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PUBLICATION DISSERTATION OPTION

This dissertation consists of the following four articles, formatted in the style used 

by the Missouri University of Science and Technology:

Effects of Ti, Y and Hf Addditions on the Thermal Properties of ZrB2, found on 

pages 23-41, has been published in the Journal of the European Ceramic Society.

Measurement of the Melting Temperature of ZrB2 as Determined by Laser 

Heating and Spectrometric Analysis, found on pages 42-64, has been accepted for 
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pages 65-83, has been submitted to the Journal of the American Ceramic Society.

Yttrium Solubility in High Entropy Boride Ceramics, found on pages 84-101, has 

been submitted to the Journal of the European Ceramic Society.
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ABSTRACT

This research focusses on the thermophysical properties of nominally phase pure 

boride ceramics. As interest in ultra high temperature ceramics increases due to a 

renewed interest in hypersonic flight vehicles and with the expanding materials design 

space accompanying interest in high entropy materials, it is imperative to understand the 

intrinsic properties of boride ceramics. By reducing Hf content in ZrB2 from the natural 

abundance, ~1.75 at% in this case, to ~100 ppm, thermal conductivity increased from 88 

W/m*K to 141 W/m*K. Removal of Hf allowed the thermal conductivity of ZrB2 with 

small transition metal solute additions to be measured without being masked by Hf 

impurity effects. Additions of Ti and Y reduced thermal conductivity by 20% and 30% 

respectively. The melting temperatures of two different types of ZrB2 were also studied. 

A commercially available grade of ZrB2 (~ 1.75 at% Hf) had a melting temperature of 

3280°C while a low Hf (100 ppm) ZrB2 had a melting temperature of 3273°C. The 

kinetics of the final stage of densification was also studied for nominally phase pure 

ZrB2. Dislocation motion with an activation energy of 162 kJ/mol was determined to be 

the dominant mechanism in the absence of competing mechanisms such as grain pinning 

or solute drag caused by secondary phases and impurity soute atoms. The effect of 

configurational entropy on the solubility of yttrium in high entropy borides was 

investigated. No significant difference in yttrium solubility was found between 

nominally pure ZrB2 and a four component high entropy boride (Ti,Zr,Nb,Hf)B2. 

Mitigation of impurity atoms and secondary phases minimized extrinsic effect and 

elucidated intrinsic properties of boride ceramics.
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1. INTRODUCTION

Zirconium diboride (ZrB2) is classified as an ultra-high temperature ceramic 

(UHTC) due to its melting temperature of 3250°C making it a candidate material for 

extreme environment applications (1-3). Particularly, high thermal conductivity (up to 

~141 W/m*K) and elevated temperature strength (~200 MPa at 2300°C) make ZrB2 a 

candidate material for hypersonic wing leading edges (4-6). However, other properties 

such as hardness (>30 GPa) make ZrB2 a candidate material for high speed cutting tools 

and wear surface coatings (7,8). With a low electrical resistivity of 6 pQ*cm, zirconium 

diboride has also been considered for high temperature electrodes (9,10).

Despite extensive studies dating back to the 1960s citing this UHTC as a 

candidate material for extreme environment applications, ZrB2 is not widely used 

(2,11,12). One explanation for this is a disparity in material property data reported in 

literature. For example, ZrB2 is considered a good thermal conductor, but room 

temperature values of thermal conductivity range from 55-141 W/m*K (4,13). Recent 

work has provided evidence that this range in property data can be traced to impurities 

including secondary phases, such as oxides and carbides, or solute atoms, such as W, Fe, 

or Hf (4,14-17). In some cases, these impurities have a drastic effect on thermal 

properties such as 3 at% W in ZrB2 decreasing thermal conductivity by 50% as reported 

by McClane (16). However, other cases no measurable effect (such as 3 at% Ti or Y in 

ZrB2) (16). This seems counter-intuitive that some additions can be so detrimental while

other have no effect.
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Hf is an impurity of particular interest to applications in the nuclear industry. 

Metallic zirconium is widely used in nuclear applications due to its low neutron 

absorption cross section (0.185 b), but is unusable unless stripped of its natural 

abundance of Hf (1-3 wt%) due to the high neutron absorption cross section of Hf (104 b) 

(18). Refining Zr to the required purity (<100 ppm Hf) involves a toxic and costly 

process which simply isn’t necessary for most Zr applications (19). Lonergan studied the 

effect of Hf removal from ZrB2 on thermal properties of zirconium diboride and reported 

an increase of 40% in the thermal conductivity by utilizing reactor grade Zr source 

powder(4). However, this effect on other properties has not been quantified.

While McClane’s work focused on pinpointing the solute atoms that most affect 

thermal properties of ZrB2 and the underlying causes of that effect, his work also 

provided a foundation for tailoring thermal properties of transition metal diborides 

through solids solutions of borides. Soon after a new class of UHTCs was introduced as 

high entropy borides (as well as high entropy oxides and carbides, and preceded by high 

entropy alloys). High entropy boride are substitutional solid solutions of the diborides 

that have increase configurational entropy and, potentially, increased thermal and 

thermodynamic stability through entropy stabilization (20,21). While the initial study 

was successful in synthesizing 6 single phase 5-component borides, it also produced a 

failed composition containing two distinct diboride phases with the AlB2 structure. In 

addition, all of their materials contained substantial contents of secondary phases, which 

affected the compositions and properties of the constituent phases. As more studies focus 

on high entropy materials, no work to date has studied why certain species tend to phase 

separate in high entropy borides when they are predicted to remain in solution.
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The focus of this dissertation was to investigate the thermophysical properties of 

nominally phase pure boride ceramics. Primarily, this work focusses on zirconium 

diboride and how utilizing reactor grade Zr sources in the synthesis of high purity ZrB2 

affects properties such as thermal conductivity and melting temperature. Synthesis of 

high purity, single phase ZrB2 also allowed the intrinsic densification kinetics in the final 

stage of sintering to be studied without extrinsic effects such as grain pinning or solute 

drag masking the dominant mechanisms. Finally, high purity raw materials were used to 

synthesize single phase, nominally phase pure high entropy borides that were used to 

investigate the effect of entropy stabilization on the solubility of yttrium in boride 

ceramics.

With these considerations, this work has been guided by four principle questions:

• Does the presence of other transition metal additions affect the thermal properties 

of nominally phase pure ZrB2?

• What is the melting temperature of high purity ZrB2?

• What is the mechanism of final stage sintering in phase pure ZrB2?

• How does entropy stabilization affect solubility of yttrium in boride ceramics? 

Knowledge of the intrinsic thermal properties may enable wider us of boride

ceramcs in extreme environmants.
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2. LITERATURE REVIEW

2.1. ZIRCONIUM DIBORIDE

Zirconium diboride belongs to the class of materials known as ultra-high 

temperature ceramics (UHTCs). UHTCs are generally classified as transition metal 

borides, carbides and nitrides with melting temperatures greater than 3000°C (22).

Tucker and Moody were the first to synthesize ZrB2 in 1901 by reacting elemental 

zirconium and boron (23). However, the compound was not thoroughly investigated until 

the space race led to new-found interest in materials that could withstand the extreme 

environments required by space flight. Beginning in the 1950s, the National Advisory 

Committee for Aeronautics (NACA), which would soon be incorporated into a newly 

formed National Aeronautics and Space Administration (NASA), recognized the need to 

expand materials capabilities and began a search for candidate materials for applications 

such as rocket motors and thermal protection systems (11,12). In the 1960s the U.S. Air 

Force funded studies investigating processing, properties, oxidation, and phase equilibria 

of transition metal carbides and borides. The comprehensive work published through 

these studies forms the fundamental knowledge we have of UHTCs.

2.1.1. Melting Temperature. In 1931, Agte was the first to measure the melting 

temperature of ZrB2 and reported it to be 3050°C (1). Agte utilized a new test method 

developed by Pirani and Alterthum in which the temperature of a specimen bar was 

monitored via a pyrometer sited in a black body cavity machined into the specimen. The 

specimen was then directly resistively heated in an environmentally controlled furnace 

and the time point and associated temperature was recorded at which liquid formed in the
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cavity (1,24). Unfortunately, Agte reported little further characterization of the specimen 

and only claims the composition was a zirconium boride of unknown stoichiometry as the 

compositional analysis was flawed. Under commission of the U.S. Air Force, Rudy 

utilized the same technique in extensive phase equilibria studies of the 1960s, and 

measured the melting temperature of ZrB2 to be 3245 ± 25°C (2).

2.1.2. Hafnium Separation. Zircon (ZrSiO4) is the primary raw material used in 

the refinement of Zr metal and Zr-containing ceramics, and it naturally contains 1-3 wt% 

Hf (25). As a result of the difficulty in separating Hf and Zr, most commercial materials 

containing Zr have the natural abundance of Hf present. The separation on Hf from Zr is 

primarily motivated by the needs of the nuclear industry as it uses ~85% of the world’s 

supply of Zr (25). Due to its low neutron cross section, Zr is used as a fuel cladding. In 

contrast, hafnium is a neutron absorber and must be limited to no more than 100 ppm in 

reactor grades of Zr and Zr compounds (26). However, the separation of the Zr and Hf is 

difficult due to their chemical and physical similarities such as identical valence state and 

atomic radii (1.45 A and 1.44 A respectively).

Separation of Zr and Hf occurs after carbochlorination of ore produces zirconium 

tetrachloride. Fractional crystallization and solvent extraction, primarily methyl isobutyl 

ketone (MIBK) extraction and tributyl phosphate (TBP) extraction, are the primary 

commercial methods for Zr-Hf separation (19). Fractional crystallization was industrially 

used in Russia during the cold war and relied upon the difference in solubility of K2ZrF6 

and K2HfF6 in aqueous KF and HF solutions (27,28). The MIBK process dissolves ZrCU 

in an HCl solution with ammonium thiocyanates and MIBK. Hafnium thiocyanates 

preferentially dissolve in the organic phase and are extracted. The MIBK process
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consists of 12-15 stages of separation and is capable of producing Zr with Hf content less 

than 25 ppm and Hf with Zr content less than 1 at% (19). The TBP process is 

fundamentally similar, but dissolves zirconium tetrachloride in nitric acid, uses TBP as 

the organic extraction solvent, and targets the Zr as the extracted metal (25,27,29).

2.1.3. Crystallography and Bonding. Group IV, V, and VI transition metal 

diborides (TMB2s) form the hexagonal AlB2 structure belonging to the space group 

191(P6/mmm) (30). The structure is characterized by alternating basal planes of close 

packed transition metal atoms and graphite-like boron rings. The transition metal atoms 

are metallically bound together, making TMB2s good electrical conductors. For example, 

ZrB2 has an electrical conductivity of 1.6 x 107 S/m which is comparable to Ni or W (1.4 

x 107 S/m and 1.9 x 107 S/m respectively) (15,31). Alternatively, the sp2 covalent bonds 

in the B rings stiffens the unit cell leading to properties such as high Young’s modulus 

(>500 GPa for Group IV and V TMB2s) and melting temperature (32-35). The basal 

planes are iono-covalently bonded (33).

2.1.4. Densification. Densification is the process by which particles in a powder 

compact or green body coalesce and is associated with a thermally induced volumetric 

shrinkage of the bulk article. Microscopically it is associated with the removal of 

porosity, with a fully dense ceramic having no pores (36,37). Solid state sintering relies 

on diffusional processes for densification.

Diffusion is the periodic movement of atoms from one favorable energy site to 

another within the lattice. There are a number of diffusional mechanisms, or specific 

means for atomic movement, such as those presented in Figure 2.1. For an atom to move 

between energy sites, it must overcome an energy barrier known as the activation energy.
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Each mechanism for diffusion has a characteristic activation energy associated with it for 

a given material. Generally mechanisms with higher activation energies will be dominant 

at higher temperatures compared to lower activation energy mechanisms that dominate at 

lower temperatures (38).

(a)

(b)

Figure 2.1: Mechanisms for Diffusion. (A) possible atomic diffusion mechanisms (a) 
exchange, (b) ring rotation (theoretically possible but not seen in real systems), (c) 

interstitial, and (d) vacancy (36). (B) Representation of activation energy (Q) required 
for atomic movement from one favorable energy site to another.

The driving force of densification is minimization of the free energy of the 

system. Primarily this is achieved by the reduction of surface free energy. Surface free 

energy can be represented by Equations 1-3 for an idealized system of uniform spherical 

particles consisting of an isotropic material (38).

N =  —  = - ^ -  (1)
Ana3p  Ana3 v J

Equation 1 describes the number of particles (N) for a mole of material with radii 

a, density p, molar volume Vm. and molar weight (M). The surface area (Sk) can be 

written as Equation 2, and the surface free energy (Es) can be written as a function of 

specific solid-vapor interfacial energy (ysv), molar volume, and particle radii (Equation 3).



If molar volume is material property and specific surface energy is considered to be 

invariant then the only variable is the particle radii, and maximizing radii minimizes 

surface free energy (38). This driving force is present in all porous systems

8

= 4na2 =

= 3Y s v vm

(2)

(3)

Externally applied pressure (Pa) can assist the densification by doing work (W) on 

the system approximated by Equation 4 (38).

W = PaVm (4)

a

a

The Coble and Nabarro-Herring diffusion models describe this phenomenon in 

more detail. The Nabarro-Herring model assesses stress-directed vacancy diffusion by 

evaluating the movement of vacancies from crystal faces in tension to crystal faces in 

compression and the counter-diffusion of atoms from a crystal face in compression to a 

crystal face in tension (Figure 2.2: Atomic diffusion currents within grains due to applied 

stresses (36).2) (39,40). This model is also known as vacancy creep and can be used to 

describe lattice diffusion for pressure assisted sintering techniques such as hot pressing 

(HP), direct current sintering (DCS), and hot isostatic pressing (HIP) (41-43). Equation 

5 describes the model

e i  =  N }
G2kT

(5)

where i  is the strain rate, Ni is the lattice diffusion constant, Di is the lattice diffusion

coefficient, Q is the unit cell volume, Pa is applied stress, G is grain size, k is the 

Boltzmann constant, and T is absolute temperature.
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Figure 2.2: Atomic diffusion currents within grains due to applied stresses (36).

The Coble model is also based upon stress-directed diffusion, but instead 

describes diffusion of atoms along grain boundaries. Because it is derived from Nabarro 

and Herring’s work, it is similar but the grain size term is cubed and takes into account 

the width of the grain boundary (Sgb) (44,45). Equation 6 describes the model.

DgbSgb^Pa&nh — Nnt g b  — lsg b  G3kT

Kalish and Clougherty were among the first to apply the Nabarro-Herring model 

to diborides. Studying high pressure (800 MPa) hot pressed HfB2, they reported an 

activation energy of 96 kJ/mol in the final stage of densification (prelative > 90%) and 

hypothesized the dominant mechanism was either interstitial diffusion of boron or grain 

boundary diffusion of Hf (41). Several studies have investigated the dominant 

mechanisms associated with the intermediate stage of densification (~65% < Prelative < 

90%) in ZrB2. The reported activation energies range from 140 to 695 kJ/mol for either 

grain boundary diffusion (associated with lower activation energies) or lattice diffusion

(6)



(associated with high activation energies) as the dominant mechanism (46-49). Finer 

initial particle sizes and increased applied pressures were credited with reduction of 

activation energy, although activation energy should only be dependent on densification 

mechanism. Lonergan was able to clarify the disparate data. Lonergan determined that 

grain boundary diffusion was dominant up to ~2000°C with an activation energy of 241 

kJ/mol. Above ~2000°C lattice diffusion was dominant with an activation energy of 695 

kJ/mol (42). To date, no studies have addressed the mechanisms active in the final stage 

of sintering of ZrB2.

2.1.5. Pressure Assisted Sintering. Due to strong covalent bonding and low 

self-diffusion coefficients, diboride ceramics are difficult to densify without sintering 

aids and/or the application of external pressure. Pressure assisted techniques such as hot 

pressing and direct current sintering are able to fully densify ZrB2, but generally require 

temperatures above 1800°C and pressures of 32 MPa (14,47,50,51). While sintering aids 

such as B4C, WC, SiC, or MoSi2 can be used to reduce sintering temperatures, these 

additives can also be the source of impurities that form either solid solutions or secondary 

phases (43,43,52-56).

Reaction based methods such as reactive hot pressing (RHP) and reactive DCS 

(RDCS) have been used to produce high relative density ZrB2 at temperatures lower than 

traditional HP while also reducing the amount secondary phases present (47,50,57). 

Lonergan densified ZrB2 to 98.2% at 1800°C without the use of sintering aids by RHP 

(47). Likewise, Guo was able to densify ZrB2 to 95% at 1750°C by RDCS without 

sintering aids (50). None of these studies examined the mechanisms in the final stage of

10

densification.



k  — = 1
AT

fc —  + fc p  + fcg

2.1.6. Thermal Conductivity. Thermal conductivity (k) is the ability of a 

material to transfer heat, and can be defined as the heat flux (q) through a material over a 

temperature gradient (AT) (Equation 7) (58).

(7)

In solid matter, heat can be transferred by photons, phonons and electrons, and the 

total thermal conductivity of a material can be defined as the sum of the contribution by 

each of these mechanisms in Equation 8 (13)

(8)

where kpt is the photon conduction, kp  is the phonon conduction, and ke is the electron 

conduction. The photonic contribution is not generally considered in dense opaque 

ceramics.

Thermal conductivity can be directly measured by the guarded hot plate method 

(ASTM E1225), hot wire method (ASTM C1113), comparative flow method (ASTM 

C518) (59-61). While measurement of k appears to be straightforward, these 

experimental methods are subject to several sources of error such as the difficulty in 

establishing and maintaining a steady-state temperature gradient through the specimens 

or unaccounted heat loss through specimen perimeters. Due to these complications, 

thermal conductivity is often be calculated from thermal diffusivity (D), constant pressure 

heat capacity (Cp), and density (p) as seen in Equation 9.

k — DCPp (9)

Reported thermal conductivity of fully dense ZrB2 ranges from 55-141 W/m*K

11

(4,15,17,62-67). In part, the disparity in reported values stems from contaminants from 

processing methods such as Fe and WC contamination from milling media erosion,



secondary phases, and impurities in initial powder (4,68-71). In particular, Lonergan 

studied the effect of reducing Hf content on the thermal conductivity of ZrB2 and 

reported increasing thermal conductivity from 100 to 141 W/m*K by decreasing Hf 

content from 0.33 at% to 0.01 at% (4). McClane studied the effect of Ti, V, Cr, Y, Nb, 

Mo, Hf, Ta, W, and Re solid solution additions (3 at%) on ZrB2 thermal conductivity. 

While some additions such as Ti and Y had no measurable effect on thermal 

conductivity, most additions significantly reduced thermal conductivity. For example, 

additions of W and Cr decreased the thermal conductivity to 34 W/m*K and 28 W/m*K at 

25°C respectively (67,72).

2.1.7. Phonon Conduction. Phonons are elastic vibrations of the lattice 

producing quantized amounts of energy associated with wave-like solutions to equations 

defining the motion of the atoms. These solutions define the fundamental motion of 

atoms with respect to their neighbors in the lattice and are called modes. Normal modes 

are specific vibrations of the atoms in which all atoms share the same frequency, and all 

lattice vibrations can be described by superposition of these normal modes (36,73,74).

According to the classical gas model, phonon conductivity is proportional to the 

constant volume heat capacity (CV), mean free path of the phonon (A) and phonon 

velocity (v) (Equation 10) (75).

12

k = - CvXv
3 v

(10)

II o bo "j (11)

The phonon velocity can be described by the bulk modulus (B) and density (p) as 

shown in Equation 11 (76).
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Temperature significantly affects conductivity and can be described by four main 

regimes illustrated in Figure 2.3. At 0 K no heat can be transferred because lattice 

vibrations do not exist. At low temperatures above 0 K, phonons transfer heat 

proportional to cubed temperature (T3). While phonons interact in this temperature 

regime, all interactions are elastic and there is no thermal resistance. In the intermediate 

temperature range, phonons carry enough energy to scatter inelastically by Umklapp 

processes. Umklapp scattering provides a mechanism for thermal resistance to occur, and 

phonon thermal conductivity begins to decay exponentially with temperature (Equation 

12) where 0 is the Debye temperature which is defined as the temperature at which all

normal modes of vibration are active for a particular material (77).

-e
k = e ~  (12)

Figure 2.3: Thermal conductivity of phonons (77).
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Above the Debye temperature, the conductivity decreases inversely proportional 

to the temperature. The final regime of phonon thermal conductivity is not temperature 

dependent (77).

1
I

1 + 1ŝolvent ŝolute (13)

Figure 2.4: Thermal conductivity in the MgO-NiO system (36).

