilayer (which is 

interposed by a high-entropy metal cations monolayer). 

 

Figure 44.1. Schematic illustration of the atomic structure of the Ta3B4-prototyped orthorhombic 

high-entropy M3B4 boride (Space group: Immm, No, 71). This high-entropy structure is 

composed by stackings of high-entropy metal cations bilayer and boron chain bilayer (which is 

interposed by a high-entropy metal cations monolayer). 
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Figure 5.2. SPS ram displacement for sintering of a typical high-entropy M3B4 specimen during 

the initial temperature ramping to 1400 ℃. It is evident that the in-situ reaction between metal and 

boron powders (to form high-entropy M3B4) occurs during the temperature ramping at ~550-650 

℃ in the Stage II labeled in the figure. 

 

Figure 45.2. SPS ram displacement for sintering of a typical high-entropy M3B4 specimen during 

the initial temperature ramping to 1400 ℃. It is evident that the in-situ reaction between metal and 

boron powders (to form high-entropy M3B4) occurs during the temperature ramping at ~550-650 

℃ in the Stage II labeled in the figure. 

 

  



140 
 

 

Figure 5.3. XRD patterns of (a) (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and (b) (V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4 

specimens. For each composition, measured patterns of sintered pellets (after SPS) and as-milled 

powders mixtures (after HEBM), as well as calculated patterns for the ideal high-entropy M3B4 

borides, are shown. Both sintered specimens show a major Ta3B4-structured orthorhombic phase, 

with minor amount of M5B6 secondary phases. Note that some diffraction peaks in the Ta3B4-

orthorhombic phase are overlapped, and the XRD patterns of as-milled powders are not indexed 

due to extensive peak overlapping of five metal elements. 

 

Figure 46.3. XRD patterns of (a) (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and (b) 

(V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4 specimens. For each composition, measured patterns of sintered 

pellets (after SPS) and as-milled powders mixtures (after HEBM), as well as calculated patterns 

for the ideal high-entropy M3B4 borides, are shown. Both sintered specimens show a major Ta3B4-

structured orthorhombic phase, with minor amount of M5B6 secondary phases. Note that some 

diffraction peaks in the Ta3B4-orthorhombic phase are overlapped, and the XRD patterns of as-

milled powders are not indexed due to extensive peak overlapping of five metal elements. 
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Figure 5.4. SEM micrographs of sintered (a) (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and (b) 

(V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4 specimens at low and high magnifications, as well as (c)-(d) the 

corresponding EDS elemental maps. Most elements distribute uniformly in both specimens, albeit 

some moderate Nb agglomeration (indicated by the circle in a Nb map, which is not easily 

distinguishable). 

 

Figure 47.4. SEM micrographs of sintered (a) (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and (b) 

(V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4 specimens at low and high magnifications, as well as (c)-(d) the 

corresponding EDS elemental maps. Most elements distribute uniformly in both specimens, albeit 

some moderate Nb agglomeration (indicated by the circle in a Nb map, which is not easily 

distinguishable). 
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Figure 5.5. EBSD normal direction inverse pole figure orientation maps on the plane 

perpendicular to the pressing and current direction in SPS for (a) (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and 

(b) (V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4. The black domains in the maps are from either pores or secondary 

phases that cannot be indexed to the high-entropy M3B4 phase. The insets show grain size 

distributions. 

 

Figure 48.5. EBSD normal direction inverse pole figure orientation maps on the plane 

perpendicular to the pressing and current direction in SPS for (a) (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and 

(b) (V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4. The black domains in the maps are from either pores or secondary 

phases that cannot be indexed to the high-entropy M3B4 phase. The insets show grain size 

distributions. 
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Table 5.1. Summary of the two high-entropy M3B4 borides studied. The theoretical densities are 

calculated from the measured lattice parameters and nominal compositions. Specimen densities 

are measured via the Archimedes method. Averaged grain sizes are obtained from EBSD analyses. 

 

Table 12.1. Summary of the two high-entropy M3B4 borides studied. The theoretical densities are 

calculated from the measured lattice parameters and nominal compositions. Specimen densities 

are measured via the Archimedes method. Averaged grain sizes are obtained from EBSD analyses. 

 

 

 

 

 

 

 

 

Nominal Composition 

Measured Lattice 

Parameters by 

XRD a, b, c (Å ) 

Theoretical 

Density 

(g/cm3) 

Measured 

Density 

(g/cm3) 

Relative 

Density 

Grain 

Size 

(μm) 

Vickers 

Hardness 

at 9.8 N 

(GPa) 

Porosity 
by SEM 

Porosity + 
Secondary 
Phase by 

EBSD 

Secondary 
Phase 

Fraction 

(V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 3.183, 13.593, 3.060 8.20 8.09 98.7% 
12.2 ± 

10.1 
18.6 ± 1.2 ~1.3% ~5.3% ~4.0 vol% 

(V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4 3.185, 13.574, 3.058 9.54 9.42 98.7% 
12.1 ± 

10.3 
19.8 ± 0.9 ~1.5% ~6.7% ~5.2 vol% 
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Table 5.2. Summary of the lattice parameters of four reported Ta3B4-prototyped orthorhombic 

materials with references. The lattice parameters of four-cation (V0.25Cr0.25Nb0.25Ta0.25)3B4 are 

calculated based on the rule of mixture. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 13.2. Summary of the lattice parameters of four reported Ta3B4-prototyped orthorhombic 

materials with references. The lattice parameters of four-cation (V0.25Cr0.25Nb0.25Ta0.25)3B4 are 

calculated based on the rule of mixture.  
 