Point defects such as vacancies or substitutional solid solutions decrease phonon 

thermal conductivity by providing scattering sites. In the case of solid solutions, the 

inverse mean free paths are additive and equal to Equation 13 (36). The resulting 

decrease in k due to this phenomenon is exemplified by the MgO-NiO system (Figure 2.).
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2.1.8. Electron Conduction. Electron conductivity is the transfer of energy by 

free electron motion and is proportional to the thermal conductivity of a material as 

described by the Wiedemann-Franz law (Equation 14), where ke is the thermal 

conductivity due to electrons, L0 is the theoretical Lorenz number (2.44 x 10"8 W*Q/K2) 

and o is the electrical conductivity (75).

ke — L0T0  (14)

The electron thermal conductivity can also be described by the Fermi velocity (vf), 

relaxation time, (t) and constant volume heat capacity (Cv) (Equation 15) (75). The 

Fermi velocity is defined by Fermi energy (Ef) and the effective mass of the electron (m*) 

(Equation 16) (75).

ke — v̂j rCv (15)

'-tjt
o II 3.k
* (16)

2.1.9. Experimental Values. Room temperature values of ZrB2 thermal 

conductivity range from 24 to 141 W/m*K in literature (4,78). Especially low values are 

attributed to low relative densities (85%) with the lowest values for fully dense ZrB2 as 

low as 56 W/m*K (79). Among polycrystalline ceramics, grain size has no apparent 

correlation to thermal conductivity as values as low as 57 W/m*K and high as 107 

W/m*K were reported for ZrB2 with average grain sizes of ~10 pm (50,79-81). There is a 

similar range for samples with grain sizes reported above ~20 pm suggesting thermal 

resistance across grain boundaries is low (68,82). The effect of purity is more 

pronounced, with the highest reported k values resulting from studies utilizing reactive 

processes to synthesize ZrB2 (4,50). Unfortunately, many studies do not provide 

compositional data. The highest reported k for ZrB2 is 141 W/m*K and was produced by



RHP of reactor grade ZrH2 (100 ppm Hf) and elemental B (4). The same study also 

proved that increasing Hf content led to a decrease in thermal conductivity with the Hf 

impurity atoms likely served as phonon scattering sites. Additions of only 0.33 at% Hf 

decreased k to 100 W/m*K. Figure 2.3 summarizes several representative thermal 

conductivity studies for ZrB2.

16

Figure 2.5: ZrB2 thermal conductivity (4,62,64,65,78,83).

2.1.10. Thermal Diffusivity. Thermal diffusivity (D) is the ratio of a material’s 

ability to conduct thermal energy to its ability to store thermal energy. Practically, D 

indicates how quickly a thermal gradient will equilibrate through a material. Unlike 

thermal conductivity, D is directly measured relatively easily. The laser flash method 

(ASTM E1461) is used to measure thermal diffusivity of flat specimens of a uniform
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composition (84). As indicated in Figure 2.6, the temperature on the specimen back face 

is monitored after the front face is exposed to an energy pulse over a very short time 

scale. Equation 17 is used to calculate the thermal diffusivity where L is the specimen 

thickness and ti/2 is the half-rise time (84).

D = 0.13879L2/ti/2  (17)

instantaneous pulse

front face

initial temperature r 0
lateral face thickness L

rear face temperature increase Tn + A7Tt)

Figure 2.6: Schematic of the specimen in the laser flash method (84).

Because thermal diffusivity and thermal conductivity are intimately related, 

literature values of D vary greatly in the same manner as k. Typical room temperature 

values for ZrB2 range from 0.18 to 0.33 cm2/s with high values correlating to single phase 

ZrB2 with natural abundance of Hf, and lower values corresponding to ZrB2 with 

secondary phases (85,86). Diffusivity increases with decreasing Hf content. Lonergan 

measured diffusivity for ZrB2 with 100 ppm Hf to be 0.47 cm2/s (4).
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2.2. HIGH ENTROPY CERAMICS

High entropy boride (HEB) ceramics have recently attracted attention as a new 

class of ultra-high temperature ceramics due to their potential for improved thermal 

stability, mechanical properties, oxidation resistance, radiation damage tolerance, and a 

generally broadened material design space compared to boride ceramics containing a 

single transition metal (20,21,87-93). In particular, one potential benefit of the entropy 

stabilization/high entropy approach is the stabilization of elements in a structure in which 

they are not thermodynamically stable in a conventional binary compound due to the 

increased configurational entropy (94). While several solid solutions and high entropy 

boride ceramics have been produced containing group IV-VI transition metals, no 

research to date has focused on the effect of entropy stabilization on the solubility of 

specific species in the boride lattice (4,17,21,86,95).

2.2.1. Theory. The guiding principle of high entropy materials is the reduction of 

the Gibbs’ free energy (G) of the system by maximizing the entropy (S) as seen in 

Equation 18 where H is enthalpy and T is absolute temperature.

G = H - T S  (18)

This is achieved by increasing the configurational entropy by increasing the 

number of species (N) in the system as seen in Equation 19 where R is the universal gas 

constant (96,97).

5 = RlnN (19)

While any additional species in the lattice will increase the entropy of mixing, 

current work in high entropy ceramics focus on increasing the number of transition metal 

species in the metal sublattice (21,98-100).



2.2.2. Entropy Stabilization. While increasing the configurational entropy is 

relatively straightforward, there has been debate over the entropy stabilization effect in 

high entropy materials (101-104). Rost et al. investigated the entropy stabilization effect 

in the (Mg,Co,Ni,Cu,Zn)O system and determined that the increased configurational 

entropy indeed stabilized a single oxide phase. Their study focused on oxide pairs that 

did not exhibit appreciable solid solubility such as MgO-ZnO and CuO-NiO and species 

were chosen that were not necessarily isostructural. Rost reported that the formation of a 

single solid solution phase unambiguously provided evidence for entropy stabilization 

and hypothesized the ionic character of the system aided in the stabilization (94). To the 

author’s knowledge, no similar studies have reported this effect in HEBs.

2.2.3. Solid Solution Models. Through phase equilibria studies of binary alloys, 

Hume-Rothery formulated a set of guidelines to predict whether a binary system will 

exhibit infinite solid solubility (105,106):

• Metallic radii of solute and solvent atom may not differ by more than 15%

• Crystal structures of solute and solvent atoms must be similar

• Valence state of solute and solvent atoms must be similar

• Electronegativities of solute and solvent atoms must be similar

It is important to note that these are guidelines and are still scrutinized as even 

Hume-Rothery constantly revised the rules. For example, Hume-Rothery first predicted 

that the critical atomic radii difference was 13% before reviewing Pauling’s studies of 

metallic radii and concluding 15% of the metallic radii was more accurate (105-107).

Vegard’s law (Equation 20) states that the lattice parameter (a) of a binary solid 

solution of components A and B is given by the weighted averages based upon their

19



20

molar fraction (x) (108). While deviation from Vegard’s law is observed when non-ideal 

solution behavior is exhibited, it is generally considered a good approximation in 

isostructural binary systems (109).

aA (1-x)Bx = (1 -  x)aA + x aB (20)

Both of these models are used in the selection of candidate constituents for HEB 

systems.

2.2.4. Current Efforts. A significant portion of the current work with HEBs is 

centered around synthesis and processing. The first study of HEBs utilized commercially 

available TMB2 powders and contained secondary phases, particularly surface oxides 

present on starting powders or from contamination during comminution efforts involving 

high energy ball milling (HEBM) for 6 hours, and low relative densities (<92%) (21). 

Phase separation was also an issue with W containing samples forming (Ti,W)B2 .

Despite these issues, the study produced 6 compositions with single boride phases: 

(Hf,Zr,Ta,Nb,Ti)B2, (Hf,Zr,Ta,Mo,Ti)B2, (Hf,Zr,Mo,Nb,Ti)B2, (Hf,Mo,Ta,Nb,Ti)B2, 

(Mo,Zr,Ta,Nb,Ti)B2, and (Hf,Zr,Ta,Cr,Ti)B2. To reduce oxide impurities and processing 

times, several groups have begun synthesizing their own HEBs via reactive processes, 

especially the borocarbothermal reduction (BCTR) of oxide precursors (91,110-113).

The advantage of the BCTR method is that it produces high-purity, submicron HEB 

powders. Despite utilizing carbon, and oxide precursors, oxygen contamination can be 

mitigated resulting in O contents as low as 0.3 wt% while maintaining C levels of ~0.3 

wt% (114). Generally the borocarbothermal reduction of oxides takes place during a 

isothermal hold between 1600-1650°C, but boride components may not fully dissolve
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without isothermal holds of ~2000°C (114). Self-propagating high temperature synthesis 

(SHS) has also been used successfully but to less extent (115,116).

Synthesis efforts have also benefitted the densification of HEBs. Powders 

synthesized by BCTR have been sintered to densities >99% by SPS utilizing pressures of 

30-50 MPa and temperatures of 2000-2100°C (112,116,117). DCS is almost exclusively 

used, although one reported instance of HP at 1927°C and 50 MPa resulted in 

(Hf0.2,Zr0.2,Ti0.2,Ta0.2,Nb0.2)B2 with a relative density of 98.7% (113).

Table 2.1: Hardness of selected HEBs and ZrB2.

Composition

relative
density

(%)
grain size 

(pm) HV (GPa)

HV
force
(kgf)

Reference

(Hf0 .2 5 ,Zr0 .2 5 ,Ti0 .2 5 ,Tac .2 5)B2 100 13.9 ± 5.5 23.7 ± 0.3 0.2 (118)
(Hf).2 ,Zr0 .2 ,Ti0 .2 ,Ta0 . 2 ,Nb0 .2 )B2 99.5 5.2 ± 2.0 25.3 ± 0.6 0.2 (118)
(Hf).2 ,Zr0 .2 ,Ti0 .2 ,Ta0 . 2 ,Nb0 .2 )B2 99.2 8.6 ± 4.8 26.0 ± 1.5 0.2 (119)
(Hf0 .2 ,Zr0 .2 ,W0 .2 ,Ta0 . 2 ,Nb0 .2)B2 98.1 14.8 ± 11.7 26.7 ± 1.1 0.2 (119)
(Hf).2 ,Zr0 .2 ,Ti0 .2 ,Ta0 . 2 ,Nb0 .2 )B2 97.9 41.2 ± 8.1 22.4 ± 0.6 0.2 (120)

ZrB2 97.9 7.2 14.6 10 (121)
ZrB2 83.7 -- 15.4 ± 1.1 0.2 (21)

Thus far studies reporting properties of HEBs focus on hardness. HEBs exhibit 

higher hardness than single phase borides or predicted by rule of mixtures which is 

attributed to solid solution hardening (122). Table summarizes several HEBs and 

includes ZrB2 for reference. One study has measured the thermal conductivity of 3 

equimolar 5-component HEB compositions(91). Of those compositions, 

(Hf,Zr,Ti,Ta,Nb)B2 had the highest thermal conductivity of 24.8 ± 5.1 W/m*K, and 

(Hf,Zr,Ti,Ta,Cr)B2 had the lowest thermal conductivity of 12.6 ± 2.5 W/m*K . Thermal



conductivity of HEBs are significantly lower than single component borides, and the 

study concluded this was due to increased phonon scattering. However, thermal 

conductivity was calculated utilizing heat capacity calculated by a rule of mixtures and 

assumed to be 2.5 J/cm3*K for all compositions. Also, discussion of the thermal 

conductivity did not analyze the individual phonon and electron contributions to thermal 

conductivity. There is a significant gap in the literature where only one study has 

reported values of thermal properties, heat capacity and electrical properties must also be 

measured to further understand why thermal conductivity of HEBs are lower than single 

component borides.

22



23

PAPER

I. EFFECTS OF TI, Y AND HF ADDITIONS ON THE THERMAL PROPERTIES
OF ZRB2

Austin D. Stanfield, Gregory E. Hilmas, William G. Fahrenholtz

Deparment of Materials Science and Engineering, Missouri University of Science and
Technology, Rolla, MO 65409

ABSTRACT

Reactive hot pressing was utilized to synthesize and densify four ZrB2 ceramics 

with impurity contents low enough to avoid obscuring the effects of dopants on thermal 

properties. Nominally pure ZrB2 had a thermal conductivity of 141 ± 3 W/m*K at 25°C. 

Additions of 3 at% of Ti, Y, or Hf decreased the thermal conductivity by 20%, 30%, and 

40%, respectively. The thermal conductivity of (Zr,Hf)B2 was similar to ZrB2 

synthesized from commercial powders containing the natural abundance of Hf as an 

impurity. This is the first study to demonstrate that Ti and Y additions decrease the 

thermal conductivity of ZrB2 ceramics and report intrinsic values for thermal 

conductivity and electrical resistivity of ZrB2 containing transition metal additions. 

Previous studies were unable to detect these effects because the natural abundance of Hf

present masked the effects of these additions.
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1. INTRODUCTION

Zirconium diboride (ZrB2) is an ultra-high temperature ceramic (UHTC) based on 

its melting temperature of more than 3000°C. ZrB2 has a hexagonal crystal structure 

comprised of alternating layers of metallically bonded zirconium and covalently bonded 

boron with iono-covalent bonding between these planes (1). Interest in ZrB2 ceramics is 

driven by properties such as strength (>500 MPa), hardness (>20 GPa), thermal 

conductivity (55-133 W/m*K) and chemical inertness (2-5). These properties make ZrB2 

based ceramics candidates for applications such as high speed cutting tools, high 

temperature electrodes, refractory lining and leading edges for hypersonic aerospace 

vehicles (6-9). For the latter application, higher thermal conductivity values increase 

performance by increasing the ability of the material to transport heat away from leading 

edges so that the heat can be dissipated elsewhere (10).

Due to strong covalent bonding and low self-diffusion coefficients, ZrB2 ceramics 

are difficult to densify without sintering aids (11). Pressure assisted techniques such as 

hot pressing (HP) and spark plasma sintering (SPS) are able to achieve full densification, 

but only at temperatures above 2100°C and pressures of 32 MPa or higher (12). While 

sintering aids such as B4C, WC, SiC, or MoSi2 can be used to reduce sintering 

temperatures, these additives can also be the source of impurities that form either solid 

solutions or secondary phases (13-16).

Reaction-based methods such as reactive hot pressing (RHP) and reactive SPS 

have been used to produce high relative density ZrB2 at temperatures lower than 

traditional HP while also reducing the amount of secondary phases present. Zhang
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densified ZrB2 to 92.5% at 1900°C without the use of sintering aids by reactive SPS (17). 

Likewise, Guo was able to densify ZrB2 to 95% at 1750°C by reactive SPS without 

sintering aids (4). One advantage of reactive processes is the potential to minimize 

transition metal (TM) impurities, which have been shown to decrease the thermal 

conductivity of ZrB2 ceramics (18-20). In particular, Lonergan studied the effect of Hf 

content on the thermal conductivity of ZrB2, and showed that decreasing the Hf content 

increased thermal conductivity from about 100 W/m*K for an Hf content of 0.33 at% to 

141 W/m*K for an Hf content of 0.01 at%. Lonergan also measured the Hf content of a 

commonly used commercial ZrB2 (Grade B, H.C. Starck Inc., Newton, USA) by 

inductively coupled mass spectrometry (ICP-MS) and found that it was ~1.7 at%. 

Lonergan attributed the decrease in thermal conductivity with increasing Hf content to 

the effect of impurity atoms on phonon transport in the ZrB2 lattice (20). Yokota also 

measured Hf content of two commercial ZrB2 powders (Nippon Shin Kinzoku, Tokyo, 

JPN; and Johnson Matthey, London, GBR) by inductively coupled plasma atomic 

emission spectrometry and reported Hf contents of 1.56 wt% and 1.67 wt% respectively 

(21).

McClane studied the effect of individual TM additions on the thermal 

conductivity of ZrB2 ceramics (19). Those studies examined additions of 3 at% Hf, Nb, 

W, Ti, Y, Ta, Mo, Re, V, or Cr to commercial ZrB2 powders. All of these TM additions 

decreased thermal conductivity, with the exceptions of Ti and Y, which were found to 

have no effect on thermal conductivity (18-19). McClane concluded that the effects of Ti 

and Y were masked by the presence of the natural abundance of Hf present in ceramics
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produced from commercial ZrB2 powders, but provided no experimental verification for 

that hypothesis.

The purpose of the present study was to investigate the effects of small additions 

of transition metals on the intrinsic thermal properties of ZrB2 ceramics (i.e., free of the 

extrinsic effect of dissolved Hf impurities). This was achieved by comparing the thermal 

conductivity of ZrB2 and ZrB2-TM solid solutions containing low amounts of Hf.

2. EXPERIMENTAL PROCEDURE

Raw materials were batched to minimize the residual oxygen content in the final 

ceramics according to the method described by Neuman (22). Zirconium hydride (< 45 

ppm Hf; CRS Chemicals, Canoga Park, USA) and amorphous boron (Grade SP-95; SB 

Boron Products, Bellwood, USA) were batched in a molar ratio of 1 to 2.1. In addition to 

ZrB2 with no additives (ZB), three compositions were produced containing 3 at% of a 

single TM diboride additive to produce (Zr0.97,TM0.03)B2 ceramics. Titanium diboride 

(HCT-F; Momentive, Strongsville, USA) was added to produce (Zr,Ti)B2 (designated 

ZTB) while HfB2(99.5%; H.C. Starck Inc., Newton, USA) was added to produce 

(Zr,Hf)B2 (designated ZHB). Because YB2 is not stable, (Zr,Y)B2 (designated ZYB) 

ceramics were produced by adding Y (99.9%; Alfa Aesar, Ward Hill, USA) and 

amorphous B in a 1:2 stoichiometric ratio to the 3 at% level. Powders were ball milled 

for four hours in acetone with ZrO2 media to mix the powders. Phenolic resin (GP 2074, 

Georgia Pacific, Atlanta, USA) was added for the last hour of mixing to protect the
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particle surfaces from oxygen and act as a carbon source to react with and remove surface 

oxides already on the particles. Slurries were dried by rotary evaporation (Rotovapor R- 

124; Buchi, Flawil, DEU). The subsequent powder was lightly ground to break 

agglomerates and passed through a 50 mesh screen. Ceramics were produced by RHP in 

a 25.4 mm diameter graphite die lined with graphite paper (0.005”; Graftech 

International, Lakewood, USA) and coated with BN (SP-108; Materion, Milwaukee, 

USA). The HP (Model HP20-3060-20; Thermal Technology, Santa Rosa, USA) was 

heated at 5 °C/min to 950 °C under flowing Ar/10H2 with hour holds at 800°C and 

950°C. The HP was evacuated to ~10 Pa (~ 100 mTorr) and heated to 1250°C with an 

hour hold at 1250°C. The HP was heated at 10 °C/min to 1650°C with a 2 hour hold at 

1450°C and an hour hold at 1650°C. After the hold at 1650°C, the furnace was 

backfilled to ~105 Pa with flowing Ar and 32 MPa pressure was applied. The HP was 

heated at 50 °C/min to the final sintering temperature of 2100°C. Specimens were held 

for 30 minutes at the densification temperature then cooled at 50 °C/min. Upon cooling, 

pressure was released at 1600°C. Specimens were surface ground to a thickness of 1.8 

mm and surface roughness of ~45 pm. Cylindrical thermal diffusivity specimens were 

cut to 12.7 mm diameter using a wire electrical discharge machine (Agiecut 150 HSS; 

Agie, Geneva, Switzerland). Bulk density was determined by Archimedes’ principle 

(ASTM B962) with distilled water used as the immersing medium. Billets were crushed 

and ground to -200 mesh for X-ray diffraction (XRD; X’Pert Pro, PANalytical, Almelo, 

NLD). Phase analysis of XRD data was performed by Rietveld refinement (RIQAS4, 

Materials Data Incorporated, Livermore, USA). Phases were modeled using ICSD 

030327 for ZrB2, ICSD 072951 for t-ZrO2, and ICSD 022264 for ZrC. Lattice parameters
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determined using Rietveld refinement of XRD data were used to calculate theoretical 

density. Microstructures were examined by scanning electron microscopy (SEM) and 

energy dispersive spectroscopy (EDS; Helios NanoLab 600, FEI, Hillsboro, USA). Grain 

size was determined using computerized image analysis (ImageJ; National Institutes of 

Health, Bethesda, MD) of a minimum of 250 grains for each specimen. Assuming 

random grain orientation, the projected area of each grain was measured and the 

equivalent circular diameter was calculated and used as the average grain size. Thermal 

diffusivity was measured with a Flashline S2 (Anter Corporation, Pittsburgh, USA) 

according to the laser flash method as outlined in ASTM E1461. Thermal diffusivity was 

measured from 25°C to 200°C because this temperature region shows a stronger 

dependence on impurities than the higher temperature regime that is dominated by 

electron contribution to thermal conductivity. Additionally, the lower temperature 

regime was studied to minimize the potential for changes to the specimens during 

measurements such as grain growth or diffusion of carbon into the ZrB2 lattice. Reported 

values are an average of sampling each specimen 5 times at each temperature. The Clark 

and Taylor method was used to calculate thermal diffusivity (a) according to Equations

1-3).