 

  

Material Lattice Parameters a, b, c (Å ) Reference 

V3B4 3.058, 13.220, 2.981 Spear et al. [31] 

Cr3B4 3.000, 13.012, 2.952 Okada et al. [32] 

Nb3B4 3.303, 14.076, 3.143 Okada et al. [33] 

Ta3B4 3.291, 13.994, 3.133 Okada et al. [34] 

(V0.25Cr0.25Nb0.25Ta0.25)3B4 3.163, 13.576, 3.052 - 
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Chapter 6. High-Entropy Rare Earth Tetraborides 

6.1 Introduction  

Tremendous research effort has been made in the field of high-entropy alloys (HEAs) since 

the seminal reports from Yeh et al. [1] and Cantor et al. [2] in 2004.  HEAs have been demonstrated 

to possess excellent, and even unexpected, mechanical and physical properties [3-5]. In the last 

five years, the research on the ceramic counterparts to HEAs, high-entropy ceramics (HECs), has  

seen an exponential growth. Specifically, various high-entropy oxides (of cubic rocksalt [6], 

pervoskite [7], fluorite [8], pyrochlore [9], and spinel [10] structures), (cubic) rocksalt-structured  

carbides [11-14] and nitrides [15, 16], (hexagonal) borides [17] and silicides [18, 19], and (cubic) 

fluorides [20] have been successfully fabricated. Single-phase high-entropy aluminides 

(intermetallic compounds of cubic, e.g., B2, structures) [21] have also been made, thereby bridging 

HEAs and HECs. Like their metallic counterparts [3, 22], it was proposed that HECs can be 

generalized to compositionally-complex ceramics (CCCs), where medium-entropy and non-

equimolar compositions can sometimes outperform their high-entropy counterparts [9, 23-25]. 

Despite all these new HECs of different structures, single-phase HECs are mainly reported to be 

cubic or hexagonal to date [26], which is distinctively dwarfed by the conventional ceramics (of 

medium or low entropy) that can exist in all seven crystal systems from triclinic to cubic [27]. 

Therefore, systematic exploration on HECs of other structural symmetries would be required to 

further expand the HEC family, especially in a more specific area of tetragonal HECs, where non-

equimolar (Cu5GeMgSnZn)S9 and (Cu3SnMgInZn)S7 [28] are the only bulk materials reported 

(albeit tetragonal distortions in some cubic structures [24, 29]). 

For high-entropy borides (HEBs), Gild et al. first reported the successful synthesis of six 

single-phase high-entropy diborides of the hexagonal AlB2 structure in 2016 [17]. Further studies 

have fabricated high-entropy hexaborides of the cubic CaB6 (i.e. LaB6) structure [30, 31] and high-
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entropy monoborides of the orthorhombic CrB structure [32, 33]. Moreover, improved fabrication 

routes have been developed to make HEBs via boro/carbothermal reduction of metal oxides [34-

36] and reactive sintering of elemental precursors [37-39]. Notably, Qin et al. recently synthesized 

single-phase high-entropy diborides and monoborides via in-situ metal-boron reactive spark 

plasma sintering (SPS) [32, 39]. The adoption of metal and boron precursors enables the flexibility 

in controlling the metal-to-boron ratio, thereby providing a generic route to explore the synthesis 

of HEBs of different crystal structures and stoichiometric ratios. 

Rare earth metal borides can possess different crystal structures with various boron 

contents, including diborides, tetraborides, hexaborides, dodecaborides, and hectoborides of the 

AlB2, UB4, CaB6, UB12, and YB66 prototype structures, respectively [40]. Among them, UB4-

prototyped tetragonal tetraborides (Space group: P4/mbm, No. 127) represents a prevalent crystal 

structure, including the reported formation of YB4, LaB4, CeB4, PrB4, NdB4, SmB4, GdB4, TbB4, 

DyB4, HoB4, ErB4, TmB4, YbB4, and LuB4 [40]. The lattice parameters and cation radii of these 

binary rare earth tetraborides (with the exception of YB4) decrease monotonously with the 

increasing atomic number; from LaB4 to LuB4, the lattice parameter a decreases from 7.324 Å to 

7.036 Å, the lattice parameter c decreases from 4.181 Å  to 3.974 Å, and the cation radius r 

decreases from 1.13 Å to 0.90 Å [40-42]. Note that this UB4-prototyped rare earth tetraboride 

structure is different from orthorhombic CrB4 (Immm and Pnnm), orthorhombic MgB4 (Pnma), 

monoclinic MnB4 (C2/m and P21/c), and the hexagonal WB4 (P63/mmc) [43].  

A schematic illustration of this UB4-prototyped high-entropy tetraboride (HETB) structure 

can be found in Fig. 6.1.  It can be interpreted as a hybrid of alternating MB2 and MB6 units at a 

1:1 ratio along the (001) plane, where the octahedra composed of six boron atoms (in MB6 units) 

are linked by boron-boron bonds to linear chains along the c axis, similar to the cubic axes of 
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CaB6-prototyped hexaborides. However, these MB2 and MB6 units in the UB4-prototyped 

tetraboride are not exactly the unit cells of AlB2 and CaB6 types, but rather distorted.  Rare earth 

tetraborides often exhibit interesting magnetic properties. While most of these rare earth 

tetraborides are paramagnetic [42, 44], YB4, LaB4, and LuB4 are reported to be diamagnetic [45]. 

Furthermore, PrB4 and TmB4 exhibit anisotropy of their magnetic properties [46].  

Thus, it is scientifically interesting to explore whether UB4-prototyped high-entropy 

tetraborides (HETBs) can be made as the first equimolar tetragonal high-entropy ceramics, which 

can further expand the family of HECs to include a new and more complex crystal structure. In 

this study, we adopt the in-situ metal-boron reactive SPS method [32, 39] to fabricate a new class 

of high-entropy rare earth tetraborides (i.e., UB4-prototyped, rare earth based, HETBs) that contain 

five rare earth metals selected from Y, La, Pr, Nd, Sm, Gd, Tb, Dy, Er, and Yb. 

6.2 Experimental Procedure 

Rare earth based HETB specimens were synthesized via in-situ metal-boron reactive SPS 

[32, 39]. Commercial elemental powders of Y, La, Pr, Nd, Sm, Gd, Tb, Dy, Er, and Yb (99.9% 

purity, ~40 mesh, purchased from Alfa Aesar, MA, USA) and boron (99% purity, 1-2 μm, 

purchased from US Research Nanomaterials, TX, USA) were utilized as precursors for making 

specimens of six desired compositions (HETB1 to HETB6) listed in Table 6.1. To synthesize each 

specimen, stoichiometric amounts of metals and boron powders were weighted out in batches of 5 

g. The powders were initially mixed by a vortex mixer and consecutively high energy ball milled 

(HEBM) in a Spex 8000D mill (SpexCertPrep, NJ, USA). The HEBM was performed by tungsten 

carbide lined stainless steel jars and 11.2 mm tungsten carbide milling media (with a ball-to-

powder ratio of ~ 4.5:1) for 50 min with 1 wt% (0.05 g) stearic acid as lubricant. The as-milled 

powder mixtures were subsequently loaded into 10 mm graphite dies lined with graphite foils in 
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batches of 2.5 g. The HEBM and subsequent loading/handling of as-milled powder mixtures were 

conducted in an argon atmosphere with O2 < 10 ppm to prevent oxidation.  

Subsequently, the specimens were consolidated into dense pellets via SPS in vacuum (10-

2 Torr) using a Thermal Technologies 3000 series SPS (CA, USA). During the SPS sintering 

process, specimens were first heated to 1400 ℃ at a rate of 100 ℃/min with a constant pressure 

of 10 MPa. The temperature was then further raised to 1700 ℃ at 30℃/min, and subsequently 

maintained isothermally for 10 min for final densification. At the same time, the pressure was 

raised to 50 MPa at 5 MPa/min. Finally, the sintered specimen was left inside the SPS machine 

(powered off) to cool down to room temperature with the pressure released back to 10 MPa. 

The sintered specimens were first ground to remove carbon contamination on the surface 

from SPS graphite tooling, and subsequently polished for further characterizations. X-ray 

diffraction (XRD) characterizations were performed at 30 kV and 15 mA with Cu Kα radiation on 

a Rigaku Miniflex diffractometer. Scanning electron microscopy (SEM), energy dispersive X-ray 

spectroscopy (EDS), and electron backscatter diffraction (EBSD) were conducted on a Thermo-

Fisher (FEI) Apreo microscope equipped with an Oxford N-MaxN EDS detector and an Oxford 

Symmetry EBSD detector.  

Aberration-corrected scanning transmission electron microscopy (AC-STEM) and 

nanoscale EDS were conducted on a JEOL 300CF microscope operated at 300 kV to characterize 

the crystal nanostructure and nanoscale elemental distributions. The TEM lamella was prepared 

using Thermo-Fisher (FEI) Scios focused ion beam/scanning electron microscope (FIB/SEM). 

Specimens densities were measured via the Archimedes method. The theoretical densities 

were calculated based on the nominal compositions and the lattice parameters determined from 

unit cell refinement of the XRD patterns. 
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Vickers microhardness tests were performed on a LECO hardness testing machine with a 

diamond microindentor at a standard loading force of 9.8 N (1 kgf) and holding time of 15 s, 

abiding to the ASTM Standard C1327. For each specimen, over 30 indentation tests were carried 

out at different locations to minimize the microstructural and grain boundary effects and ensure 

the statistical validity. 

6.3 Results and Discussion 

After sintering, all six specimens (listed in Table 6.1) demonstrate largely single UB4-

prototyped tetragonal HETB phases without detectable oxide impurities based on the XRD 

patterns shown in Fig. 6.2. The calculated XRD patterns based on the nominal compositions and 

measured lattice parameters from XRD (Table 6.1) for all sintered specimens are displayed in Fig. 