^ c o r r e c t e d  =
a K R

(1)0 . 1 3 8 8 5

L2a = 0.1338 — (2)f0.5

0.3461467 + 0.361578 p 077) -  0.06520543 p 075)Wo.25' Wo.25''
2

KR (3)0.25 0.25
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w h e r e  K r i s  t h e  C l a r k  a n d  T a y l o r  c o r r e c t i o n  f a c t o r ,  L  i s  t h e  s p e c i m e n  t h i c k n e s s ,  a n d  tn i s  

t h e  t i m e  r e q u i r e d  f o r  t h e  t e m p e r a t u r e  t o  i n c r e a s e  b y  n  o f  t h e  p e a k  t e m p e r a t u r e  r i s e .  F r o m  

t h i s ,  t h e r m a l  c o n d u c t i v i t y  w a s  c a l c u l a t e d  b y  E q u a t i o n  4 ) .

k  =  a p C p  (4 )

w h e r e  k  i s  t h e  t h e r m a l  c o n d u c t i v i t y  ( W /m * K ) ,  p  i s  t h e  b u l k  d e n s i ty  o f  t h e  s p e c i m e n ,  a n d  

C p i s  t h e  c o n s t a n t  p r e s s u r e  h e a t  c a p a c i ty .  T h e  h e a t  c a p a c i t y  o f  l o w - H f  Z r B 2 w a s  t a k e n  

f r o m  L o n e r g a n ,  e t  a l .  a n d  t h e  h e a t  c a p a c i t i e s  o f  a l l  o t h e r  p h a s e s  w e r e  t a k e n  f r o m  t h e  

N I S T - J A N A F  t a b l e s  ( 2 3 ,2 4 ) .

E l e c t r i c a l  r e s i s t i v i t y  ( p e)  w a s  m e a s u r e d  f r o m  2 5 ° C  t o  2 0 0 ° C  o n  c y l i n d r i c a l  

s p e c i m e n s  o f  1 2 .7  m m  d i a m e t e r  a n d  2  m m  t h i c k n e s s  b y  t h e  v a n  d e r  P a u w  m e t h o d ,  a s  

o u t l i n e d  i n  A S T M  F 7 6 ,  a n d  d e s c r i b e d  i n  m o r e  d e t a i l  w i t h  r e s p e c t  t o  e l e c t r i c a l  r e s i s t i v i t y  

m e a s u r e m e n t s  o n  d i b o r i d e  c e r a m i c s  b y  M c C l a n e  ( 1 9 ,2 5 ) .

3. RESULTS AND DISCUSSION

T a b le  1 s u m m a r i z e s  t h e  d e n s i ty ,  g r a i n  s i z e ,  a n d  i m p u r i t y  p h a s e  c o n t e n t  f o r  a l l  f o u r  

c o m p o s i t i o n s .  C e r a m i c s  p r o d u c e d  b y  R H P  h a d  h i g h  r e l a t i v e  d e n s i t y  a n d  e x h i b i t e d  

c o m p l e t e  d i s s o l u t i o n  o f  t h e  t r a n s i t i o n  m e t a l  a d d i t i o n s .  T r a n s i t i o n  m e t a l  a d d i t i o n s  w e r e  

h o m o g e n e o u s l y  d i s t r i b u t e d  a s  s h o w n  q u a l i t a t i v e l y  b y  E D S  a n d  d i s s o l u t i o n  in t o  t h e  Z r B 2 

l a t t i c e  w a s  c o n f i r m e d  b y  c h a n g e s  t o  t h e  l a t t i c e  p a r a m e t e r s  d e t e r m i n e d  b y  X R D .  A n a l y s i s  

o f  X R D  p a t t e r n s  ( F i g u r e  1 ) r e v e a l e d  t h a t  t h e  s p e c i m e n s  c o n t a i n e d  a  s i n g l e  d i b o r i d e  p h a s e ,  

Z r B 2 ( P D F : 0 1 - 0 7 5 - 0 9 6 4 ) ,  b u t  s m a l l  a m o u n t s  o f  t e t r a g o n a l  Z r O 2 ( P D F : 0 1 - 0 8 6 - 1 5 4 6 )  w e r e  

d e t e c t e d  i n  t h e  Z B ,  Z Y B ,  a n d  Z H B  s p e c i m e n s .  O b s e r v e d  p e a k  s h i f t s  f r o m  n o m i n a l l y  p u r e



Table 1: Density, grain size, and secondary phases of tested compositions

Designation

Theoretical

Density

(g/cm3)

Bulk

Density

(g/cm3)

Relative

Density

(%)

Grain Size

(pm)

t-ZrO2

(wt%)

ZrC

(wt%)

a-axismeasured

(A)

a-axisVegard's

(A)

%

Difference

ZB 6.105 6.045 99.0 5.8 ± 4.4 3.7 -- 3.16826 3.16826 0.0000%

ZTB 6.059 6.032 99.6 2.8 ± 2.1 -- -- 3.16538 3.16409 -0.0406%

ZYB 6.141 6.052 98.4 2.3 ± 1.5 8.6 9.0 3.16848 3.17218 0.1166%

ZHB 6.290 6.211 98.7 4.9 ± 2.1 3.8 9.8 3.16805 3.16741 -0.0201%
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ZrB2 indicated that TMs were incorporated into solid solution in each of the 

compositions and the shifts were consistent in magnitude with shifts estimated using 

Vegard’s law for an addition of 3 at% of the respective TM. ZrC (PDF:01-073-0477) 

was also found in the ZYB and ZHB specimens. ZB contained ~4 wt% t-ZrO2 based on 

Rietveld refinement. ZYB contained ~9 wt% of both ZrC and t-ZrO2. ZHB contained 

~10 wt% ZrC and ~4 wt% ZrO2. Analysis of secondary phases from SEM images 

assuming that grain areas were equivalent to volume fractions were consistent with XRD 

results. No secondary phases could be detected in ZTB by XRD (Figure 1) nor were any 

observed by SEM (Figure 2). For the present study, the effects of second phases on 

thermal properties were assumed to be insignificant compared to the effects of dissolved 

transition metals. A systematic study of the effect of ZrO2 on the thermal properties of 

ZrB2 has not been reported, but Andrievskii studied the effect of ZrC on k of ZrB2, and 

reported a decrease of ~10 W/m*K for ZrB2 containing 10 vol% ZrC (26). Similar 

changes in thermal conductivity are expected for ZrO2 inclusions. The differences in 

thermal conductivity values among the materials in the present study ranged from 30 

W/m*K to 50 W/m*K, so the effects of second phases should be less than the effects of 

the solid solution additions. ZB had an average grain size of 5.8 ± 4.4 pm. The other 

three ceramic had similar grain sizes with ZTB at 2.8 ± 2.1 pm, ZYB at 2.3 ± 1.5 pm, and 

ZHB at 4.9 ± 2.1 pm. Based on the large standard deviations, the differences are not 

statistically significant (i.e., the variances overlap). In addition, Lonergan determined 

that average grain sizes in this range did not have a significant effect on thermal 

diffusivity of ZrB2 (27). Bulk density measurements revealed relative densities greater 

than 98% for all compositions with negligible open porosity, which was consistent with
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observations by SEM that revealed minimal porosity in all samples with the exception of 

ZHB. Porosity overestimation by image analysis in ZHB is likely due to grain pull-out 

that occurred during machining and polishing. The small amount of porosity was not 

accounted for in analyses of thermal or electrical properties. Lonergan studied the effect 

of porosity on the thermal conductivity of ZrB2 and showed that decreasing relative 

density from 99.7% to 97.3% led to a decrease in k of ~5% (27). As with impurities, this 

effect was much less than the observed differences in thermal conductivity among the 

different compositions.

Table 2: Thermal properties of ZrB2 ceramics at 25°C.
Thermal Heat Thermal Electrical

Designation Diffusivity Capacity Conductivity Resistivity

(g/cm3) (J/g-K) (W/m-K) (pQ*cm)

ZB 0.475 ± 0.010 0.488 141 ± 3 6.36 ± 0.18

ZTB 0.434 ± 0.004 0.425 112 ± 2 7.73 ± 0.26

ZYB 0.366 ± 0.002 0.443 100 ± 1 8.24 ± 0.08

ZHB 0.307 ± 0.006 0.444 86 ± 1 8.13 ± 0.20

Table 2 summarizes the thermal properties of the ZrB2 ceramics. The effect of 

TM additions on the thermal conductivity of ZrB2 ceramics produced by RHP is 

summarized in Figure 3. Previously, additions of Ti and Y to ZrB2 ceramics produced 

from commercial powders were found to have no effect on
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Figure 1: XRD patterns of RHP ZrB2 specimens with peak shift at high angles (inset).

thermal conductivity (19,20). However, McClane et al. concluded that the effects of Ti 

and Y additions were masked by other impurities, presumably the natural abundance of 

Hf present in the commercial powders used to produce the ceramics in those studies 

(19,20). The thermal conductivity of ZB in the present study was 141 W/m*K at 25°C. 

This is ~40% greater than the reported thermal conductivity for ceramics produced by hot 

pressing commercial ZrB2 (CZB; Grade B; H.C. Starck Inc., Newton, USA), which was 

87 W/m*K at 25°C (19). The thermal conductivity of ZB is consistent with values 

reported by Lonergan and Guo who measured room temperature thermal conductivity 

values of 141 W/m*K and 133 W/m*K, respectively (4,20). As concluded by Lonergan 

(24), the increase in thermal conductivity for ceramics produced by RHP compared to 

those produced from commercial powders is likely due to changes in the phonon 

contribution to thermal conductivity that result from the lower content of Hf impurities



dissolved in the ZrB2 lattice of ZB compared to CZB. The thermal conductivity of ZB 

decreased to 124 W/m*K at 200°C, presumably due to an increase in electron and phonon 

scattering as temperature increased (28).

The addition of TMs decreased thermal conductivity of ZrB2 ceramics. The 

addition of 3 at% Hf decreased the room temperature thermal conductivity of ZHB to 86 

W/m*K. This value, is comparable to the thermal conductivity of ~87 W/m*K reported 

for ceramics produced by hot pressing of commercial ZrB2 powder that contain the 

natural abundance of Hf. (19). As concluded by Lonergan (20,23), the thermal 

conductivity values reported for all ZrB2 ceramics produced using commercial powders 

are affected by the natural abundance of Hf and are not representative of the intrinsic 

properties of ZrB2.
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Figure 2: SEM micrographs of RHP ZrB2 specimens showing a) nominally pure ZrB2; 
and ZrB2 with b) 3 at% TiB2; c) 3 at% YB2; and d) 3 at% HfB2. The dark phase is 

porosity and void space resulting from grain pull-out during machining.
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In the present study, the room temperature thermal conductivity of ZTB was 112 

W/m»K, which is ~20% lower than ZB, but ~30% higher than CZB. The thermal 

conductivity of ZTB did not change as temperature was increased to 200°C. The addition 

of Y decreased the thermal conductivity of ZYB to 100 W/m*K, a decrease of nearly 

30%. This larger decrease may be due to Y being a group III element, whereas the other

Figure 3: Thermal conductivity of ZrB2 specimens along with values previously reported 
for hot pressed commercial ZrB2 (CZB)(19) for comparison.

TMs studied are group IV elements resulting in a difference in valency, which may affect 

the resulting bond strength and, therefore, the phonon contribution to thermal 

conductivity. As with the addition of Ti, the addition of Y to ZrB2 ceramics produced 

from commercial powder had no measurable effect on thermal conductivity due to the



presence of the natural abundance of Hf (19). The thermal conductivity of ZYB 

decreased to 85 W/m*K at 200°C. The thermal conductivity decrease in the Y containing 

material may be due to valency or size differences between the Y and Zr. These 

differences may affect the resulting bond strength, thereby reducing the phonon 

contribution to thermal conductivity.
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Figure 4: Electrical resistivity of ZrB2 specimens along with values previously reported 
for hot pressed commercial ZrB2 (CZB) (19) for comparison.

The addition of TMs increased the electrical resistivity of ZrB2 ceramics (Figure 

4). The room temperature electrical resistivity of ZB was 6.36 ± 0.18 pQ»cm. The 

addition of the TMs increased electrical resistivity to the range of 7.73 to 8.24 pQ*cm at 

room temperature. The room temperature electrical resistivity reported for CZB was 8.9 

pQ*cm. The similar values for the TM additions and CZB suggests that the electrical 

resistivity of ZrB2 with low addition levels is controlled by the amount of the addition, 

not necessarily which TM is added. Zhou has shown that the transition metal diborides
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with the AIB2 crystal structure share a similar electronic structure, and it is possible that 

these additions in ZrB2 serve as electron scattering sites without appreciably altering the 

charge carrier density or electronic structure (29). The similarity of the electrical 

resistivity of the ZrB2 ceramics containing TM additions suggests that the differences in 

thermal conductivity values for the ceramics containing additives are due to differences 

in phonon scattering since the electrical resistivities were are all shifted by the same 

amount compared to nominally pure ZrB2.

4. SUMMARY

The effects of transition metal additions on the thermal properties of ZrB2 

ceramics were studied. Transition metal additions of 3 at% Ti, Y, or Hf were fully 

dissolved into the ZrB2 lattice, forming single diboride phases. The room temperature 

thermal conductivity of ZB was 141 ± 3 W/m*K, which decreased when any of the TMs 

were added. The electrical resistivity of ZrB2 was 6.36 ± 0.18 pQ*cm at 25°C. Additives 

consistently increased the electrical resistivity, by about 30%. While previous studies 

showed that additions of titanium and yttrium had no apparent effect on thermal 

properties of ZrB2, the results of the present study provide the first experimental evidence 

for the hypothesis that the effects of these specific transition metal additions were 

suppressed by the natural abundance of hafnium impurities in the ZrB2 ceramics 

produced from commercial powders. Additionally, the use of reactive hot pressing of 

high purity starting materials resulted in some of the highest reported thermal 

conductivities for ZrB2 ceramics. ZrB2 based solid solutions offer a method to tailor



material properties of boride ceramics in conjunction with or as an alternative to 

secondary phases.
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ABSTRACT

The melting temperatures of two different ZrB2 ceramics were studied using laser 

induced melting. ZrB2 having a low Hf content, produced by reaction hot pressing, had a 

melting temperature of 3546 K and a commercial grade ZrB2 had a melting temperature 

of 3553 K. Uncertainty of the temperature measurements was 1% of the absolute 

temperature, or ~35 K for both materials based upon 2-sigma and a 95% confidence 

interval. While these values were consistent with the previously reported ZrB2 melting 

temperature of 3518 K, this study was able to measure Tm with less uncertainty than 

previous studies (± 45 K). Furthermore, this study assessed the effect of Hf content on 

melting temperature, finding that melting temperature did not change significantly for 

hafnium contents of 1.75 at% to 0.01 at%. This study also measured a normal spectral



emissivity of 0.34 for ZrB2 at 3000 K. The emissivity decreased to 0.28 at the melting 

temperature, then stabilized at 0.30 in a liquid phase.

1. INTRODUCTION

Ultra-high temperature ceramics (UHTCs) are candidate materials for use in 

extreme environments such as those demanded by next generation hypersonic flight 

vehicles and nuclear reactors (1,2). UHTCs are defined by melting temperatures 

exceeding 3273 K and are generally comprised of borides, carbides, and nitrides of the 

transition metals. In particular, ZrB2 based ceramics are of interest due to their high 

thermal conductivity (up to ~140 W/m*K)(3), strength at elevated temperatures (675 MPa 

at 1873 K)(4), and melting temperature (3523 K)(5). ZrB2 is an important topic of 

investigation for the detailed analysis of severe accidents in nuclear power plants. In 

particular, in boiling water reactors moderated with the help of B- rich blades, boron can 

interact with the Zr-rich liquid coming from the damaged cladding if temperatures 

beyond 2000 K are produced during an accident (6). Moreover, ZrB2 has been suggested 

as a suited material for a moderation layer to improve the safety performance of sodium 

cooled fast nuclear reactors of the Fourth Generation (7). Knowledge about the refractory 

properties of zirconium diboride is paramount also in view of this kind of applications. 

However, the extreme conditions needed to melt UHTCs make it difficult to perform 

reliable measurements of fusion/solidification temperatures due to problems such as 

reactivity with containers, heat losses, volatility, decreased strength, and reliable
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temperature measurements.
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One of the first reliable test methods was devised in 1928 by Pirani and Alterthum 

and was used in 1931 by Agte to measure the melting temperature of ZrB2 to be 3323 K 

(8,9). This method heats the material resistively and temperature is read by a pyrometer 

sighted in a cylindrical hole that is machined into the specimen (i.e., simulating a 

blackbody cavity). The specimen is then monitored for liquid formation by detecting the 

time point and temperature at which the hole is filled with liquid mass. Using this 

method, Rudy published a comprehensive study of the melting temperatures of transition 

metal borides (5). As part of this study, Rudy measured the melting temperature of ZrB2 

to be 3518 ± 25 K. While early pyrometers had limited time resolution, Rudy was able to 

achieve a relatively small pyrometer temperature uncertainty of 25 K by calibrating the 

pyrometers against known standards and generally accepted melting temperatures for 

several different materials. Unfortunately, compositional purity of Agte and Rudy’s 

specimens are unknown. In fact, Agte only affirms that the studied phase is a zirconium 

boride of unknown stoichiometry as the compositional analysis was flawed, and Rudy 

describes generic powder preparation without providing details on any reported 

compositions (5,9). Some additional sources of error in these types of temperature 

measurements are discussed in the next sections of this paper.

The present research is focused on the observation of the melting behaviour of 

two ZrB2 specimens in which the formation of liquid has been induced by laser heating 

under a controlled inert atmosphere. In particular, the current experiments are used for 

the measurement, by multi-channel spectro-pyrometry, of the liquid mass temperature 

evolution and the determination of its melting and solidification points. Several other 

refractory systems have been studied by the laser melting technique such as uranium



carbides, uranium oxides, plutonium oxides, uranium nitrides, zirconium carbides, as 

well as the highest known melting temperature materials (Tai-xHfx)C (10-17). The 

phase transition data collected in these studies were in some cases in agreement with 

literature values. In other cases, discrepancies were observed (e.g.: CaO, CeO2, UO2, 

PuO2 and NpO2) (10,17-19). Such discrepancies were shown to be due to high- 

temperature contamination and/or incongruent vaporisation occurring in earlier 

experimental approaches. The laser heating technique used here limits sample- 

containment interactions and allows for melting of the material under a largely controlled 

atmosphere, thus circumventing issues that had been encountered with more traditional 

heating methods. Therefore, this approach has allowed for a reassessment of the melting 

behaviour of several materials, in some cases by confirming earlier data with a better 

accuracy, and in other cases by showing that the material’s chemical instability had led to 

large errors, perhaps by hundreds of degrees, in the earlier determination of the melting 

point, especially in chemically reactive and highly volatile compounds.

The essential goal of the present research study consists of comparing the melting 

/solidification behaviour observed in laser-heated ZrB2 samples with earlier data of same 

basic composition determined with more traditional heating approaches.

Moreover, two types of ZrB2 are investigated here for the first time at 

temperatures close to the melting point. The behavior of commercial grade ZrB2 

containing standard Hf-rich zirconium is compared with the behavior of low-Hf ZrB2 

produced by reactive hot pressing of high-purity Zr in the form of ZrH2 directly with 

boron. This exercise is useful in determining whether the employment of high-purity,
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costly zirconium in the compound can have any significant effect on the material stability 

under the extreme conditions produced around its melting temperature.

2. PROCEDURE

Two different ZrB2 ceramics were prepared by hot pressing. Commercial ZrB2 

(Grade B; H.C. Starck Inc., Newton, MA, USA) with a Hf content of 1.75 at%, 

henceforth referred to as CZB, was hot pressed (Model HP20-3060-20; Thermal 

Technology, Santa Rosa, CA, USA) by a 50 K/min ramp to 2373 K where it was held for 

15 minutes. A mild vacuum (~10 Pa) was utilized until 1873 K at which point a flowing 

Ar atmosphere was used. A high purity ZrB2 with a Hf content of 0.01 at%, henceforth 

referred to as ZB, was synthesized by reactive hot pressing ZrH2 (<45 ppm Hf; CRS 

Chemicals, Canoga Park, CA, USA) and B (Grade SP-95; SB Boron Products, Bellwood, 

IL, USA) as described in more detail in Stanfield et al. (20). A 3 wt% super addition of 

phenolic resin (GP 2074, Georgia Pacific, Atlanta, GA, USA) with a char yield of ~50 

wt% carbon, was utilized to react with and remove surface oxides on particles. Several 

isothermal holds were used to char the phenolic resin, promote the formation of ZrB2, and 

reduce surface oxides (21-23). Following a 50 K/min ramp rate, densification occurred at 

2373 K under 32 MPa and flowing Ar.

Surface characterization was performed on the unpolished melt surfaces with a 

TESCAN VEGA (Tescan Orsay Holdings, Kohoutovice, CZE) scanning electron 

microscope (SEM). Backscatter electron (BSE) micrographs were acquired with a 20 kV 

accelerating voltage, and electron dispersive spectroscopy (EDS) was performed under



the same conditions. Computerized image analysis (ImageJ; National Institutes of 

Health, Bethesda, MD, USA) was used to calculate minimum and maximum Feret 

diameter of grains. Oxygen analysis was measured by the inert gas fusion method with a 

TS500 (LECO, St. Joseph, MI, USA)
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Figure 1: Schematic representation of the FLF-LHASA laser heating facility [after De
Bruycker et al. 2011] (9).

The Laser Heating and Spectrometric Analysis (LHASA) technique developed at 

JRC Karlsruhe (see Figure 1) was used to analyze the melting behavior of ZrB2 samples. 

A disk-shaped specimen of about 7 mm in diameter and 3 mm-thick was mounted in a 

controlled-atmosphere autoclave and heated by a Nd:YAG CW Laser (HLD4506, 

TRUMPF, Schramberg, DEU) with a 5 mm diameter spot size. Such a continuous-wave 

laser beam can be chopped into short pulses (up to 1 ms), with a maximum power of 4.5 

kW. Pulse durations of approximately 1 s were sufficient to stabilize a large spot of liquid 

ZrB2 in these experiments. After the end of each laser pulse, the liquid naturally cooled 

back to room temperature. Shorter pulses were used in the past for the investigation of
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nano-structured and ultra-refractory materials with higher volatility, for which it was 

necessary to limit to a minimum the exposure to extreme temperatures (14-16,18). The 

current ZrB2 samples were heated under pressurized Ar at 300 kPa. In this way, the 

overpressure, inert atmosphere and relatively short exposure to high temperature all 

contributed to minimizing the non-congruent vaporization and any chemical reaction 

between the condensed sample and the gas phase.

Thermal radiation pyrometers were used to measure the radiance, Lex, of the 

specimens. This is the electromagnetic radiation power density per unit surface area, 

wavelength, and solid angle emitted by the specimen at a given temperature (24). It is 

related to the specimen surface temperature T through a modified form of Planck’s 

function:

L ex  ~ h i
Cl

1

I 5 c2
e X T - i

(1)

where Lx is the thermal radiative power, ex is the temperature dependent spectral 

emissivity, ci = 2-h-co2 is the first radiation constant and C2 = hcoks = 14,388 pm K is 

the second radiation constant, co is the speed of light in vacuum, h is Planck’s constant, 

and ks is Boltzmann’s constant. The spectral emissivity takes into account the fact that a 

real body will thermally radiate, at a given wavelength and temperature, only a fraction 

equal to sx of the power emitted by an ideal blackbody at the same temperature.

Therefore, sx takes values between 0 and 1, whereby 1 corresponds to the ideal blackbody 

case for which Planck’s law was derived. Since pyrometers in the present work were 

always set up near normal with respect to the specimen surface, the angle dependence of 

ex was not considered, and ‘emissivity’ will always refer to normal spectral emissivity



(NSE). The NSE must be determined in order to convert, through equation (1) and a 

pyrometer calibration procedure, Lex into absolute temperature T.

The specimen temperature was detected using a fast pyrometer calibrated against 

standard lamps up to 2500 K at X = 655 nm. An additional, 256-channel radiance spectro- 

pyrometer operating between 515 nm and 980 nm was employed to measure the thermal 

radiation emission of the specimen, which yields essential information on some high- 

temperature optical properties of the material, and in particular on the normal spectral 

emissivity and its temperature dependence. Determination of the NSE is possible by 

doing a non-linear fit of the thermal emission spectrum with Equation 1, T and ex being 

the only two dependent variables (grey-body approximation). This approach has been 

demonstrated to be acceptably accurate in insulating refractory materials (25). It is also 

considered to be a valid approach for conducting and semi-conducting materials (26).

The temperature-time curve of the laser-heated specimen as a function of time, 

commonly referred to as a ‘thermogram’, is used to perform thermal analysis. Inflections 

or thermal arrests in the thermograms give information related to phase transitions (e.g., 

solidus, liquidus and isothermal phase transformations). However, the intense laser 

irradiation (several kW/cm2) of the laser pulse induces a rapid temperature increase 

(several thousand K/s), which complicates detection of phase transitions on the heating 

leg of the thermograms. Inflections and thermal arrests are more easily detected during 

natural cooling of the liquid sample surface. The current analysis was, therefore, 

performed only during the cooling leg of the thermograms.

Besides being necessary to the NSE determination, direct spectral analysis of Lex 

emitted by the hot specimen also permits an in-situ study of some optical properties. This
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constitutes a further supporting tool for identification of high-temperature phenomena, 

such as phase transitions, chemical reactions between condensed material and the gas 

phase, or segregation effects.

The most significant uncertainty sources related to the laser heating and multi­

channel pyrometry have been combined, according to the independent error propagation 

law (Equation 2) (27), and expanded to yield relative temperature uncertainty bands 

corresponding to 2 standard deviations (k = 2 coverage factor). These uncertainty 

components stem from our current temperature scale definition 5T (i.e. the uncertainty in 

the pyrometer calibration), the NSE assessment 8TS\  and the experimental data scatter on 

the current phase transition radiance temperature data 8Tim, the latter being the main 

source of uncertainty:

STm = ^8T2 + 8TeX2 + 8TXm2 (2)

The resulting uncertainty is of the order of 30 K at 3000 K with calculated 

uncertainty values reported for each measurement.

3. RESULTS AND DISCUSSION

Figure 2 shows the as-melted surface of ZB. The fusion zone (FZ) at the center of 

the micrograph is characterized by a central solidified melt pool surrounded by large 

ZrB2 needles. These needles have an aspect ratio of approximately 7:1 with the largest 

being ~700 pm long. Figure 2B shows details of the FZ where ZrB2 is the dark phase, 

and lighter secondary phase is present. Qualitative EDS spot analysis only detected 

significant amounts of zirconium and oxygen in all light phases. However, due to the

50



small feature size and high accelerating voltage, quantitative analysis is not reported. 

Trace amounts (<1%) of Ti, W and Sc were also detected. Post-melting oxygen content 

as measured by the gas fusion method was 1.7 wt% which was similar to the oxygen 

content of 1 wt% before melting. The similar oxygen contents before and after melting 

are an indication of the ability of the experimental technique to limit environmental 

contamination. For concision, the oxygen-containing phase will simply be referred to as 

an oxide. Two oxide morphologies were present in this region. The first was located at 

grain boundaries, which was likely the result of preferential exclusion of oxygen from 

solidifying ZrB2 grains. Most probably, the oxygen enriched liquid became trapped at 

the impingement of grains until it solidified at a lower temperature. The second 

morphology was inclusions within ZrB2 grains. Figure 2 presents these inclusions in 

greater detail and shows that the oxide morphology is consistent with nucleation and 

grain growth behavior. Due to high cooling rates in this region, conditions may not have 

been favorable for homogeneous nucleation of crystallites, resulting in the formation of 

oxide crystals at high energy sites such as grain boundaries. The oxide crystals then grew 

as the temperature decreased. Several oxide crystals were present within the grains, but 

these crystals likely nucleated at lower temperatures as they are smaller and would have 

less time to grow before solidification. Voids were also present at triple junctions 

between needles suggesting that the liquid ZrB2 was less dense than the crystalline ZrB2. 

Rounded pores and surface erosion were present due to the volatilization of material at
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Figure 2: Large grains are visible on the surface of ZB after melting (A). An O rich 
phase was detected in B and C as inclusions (I) and at grain boundaries (GB).

Moving towards the perimeter of the FZ, ZrB2 grains were smaller and the oxide 

inclusions had a spherical morphology. This oxide morphology may have formed while 

the ZrB2 was melted, but the oxide may not have been fully melted due to a significantly 

lower thermal conductivity. These spherical inclusions were primarily found inside the 

ZrB2 grains, while an oxygen-rich secondary phase was also found at the grain 

boundaries. Rounded pores were present in this region and were likely due to the 

volatilization of material at elevated temperature.

Figure 3 reports the cooling portions of the thermograms where thermal analysis 

was performed. The highest-temperature part of the thermograms recorded on laser- 

heated CZB and ZB present important differences, both in terms of the maximum
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F i g u r e  3 : T h e r m o g r a m s  ( b l a c k  c i r c l e s )  a n d  n o r m a l  s p e c t r a l  e m i s s i v i t y  ( w h i t e  c i r c l e s )  

r e c o r d e d  o n  l a s e r - h e a t e d  C Z B  ( l e f t )  a n d  Z B  ( r ig h t ) .  N o t e  t h a t  Z B  w a s  h e a t e d  t o  a  h i g h e r  

t e m p e r a t u r e  r e s u l t i n g  i n  a  l a r g e r  a m o u n t  o f  l i q u id ,  h e n c e  a  l o n g e r  s o l i d i f i c a t i o n  p la t e a u .

t e m p e r a t u r e  r e a c h e d  a n d  t h e  t h e r m a l  s t a b i l i t y .  T h e s e  d i s c r e p a n c i e s  c a n  b e  a t t r i b u t e d  t o  

t w o  m a i n  c a u s e s .  F i r s t ,  t h e  N d : Y A G  l a s e r  p o w e r  d e n s i ty  i s  n o t  s t a b l e  a t  t h e  p e a k  p o w e r  

( i n  t h i s  c a s e  a r o u n d  8 k W / c m 2)  o f  t h e  p u l s e ,  t h e r e f o r e  t h e  m a x i m u m  t e m p e r a t u r e  r e a c h e d  

a n d  i t s  s t a b i l i t y  d i f f e r  b e t w e e n  d i f f e r e n t  e x p e r i m e n t s .  S e c o n d ,  t h e  t e m p e r a t u r e  s i g n a l s  in  

t h e  h i g h e s t  t e m p e r a t u r e  p a r t  o f  t h e  t h e r m o g r a m s  w e r e  r e c o r d e d  o n  a  l i q u i d  s u r f a c e ,  in  

w h i c h  s i g n i f i c a n t  a n d  u n c o n t r o l l e d  m o r p h o l o g y  f l u c t u a t i o n s  w e r e  i n d u c e d  b y  c a p i l l a r y  

f o r c e s  i n t e r a c t i n g  w i t h  t h e  r a n d o m  f e a t u r e s  o f  t h e  u n d e r l y i n g  s o l id .  F o r  t h e s e  r e a s o n s ,  

a l s o  t h e  m a x i m u m  t e m p e r a t u r e s  r e a c h e d  i n  t h e  t w o  c a s e s  d i f f e r  b y  m o r e  t h a n  1 0 0  K ,  a s  

C Z B  w a s  h e a t e d  t o  a r o u n d  3 8 5 0  K ,  w h e r e a s  l i q u i d  Z B  r e a c h e d  m o r e  t h a n  4 0 0 0  K . 

T h e r e f o r e ,  a  l a r g e r  l i q u i d  m a s s  w a s  a l s o  p r o d u c e d  i n  Z B  a n d  t h e  c o r r e s p o n d i n g l y  l a r g e r  

h e a t  c o n t e n t  e x p l a i n s  t h e  s l o w e r  c o o l i n g  o f  t h i s  s p e c i m e n  c o m p a r e d  t o  C Z B .  

I n d e p e n d e n t l y ,  t h e  n o r m a l  s p e c t r a l  e m i s s i v i t y  t r e n d s  w e r e  v e r y  c lo s e  i n  t h e  t w o  c a s e s ,  

a n d  t h e  s o l i d i f i c a t i o n  t e m p e r a t u r e s  w e r e  c h a r a c t e r i z e d  i n  b o t h  c a s e s  b y  s i m i l a r  t h e r m a l  

a r r e s t s  w h e r e  t h e  t e m p e r a t u r e  p l a t e a u e d .  T h e  l a s t  r e m a r k  i s  o f  s o m e  i n t e r e s t ,  b e c a u s e  i t



54

i n d i c a t e s  t h a t  t h e  p r e v i o u s  t h e r m a l  h i s t o r y  o f  t h e  m a t e r i a l  h a s  n o  s i g n i f i c a n t  e f f e c t  o n  i t s  

s o l i d i f i c a t i o n  b e h a v i o u r .  T h i s  w a s  e x p e c t e d  b e c a u s e  t h e  c o n g r u e n t  s o l i d i f i c a t i o n  

t e m p e r a t u r e  i s  a n  i n v a r i a n t  p o i n t  i n  t h e  Z r - B  b i n a r y  p h a s e  d i a g r a m  (5 ) .  A c t u a l l y ,  t h e  

s o l i d i f i c a t i o n  a r r e s t  a p p e a r s  t o  b e  i s o t h e r m a l ,  a l t h o u g h  t h e  f r e e z i n g  p l a t e a u  d i s p l a y s ,  in  

b o t h  c a s e s ,  s o m e  u n d e r c o o l i n g  o f  t h e  l i q u i d  b e l o w  t h e  e q u i l i b r i u m  t r a n s i t i o n  t e m p e r a t u r e ,  

a l b e i t  m o r e  m a r k e d  i n  C Z B .  M e t a s t a b l e  u n d e r c o o l i n g  o f  t h e  l i q u i d  w a s  e x p e c t e d  b a s e d  o n  

t h e  l a r g e  c o o l i n g  r a t e s ,  a s  d i s c u s s e d  i n  p r e v i o u s  p u b l i c a t i o n s  u s i n g  s o l i d i f i c a t i o n  m o d e l s  

( 1 8 ) .  I n  s u c h  a  s i t u a t io n ,  t h e  e q u i l i b r i u m  f r e e z i n g  p o i n t  c a n  b e  t a k e n  a s  t h e  h i g h e s t  

t e m p e r a t u r e  p o i n t  a t  t h e  e n d  o f  t h e  s o l i d i f i c a t i o n  p l a t e a u ,  i n d i c a t e d  b y  a r r o w s  in  F i g u r e  3 . 

B e c a u s e  t h e  s o l i d i f i c a t i o n  t r a n s i t i o n  r e s u l t s ,  w i t h  g o o d  a p p r o x i m a t i o n ,  i n  a n  i s o t h e r m a l  

t e m p e r a t u r e  p l a t e a u  a n d  s in c e  S E M  E D S  a n a l y s i s  s h o w e d  t h a t  t h e  r e - f r o z e n  m a t e r i a l  

c o m p o s i t i o n  w a s  g l o b a l l y  t h e  s a m e  a s  t h e  i n i t i a l  o n e ,  t h e  p r e s e n t  r e s u l t s  c o n f i r m  t h a t  Z r B 2 

m e l t s  c o n g r u e n t l y .  T h i s  i s  i n  a g r e e m e n t  w i t h  e x i s t i n g  t h e r m o d y n a m i c  o p t i m i z a t i o n  o f  t h e  

Z r - B  p h a s e  d i a g r a m ,  a n d  o t h e r  r e p o r t e d  Z r - B  p h a s e  d i a g r a m s  ( 5 ,2 8 ,2 9 ) .  H e n c e ,  t h e  

d e t e c t e d  s o l i d i f i c a t i o n  t e m p e r a t u r e s  c a n  b e  c o n s i d e r e d  t h e  s a m e  a s  t h e  m e l t i n g  o n e s ,  a t  

l e a s t  w i t h i n  t h e  i n s t r u m e n t a l  u n c e r t a i n t y .  T h e s e  m e l t i n g  t e m p e r a t u r e s  w e r e  3 5 5 3  K  f o r  

C Z B  a n d  3 5 4 6  K  f o r  Z B .

U n c e r t a i n t y  i n  t e m p e r a t u r e  m e a s u r e m e n t s  w a s  ~ 1 %  o f  t h e  a b s o l u t e  t e m p e r a t u r e  

b a s e d  u p o n  2 - s i g m a  a n d  a  9 5 %  c o n f i d e n c e  in t e r v a l .  T h e r e f o r e ,  t h e  u n c e r t a i n t y  o f  m e l t i n g  

t e m p e r a t u r e s  w a s  ~ 3 5  K  f o r  b o t h  c o m p o s i t i o n s .  W h i l e  b o t h  m e l t i n g  t e m p e r a t u r e s  a g r e e d  

w i t h  m e l t i n g  t e m p e r a t u r e s  f r o m  R u d y  a n d  R o g l ,  t h e  u n c e r t a i n t y  i n  t h e  p r e s e n t  t e c h n i q u e  

w a s  g r e a t e r  t h a n  t h e  P i r a n i - A l t e r t h u m  m e t h o d  u s e d  b y  R u d y  ( 5 ,3 0 ) .  H o w e v e r ,  w h e n  

p u b l i s h i n g  t h e  u p d a t e d  Z r - B  b i n a r y  p h a s e  d i a g r a m ,  R o g l  u t i l i z e d  R u d y ’ s Z r B 2 m e l t i n g



s t u d y ,  a n d  i n  d o i n g  s o  r e f e r e n c e d  t h e  r e p r o d u c i b i l i t y  ( ±  1 8  K )  a s  t h e  u n c e r t a i n t y  in  

t e m p e r a t u r e  m e a s u r e m e n t  i n s t e a d  o f  t h e  f u l l  u n c e r t a i n t y  o f  ±  2 5  K  s t a t e d  b y  R u d y .  W h i l e  

R u d y  c l a i m e d  a  9 5 %  c o n f i d e n c e  l e v e l ,  h e  a l s o  s u g g e s t e d  t h a t  t h e  u n c e r t a i n t y  w a s  a n  

e s t i m a t e  a n d  n o t  a n  e x a c t  v a lu e .  A s  s u c h ,  R u d y ’s u n c e r t a i n t y  w a s  r e c a l c u l a t e d  u s i n g  t h e  

s a m e  e r r o r  p r o p a g a t i o n  m e t h o d o l o g y  a s  t h e  p r e s e n t  s t u d y  ( E q u a t i o n  2 )  a n d  R u d y ’ s l i s t e d  

s o u r c e s  o f  e r r o r  a s  f o l l o w s :  r e p r o d u c i b i l i t y  ( 1 8  K ) ,  v i s u a l  m a t c h i n g  o f  t e s t  a n d  c a l i b r a t i o n  

p y r o m e t e r  ( 1 .7  K ) ,  h y s t e r e s i s  o f  p y r o m e t e r  ( 1 .8  K ) ,  u n c e r t a i n t y  i n  c e r t i f i e d  p y r o m e t e r  

( m a x i m u m  o f  4 0  K  a t  4 0 0 0  K ) ,  u n c e r t a i n t y  i n  t u n g s t e n  r i b b o n  l a m p  ( 2  K  a t  2 3 0 0  K ) ,  a n d  

t h e  l i m i t e d  r e s o l u t i o n  o f  t h e  t e n - t u r n  p o t  i n  t h e  p y r o m e t e r  (3  K ) .  T h e  c o r r e c t e d  

u n c e r t a i n t y  v a l u e  f o r  R u d y ’s m e a s u r e m e n t  w a s  ±  4 5  K ,  w h i c h  m a k e s  t h e  m e a s u r e d  Z r B 2 

m e l t i n g  t e m p e r a t u r e  3 5 1 8  ±  4 5  K .  S im i l a r l y ,  t h e  H f B 2 m e l t i n g  t e m p e r a t u r e ,  a s  m e a s u r e d  

b y  R u d y ,  c a n  b e  c o r r e c t e d  t o  3 6 5 3  ±  4 5  K . B e s i d e s  t h e  s l i g h t ly  i m p r o v e d  a c c u r a c y ,  t h e  

p r e s e n t  r e s u l t s  o b t a i n e d  b y  l a s e r  h e a t i n g  c o n f i r m ,  w i t h i n  t h e  e x p e r i m e n t a l  u n c e r t a i n t y ,  t h e  

m e l t i n g  p o i n t  o f  Z r B 2 t h a t  w a s  m e a s u r e d  s e v e r a l  d e c a d e s  a g o  w i t h  t e c h n i q u e s  t h a t  t o d a y  

a r e  s e e n  a s  m o r e  t r a d i t i o n a l .  T h e y  r e i n f o r c e  t h e  c r e d i b i l i t y  o f  e a r l i e r  e x p e r i m e n t a l  d a ta .  

M o r e o v e r ,  t h e  r e l a t i v e l y  g o o d  a g r e e m e n t  b e t w e e n  t h e  c u r r e n t  d a t a  a n d  e a r l i e r  o n e s  

c o n f i r m s  t h a t  Z r B 2 m e l t s  c o n g r u e n t l y  w i t h  l i m i t e d  n o n - c o n g r u e n t  v a p o r i z a t i o n  a n d  

l i m i t e d  c o n t a i n m e n t - s a m p l e  c h e m i c a l  i n t e r a c t io n .  T h e s e  f a c t o r s  h a v e  b e e n  o b s e r v e d  (8 ,  9 )  

t o  c a u s e  s i g n i f i c a n t  d i s c r e p a n c i e s  b e t w e e n  p h a s e  t r a n s i t i o n  d a t a  m e a s u r e d  w i t h  l a s e r  

h e a t i n g  a n d  m o r e  t r a d i t i o n a l  t e c h n i q u e s .