6.5 for comparison. It can be clearly observed that HETB structures represent the primary phases 

in all specimens after the in-situ reactive SPS. Nevertheless, XRD patterns reveal small amounts 

of CaB6-typed hexaboride secondary phases (Space group: Pm-3m, No. 221) in HETB1, HETB2, 

HETB3, and HETB6.  The presence of this boron-rich secondary phase is likely due to the 

existence of native oxides that alter the metal-to-boron ratios.  Prior studies of fabricating high-

entropy diborides [37, 39] and monoborides [32] all suggest the requirement of extra boron 

additions to facilitate the oxide removal. Nevertheless, stoichiometric amounts of boron and metal 

precursors could result in deficient metals (or excessive boron) in this case of HETB specimens, 

thereby promoting the formation of minor boron-rich hexaboride impurities.  Moreover, some 

binary tetraborides involved in this study (viz. LaB4, PrB4, NdB4, SmB4, and YbB4) are known to 

dissociate into hexaboride and metal phases (3MB4 → 2MB6 + M, where M = La, Pr, Nd, Sm, and 

Yb) at elevated temperature above 1800 ℃ before melting [42, 47]. Thus, the existence of 

hexaboride phases may relate to this thermodynamic decomposition as well.  Careful examination 
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of the XRD patterns also suggests the possible existence of trace amount of hexaboride in HETB4 

(with a peak barely observable at 2 of ~31). However, no XRD detectable secondary phase is 

observed in HETB5: (Y0.2Nd0.2Sm0.2Gd0.2Tb0.2)B4. 

Measured densities obtained by the Archimedes method indicate that all specimens are 

highly dense with >98% relative densities (ignoring the influence of minor hexaborides as their 

densities are slightly lower than the tetraborides). The high relative densities can be directly 

confirmed by SEM micrographs on polished surfaces (Fig. 6.6), which show that the black spots 

involving porosities and/or extra boron are merely 1-2 vol%.   

Both the measured lattice parameters from XRD unit cell refinements and the averaged 

lattice parameters calculated by the rule of mixture (RoM) of individual binary tetraborides are 

tabulated in Table 6.1. Overall, the measured lattice parameters agree with RoM values with <0.5% 

differences for all six cases.  

Interestingly, a careful examination of Table 6.1 reveals that the lattice parameters c’s 

measured by XRD are always larger than those predicted by RoM, but the measured lattice 

parameters a’s are always smaller the RoM predictions. A similar phenomenon has been 

previously reported for hexagonal layered high-entropy diborides [17, 48]. This interesting 

observation can be justified intuitively as parameter c depends more on large cations (vs. the 

average of large and small cations) with more covalent bonds across MB2 and MB6 units, and a 

more rigid 2D boron network on (001) plane (in comparison with less boron covalent bonds along 

[001] solely formed by MB6 units). [See Fig. 6.1(b) for a schematic illustration of different 

amounts of covalent bonds on (001) (i.e. the a-b) plane and along [001] (i.e. the c axis) in HETBs.] 

Furthermore, early study on the change in lattice parameters with different cation radii [49] also 

suggests that the tetraboride is much less rigid along [001] than the cubic hexaboride along [100], 
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and the rigidity of tetraboride (001) plane is the average of those of the two constituting diboride 

and hexaboride structures. This more rigid (001) plane and less rigid [001] direction in HETBs 

leads to a scenario akin to high-entropy diborides [17, 48] with a similar observation of an 

expanded lattice parameter c. 

The homogenous elemental distributions of metal cations for all specimens are verified by 

SEM-EDS elemental mapping (Fig. 6.3(c) and Fig. 6.8).  STEM-EDS elemental mapping was 

further conducted for the single-phase HETB5: (Y0.2Nd0.2Sm0.2Gd0.2Tb0.2)B4 at nanoscale, as 

shown in Fig. 6.3(b). Moreover, AC-STEM high-angle annular dark-field (HAADF) imaging at a 

high magnification shows the uniform high-entropy (solid-solution) UB4-prototyped tetraboride 

structure at atomic scale (Fig. 6.3(a)) along the [101] zone axis. Additional STEM micrographs on 

the same specimen at different magnifications and the corresponding FFT diffraction pattern of 

the crystal grain can be found in Fig. 6.7. The combination of the characterization techniques 

confirms the formation of homogeneous high-entropy solid solutions.  

SEM-EDS quantitative analyses are used to measure the cation compositions of all six 

specimens, and the results are listed in Table 6.1. The compositions measured by EDS differ from 

the nominal equimolar compositions by only 1-3 at%, which are within the typical EDS 

measurement errors.  Thus,  the nominal compositions are confirmed and adopted for the 

discussion in this study. 