T h e  H f  c o n t e n t s  m e a s u r e d  b y  in d u c t i v e l y  c o u p l e d  p l a s m a  m a s s  s p e c t r o s c o p y  w e r e  

0 .0 1  a t%  f o r  Z B  a n d  1 .7 5  a t%  f o r  C Z B  ( 3 1 ) .  T h e r m o d y n a m i c s  d i c t a t e  t h a t  t h e  m e l t i n g  

t e m p e r a t u r e  o f  a  s o l u t i o n  o f  t w o  c o m p o n e n t s  w i t h  i n f i n i t e  s o l i d  s o l u b i l i t y  i n  e a c h  o t h e r
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w i l l  b e  b e t w e e n  t h e  m e l t i n g  t e m p e r a t u r e s  o f  t h e  p u r e  c o m p o u n d s  ( 3 2 ) .  W h i l e  i t  i s  

d i f f i c u l t  t o  d r a w  s t a t i s t i c a l l y  s i g n i f i c a n t  c o n c l u s i o n s  f r o m  t h i s  s m a l l  r a n g e  o f  H f  c o n te n t s ,  

t h e  m e l t i n g  t e m p e r a t u r e s  f o l l o w  a n  e x p e c t e d  t r e n d  a s  a  s i m p l e  r u l e  o f  m i x t u r e s  w o u l d  

p r e d i c t  a  Tm  i n c r e a s e  o f  o n ly  3 K . A l t e r n a t i v e l y ,  i f  e u t e c t i c  b e h a v i o r  w e r e  e x h i b i t e d ,  i t  

w o u l d  h a v e  r e s u l t e d  i n  a  s i g n i f i c a n t  d e c r e a s e  i n  T m  w i t h  i n c r e a s i n g  H f  c o n t e n t  a s  l i q u i d  

w o u l d  f o r m  a t  t h e  e u t e c t i c  t e m p e r a t u r e .  B e c a u s e  n o  s u c h  d e c r e a s e  w a s  o b s e r v e d ,  t h i s  

s t u d y  i s  c o n s i s t e n t  w i t h  i d e a l  s o l i d  s o l u t i o n  b e t w e e n  Z r B 2 a n d  H f B 2 . I t  i s  n o t e w o r t h y  

th a t ,  a c c o r d i n g  t o  t h e  p r e s e n t  d a ta ,  t h e  m e l t i n g  p o i n t  i n c r e a s e  d u e  t o  t h e  p r e s e n c e  o f  

a b u n d a n t  H f  im p u r i t i e s  i n  c o m m e r c i a l  Z r B 2 i n  t h e  m i x e d  d i b o r i d e  s y s t e m  i s  l i m i t e d  t o  a  

f e w  K ,  c o r r e s p o n d i n g  t o  t h e  a m o u n t  p r e d i c t e d  b y  t h e  i d e a l  s o l u t i o n  m o d e l .  S in c e  s u c h  a  

t e m p e r a t u r e  i n c r e a s e  i s  w e l l  w i t h i n  t h e  e x p e r i m e n t a l  u n c e r t a i n t y ,  o n e  c a n  i n f e r  t h a t  

n e g l i g i b l e  i m p r o v e m e n t  i n  t h e  Z r B 2 s t r u c tu r a l  r e s i s t a n c e  t o  e l e v a t e d  t e m p e r a t u r e s  o c c u r s  

w h e n  c o m m e r c i a l  Z r B 2 i s  r e p l a c e d  b y  m o r e  e x p e n s i v e  u l t r a - p u r e  Z r B 2 .

F i g u r e  4 : T h e  a v e r a g e  n o r m a l  s p e c t r a l  e m i s s i v i t y  ( N S E )  o f  Z B  a n d  C Z B  m e a s u r e d  i n  t h i s  

w o r k  a s  a  f u n c t i o n  o f  t e m p e r a t u r e .  I n  h i g h - t e m p e r a t u r e  v a l u e s  o f  l i q u i d  p h a s e  N S E  l a r g e

f l u c t u a t i o n s  a r e  a v e r a g e d  o u t .



T h e  s p e c t r a l  e m i s s i v i t y  d a t a  a r e  n o v e l  a s  e m i s s i v i t y  h a s  n e v e r  b e f o r e  b e e n  

m e a s u r e d  n e a r  t h e  m e l t i n g  p o i n t  o f  Z r B 2, a t  l e a s t  n o t  t o  t h e  a u t h o r s ’ k n o w l e d g e .  B o t h  

c o m p o s i t i o n s  h a d  t h e  s a m e  e m i s s i v i t y  p r o f i l e  w i t h i n  t h e  e x p e r i m e n t a l  u n c e r t a i n t y .  A n  

a v e r a g e  p r o f i l e  i s  p l o t t e d  i n  F i g u r e  4 . A f t e r  a v e r a g i n g  r a n d o m  f l u c t u a t i o n s ,  t h e  N S E  

m e a s u r e d  h e r e  i n  t h e  v i s i b l e  -  n e a r  i n f r a r e d  r a n g e  w a s  a p p r o x i m a t e l y  c o n s t a n t  a n d  e q u a l  

t o  0 .3 1  b e t w e e n  t h e  m e l t i n g  t e m p e r a t u r e  ( i n  a v e r a g e  3 5 4 9  K )  a n d  t h e  m a x i m u m  

t e m p e r a t u r e  m e a s u r e d ,  a r o u n d  4 0 0 0  K .  U p o n  c o o l i n g  t h e  l i q u id ,  a  k i n k  w a s  o b s e r v e d  

u p o n  f r e e z in g ,  w e r e  t h e  N S E  d e c r e a s e d  t o  0 .2 8  a n d  t h e n  s t a r t e d  i n c r e a s i n g  a g a in .  

D i s c o n t i n u o u s  b e h a v i o r  b e t w e e n  t h e  l i q u i d  a n d  t h e  s o l id  h a s  b e e n  o b s e r v e d  f o r  s e v e r a l  

o t h e r  m a t e r i a l s ,  a n d  i s  a t t r i b u t a b l e  t o  t h e  e l e c t r o n i c  s t r u c t u r e  o f  t h e  d i s o r d e r e d  l i q u i d  a s  

o p p o s e d  t o  s o l i d  c r y s t a l ’ s  b a n d  s t r u c tu r e .  F r o m  t h e  s o l i d i f i c a t i o n  t e m p e r a t u r e  d o w n w a r d ,  

t h e  e m i s s i v i t y  i n c r e a s e d  l i n e a r l y  f r o m  0 .2 8  a t  t o  0 .3 2  a t  a p p r o x i m a t e l y  3 2 0 0  K ,  i n d i c a t e d  

b y  a n  a r r o w  i n  F i g u r e  4 . A t  l o w e r  t e m p e r a t u r e s ,  t h e  e m i s s i v i t y  i n c r e a s e d  m o r e  r a p i d ly  

w i t h  t h e  c h a n g e  in  t e m p e r a t u r e  t o  0 .3 4  a t  3 1 6 0  K ,  i n d i c a t e d  b y  a n o t h e r  a r r o w .  F r o m  t h i s  

m o r e  a b r u p t  N S E  c h a n g e ,  o n e  c a n  a s s u m e  t h e  e x i s t e n c e  o f  a n  o p t i c a l  t r a n s i t i o n  in  

z i r c o n i u m  d ib o r id e .  T h i s  a l l e g e d  o p t i c a l  t r a n s i t i o n  w o u l d  c e r t a i n l y  b e  a  h i g h e r  o r d e r  

t h e r m o d y n a m i c  t r a n s i t i o n ,  a s  n o  th e r m a l  a r r e s t s  o r  i n f l e c t i o n s  w e r e  s e e n  i n  t h e  

t h e r m o g r a m s  i n  t h e  c o r r e s p o n d i n g  t e m p e r a t u r e  r a n g e .  E v e n  o p t i c a l l y ,  t h e  t r a n s i t i o n  w a s  

q u i t e  s o f t ,  a s  t h e  N S E  i n c r e a s e  f r o m  0 .3 2  t o  0 .3 4  w a s  s i m i l a r  i n  m a g n i t u d e  t o  t h e  

i n s t r u m e n t a l  u n c e r t a i n t y .  T h e  r e l a t i v e  u n c e r t a i n t y  o f  t h e  c u r r e n t  s p e c t r a l  e m i s s i v i t y  v a l u e s  

w a s  o n  t h e  o r d e r  o f  ±  5 %  ( 1 9 ) .  N o n e t h e l e s s ,  t h i s  p h e n o m e n o n  w a s  o b v i o u s  f r o m  t h e  

d a ta ,  w h i c h  m e r i t s  f u r t h e r  i n v e s t i g a t i o n .  A l t e r n a t i v e l y ,  t h i s  s u d d e n  i n c r e a s e  m a y  b e  d u e  t o  

s i g n i f i c a n t  c o a r s e n i n g  o f  g r a i n s  a t  t h i s  t e m p e r a t u r e ,  w h i c h  in c r e a s e d  t h e  s p e c i m e n  s u r f a c e
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r o u g h n e s s .  C o o l i n g  f u r th e r ,  e m i s s i v i t y  i n c r e a s e d  l i n e a r l y  w i t h  t e m p e r a t u r e  f r o m  0 .3 4  a t  

3 1 6 0  K  t o  0 .3 7  a t  2 2 0 0  K .  A  f u r t h e r  i n c r e a s e  u p  t o  a n  N S E  v a l u e  o f  0 .4  c a n  b e  s u p p o s e d  

b y  c o m p a r i n g  t h e  c u r r e n t  d a t a  w i t h  o t h e r  l i t e r a t u r e  v a lu e s .  F o r  a n  o p a q u e  m a t e r i a l  h o l d s  

t h e  e q u a t i o n  ( 2 4 )

£ i  =  1 - P jl ( 3 )

w h e r e  p x  is  t h e  n o r m a l  s p e c t r a l  r e f l e c t i v i t y .  O b v io u s l y ,  s i m i l a r  e q u a t i o n s  h o l d  f o r  t h e  t o t a l  

n o r m a l  a n d  t h e  h e m i s p h e r i c a l  e m i t t a n c e s  a n d  r e f l e c t a n c e s .  T h e  p r e s e n t  d a t a  c a n  b e  

c o m p a r e d  w i t h  o t h e r  i n v e s t i g a t i o n s  d e a l i n g  w i t h  t h e  n o r m a l  s p e c t r a l  r e f l e c t i v i t y  o r  

r e f l e c t a n c e .  I n  p e r f o r m i n g  s u c h  c o m p a r i s o n ,  t h e  a s s u m p t i o n  w a s  m a d e  t h a t  t h e  e m i t t a n c e  

d a t a  f r o m  t h e  p r e s e n t  s t u d y  c o i n c i d e  w i t h  t h e  r e a l  m a t e r i a l  e m i s s i v i t y  i n s o f a r  a s  th e  

s h a l l o w  l i q u i d  o r  r a p i d l y  s o l i d i f y i n g  Z r B 2 l a y e r  c a n  b e  c o n s i d e r e d  a s  a n  i d e a l l y  f l a t  a n d  

h o m o g e n e o u s  s u r f a c e ,a s  e m i s s i v i t y  a n d  e m i t t a n c e  i n  t h e o r y  c o i n c i d e  i n  p e r f e c t l y  

h o m o g e n e o u s  a n d  o p a q u e  m a t e r i a l s .  T h e  o n ly  l i t e r a t u r e  d a t a  r e l a t i v e  t o  p u r e  Z r B 2 a r e  

t h o s e  m e a s u r e d  b y  M e r c a t e l l i  e t  a l .  ( 3 3 ) .  T h o s e  a u t h o r s  m e a s u r e d  t h e  t o t a l  h e m i s p h e r i c a l  

e m i t t a n c e  o f  Z r B 2 u p  t o  1 4 5 0  K  a n d  t h e  t o t a l  h e m i s p h e r i c a l  r e f l e c t a n c e  in  t h e  u l t r a v i o l e t -  

v i s i b l e - n e a r - i n f r a r e d  r a n g e  a t  r o o m  t e m p e r a t u r e .  T e c h n i c a l l y ,  n e i t h e r  o f  t h e s e  d a t a s e t s  

c a n  b e  d i r e c t l y  c o m p a r e d  w i t h  t h e  p r e s e n t  N S E  r e s u l t s .  H o w e v e r ,  a  q u a l i t a t i v e  

c o m p a r i s o n  c a n  h e l p  v e r i f y  t h e  l i k e l i h o o d  o f  t h e  h i g h - t e m p e r a t u r e  e m i s s i v i t y  v a l u e s  

o b s e r v e d  in  t h i s  w o r k .  M e r c a t e l l i  e t  a l . ’ s  a n a l y s i s  s h o w s  t h a t  t h e  t o t a l  h e m i s p h e r i c a l  

e m i t t a n c e  o f  Z r B 2 a t  1 4 5 0  K  i s  a r o u n d  0 .4 5 ,  w h e r e a s  a  v a l u e  b e t w e e n  0 .5  a n d  0 .6  c a n  b e  

i n f e r r e d  f r o m  t h e  t o t a l  h e m i s p h e r i c a l  r e f l e c t a n c e  t h r o u g h  E q u a t i o n  3 a t  r o o m  t e m p e r a t u r e  

T h e s e  v a l u e s  s e e m  t o  b e  a t  l e a s t  c o m p a t i b l e  w i t h  t h e  c u r r e n t  d a ta ,  c o n s i d e r i n g  t h e  t h e r m a l  

t r e n d  o b s e r v e d  i n  F i g u r e  5.
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4. CONCLUSIONS

L a s e r - i n d u c e d  m e l t i n g  a n d  o p t i c a l  p y r o m e t r y  w e r e  e m p l o y e d  t o  m e a s u r e  t h e  

m e l t i n g  t e m p e r a t u r e  a n d  n o r m a l  s p e c t r a l  e m i s s i v i t y  o f  Z r B 2 c e r a m ic s .  T h e  i n v e s t i g a t i o n  

l e d  t o  t h e  f o l l o w i n g  c o n c l u s i o n s :

•  S p e c i a l l y  s y n t h e s i z e d  Z r B 2 w i t h  a  H f  c o n t e n t  o f  0 .0 1  a t%  h a d  a  m e l t i n g  

t e m p e r a t u r e  o f  3 5 4 6  K  w h i l e  c o m m e r c i a l  Z r B 2 w i t h  a  H f  c o n t e n t  o f  1 .7 5  a t%  

d i s p l a y e d  a  m e l t i n g  t e m p e r a t u r e  o f  3 5 5 3  K .

•  T h e s e  r e s u l t s  a r e  i n  l i n e  w i t h  3 5 1 8  K  ±  4 5  K  m e a s u r e d  i n  t h e  1 9 6 0 ’ s w i t h  m o r e  

t r a d i t i o n a l  h e a t i n g  m e t h o d s ,  c o n f i r m i n g  t h a t  Z r B 2 m e l t s  c o n g r u e n t l y  a n d  w i t h  

l i m i t e d  n o n - c o n g r u e n t  v a p o r i z a t i o n  a n d  l i m i t e d  c o n t a i n m e n t - s a m p l e  c h e m i c a l  

in t e r a c t io n .

•  T h e  u n c e r t a i n t y  i n  b o t h  m e l t i n g  t e m p e r a t u r e s  w a s  ±  3 5  K ,  w h i c h  i s  l e s s  t h a n  th e  

u n c e r t a i n t y  i n  p r e v i o u s  s tu d ie s .

•  T h e  m e l t i n g / s o l i d i f i c a t i o n  t e m p e r a t u r e  i n c r e a s e  w i t h  H f  c o n t e n t  i s  c o n s i s t e n t  w i t h  

t h e  i d e a l  s o l u t i o n  m o d e l  b e t w e e n  Z r B 2 a n d  H f B 2 . S in c e  s u c h  a  t e m p e r a t u r e  

i n c r e a s e  i s  w e l l  w i t h i n  t h e  e x p e r i m e n t a l  u n c e r t a i n t y ,  n o  s i g n i f i c a n t  i n c r e a s e  w a s  

p r e s e n t  in  t h e  Z r B 2 m e l t i n g  t e m p e r a t u r e  w h e n  c o m m e r c i a l  Z r  i s  r e p l a c e d  b y  r a r e  

a n d  e x p e n s i v e  u l t r a - p u r e  Z r .

•  T h e  e m i s s i v i t y  o f  Z r B 2 w a s  d e t e r m i n e d  t o  b e  ~ 0 .3 4  a t  3 0 0 0  K ,  d e c r e a s i n g  t o  0 .2 8  

a t  t h e  m e l t i n g  t e m p e r a t u r e ,  a n d  t h e n  s t a b i l i z i n g  a t  0 .3 0  i n  t h e  l i q u i d  p h a s e .

B e s i d e s  c o n f i r m i n g  e a r l i e r  d a t a  a n d  p r o d u c i n g  n e w  o n e s ,  t h e  p r e s e n t  s t u d y  s h o w s  

t h a t  l a s e r  m e l t i n g  i s  a  s u i t e d  m e t h o d  f o r  a c c u r a t e  Tm  d e t e r m i n a t i o n  a n d  e m i s s i v i t y



60

m e a s u r e m e n t s  a t  e l e v a t e d  t e m p e r a t u r e s .  I t  c a n  e n a b l e  f u r t h e r  i n v e s t i g a t i o n s  i n c l u d i n g  

s t u d i e s  o f  p h a s e  e q u i l i b r i a  a n d  e l e v a t e d  t e m p e r a t u r e  o p t i c a l  p r o p e r t i e s  f o r  m a t e r i a l s  w i t h  

m e l t i n g  t e m p e r a t u r e s  a b o v e  3 0 0 0  K .
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1 5 . J a c k s o n  H F ,  J a y a s e e l a n  D D ,  L e e  W E ,  R e e c e  M J ,  I n a m  F ,  M a n a r a  D ,  e t  a l.  L a s e r  

m e l t i n g  o f  s p a r k  p l a s m a - s i n t e r e d  z i r c o n i u m  c a r b i d e :  t h e r m o p h y s i c a l  p r o p e r t i e s  o f  

a  g e n e r a t i o n  I V  v e r y  h i g h - t e m p e r a t u r e  r e a c t o r  m a t e r i a l .  I n t  J  A p p l  C e r a m  
T e c h n o l .  2 0 1 0 ; 7 ( 3 ) : 3 1 6 - 2 6 .

1 6 . C e d i l l o s - B a r r a z a  O , G r a s s o  S , A l  N a s i r i  N ,  J a y a s e e l a n  D D ,  R e e c e  M J ,  L e e  W E .  
S i n t e r i n g  b e h a v i o u r ,  s o l i d  s o l u t i o n  f o r m a t i o n  a n d  c h a r a c t e r i s a t i o n  o f  T a C ,  H f C  

a n d  T a C - H f C  f a b r i c a t e d  b y  s p a r k  p l a s m a  s in t e r i n g .  J  E u r  C e r a m  S o c . 
2 0 1 6 ; 3 6 ( 7 ) : 1 5 3 9 - 4 8 .

1 7 . C e d i l l o s - B a r r a z a  O , M a n a r a  D ,  B o b o r i d i s  K ,  W a t k i n s  T , G r a s s o  S , J a y a s e e l a n  

D D ,  e t  a l .  I n v e s t i g a t i n g  t h e  h i g h e s t  m e l t i n g  t e m p e r a t u r e  m a t e r i a l s :  A  l a s e r  m e l t i n g  

s t u d y  o f  t h e  T a C - H f C  s y s te m .  S c i  R e p  [ I n te r n e t ] .  2 0 1 6 ;6 ( 1 ) : 3 7 9 6 2 .  A v a i l a b l e  
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I I I .  F IN A L  S T A G E  D E N S IF IC A T IO N  K IN E T IC S  O F  D IR E C T  C U R R E N T
S IN T E R E D  Z R B 2

A u s t i n  D . S t a n f i e l d 1, N i n a  N .  O b r a d o v i c 2, V l a d i m i r  V . B u l l j a k 3,
G r e g o r y  E . H i l m a s 1, W i l l i a m  G . F a h r e n h o l t z 1

1 D e p a r m e n t  o f  M a t e r i a l s  S c i e n c e  a n d  E n g i n e e r i n g ,  M i s s o u r i  U n i v e r s i t y  o f  S c i e n c e  a n d

T e c h n o l o g y ,  R o l l a ,  M O  6 5 4 0 9

2 I n s t i t u t e  o f  T e c h n i c a l  S c i e n c e s  o f  t h e  S e r b i a n  A c a d e m y  o f  S c i e n c e  a n d  A r t s ,  B e l g r a d e ,
S R B

3 S t r e n g th  o f  M a t e r i a l s  D e p a r t m e n t ,  U n i v e r s i t y  o f  B e l g r a d e ,  B e l g r a d e ,  S R B

A B S T R A C T

F i n a l  s t a g e  s i n t e r i n g  (prelative >  0 .9 )  w a s  a n a l y z e d  f o r  n o m i n a l l y  p h a s e  p u r e  

z i r c o n i u m  d i b o r i d e  u s i n g  t h e  N a b a r r o - H e r r i n g  s t r e s s  d i r e c t e d  v a c a n c y  d i f f u s i o n  m o d e l .  

T e m p e r a t u r e s  g r e a t e r  t h a n  1 8 5 0 ° C  a n d  a n  a p p l i e d  u n i a x i a l  p r e s s u r e  o f  5 0  M P a  w e r e  

r e q u i r e d  t o  f u l l y  d e n s i f y  Z r B 2 c e r a m i c s  b y  d i r e c t  c u r r e n t  s i n t e r i n g .  R a m  t r a v e l  d a t a  w e r e  

c o l l e c t e d  a n d  u s e d  t o  d e t e r m i n e  t h e  b u l k  d e n s i t y  o f  t h e  s p e c i m e n s  d u r i n g  s i n te r i n g .  

S p e c i m e n s  s i n t e r e d  b e t w e e n  1 9 0 0  a n d  2 1 0 0 ° C  a c h i e v e d  r e l a t i v e  d e n s i t i e s  g r e a t e r  t h a n  

9 7 %  w h i l e  s p e c i m e n s  s i n t e r e d  b e l o w  1 9 0 0 ° C  f a i l e d  t o  r e a c h  t h e  f i n a l  s t a g e  o f  s i n te r i n g .  

T h e  a v e r a g e  g r a i n  s i z e  r a n g e d  f r o m  1 .0  g m  t o  1 0 .9  g m .  T h e  a c t i v a t i o n  e n e r g y  w a s  

c a l c u l a t e d  f r o m  t h e  s l o p e  o f  a n  A r r h e n i u s  p l o t  t h a t  u t i l i z e d  t h e  K a l i s h  e q u a t i o n .  T h e  

a c t i v a t i o n  e n e r g y  w a s  1 6 2  ±  3 4  k J / m o l ,  w h i c h  i s  c o n s i s t e n t  w i t h  t h e  a c t i v a t i o n  e n e r g y  f o r  

d i s l o c a t i o n  m o v e m e n t  i n  Z r B 2 . T h e  d i f f u s i o n  c o e f f i c i e n t s  w e r e  5 .1  x  10"6 c m 2/ s  a t  1 9 0 0 ° C  

a n d  5 .1  x  10"5 c m 2/ s  a t  2 1 0 0 ° C  a s  c a l c u l a t e d  f r o m  a c t i v a t i o n  e n e r g y  a n d  g r a i n  s i z e s .
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P h e n o m e n o l o g i c a l  m o d e l i n g  w a s  u s e d  t o  s i m u l a t e  t h e  s i n t e r i n g  p r o c e s s  a n d  w a s  i n  g o o d  

a g r e e m e n t  w i t h  e x p e r i m e n t a l  r e s u l t s .  T h i s  s t u d y  p r o v i d e s  e v i d e n c e  t h a t  t h e  d o m i n a n t  

m e c h a n i s m  f o r  f i n a l  s t a g e  s i n t e r i n g  o f  Z r B 2 c e r a m i c s  i s  d i s l o c a t i o n  m o t io n .

1. INTRODUCTION

Z i r c o n i u m  d i b o r i d e  ( Z r B 2)  i s  c l a s s i f i e d  a s  a n  u l t r a - h i g h  t e m p e r a t u r e  c e r a m i c  

( U H T C )  d u e  t o  i t s  m e l t i n g  t e m p e r a t u r e  o f  3 2 5 0 ° C .  I n  a d d i t i o n  t o  i t s  h i g h  m e l t i n g  

t e m p e r a t u r e ,  i n t e r e s t  i n  Z r B 2 i s  d r i v e n  b y  p r o p e r t i e s  s u c h  a s  s t r e n g t h  ( > 5 0 0  M P a ) ,  

h a r d n e s s  ( > 3 0  G P a ) ,  t h e r m a l  c o n d u c t i v i t y  ( a s  h i g h  a s  1 4 0  W / m K ) ,  a n d  c h e m i c a l  

i n e r t n e s s  m a k i n g  Z r B 2 a  c a n d i d a t e  m a t e r i a l  f o r  a p p l i c a t i o n s  s u c h  a s  l e a d i n g  e d g e s  f o r  

h y p e r s o n i c  a e r o s p a c e  v e h i c l e s ,  r e f r a c t o r y  l i n i n g s ,  h i g h  t e m p e r a t u r e  e l e c t r o d e s ,  a n d  h ig h  

s p e e d  c u t t i n g  t o o l s  ( 1 - 1 0 ) .  T h e s e  p r o p e r t i e s  a r e  d u e ,  in  p a r t ,  t o  t h e  c o m p l e x  c o m b i n a t i o n  

o f  d i f f e r e n t  t y p e s  o f  b o n d i n g .  Z r B 2 h a s  a  h e x a g o n a l  c r y s t a l  s t r u c t u r e  w i t h  a l t e r n a t i n g  

l a y e r s  o f  m e t a l l i c a l l y  b o n d e d ,  c l o s e - p a c k e d  z i r c o n i u m  a t o m s  a n d  c o v a l e n t l y  b o n d e d  

b o r o n  r i n g s .  T h e  b o n d i n g  b e t w e e n  t h e  t w o  t y p e s  o f  l a y e r s  i s  i o n o - c o v a l e n t  ( 1 1 ) .

D e n s i f y i n g  p h a s e  p u r e  Z r B 2 i s  d i f f i c u l t  d u e  t o  s t r o n g  c o v a l e n t  b o n d i n g  a n d  l o w  

s e l f - d i f f u s i o n  c o e f f i c i e n t s .  S in t e r i n g  t o  f u l l  d e n s i ty  g e n e r a l l y  r e q u i r e s  t e m p e r a t u r e s  a b o v e  

1 9 0 0 ° C  a n d  a p p l i e d  p r e s s u r e s  g r e a t e r  t h a n  3 2  M P a  ( 1 2 ) .  F o r  t h e s e  r e a s o n s ,  h o t  p r e s s i n g  

( H P ) ,  d i r e c t  c u r r e n t  s i n t e r i n g  ( D C S ) ,  a n d  v a r i a n t s  o f  b o t h  e m p l o y i n g  i n  s i t u  r e a c t i o n s  

h a v e  b e c o m e  t h e  f a v o r e d  s i n t e r i n g  m e t h o d  f o r  p r o d u c i n g  U H T C s  w i t h  h i g h  r e l a t i v e  

d e n s i t y  ( 1 3 - 1 7 ) .  F o r  t h e  i n t e r m e d i a t e  s t a g e  o f  s i n t e r i n g  ( 0 .6 5 < p rela tiv e< 0 .9 0 ) o f  t h e  G r o u p  

I V  d i b o r i d e s ,  a c t i v a t i o n  e n e r g i e s  t h a t  h a v e  b e e n  r e p o r t e d  r a n g e  f r o m  1 4 0  t o  6 9 5  k J / m o l
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f o r  Z r B 2, 5 6  t o  7 7 4  k J / m o l  o f  T i B 2, a n d  9 6  k J / m o l  f o r  H f B 2 ( 5 ,1 8 - 2 1 ) .  I n  g e n e r a l ,  s t u d i e s  

h a v e  c o n c l u d e d  t h a t  f i n e r  i n i t i a l  p a r t i c l e  s i z e  a n d  i n c r e a s e d  p r e s s u r e s  r e d u c e d  a c t i v a t i o n  

e n e r g i e s ,  e v e n  t h o u g h  t h e  v a l u e  o f  a c t i v a t i o n  e n e r g y  s h o u l d  o n ly  d e p e n d  o n  t h e  

d e n s i f i c a t i o n  m e c h a n i s m .  F o r  t h e  i n t e r m e d i a t e  s t a g e  o f  s i n t e r i n g ,  L o n e r g a n  r e p o r t e d  t h a t  

g r a i n  b o u n d a r y  d i f f u s i o n  w a s  t h e  d o m i n a n t  m e c h a n i s m  i n  r e a c t i v e l y  h o t  p r e s s e d  Z r B 2 

b e l o w  2 0 0 0 ° C  w i t h  a n  a c t i v a t i o n  e n e r g y  o f  2 4 1  k J / m o l ,  b u t  l a t t i c e  d i f f u s i o n  b e c a m e  t h e  

d o m i n a n t  m e c h a n i s m  a b o v e  2 0 0 0 ° C  w i t h  a n  a c t i v a t i o n  e n e r g y  o f  6 9 5  k J / m o l  ( 1 9 ) .  K a l i s h  

s t u d i e d  t h e  k i n e t i c s  o f  t h e  f i n a l  s t a g e  o f  d e n s i f i c a t i o n  u n d e r  e x t r e m e  p r e s s u r e s  ( 8 0 0  M P a )  

f o r  H f B 2 a n d  r e p o r t e d  a n  a c t i v a t i o n  e n e r g y  o f  9 6  k J / m o l .  K a l i s h  s u g g e s t e d  t h a t  t h e  

m e c h a n i s m  c o u l d  b e  d i s l o c a t i o n  f l o w  b e c a u s e  t h e  a c t i v a t i o n  e n e r g y  w a s  s u f f i c i e n t l y  lo w ,  

b u t  n o  o t h e r  e v i d e n c e  o f  t h e  m e c h a n i s m  w a s  p r o v i d e d .  K a l i s h  u l t i m a t e l y  c o n c l u d e d  t h a t  

i n t e r s t i t i a l  d i f f u s i o n  o f  B  o r  g r a i n  b o u n d a r y  d i f f u s i o n  o f  H f  w a s  t h e  p r e d o m i n a n t  

m e c h a n i s m  i n  t h e  f i n a l  s t a g e  o f  d e n s i f i c a t i o n  o f  H f B 2 ( 5 ) .  S in c e  t h e n ,  s e v e r a l  s t u d i e s  h a v e  

r e p o r t e d  d i s l o c a t i o n  m o t i o n  i n  t h e  b o r i d e s  ( 2 2 - 2 7 ) .  K o v a l ’c h e n k o  s t u d i e d  d e n s i f i c a t i o n  

k i n e t i c s  o f  m o l y b d e n u m  a n d  t u n g s t e n  b o r i d e s ,  a n d  r e p o r t e d  t h a t  a c t i v a t i o n  e n e r g i e s  w e r e  

i n d e p e n d e n t  o f  p r e s s u r e ,  w h i c h  i s  i n d i c a t i v e  o f  t h e  d i s l o c a t i o n  g l i d e  p r o c e s s .  

K o v a l ’c h e n k o  c o n c l u d e d  t h a t  d i s l o c a t i o n  m o v e m e n t  w a s  l i m i t e d  b y  t h e  s e l f - d i f f u s i o n  o f  

t h e  m e t a l l i c  s p e c i e s  in  t h e  m e t a l l i c  s u b l a t t i c e  ( 2 6 ) .  B a h k r i  e s t i m a t e d  a n  a c t i v a t i o n  e n e r g y  

f o r  d i s l o c a t i o n  m o v e m e n t  i n  Z r B 2 o f  1 5 4  ±  9 6  k J / m o l  u s i n g  i n d e n t a t i o n  e x p e r i m e n t s  a n d  

a s s u m i n g  t h e  B u r g e r s  v e c t o r  t o  b e  a l o n g  a n y  < 1 0 0 0 >  d i r e c t i o n  ( 2 2 ) .

T h i s  s t u d y  i n v e s t i g a t e s  t h e  m e c h a n i s m  o f  t h e  f i n a l  s t a g e  o f  s i n t e r i n g  f o r  n o m i n a l l y  

p h a s e  p u r e  Z r B 2 .
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2. DENSIFICATION MODEL

T h e  f i n a l  s t a g e  o f  d e n s i f i c a t i o n  w a s  a n a l y z e d  b y  t h e  N a b a r r o - H e r r i n g  s t r e s s -  

d i r e c t e d  v a c a n c y  d i f f u s i o n  m o d e l  ( 2 8 ,2 9 ) .  T h i s  m o d e l  e v a l u a t e s  t h e  m o v e m e n t  o f  

v a c a n c i e s  f r o m  c r y s t a l  f a c e s  u n d e r  t e n s i o n  t o  c r y s t a l  f a c e s  u n d e r  c o m p r e s s i o n  a n d  t h e  

s u b s e q u e n t  t r a n s f e r  o f  a t o m s  f r o m  a  c r y s t a l  f a c e  u n d e r  c o m p r e s s i o n  t o  a  c r y s t a l  f a c e  

u n d e r  t e n s i o n .  T h i s  m o d e l  i s  a l s o  k n o w n  a s  v a c a n c y  c r e e p ,  a n d  w a s  u s e d  b y  K a l i s h  t o  

d e s c r i b e  f i n a l  s t a g e  d e n s i f i c a t i o n  o f  H f B 2 d u r i n g  h o t  p r e s s i n g  ( 3 0 ) .  B e c a u s e  b o t h  h o t  

p r e s s i n g  a n d  d i r e c t  c u r r e n t  s i n t e r i n g  r e l y  o n  p r e s s u r e - a s s i s t e d  d e n s i f i c a t i o n ,  E q u a t i o n  1 

c a n  b e  u s e d  (3 0 ) .

Dt Q
ln ln (S ) l - |n[exp( f r ) - e x p ( - S ] = ' n ^ l - ^ ^ ( 1 )

w h e r e  fp is  p o r e  f r a c t i o n ,  o  i s  s t r e s s  c o r r e c t e d  f o r  t h e  e f f e c t  o f  p o r o s i t y  b y  t h e  S p r i g g ’s 

c o r r e c t i o n  f a c t o r  ( E q u a t i o n  2 ) ,  o a  i s  t h e  u n i a x i a l l y  a p p l i e d  s t r e s s  d u r i n g  D C S  ( 3 1 ) ,

a  =
i - rA Jl

2/3 ( 2 )

Q  is  a t o m i c  v o l u m e ,  k  i s  t h e  B o l t z m a n n  c o n s t a n t ,  T  i s  a b s o l u t e  t e m p e r a t u r e ,  D  i s  t h e  

d i f f u s i o n  c o e f f i c i e n t ,  t  i s  t i m e ,  d  i s  g r a i n  s i z e ,  Q  i s  a c t i v a t i o n  e n e r g y  f o r  d i f f u s i o n ,  a n d  R  

i s  t h e  u n i v e r s a l  g a s  c o n s t a n t .  A  v a l u e  o f  1 5 .4  A 3 w a s  u s e d  f o r  t h e  a t o m i c  v o l u m e  ( Q )  

( 3 2 ) .

, 1—fpoln-

G =  l n  I 1-/p
R ~ T T -e~l<7r ~

n  , D t Q
G =  l n  — --------

d 2 RT

( 3 )

(4)

a a
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T o  d e t e r m i n e  t h e  a c t i v a t i o n  e n e r g y ,  t h e  l e f t  s i d e  o f  E q u a t i o n  1 c a n  b e  r e w r i t t e n  a s  

E q u a t i o n  3 a n d  p l o t t e d  a s  a  f u n c t i o n  o f  i n v e r s e  t e m p e r a t u r e  w i t h  t h e  r e s u l t i n g  l i n e a r  t r e n d  

h a v i n g  a  s l o p e  o f  Q /R .  T h e  r i g h t  h a n d  s i d e  o f  E q u a t i o n  1 c a n  a l s o  b e  r e w r i t t e n  a s  

E q u a t i o n  4  a n d  u s e d  t o  c a l c u l a t e  t h e  d i f f u s i o n  c o e f f i c i e n t .

3. FINITE ELEMENT MODEL

A  n u m e r i c a l  m o d e l  w a s  u s e d  t o  a n a l y z e  t h e  s i n t e r i n g  a s  t r a n s i e n t  p r o c e s s  u s i n g  t h e  f i n i t e  

e l e m e n t  m e t h o d  ( F E M )  w i t h  a  c o m b i n a t i o n  o f  a p p l i e d  p r e s s u r e  a n d  t e m p e r a t u r e  w i t h i n  a n  

u n c o u p l e d  t h e r m o - m e c h a n i c a l  s i m u l a t i o n .  T h e  i n p u t s  t o  t h e  n u m e r i c a l  m o d e l  w e r e  t h e  

t e m p e r a t u r e  a n d  t h e  a p p l i e d  p r e s s u r e  p r o f i l e s .  T h e  p h e n o m e n o l o g i c a l  a p p r o a c h  o f  O l e v s k y  

( 3 6 )  w a s  a d o p t e d  w h e r e b y  t h e  m a t e r i a l  w a s  t r e a t e d  a s  a  c o n t i n u u m ,  i .e .  p o r o s i t y  w a s  n o t  

m o d e l e d  d i r e c t l y ,  b u t  a v e r a g e d  i n  t h e  s e n s e  t h a t  i t  w a s  i n c l u d e d  i n t o  t h e  a n a l y s i s  t h r o u g h  

r e l a t i v e  d e n s i ty .  T h e  r e l a t i v e  d e n s i t y  w a s  r e l a t e d  t o  t h e  v o l u m e t r i c  s t r a in  b y  E q u a t i o n  7  

w i t h  p 0 b e i n g  t h e  i n i t i a l  r e l a t i v e  d e n s i ty .

p  =  p 0 e - (£xx+£y y + £zz)  ( 7 )

T h e  c o n s t i t u t i v e  e q u a t i o n  w a s  a  n o n l i n e a r  v i s c o u s  i n c o m p r e s s i b l e  m o d e l  i n  w h i c h  

t h e  t o t a l  s t r a in  r a t e  w a s  d e c o m p o s e d  i n t o  t h r e e  p a r t s :  t h e r m a l ,  e l a s t i c  a n d  v i s c o u s  s t r a in .

£  =  £ th +  £ el +  £ VS ( 8 )

T h e  c o n s t i t u t i v e  e q u a t i o n  w a s  t h u s  o f  t h e  f o l l o w i n g  f o r m :

a  =  C ( k  — £ th — £ v s )  ( 9 )

w h e r e  a  i s  t h e  a p p l i e d  s t r e s s ,  a n d  C  i s  t h e  e l a s t i c i t y  t e n s o r .  F o r  t h i s  s t u d y ,  i s o t r o p i c  

e l a s t i c  b e h a v i o r  w a s  a s s u m e d .  T h i s  a s s u m p t i o n  a l l o w e d  C  t o  b e  d e f i n e d  u s i n g  t w o
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i n d e p e n d e n t  c o n s t a n t s ,  h e r e  s p e c i f i c a l l y  s e l e c t e d  a s  t h e  Y o u n g ’ s m o d u l u s  b e i n g  e q u a l  t o  

4 4 0  G P a ,  a n d  P o i s s o n ’ s r a t i o  e q u a l  t o  0 .2 .  I s o t r o p i c  b e h a v i o r  w a s  a l s o  a s s u m e d  f o r  

t h e r m a l  e x p a n s i o n .  H e n c e ,  o n ly  o n e  th e r m a l  e x p a n s i o n  c o e f f i c i e n t  w a s  n e e d e d ,  w h i l e  f o r  

t h e  c a l c u l a t i o n  o f  t h e  v i s c o u s  p a r t  o f  t h e  s t r a in  r a t e ,  f o u r  a d d i t i o n a l  c o n s t a n t s  w e r e  n e e d e d  

( 3 6 ) .

T h e  c o n s t i t u t i v e  m o d e l  w a s  i m p l e m e n t e d  t h r o u g h  a  u s e r  s u b r o u t i n e  w i t h i n  

c o m m e r c i a l  f i n i t e  e l e m e n t  s o f t w a r e  ( A B A Q U S ) .  P a r a m e t e r s  e n t e r e d  in t o  t h e  g o v e r n i n g  

e q u a t i o n s  o f  t h e  m o d e l  w e r e  q u a n t i f i e d  t o  m a t c h  t h e  c u r v e s  o f  a v e r a g e d  r e l a t i v e  d e n s i ty  

a s  a  f u n c t i o n  o f  t i m e  c o l l e c t e d  d u r i n g  d e n s i f i c a t i o n .  F o r  a s s e s s m e n t  o f  t h e  p a r a m e t e r s ,  a n  

i n v e r s e  a n a l y s i s  w a s  u s e d  ( 3 7 ,3 8 ) .  T h e  p r o c e d u r e  i s  n o t  d e t a i l e d  h e r e  f o r  b r e v i t y ,  b u t  w a s  

b a s e d  o n  m i n i m i z a t i o n  o f  t h e  d i s c r e p a n c y  f u n c t i o n  b e t w e e n  m e a s u r e d  a n d  c o m p u t e d  

c u r v e s .  A n  u n c o u p l e d  h e a t  t r a n s f e r  s i m u l a t i o n  w a s  f i r s t  p e r f o r m e d  t o  o b t a i n  t e m p e r a t u r e  

f i e l d s  a s  a  f u n c t i o n  o f  t i m e ,  w h i c h  w e r e  t h e n  u s e d  a s  t h e  t h e r m a l  c o n d i t i o n s  i n  t h e  

s i n t e r i n g  s i m u l a t i o n s .

4. PROCEDURE

Z r B 2 w a s  s y n t h e s i z e d  b y  b o r o - c a r b o t h e r m a l  r e d u c t i o n  o f  Z r O 2 ( R e a c t o r  G r a d e ,  

9 9 .7 % ,  H f <  7 5 p p m ,  M a t e r i o n ,  M a y f i e l d  H e i g h t s ,  O H ,  U S A )  a c c o r d i n g  t o  E q u a t i o n  5. 

Z r O 2 a n d  c a r b o n  b l a c k  ( B P 1 1 0 0 ,  C a b o t ,  A l p h a r e t t a ,  G A ,  U S A )  w e r e  c o m b i n e d  b y  h i g h  

e n e r g y  b a l l  m i l l i n g  f o r  2  h o u r s  i n  a  W C  j a r  w i t h  W C  m e d i a .  T h e  l e v e l  o f  W C  

c o n t a m i n a t i o n  w a s  d e t e r m i n e d  t o  b e  0 . 0 2  w t %  b a s e d  o n  m a s s  m e a s u r e m e n t s  o f  t h e  j a r  

a n d  m e d i a  b e f o r e  a n d  a f t e r  m i l l i n g .  T h e  m i l l e d  p o w d e r  w a s  t h e n  m i x e d  w i t h  B 4C  ( H .S . ,



H .C .  S ta r c k ,  N e w t o n ,  M A ,  U S A )  b y  b a l l  m i l l i n g  i n  a c e t o n e  f o r  4  h o u r s  w i t h  z i r c o n i a  

m e d i a  in  a n  H D P E  j a r .  T o  a c c o u n t  f o r  B  l o s s  i n  B 2O 3 v o l a t i l i z a t i o n  d u r i n g  r e a c t i o n ,  13 

w t %  e x c e s s  B 4C  w a s  a d d e d  d u r i n g  m i l l i n g .