Combining the above results from XRD, SEM, AC-STEM and EDS, it can be concluded 

that a new class of high-entropy tetraborides (HETBs) of the UB4-prototyped tetragonal structure 

has been successfully synthesized. Thus, this study has further expanded the family of HECs to 

include a new and more complex crystal structure. These HETBs is the second class of rare earth 

HEBs (after rare earth high-entropy hexaborides [30, 31]). Since the prior reported high-entropy 
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hexaborides are prepared by thermal reduction from rare earth metal oxides as the powders [31] 

or porous [30] materials, these HETBs epitomizes the first class of dense rare earth HEBs made in 

bulk form. Perhaps more significantly, these HETBs the first equimolar tetragonal high-entropy 

ceramics made. 

The grain sizes, crystal orientations, and textures of all sintered specimens have been 

determined by EBSD analyses conducted on polished specimen surfaces normal to the direction 

of applied pressure and current during SPS. Normal direction inverse pole figure orientation maps 

for all HETB specimens are illustrated in Fig. 6.4, where grain size distributions are shown in the 

insets. The measured grain sizes are 3.70 ± 3.20 μm for HETB1, 4.75 ± 5.76 μm for HETB2, 4.00 

± 2.88 μm for HETB3, 4.22 ± 2.61 μm for HETB4, 3.98 ± 2.23 μm for HETB5, and 3.48 ± 1.52 

μm for HETB6.  Under the identical SPS sintering condition and final densification temperature 

of 1700 ℃, all sintered specimens exhibit similar averaged grain sizes of ~3.5-5.0 μm. However, 

specimens HETB1 to HETB4 contain a small number of large grains as well as clusters of small 

grains, which is widely observed in borides prepared by in-situ metal-boron reactive SPS [39, 50-

52]. Unlike hexagonal diborides synthesized via reactive SPS [39, 53], no noticeable texture has 

been detected in these sintered HETB specimens, which agrees with the consistency in relative 

peak intensities between the measured and calculated XRD patterns (Fig. 6.2 vs. Fig. 6.5). 

Vickers microhardness tests have been carried out for all specimens at a standard 

indentation load of 9.8 N, and the results are listed in Table 6.1. The hardness of these tetragonal 

rare earth based HETBs are in the range of 13-15 GPa. The hardness of these rare earth based 

HETBs are significantly lower than refractory metal high-entropy monoborides and diborides 

synthesized via the similar route [32, 39] and the superhard hexagonal WB4 [54], which is not 

surprising given the different crystal structures and bonding characters. 
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6.4 Conclusions 

Via in-situ metal-boron reactive SPS, high-entropy rare earth tetraborides of tetragonal 

UB4-structure have been successfully synthesized for the first time. Specimens were sintered to 

>98% dense bulk pellets with homogenous elemental distributions confirmed by both microscale 

SEM-EDS and nanoscale STEM-EDS. The averaged grain sizes were determined to between 3.5-

5 μm. The measured Vickers microhardness at 9.8 N are in the range of 13-15 GPa. One 

scientifically interesting observation is the expansion (vs. compression) of the lattice parameter c 

(vs. a) measured by XRD in comparison with the rule-of-mixture prediction, which can be 

explained by the anisotropic bonding character in the HETB crystal structure.  

In a broader context, this study expands the family of high-entropy ceramics via fabrication 

of a new class of high-entropy borides in a more complex and lower symmetry crystal structure. 

Notably, (Y0.2Nd0.2Sm0.2Gd0.2Tb0.2)B4 (> 99% relative density, no detectable secondary phase) 

represents the first equimolar single-phase tetragonal high-entropy ceramics made. 

Chapter 6, in full, is a reprint of manuscript “High-entropy rare earth tetraborides”, M. Qin, 

Q. Yan, H. Wang, K.S. Vecchio, and J. Luo, submitted to Journal of the European Ceramics 

Society. The dissertation author was the primary investigator and wrote the first draft of 

manuscript. 
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Figure 6.1. Schematic illustration of atomic structure of the tetragonal high-entropy rare earth 

tetraboride (Space group: P4/mbm, No. 127) through (a) top view along c-axis and (b) perspective 

side view. The UB4-prototyped tetraboride unit cell is indicated by the purple dash lines. Its 

structure can be interpreted as alternating MB2 and MB6 units (each manifested by orange dotted 

lines respectively). These MB2 and MB6 units are slightly different (distorted in the structures) 

from the corresponding unit cells of AlB2-prototyped diborides and CaB6-prototyped hexaborides. 

Along c-axis, octahedra composed of six boron atoms are connected linearly, akin to the boron 

chains along the cubic axes of the CaB6-typed hexaborides. 

 

Figure 49.1. Schematic illustration of atomic structure of the tetragonal high-entropy rare earth 

tetraboride (Space group: P4/mbm, No. 127) through (a) top view along c-axis and (b) perspective 

side view. The UB4-prototyped tetraboride unit cell is indicated by the purple dash lines. Its 

structure can be interpreted as alternating MB2 and MB6 units (each manifested by orange dotted 

lines respectively). These MB2 and MB6 units are slightly different (distorted in the structures) 

from the corresponding unit cells of AlB2-prototyped diborides and CaB6-prototyped hexaborides. 