2 Z rO 2 (s) +  B 4C (s) +  3C (s) 2 Z rB 2 (s) + 4 C O (s )  ( 5 )

T h e  m i x t u r e  w a s  d r i e d  b y  r o t a r y  e v a p o r a t i o n ,  l i g h t l y  g r o u n d  w i t h  a n  a l u m i n a  

m o r t a r  a n d  p e s t l e  t o  b r e a k  a g g l o m e r a t e s  a n d  p r e s s e d  in t o  5 0  g  p e l l e t s .  P e l l e t s  w e r e  

r e a c t e d  in  a  r e s i s t i v e l y  h e a t e d  g r a p h i t e  e l e m e n t  f u r n a c e  ( H P 5 0 - 7 0 1 0 G ,  T h e r m a l  

T e c h n o l o g y ,  S a n ta  R o s a ,  C A ,  U S A )  u n d e r  m i l d  v a c u u m  (~ 3  P a )  w i t h  a  1 0 ° C /m in  h e a t i n g  

r a t e  w i t h  a  4  h o u r  h o l d  a t  1 6 5 0 ° C .  T h e  o x y g e n  c o n t e n t  o f  t h e  r e s u l t i n g  p o w d e r  w a s  

m e a s u r e d  b y  t h e  i n e r t  g a s  f u s i o n  m e t h o d  ( T S 5 0 0 ,  L E C O ,  S t. J o s e p h ,  M I ,  U S A ) .  B e f o r e  

d e n s i f i c a t i o n ,  p h e n o l i c  r e s i n  ( G P  2 0 7 4 ,  G e o r g i a  P a c i f i c ,  A t l a n t a ,  G A ,  U S A )  w a s  a d d e d  a s  

a  c a r b o n  s o u r c e  b y  b a l l  m i l l i n g  i n  a c e t o n e  f o r  4  h o u r s .  D r i e d  p o w d e r  w a s  t h e n  d e n s i f i e d  

b y  d i r e c t  c u r r e n t  s i n t e r i n g  ( D C S ;  D S C 1 0  T h e r m a l  T e c h n o l o g y )  u n d e r  m i l d  v a c u u m  ( ~ 2  

P a )  i n  a  2 0  m m  d i a m e t e r  g r a p h i t e  d ie .  S p e c i m e n s  w e r e  h e a t e d  a t  1 0 0 ° C / m i n  u n d e r  15 

M P a  a p p l i e d  p r e s s u r e  f r o m  r o o m  t e m p e r a t u r e  t o  1 6 5 0 ° C .  S p e c i m e n s  w e r e  h e l d  a t  t h a t  

t e m p e r a t u r e  f o r  5 m i n  t o  p r o m o t e  r e m o v a l  o f  o x y g e n  i m p u r i t i e s  f r o m  p a r t i c l e  s u r f a c e s  

( 3 3 ,3 4 ) .  A f t e r  t h e  h o ld ,  p r e s s u r e  w a s  i n c r e a s e d  t o  5 0  M P a ,  a n d  s p e c i m e n s  w e r e  h e a t e d  a t  

1 0 0 ° C /m in  t o  t h e  f i n a l  d e n s i f i c a t i o n  t e m p e r a t u r e  w h e r e  t e m p e r a t u r e  w a s  h e l d  f o r  15  m in .  

T h e  f u r n a c e  w a s  t h e n  c o o l e d  a t  a  r a t e  o f  1 0 0 ° C /m in ,  a n d  t h e  p r e s s u r e  w a s  r e l e a s e d  a t  

1 5 0 0 ° C .  X - r a y  d i f f r a c t i o n  ( X R D ;  P A N a l y t i c a l  X - P e r t  P r o ,  M a l v e r n  P a n a l y t i c a l  L td . ,  

R o y s t o n ,  U K )  a n a l y s i s  w a s  u s e d  t o  i d e n t i f y  p h a s e s  p r e s e n t  i n  t h e  a s - r e a c t e d  p o w d e r s  a n d  

a f t e r  f i n a l  d e n s i f i c a t i o n .  L a t t i c e  p a r a m e t e r s  w e r e  d e t e r m i n e d  u s i n g  R i e t v e l d  r e f i n e m e n t  

( R I Q A S 4 ,  M a t e r i a l s  D a t a  I n c o r p o r a t e d ,  L i v e r m o r e ,  C A ,  U S A )  o f  X R D  d a ta ,  w h i c h  w e r e
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then used to calculate crystallographic density. Bulk density of the final specimens was 

determined by Archimedes’ principle. Time-dependent relative density (pt) was 

calculated from the final bulk densities of the specimens and ram travel data collected 

during DCS according to Equation 6

Pt = ( 6 )

where Lt is specimen length at time t, and Lf is final length.

Scanning electron microscopy (SEM; TM-1000, Hitachi, Schaumberg, IL, USA) 

was performed utilizing a 15kV accelerating voltage and a current of 34.5 mA in 

backscattered electron mode. Grain size was determined by measuring the Feret diameter 

from SEM micrographs in a digital image processing software (ImageJ, National Institute 

of Health, Bethesda, MD, USA). A minimum of 200 grains were measured for each 

reported value. Micro-Raman spectroscopy (LabRam Aramis, HORIBA Jobin Yvon, 

Edison, NJ, USA) was used to identify secondary phases.

5. RESULTS

ZrB2 was the only phase detected by XRD in all specimens. A representative 

XRD pattern is shown in Figure 1. The lattice parameters as calculated by Rietveld 

refinement were a = 3.1685 ± 0.0004 A and c = 3.5309 ± 0.0002 A with the variabilities 

being error from the Rietveld fit. Using the lattice parameters, a crystallographic density 

was 6.103 ± 0.001 g/cm3 was calculated. Due to the low Hf content (<75 ppm) of the 

starting ZrO2 precursor, the Hf content was assumed to be negligible in the calculation of 

theoretical density of the final ZrB2.



M i c r o s t r u c t u r e  a n a l y s i s  r e v e a l e d  t h a t  t h e  c e r a m i c s  c o n t a i n e d  s m a l l  v o l u m e  

f r a c t i o n s  o f  p o r o s i t y  a n d  a  s e c o n d a r y  p h a s e  ( F i g u r e  2 ) .  T h e  p r e d o m i n a n t  p h a s e  w a s  Z r B 2, 

w h i c h  a p p e a r s  a s  t h e  g r a y  p h a s e  i n  t h e  m i c r o g r a p h s .  A  s m a l l  v o l u m e  f r a c t i o n  o f  t w o  

t y p e s  o f  i n c l u s i o n s  w a s  n o te d .  F i r s t ,  t h e  b l a c k  c i r c u l a r  i n c l u s i o n s  w i t h  c h a r g i n g  a r o u n d  

t h e  p e r i m e t e r  a r e  p o r o s i t y .  N o t e  t h a t  s o m e  a d d i t i o n a l  a n g u l a r  v o i d s  w e r e  a l s o  p r e s e n t .

T h e  a n g u l a r  v o i d s  a r e  c o n s i s t e n t  w i t h  g r a i n  p u l l - o u t  t h a t  o c c u r r e d  d u r i n g  p o l i s h i n g  a n d  

w e r e  n o t  c o n s i d e r e d  f u r th e r .  T h e  c i r c u l a r  b l a c k  i n c l u s i o n s  t h a t  d o  n o t  h a v e  c h a r g i n g  

a r o u n d  t h e  p e r i m e t e r  w e r e  r e s i d u a l  B 4C  t h a t  w a s  n o t  c o n s u m e d  i n  t h e  r e a c t i o n  p r o c e s s .  

T h e  c o m p o s i t i o n  o f  t h e  B 4C  i n c l u s i o n s  w a s  v e r i f i e d  b y  R a m a n  s p e c t r o s c o p y  ( n o t  s h o w n ) .  

A  s u m m a r y  o f  t h e  g r a i n  s i z e s  a n d  d e n s i t i e s  f o r  a l l  o f  t h e  s i n t e r e d  s p e c i m e n s  i s  p r o v i d e d  in  

T a b le  1 a lo n g  w i t h  s p e c i m e n  i d e n t i f i c a t i o n  a n d  d e n s i f i c a t i o n  t e m p e r a t u r e s .  A m o n g  t h e  

c e r a m i c s  p r o d u c e d ,  D C S _ 2 1 0 0  h a d  t h e  l a r g e s t  a v e r a g e  g r a i n  s i z e  a t  1 0 .9  ±  7 .4  p m .
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F i g u r e  1: X R D  p a t t e r n  o f  Z r B 2 d e n s i f i e d  a t  2 1 0 0 ° C .
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Table 1: Summary of densification temperature, density, and grain size for sintered
specimens.

S p e c i m e n  I D

T e m p e r a t u r e

( ° C )

Pbulk ( g / c m 3) Prelative G r a i n  S iz e  ( p m )

D C S _ 1 8 0 0 1 8 0 0 5 .4 7 8 9 .6 % 1 .0 ± 0 .5

D C S _ 1 8 5 0 1 8 5 0 5 .5 4 9 0 .8 % 1 .2 ± 0 .6

D C S _ 1 9 0 0 1 9 0 0 5 .9 4 9 7 .3 % 2 .4 ± 1 .9

D C S _ 1 9 5 0 1 9 5 0 6 .0 2 9 8 .7 % 3 .0 ± 2 .2

D C S _ 2 0 0 0 2 0 0 0 5 .9 8 9 8 .0 % 7 .6 ± 5 .2

D C S _ 2 0 5 0 2 0 5 0 6 .0 6 9 9 .2 % -

D C S _ 2 1 0 0 2100 5 .9 4 9 7 .4 % 1 0 .9 ± 7 .4

Figure 2: Cross section of DCS2000 showing porosity, secondary phases and grain pull­
out.



F i g u r e  3 s h o w s  t h e  r e l a t i v e  d e n s i ty  a s  a  f u n c t i o n  o f  t i m e  f o r  d i f f e r e n t  s i n t e r i n g  

t e m p e r a t u r e s .  D e n s i f i c a t i o n  d a t a  w e r e  c o l l e c t e d  f r o m  1 8 0 0  t o  2 1 0 0 ° C ,  b u t  a  d i s t i n c t  

d i f f e r e n c e  w a s  n o t e d  i n  t h e  d e n s i f i c a t i o n  r a t e  a n d  f i n a l  d e n s i ty  b e t w e e n  s p e c i m e n s  

s i n t e r e d  a b o v e  1 9 0 0 ° C  c o m p a r e d  t o  t h o s e  s i n t e r e d  b e l o w  t h a t  t e m p e r a t u r e .  R e s u l t s  f r o m  

D C S _ 1 8 0 0  a n d  D C S _ 1 8 5 0  w e r e  n o t  i n c l u d e d  in  t h e  f i n a l  a n a l y s i s  o f  t h e  m e c h a n i s m ( s )  

b e c a u s e  t h e  r e l a t i v e  d e n s i t i e s  w e r e  t o o  l o w  a n d  t h e  s p e c i m e n s  d id  n o t  e x h i b i t  s u f f i c i e n t  

f i n a l  s t a g e  s i n t e r i n g  b e h a v i o r  f o r  a n a ly s i s .  S p e c i m e n s  s i n t e r e d  a t  1 9 0 0 ° C  a n d  a b o v e  

a c h i e v e d  r e l a t i v e  d e n s i t i e s  o f  9 7 %  o r  h i g h e r  a n d  h a d  a  s i g n i f i c a n t  p o r t i o n  o f  t h e i r  

d e n s i f i c a t i o n  c u r v e s  a b o v e  9 0 % ,  w h i c h  i n d i c a t e d  t h a t  t h e y  h a d  r e a c h e d  t h e  f i n a l  s t a g e  o f  

d e n s i f i c a t i o n .  F i g u r e  4  s h o w s  t h e  v a l u e  o f  G  c a l c u l a t e d  u s i n g  E q u a t i o n  3 a s  a  f u n c t i o n  o f  

t i m e  f o r  s p e c i m e n s  s i n t e r e d  a t  a n d  a b o v e  1 9 0 0 ° C .  T h e  a c t i v a t i o n  e n e r g y  w a s  c a l c u l a t e d  

f r o m  t h e  s l o p e  o f  t h e  p l o t  o f  G  a s  a  f u n c t i o n  o f  in v e r s e  t e m p e r a t u r e  ( F i g u r e  5 ) . U s i n g  f o u r  

d i f f e r e n t  d e n s i t i e s  r a n g i n g  f r o m  0 .9 5 0  t o  0 .9 7 3 ,  t h e  a v e r a g e  a c t i v a t i o n  e n e r g y  w a s  

d e t e r m i n e d  t o  b e  1 6 8  ±  2 4  k J / m o l .  T h i s  v a l u e  i s  i n  g o o d  a g r e e m e n t  w i t h  t h e  a c t i v a t i o n  

e n e r g y  e s t i m a t e d  f o r  d i s l o c a t i o n  m o v e m e n t  r e p o r t e d  b y  B a h k h r i  ( 2 2 ) .

T h e  d i s l o c a t i o n  d i f f u s i o n  c o e f f i c i e n t  w a s  c a l c u l a t e d  f r o m  t h e  a c t i v a t i o n  e n e r g y  

a n d  g r a i n  s i z e  f o r  1 9 0 0 ° C  a n d  2 1 0 0 ° C  a c c o r d i n g  t o  E q u a t i o n  3 . F i n a l  g r a i n  s i z e s  w e r e  

u s e d  a s  i t  w a s  a s s u m e d  t h a t  n o  s i g n i f i c a n t  g r a i n  g r o w t h  o c c u r r e d  u p o n  c o o l i n g  f r o m  t h e  

s i n t e r i n g  t e m p e r a t u r e .  T h e  d i f f u s i o n  c o e f f i c i e n t  w a s  5 .1  x  1 0 -6 c m 2/ s  a t  1 9 0 0 ° C  a n d  5 .1  x  

1 0 -5 c m 2/ s  a t  2 1 0 0 ° C .  T h e  1 9 0 0 ° C  d i f f u s i o n  c o e f f i c i e n t  i s  s i m i l a r  t o  t h e  v a l u e s  o f  2 .4  x  

1 0 -6 c m 2/ s  c a l c u l a t e d  b y  K a l i s h  f o r  H f B 2 . T h e  d i s l o c a t i o n  d i f f u s i o n  c o e f f i c i e n t s  a r e  a l s o  

c o n s i s t e n t  w i t h  s e l f - d i f f u s i o n  i n  Z r  w h i c h  v a l i d a t e s  K o v a l ’c h e n k o ’ s c o n c l u s i o n  t h a t
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F i g u r e  3 : R e l a t i v e  d e n s i t i e s  a s  a  f u n c t i o n  o f  s i n t e r i n g  t i m e .

F i g u r e  4 : T im e  d e p e n d e n t  d e n s i f i c a t i o n  d a t a  p l o t t e d  a s  G  c a l c u l a t e d  u s i n g  E q u a t i o n  3 .
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-1 0 4/ T  ( K 1)

F i g u r e  5 : T e m p e r a t u r e  d e p e n d e n c e  o f  t h e  G  f u n c t i o n  f o r  r e l a t i v e  d e n s i t i e s  i n  t h e  r a n g e  o f

0 .9 5 0  t o  0 .9 7 3 .

d i s l o c a t i o n  m o v e m e n t  i s  l i m i t e d  b y  t h e  s e l f - d i f f u s i o n  o f  t h e  m e t a l l i c  s p e c i e s  in  t h e  

m e t a l l i c  s u b l a t t i c e  ( 2 6 ,3 5 ) .

F i g u r e  6  c o m p a r e s  t h e  c o m p u t e d  a n d  e x p e r i m e n t a l  a v e r a g e d  r e l a t i v e  d e n s i t i e s  a s  a  

f u n c t i o n  o f  s i n t e r i n g  t i m e  f o r  d e n s i f i c a t i o n  a t  1 9 0 0 ° C .  T h e  t w o  c u r v e s  m a t c h e d  

r e a s o n a b l y  w e l l .  A s i d e  f r o m  t h e  o v e r a l l  g l o b a l  r e s p o n s e  o f  t h e  m a t e r i a l  i n  t e r m s  o f  th e  

c h a n g e  in  a v e r a g e d  r e l a t i v e  d e n s i ty  w i t h  s i n t e r i n g  t i m e ,  t h e  n u m e r i c a l  m o d e l  a l s o  

p r o v i d e s  i n s i g h t  i n t o  l o c a l  d i s t r i b u t i o n  o f  r e l a t i v e  d e n s i ty  a s  w e l l  a s  t h e  l o c a l  s t r e s s e s  a n d  

s t r a in s  d u r i n g  t h e  s i n t e r i n g  p r o c e s s .  T h e  m o d e l  i n d i c a t e s  t h e r m a l  s t r a in  s t a r t s  t o  r i s e  

d u r i n g  in i t i a l  d e n s i f i c a t i o n ,  w h i c h ,  i n  t u r n ,  t r i g g e r s  t h e  e l a s t i c  s t r a in  t o  g e n e r a t e  s t r e s s e s  t o  

s a t i s f y  t h e  e q u i l i b r iu m .  A s  d e f o r m a t i o n  c o n t i n u e s ,  t h e  v i s c o u s  c o m p o n e n t  o f  t h e  s t r a in  

s t a r t s  t o  g r o w  a n d  b e c o m e s  d o m i n a n t  i n  t h e  l a t e r  s t a g e s  o f  t h e  s i n t e r i n g  p r o c e s s ,  w h i c h  i s



c o n s i s t e n t  w i t h  t h e  d i s l o c a t i o n  c r e e p  m e c h a n i s m  d e t e r m i n e d  f r o m  t h e  a n a l y s i s  o f  

e x p e r i m e n t a l  r e s u l t s .  I n  a d d i t i o n ,  t h e  t r a n s i t i o n  f r o m  o n e  m e c h a n i s m  t o  a n o t h e r  o n e  i s  

d e s c r i b e d  b y  t h e  m o d e l  p a r a m e t e r s  a n d  c a n  b e  q u a n t i f i e d  f r o m  t h e  d i s t r i b u t i o n  o f  i n t e r n a l  

s t r e s s e s  a n d / o r  r e l a t i v e  d e n s i t i e s  t h r o u g h o u t  t h e  s p e c i m e n  b y  e x a m i n i n g  m i c r o s t r u c t u r e s  

a t  i n t e r m e d i a t e  t i m e s  d u r i n g  s i n te r i n g .  6
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F i g u r e  6 : R e l a t i v e  d e n s i ty  a s  a  f u n c t i o n  o f  t i m e  c u r v e s  f o r  s i n t e r i n g  a t  1 9 0 0 ° C  c o m p a r i n g  

r e s u l t s  f r o m  e x p e r i m e n t s  a n d  t h e  n u m e r i c a l  s i m u l a t i o n .

6. CONCLUSIONS

F i n a l  s t a g e  d e n s i f i c a t i o n  k i n e t i c s  w e r e  s t u d i e d  i n  n o m i n a l l y  p h a s e  p u r e  Z r B 2 . 

T e m p e r a t u r e s  a b o v e  1 8 5 0 ° C  w e r e  n e e d e d  t o  r e a c h  t h e  f i n a l  s t a g e  o f  d e n s i f i c a t i o n .  