Along c-axis, octahedra composed of six boron atoms are connected linearly, akin to the boron 

chains along the cubic axes of the CaB6-typed hexaborides. 
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Figure 6.2. XRD patterns of specimens HETB1 to HETB6 fabricated via in-situ metal-boron 

reactive SPS. All sintered specimens demonstrate largely a single UB4-prototyped tetragonal phase 

without detectable oxide impurities. Small amounts of CaB6-prototyped hexaboride secondary 

phases (Space group: Pm-3m, No. 221) are observed for some specimens, while no secondary 

phase is detected in HETB5 (Y0.2Nd0.2Sm0.2Gd0.2Tb0.2)B4. Note that some minor diffraction peaks 

for UB4-prototyped tetragonal phase are not indexed due to their low peak intensities and peak 

overlapping. 

 

Figure 50.2. XRD patterns of specimens HETB1 to HETB6 fabricated via in-situ metal-boron 

reactive SPS. All sintered specimens demonstrate largely a single UB4-prototyped tetragonal phase 

without detectable oxide impurities. Small amounts of CaB6-prototyped hexaboride secondary 

phases (Space group: Pm-3m, No. 221) are observed for some specimens, while no secondary 

phase is detected in HETB5 (Y0.2Nd0.2Sm0.2Gd0.2Tb0.2)B4. Note that some minor diffraction peaks 

for UB4-prototyped tetragonal phase are not indexed due to their low peak intensities and peak 

overlapping.  
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Figure 6.3. (a) STEM HAADF image of the single-phase HETB5 (Y0.2Nd0.2Sm0.2Gd0.2Tb0.2)B4, 

viewed long the [101] zone axis. See Fig. 6.7 for additional STEM micrographs at different 

magnifications and the FFT diffraction patter. (b) STEM micrograph and corresponding EDS 

elemental maps at nanoscale. (c) SEM micrograph and corresponding EDS elemental maps at 

microscale. The compositions are homogenous at both nanoscale and microscale. See Fig. 6.8 for 

additional SEM-EDS elemental maps of other specimens. 

 

Figure 51.3. (a) STEM HAADF image of the single-phase HETB5 (Y0.2Nd0.2Sm0.2Gd0.2Tb0.2)B4, 

viewed long the [101] zone axis. See Fig. 6.7 for additional STEM micrographs at different 

magnifications and the FFT diffraction patter. (b) STEM micrograph and corresponding EDS 

elemental maps at nanoscale. (c) SEM micrograph and corresponding EDS elemental maps at 

microscale. The compositions are homogenous at both nanoscale and microscale. See Fig. 6.8 for 

additional SEM-EDS elemental maps of other specimens. 
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Figure 6.4. EBSD normal direction inverse pole figure orientation maps for all six specimens (a) 

HETB1, (b) HETB2, (c) HETB3, (d) HETB4, (e) HETB5, and (f) HETB6. Specimens HETB1 to 

HETB4 show abnormal grain growth to different extents. All specimens contain some clusters of 

small grains, which are commonly observed for in-situ metal-metal reactive sintered specimens. 

Insets show the grain-size distributions. 

 

Figure 52.4. EBSD normal direction inverse pole figure orientation maps for all six specimens (a) 

HETB1, (b) HETB2, (c) HETB3, (d) HETB4, (e) HETB5, and (f) HETB6. Specimens HETB1 to 

HETB4 show abnormal grain growth to different extents. All specimens contain some clusters of 

small grains, which are commonly observed for in-situ metal-metal reactive sintered specimens. 

Insets show the grain-size distributions. 
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Figure 6.5. Calculated powder XRD patterns based on the kinematic theory of diffraction for six 

HETB compositions assuming a random occupation of five cations in the UB4-prototyped crystal 

structure. Note that some smaller diffraction peaks are not indexed due to the peak overlapping. 

 

Figure 53.5. Calculated powder XRD patterns based on the kinematic theory of diffraction for six 

HETB compositions assuming a random occupation of five cations in the UB4-prototyped crystal 

structure. Note that some smaller diffraction peaks are not indexed due to the peak overlapping. 
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Figure 6.6. SEM micrographs of six specimens synthesized via in-situ metal-boron reactive SPS: 

(a) HETB1, (b) HETB2, (c) HETB3, (d) HETB4, (e) HETB5, and (f) HETB6. The black spots in 

the micrographs are porosity and/or extra boron. 

 

Figure 54.6. SEM micrographs of six specimens synthesized via in-situ metal-boron reactive SPS: 

(a) HETB1, (b) HETB2, (c) HETB3, (d) HETB4, (e) HETB5, and (f) HETB6. The black spots in 

the micrographs are porosity and/or extra boron. 
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Figure 6.7. (a, b) STEM micrographs of HETB5 at different magnifications. The [101] zone axis 

is marked in the micrographs. (c) FFT diffraction pattern of the crystal grain, showing the 

crystallographic orientation. 

 

Figure 55.7. (a, b) STEM micrographs of HETB5 at different magnifications. The [101] zone axis 

is marked in the micrographs. (c) FFT diffraction pattern of the crystal grain, showing the 

crystallographic orientation. 
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Figure 6.8. SEM micrographs and the corresponding EDS elemental maps of all six specimens 

synthesized via in-situ metal-boron reactive SPS: (a) HETB1, (b) HETB2, (c) HETB3, (d) 

HETB4, (e) HETB5, and (f) HETB6. All the sintered specimens demonstrate homogenous 

elemental distributions at the microscale. 

 

Figure 56.8. SEM micrographs and the corresponding EDS elemental maps of all six specimens 

synthesized via in-situ metal-boron reactive SPS: (a) HETB1, (b) HETB2, (c) HETB3, (d) 

HETB4, (e) HETB5, and (f) HETB6. All the sintered specimens demonstrate homogenous 

elemental distributions at the microscale. 
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Table 6.1. Summary of the six specimens synthesized via in-situ metal-boron reactive  SPS. 

Measured cation compositions are obtained from SEM-EDS analyses. Lattice parameters are 

measured from XRD, while averaged lattice parameters represent the means of the lattice 

parameters of binary tetraborides (shown in Table 6.2) calculated based on the rule of mixture. 

The measured densities are obtained via the Archimedes method, while the theoretical densities 

are calculated from the XRD measured lattice parameters and the nominal compositions. Grain 

sizes are measured form EBSD maps. Vickers microhardness values are measured at a standard 

indentation load of 9.8 N (1 kgf). 

 

 

Table 14.1. Summary of the six specimens synthesized via in-situ metal-boron reactive  SPS. 

Measured cation compositions are obtained from SEM-EDS analyses. Lattice parameters are 

measured from XRD, while averaged lattice parameters represent the means of the lattice 

parameters of binary tetraborides (shown in Table 6.2) calculated based on the rule of mixture. 

The measured densities are obtained via the Archimedes method, while the theoretical densities 

are calculated from the XRD measured lattice parameters and the nominal compositions. Grain 

sizes are measured form EBSD maps. Vickers microhardness values are measured at a standard 

indentation load of 9.8 N (1 kgf). 

 

 

Specimen Nominal Composition Measured Cation Composition 

Measured 
Lattice 

Parameters a, 
c by XRD (Å ) 

Averaged 
Lattice 

Parameters a, c 
by RoM (Å ) 

Theoretical 
Density 
(g/cm3) 

Measured 
Density 
(g/cm3) 

Relative 
Density 

Grain Size 
(μm) 

Vickers 
Microhardness 
at 9.8 N (GPa) 

HETB1 (Y0.2Nd0.2Sm0.2Gd0.2Er0.2)B4 (Y0.17Nd0.18Sm0.21Gd0.22Er0.22)B4 7.1066, 4.0416 7.1416, 4.0468 6.01 5.91 98.3% 3.70 ± 3.20 14.1 ± 0.8 

HETB2 (Y0.2Sm0.2Gd0.2Er0.2Yb0.2)B4 (Y0.21Sm0.19Gd0.21Er0.18Yb0.21)B4 7.0911, 4.0356 7.1086, 4.0272 6.23 6.12 98.2% 4.75 ± 5.76 13.3 ± 0.8 

HETB3 (Y0.2La0.2Pr0.2Dy0.2Er0.2)B4 (Y0.22La0.18Pr0.20Dy0.23Er0.17)B4 7.1255, 4.0619 7.1810, 4.0572 5.89 5.78 98.1% 4.00 ± 2.88 14.5 ± 0.9 

HETB4 (Y0.2Nd0.2Gd0.2Dy0.2Er0.2)B4 (Y0.22Nd0.18Gd0.20Dy0.21Er0.19)B4 7.1142, 4.0479 7.1110, 4.0284 6.08 6.02 99.0% 4.22 ± 2.61 14.4 ± 0.7 

HETB5 (Y0.2Nd0.2Sm0.2Gd0.2Tb0.2)B4 (Y0.22Nd0.20Sm0.20Gd0.19Tb0.19)B4 7.1331, 4.0641 7.1514, 4.0552 5.90 5.85 99.2% 3.98 ± 2.23 13.9 ± 0.8 

HETB6 (Nd0.2Sm0.2Gd0.2Tb0.2Yb0.2)B4 (Nd0.18Sm0.19Gd0.23Tb0.21Yb0.19)B4 7.1254, 4.0628 7.1402, 4.0526 6.44 6.36 99.2% 3.48 ± 1.52 14.1 ± 0.8 
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Table 6.2 Summary of the lattice parameters of the binary tetraborides. 

Table 15.2. Summary of the lattice parameters of the binary tetraborides. 

Material Lattice Parameters a, c (Å ) Reference 

YB4 7.111, 4.017 Guette et al. [55] 

LaB4 7.324, 4.181 Kato et al. [56] 

PrB4 7.235, 4.116 Etourneau et al. [44] 

NdB4 7.220, 4.102 Roger et al. [57] 

SmB4 7.174, 4.064 Zavalii et al. [58] 

GdB4 7.132, 4.051 Garland et al. [59] 

TbB4 7.120, 4.042 Will et al. [60] 

DyB4 7.021, 3.972 Will et al. [61] 

ErB4 7.071, 4.000 Will et al. [60] 

YbB4 7.055, 4.004 Etourneau et al. [44] 
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Chapter 7. Summary and Future Work 

In this dissertation, a series of dual-phase high-entropy diboride and carbide ultrahigh 

temperature ceramics (UHTCs) and four classes of high-entropy borides (HEBs) have been 

designed and synthesized. In the meantime, two fabrication and densification methods from binary 

powders or elemental precursors are developed and investigated. This dissertation provides an 

insight on synthesis of high-entropy ceramics (HECs).  

In the second chapter, dual-phase UHTCs of high-entropy diboride and carbide with 

cations of Ti, Zr, Nb, Hf, and Ta are synthesized to be fully-dense with virtually no native oxides. 

These dual-phase UHTCs fabricated from N binary diborides and (5-N) binary carbides are 

determined to possess a hexagonal AlB2-typed high-entropy diboride phase and a cubic rocksalt 

high-entropy carbide phase. With the exact composition of each high-entropy diboride and carbide 

phase measured experimentally, a thermal dynamic relation governs the cation distributions in 

equilibrium at final densification temperature is discovered. Tunable properties of grain size, 

Vickers microhardness, Young’s and shear moduli, and thermal conductivity have been revealed; 

and the hardness for these dual-phase UHTCs are found to be higher than the weighted average of 

the two single-phase high-entropy boride and high-entropy carbide. The study introduces the dual-

phase UHTCs to the state of the art and provides another platform for microstructure control and 

property tailoring. 

 In the third chapter, five single-phase W- and/or Mo-containing high-entropy diborides 

(AlB2-prototyped) are successfully synthesized in fully-dense bulk pellets via in-situ reactive spark 

plasma sintering from elemental boron can metals. Four W-containing specimens of 

(Ti0.2Zr0.2Hf0.2Mo0.2W0.2)B2, (Ti0.2Ta0.2Cr0.2Mo0.2W0.2)B2, (Zr0.2Hf0.2Nb0.2Ta0.2W0.2)B2, and 

(Zr0.225Hf0.225Ta0.225Mo0.225W0.1)B2 demonstrates that the phase formation can strongly depends on 
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the kinetic route, as specimens of the same compositions from binary borides are evaluated to 

possess W-rich secondary phases. Another unexpected finding from sintered specimens implies 

that these single-phase W- and/or Mo-containing HEBs exhibit higher hardness, although binary 

WB2 and MoB2 are predicted to be of lower hardness. 

In the fourth chapter, single-phase high-entropy monoborides of the CrB prototype are 

investigated. Three compositions of (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)B, (V0.2Cr0.2Nb0.2Mo0.2W0.2)B, and 

(V0.2Cr0.2Nb0.2Ta0.2W0.2)B are fabricated and densified to >98% relative densities via reactive 

spark plasma sintering of corresponding metal and boron powders. Excellent Vickers 

microhardness have been revealed for these sintered specimens with 22-26 GPa at 9.8 N 

indentation load, and 32-37 GPa at 0.98 N indentation load. Among them, 

(V0.2Cr0.2Nb0.2Ta0.2W0.2)B has been demonstrated to be harder than the ternary (Ta0.5W0.5)B 

monoboride, signifying a good candidate towards superhard material. 

In the fifth chapter, high-entropy M3B4 borides with double boron chains of Ta3B4 

prototype have been developed and characterized in bulk form. Via the route of reactive spark 

plasma sintering preceded by ball milling of elemental precursors, two compositions of 

(V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and (V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4 are synthesized to be largely single-

phase with tiny amounts of M5B6 secondary phases. Grain sizes and Vickers microhardness have 

been reported. This study further expands the family of HEBs and demonstrate the usefulness of 

reactive spark plasma sintering.  

In the sixth chapter, six compositions of high-entropy tetraborides with rare earth cations 

have been synthesized to be single-phase of tetragonal UB4 prototype. The specimens sintered 

from corresponding elemental powders are close to full density (>98% in relative densities) 

without noticeable oxide impurities, albeit small amounts of secondary hexaboride phases are 
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detected in some compositions. Notably, no secondary phase is observed in composition 

(Y0.2Nd0.2Sm0.2Gd0.2Tb0.2)B4; and it represents the first single-phase equimolar tetragonal HECs 

ever made. In the meantime, all sintered specimens show an averaged grain size of 3.5-5 μm, and 

Vickers microhardness of 13-15 GPa at 9.8 N indentation load. 

Inspired by the preceding studies on high-entropy alloys, research on HECs represents a 

prospering field with a lot of opportunities and challenges. On the one hand, numerous amounts 

of HECs with different compositions and structures await to be explored in order to further expand 

the family; on the other hand, excellent or tunable properties of HECs need to be optimized and 

characterized to fulfill the application requirements of certain structural or functional materials. 

Particularly to the scope of this dissertation, more HEBs of different structures can be further 

synthesized and investigated; and their unique properties involving high melting temperature, 

corrosion and oxidation resistance, high hardness, as well as magnetic and electronic behavior 

demand better characterization. Moreover, for dual-phase (or multiple-phase) high-entropy 

UHTCs, their mechanical properties require fully characterization for the implementation as 

structural materials. Scientific interpretations and justifications on the unique and even unexpected 

properties of high-entropy materials in general also demand further investigation.  

 