R e l a t i v e  d e n s i t i e s  o f  > 9 7 %  w e r e  a c h i e v e d  f o r  s i n t e r i n g  t e m p e r a t u r e s  o f  1 9 0 0 ° C  a n d  

a b o v e  w i t h  a n  a p p l i e d  s t r e s s  o f  5 0  M P a .  T h e  a c t i v a t i o n  e n e r g y  w a s  d e t e r m i n e d  t o  b e  1 6 8
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±  2 4  k J / m o l ,  w h i c h  w a s  c o n s i s t e n t  w i t h  t h e  a c t i v a t i o n  e n e r g y  o f  d i s l o c a t i o n  m o v e m e n t  a s  

c a l c u l a t e d  f r o m  i n d e n t a t i o n  e x p e r i m e n t s .  T h e  d i f f u s i o n  c o e f f i c i e n t  r a n g e d  f r o m  5 .1  x  1 0 ­

6 a t  1 9 0 0 ° C  t o  5 .1  x  1 0 -5 c m 2/ s  a t  2 1 0 0 ° C .  A  n u m e r i c a l  m o d e l  u s e d  e x p e r i m e n t a l  d a t a  to  

s h o w  t h a t  t h e  m e c h a n i s m  a c t i v e  d u r i n g  t h e  f i n a l  s t a g e  o f  s i n t e r i n g  w a s  c o n s i s t e n t  w i t h  t h e  

d i s l o c a t i o n  m o t i o n  m e c h a n i s m  p r o p o s e d  h e r e i n .  W h i l e  g r a i n  b o u n d a r y  a n d  l a t t i c e  

d i f f u s i o n  h a v e  p r e v i o u s l y  b e e n  i d e n t i f i e d  a s  c o n t r o l l i n g  m e c h a n i s m s  f o r  t h e  i n t e r m e d i a t e  

s t a g e  o f  d e n s i f i c a t i o n  i n  Z r B 2, t h i s  s t u d y  p r o v i d e s  e v i d e n c e  t h a t  d i s l o c a t i o n  m o t i o n  i s  

c r i t i c a l  f o r  Z r B 2 c e r a m i c s  t o  r e a c h  f u l l  d e n s i ty  d u r i n g  f i n a l  s t a g e  s i n te r i n g .
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IV. YTTRIUM SOLUBILITY IN HIGH ENTROPY BORIDE CERAMICS
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ABSTRACT

T h e  e f f e c t  o f  e n t r o p y  s t a b i l i z a t i o n  o n  t h e  s o l u b i l i t y  o f  Y  i n  t r a n s i t i o n  m e t a l  b o r i d e  

c e r a m i c s  w a s  a s s e s s e d  a t  1 7 0 0 ° C .  A l t h o u g h  Y B 2 i s  n o t  t h e r m o d y n a m i c a l l y  s t a b le ,  Y  

d i s s o l v e s  i n t o  t h e  A l B 2 s t r u c t u r e  i n  s m a l l  q u a n t i t i e s .  F o r  t h i s  s t u d y ,  Z r B 2 w a s  c h o s e n  a s  

t h e  b a s e  A l B 2- t y p e  m a t e r i a l  a n d  c o n f i g u r a t i o n a l  e n t r o p y  w a s  i n c r e m e n t a l l y  i n c r e a s e d  b y  

i n c r e a s i n g  t h e  n u m b e r  o f  t r a n s i t i o n  m e t a l  s p e c i e s  p r e s e n t  i n  s i n g l e  p h a s e  b o r i d e  c e r a m ic s .  

T h e  Y  s o l u b i l i t y  w a s  e v a l u a t e d  i n  f o u r  d i f f e r e n t  c o m p o s i t i o n s ,  s p e c i f i c a l l y  Z r B 2, 

(Z r0 .5T i0 .5 )B 2 , (Z r0 .33 ,T i0 .33 ,H f).33 )B 2 , a n d  ( Z m .25, U 0.25, f f i b .25, N b0 .25)B 2 . E a c h  o f  t h e  

b o r i d e  p o w d e r s  w a s  s y n t h e s i z e d  b y  b o r o - c a r b o t h e r m a l  r e d u c t i o n  o f  t h e  c o r r e s p o n d i n g  

o x i d e s  a n d  t h e n  m i x e d  w i t h  Y B 4 i n  a  1 :1  w e i g h t  r a t io .  T h e  m i x t u r e s  w e r e  s p a r k  p l a s m a  

s i n t e r e d  a t  1 7 b b ° C  f o r  6 b  m i n u t e s  t o  p r o m o t e  d i s s o l u t i o n  o f  Y  in t o  t h e  b o r i d e  s t r u c tu r e  

w i t h o u t  f o r m i n g  l i q u i d  p h a s e s .  A  m o d i f i e d  f o r m  o f  V e g a r d ’ s l a w  w a s  u s e d  t o  e s t i m a t e  

l a t t i c e  p a r a m e t e r s  o f  t h e  b a s e  b o r i d e  c o m p o s i t i o n s  a n d  e s t i m a t e  t h e  d i s s o l v e d  Y  c o n t e n t  

i n  e a c h  c o m p o s i t i o n .  T h e  s o l u b i l i t y  w a s  d e t e r m i n e d  t o  b e  b .0 5 ±  0 .0 5  m o l %  i n  Z r B 2, 2 .4  

±  0 .8  m o l %  i n  (Z ro .5T io .5 )B 2 , 2 .8  ±  1 .6  m o l %  i n  (Z rb .33,T io .33,H fb.33)B 2, a n d  1 .4  ±  1 .4  

m o l %  i n  ( Z r 0.25, T E .25, H f ) .25, N b 0 .25 )B 2  . T h e  Y  c o n t e n t s  w e r e  a l s o  a s s e s s e d  b y  e n e r g y  

d i s p e r s i v e  s p e c t r o s c o p y  t o  c o r r o b o r a t e  a m o u n t s  e s t i m a t e d  f r o m  l a t t i c e  p a r a m e t e r  c h a n g e s .



T h i s  w o r k  d e m o n s t r a t e d  t h a t  c h a n g e s  i n  l a t t i c e  p a r a m e t e r  c a n  b e  u s e d  t o  e s t i m a t e  

c o m p o s i t i o n s  o f  h i g h  e n t r o p y  b o r i d e  c e r a m ic s ,  a n d  t h a t  c o n f i g u r a t i o n a l  e n t r o p y  a l o n e  d id  

n o t  c o n t r o l  t h e  s o l u b i l i t y  o f  Y  i n  h i g h  e n t r o p y  b o r i d e  c e r a m ic s .

1. INTRODUCTION

H i g h  e n t r o p y  b o r i d e  ( H E B )  c e r a m i c s  h a v e  r e c e n t l y  a t t r a c t e d  a t t e n t i o n  a s  a  n e w  

c l a s s  o f  u l t r a - h i g h  t e m p e r a t u r e  c e r a m i c s  ( U H T C s )  d u e  t o  t h e i r  p o t e n t i a l  f o r  i m p r o v e d  

t h e r m a l  s t a b i l i t y ,  m e c h a n i c a l  p r o p e r t i e s ,  o x i d a t i o n  r e s i s t a n c e ,  r a d i a t i o n  d a m a g e  to l e r a n c e ,  

a n d  a  g e n e r a l l y  b r o a d e n e d  m a t e r i a l  d e s i g n  s p a c e  c o m p a r e d  t o  b o r i d e  c e r a m i c s  c o n t a i n i n g  

a  s i n g l e  t r a n s i t i o n  m e t a l  ( 1 - 9 ) .  I n  p a r t i c u l a r ,  o n e  p o t e n t i a l  b e n e f i t  o f  t h e  e n t r o p y  

s t a b i l i z a t i o n / h i g h  e n t r o p y  a p p r o a c h  i s  t h e  s t a b i l i z a t i o n  o f  e l e m e n t s  i n  a  s t r u c t u r e  i n  w h i c h  

t h e y  a r e  n o t  t h e r m o d y n a m i c a l l y  s t a b l e  i n  a  c o n v e n t i o n a l  b i n a r y  c o m p o u n d  d u e  t o  t h e  

i n c r e a s e d  c o n f i g u r a t i o n a l  e n t r o p y  ( 1 0 ) .  W h i l e  s e v e r a l  s o l id  s o l u t i o n s  a n d  h i g h  e n t r o p y  

b o r i d e  c e r a m i c s  h a v e  b e e n  p r o d u c e d  c o n t a i n i n g  g r o u p  I V - V I  t r a n s i t i o n  m e t a l s ,  n o  

r e s e a r c h  t o  d a t e  h a s  f o c u s e d  o n  t h e  e f f e c t  o f  e n t r o p y  s t a b i l i z a t i o n  o n  t h e  s o l u b i l i t y  o f  

s p e c i f i c  s p e c i e s  in  t h e  b o r i d e  l a t t i c e  ( 9 ,1 1 - 1 4 ) .

T h e  s p e c i e s  o f  i n t e r e s t  i n  t h e  p r e s e n t  s t u d y  w a s  Y  d u e  t o  i t s  p o t e n t i a l  t o  i m p r o v e  

t h e r m a l  s h o c k  r e s i s t a n c e  o f  b o r i d e s  c o m p a r e d  t o  s i n g l e  e l e m e n t  d i b o r i d e s  ( 1 5 ) .  I n  

a d d i t i o n ,  Y  h a s  a  l o w e r  n u m b e r  o f  v a l e n c e  e l e c t r o n s  c o m p a r e d  t o  Z r ,  w h i c h  c a n  b e  u s e d  

t o  t a i l o r  t h e  v a l e n c e  e l e c t r o n  c o u n t  o f  t h e  r e s u l t i n g  s o l i d  s o l u t i o n s  a n d  t h e r e b y  a f f e c t  

p r o p e r t i e s  s u c h  a s  m e l t i n g  t e m p e r a t u r e ,  h a r d n e s s ,  a n d  e l a s t i c  m o d u l u s  ( 1 6 - 1 7 ) .  L i a o  u s e d  

c o m p u t a t i o n a l  m e t h o d s  t o  c o n s t r u c t  a  p h a s e  d i a g r a m  o f  t h e  Y - B  s y s t e m ,  w h i c h  i n c l u d e d  a

85



stable YB2 phase (18). While this phase was also reported by Lundin and confirmed by 

Spear, more recent experimental studies have not been able to produce stable YB2 (19­

21). Additionally, the synthesis of phase-pure YB2 has not, to the best of the authors’ 

knowledge, been reported. Some studies have reported limited solubility of Y in ZrB2. 

For example, McClane reported that 3 at% YB2 dissolved into ZrB2 that was hot pressed 

at 2100°C (12). Additionally, the Hume-Rothery rules of solid solutions suggest that 

YB2 and ZrB2 may exhibit solid solubility since the metallic radii vary by 12% (1.62 A 

for Y and 1.45 A for Zr) which is within the critical size factor limit of 15% (22-24).

Vegard’s law (Equation 1) states that the lattice parameter (a) of a binary solid 

solution of components A and B is given by the weighted averages based upon their 

molar fraction (x) (25). While deviation from Vegard’s law is observed when non-ideal 

solution behavior is exhibited, it is generally considered a good approximation in 

isostructural binary systems. Table 1 summarizes the lattice parameters used in this study

aA (1-x)Bx =  ( 1  -  x)aA + x aB (1)

The present study investigated the role of configurational entropy on the solubility 

of YB2 in boride ceramics by incrementally increasing the number of constituent 

transition metal species.
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Table 1: Reported lattice parameters of single-phase borides.

TMB2 a (A) c (A) Source
TiB2 3.03034 3.22953 (131)
YB2 3.326 3.923 (33)
ZrB2 3.116870 3.53002 (30)
NbB2 3.107 3.340 (33)
HfB2 3.14245 3.47602 (132)
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2. PROCEDURE

D i b o r i d e  p o w d e r s  w e r e  s y n t h e s i z e d  b y  t h e  b o r o - c a r b o t h e r m a l  r e d u c t i o n  o f  

t r a n s i t i o n  m e t a l  ( T M )  o x id e s  ( 2 9 ) .  F o u r  d i f f e r e n t  c o m p o s i t i o n s  w e r e  p r o d u c e d  a s  

d e s c r i b e d  b y  R e a c t i o n s  2 - 5 .  T h e  f o u r  c o m p o s i t i o n s  w e r e  Z r B 2, (Z ro .5T io .5 )B 2 , 

(Z r0 .33,T i0 .33 ,H f0 .33)B 2, a n d  (Z ro .25, T io .25, H f0.25, N bo .25 )B 2 , w h i c h  a r e  d e n o t e d  a s  1 H E B , 

2 H E B ,  3 H E B ,  a n d  4 H E B ,  r e s p e c t i v e l y ,  t h r o u g h o u t  t h i s  m a n u s c r i p t .  O x i d e  p r e c u r s o r s  

( Z r O 2, R e a c t o r  G r a d e ,  9 9 .7 % ,  H f <  7 5 p p m ,  M a t e r i o n ,  M a y f i e l d  H e i g h t s ,  O H ,  U S A ;  T i O 2, 

9 9 .9 % ,  A l f a  A e s a r ,  T e w k s b u r y ,  M A ,  U S A ;  H f O 2 ,9 9 % ,  A l f a  A e s a r ;  N b 2 O 5 , 9 9 .5 % ,  A l f a  

A e s a r )  w e r e  m i x e d  w i t h  c a r b o n  b l a c k  ( B P 1 1 0 0 ,  C a b o t ,  A l p h a r e t t a ,  G A ,  U S A )  b y  h i g h  

e n e r g y  b a l l  m i l l e d  f o r  2  h o u r s  i n  a  W C  j a r  w i t h  W C  m e d i a .  T h i s  m e t h o d  r e s u l t e d  i n  W C  

c o n t a m i n a t i o n  o f  ~ 0 .0 2  w t %  i n  e a c h  b a t c h  a s  d e t e r m i n e d  b y  w e i g h i n g  t h e  m i l l i n g  j a r  a n d  

m e d i a  b e f o r e  a n d  a f t e r  e a c h  m i l l i n g  r u n .  T h e  m i l l e d  p o w d e r s  w e r e  t h e n  m i x e d  w i t h  B 4C  

( H .S . ,  H .C .  S ta r c k ,  N e w t o n ,  M A ,  U S A )  b y  b a l l  m i l l i n g  i n  a c e t o n e  f o r  4  h o u r s  w i t h  

z i r c o n i a  m e d i a  i n  a n  H D P E  ja r .  T o  a c c o u n t  f o r  B  lo s s  b y  v o l a t i l i z a t i o n  o f  B - O  s p e c i e s  

d u r i n g  r e a c t i o n ,  13 w t %  e x c e s s  B 4C  w a s  in c o r p o r a t e d .  T h e  m i x t u r e  w a s  d r i e d  b y  r o t a r y  

e v a p o r a t i o n ,  l i g h t l y  g r o u n d  w i t h  a n  a l u m i n a  m o r t a r  a n d  p e s t l e  t o  b r e a k  a g g l o m e r a t e s  a n d  

p r e s s e d  i n t o  5 0  g  p e l l e t s .  P e l l e t s  w e r e  r e a c t e d  i n  a  r e s i s t i v e l y  h e a t e d  g r a p h i t e  e l e m e n t  

f u r n a c e  ( H P 5 0 - 7 0 1 0 G ,  T h e r m a l  T e c h n o l o g y ,  S a n ta  R o s a ,  C A ,  U S A )  u n d e r  m i l d  v a c u u m  

(~ 3  P a )  w i t h  a  1 0 ° C /m in  h e a t i n g  r a t e  w i t h  a  4  h o u r  h o l d  a t  1 6 5 0 ° C  t o  e v a p o r a t e  e x c e s s  

B 2O 3 b e f o r e  a  1 0 ° C /m in  r a m p  t o  a  4  h o u r  2 1 0 0 ° C  i s o t h e r m a l  h o l d  t o  f u l l y  d i s s o l v e  t h e  

h i g h  e n t r o p y  b o r i d e  a c c o r d i n g  t o  R e a c t i o n  6  (2 9 ) .
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2 H fO 2 (s) +  B 4 C (S) +  3C (s) ^  2 H fB 2 (s) + 4 C O ( S) ( 2 )

2 Z rO 2 (s) +  B 4C (s) +  3C (s) 2 Z rB 2 (s) + 4 C O (s )  ( 3 )

2 T iO 2 (s) +  B 4 C (S) +  3C (s) 2 T iB 2 (s ) + 4 C O (s )  ( 4 )

2 N b 2 O 5 (s) +  B 4 C (S) +  4C (s) ^  4 N b B 2 (s)  + 5 C O ( S) ( 5 )

0 .2 H fB 2 (s )  +  0 .2 Z rB 2 (s )  +  0 .2 T iB 2 (s )  +  0 .2 N b B 2 (s )

(H fo.25,Z ro .25,T io .25,N bo.25)B 2(s) ( 6 )

Y t t r i u m  w a s  a d d e d  in  t h e  f o r m  o f  Y B 4 t h a t  w a s  s y n t h e s i z e d  b y  t h e  b o r o -  

c a r b o t h e r m a l  r e d u c t i o n  o f  Y 2O 3 ( 9 9 .9 9 % ,  R h o n e - P o u l e n c ,  C o l l e g e v i l l e ,  P A ,  U S A )  

a c c o r d i n g  t o  R e a c t i o n  7 . Y 2O 3, B 4C , a n d  C  w e r e  m i l l e d  b y  t h e  s a m e  p r o c e s s  a s  t h e  T M B 2 

p o w d e r s .  A  1 0  w t %  a d d i t i o n  o f  e x c e s s  B 4C  w a s  i n c l u d e d  t o  a c c o u n t  f o r  B  l o s s  i n  t h i s  

c o m p o s i t i o n .  T h e  m i x t u r e  w a s  d r i e d  a n d  p r e s s e d  in t o  5 0  g  p e l l e t s  t h a t  w e r e  r e a c t e d  a t  

1 6 5 0 ° C  f o r  4  h o u r s  u n d e r  m i l d  v a c u u m  (~ 3  P a )  a n d  a  1 0 ° C /m in  h e a t i n g  r a t e .  T h e  

t r e a t m e n t  a t  2 1 0 0 ° C  t o  p r o m o t e  s o l i d  s o l u t i o n  f o r m a t i o n  w a s  n o t  n e c e s s a r y  i n  t h i s  p o w d e r  

s i n c e  i t  w a s  s i n g l e  p h a s e

Y 2O 3(s) +  2 B 4 C (s) +  C(s) ^  2 Y B 4 (s) +  3 C O (g ) ( 7 )

T h e  v a r i o u s  b o r i d e  p o w d e r s  w e r e  m i x e d  w i t h  Y B 4 i n  a  1 :1  r a t i o  b y  w e i g h t  t o  

p r o v i d e  a  l a r g e  e x c e s s  o f  Y  f o r  d i s s o l u t i o n .  P o w d e r s  w e r e  m i x e d  b y  b a l l  m i l l i n g  in  

H D P E  j a r s  w i t h  a c e t o n e  a n d  Z r O 2 m e d i a  f o r  4  h o u r s .  S a m p l e s  w i t h  Y B 4 a d d i t i o n s  a r e  

d e n o t e d  b y  t h e  s u f f ix  “ Y ”  s u c h  a s  1 H E B Y . T h e  p r e s u m e d  d i s s o l u t i o n  p r o c e s s  i s  

d e s c r i b e d  b y  R e a c t i o n  8.

Z rB 2(s) +  2 Y B 4 (s) 2 (Z r0 .5 ,Y 0 .5 )B 2(s) +  Y B 6(s) ( 8 )

M i x e d  p o w d e r s  w e r e  t h e n  r e a c t e d  b y  d i r e c t  c u r r e n t  s i n t e r i n g  ( D C S ; D S C 1 0  

T h e r m a l  T e c h n o l o g y ,  S a n ta  R o s a ,  C A )  u n d e r  m i l d  v a c u u m  ( 2  P a )  in  a  2 0  m m  g r a p h i t e
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d ie .  A  r a m p  r a t e  o f  1 0 0 ° C /m in  u n d e r  15  M P a  a p p l i e d  p r e s s u r e  w a s  u s e d  o n  h e a t i n g  t o  a  5 

m i n u t e  i s o t h e r m a l  h o l d  a t  1 6 5 0 ° C .  A f t e r  t h e  h o l d  t h e  p r e s s u r e  w a s  i n c r e a s e d  t o  5 0  M P a ,  

a n d  a  r a m p  r a t e  o f  1 0 0 ° C /m in  w a s  u s e d  t o  r e a c h  t h e  6 0  m i n u t e ,  1 7 0 0 ° C  i s o t h e r m a l  h o ld .  

T h i s  w a s  t h e  h i g h e s t  t e m p e r a t u r e  t h a t  c o u l d  b e  u s e d  f o r  s o l u t i o n  t r e a t m e n t s  d u e  t o  a  

e u t e c t i c  r e a c t i o n  b e t w e e n  Y B 4 a n d  t h e  b o r i d e  p o w d e r s .  T h e  f u r n a c e  w a s  t h e n  c o o l e d  a t  

1 0 0 ° C /m in ,  a n d  p r e s s u r e  w a s  r e l e a s e d  a t  1 5 0 0 ° C .  C o n s o l i d a t e d  s p e c i m e n s  w e r e  t h e n  

a n n e a l e d  i n  a  r e s i s t i v e l y  h e a t e d  g r a p h i t e  e l e m e n t  f u r n a c e  f o r  1 2  a n d  2 4  h o u r s  a t  1 7 0 0 ° C  

t o  p r o m o t e  f u r t h e r  d i s s o l u t i o n  a n d  a t t e m p t  t o  r e a c h  t h e r m o d y n a m i c  e q u i l i b r i u m  w i t h o u t  

f o r m i n g  a  l i q u i d  p h a s e .

X - r a y  d i f f r a c t i o n  ( X R D ;  P A N a l y t i c a l  X - P e r t  P r o ,  M a l v e r n  P a n a l y t i c a l  L td . ,  

R o y s t o n ,  U K )  w a s  u s e d  f o r  p h a s e  a n a l y s i s  o f  t h e  h i g h  e n t r o p y  b o r i d e  p o w d e r s  b e f o r e  a n d  

a f t e r  Y B 4 a d d i t i o n s .  A n  a n a t a s e  i n t e r n a l  s t a n d a r d  a n d  s c a n  r a n g e  o f  2 0 ° < 2 9 < 1 3 8 °  w a s  

u s e d  t o  d e t e r m i n e  l a t t i c e  p a r a m e t e r s .  R i e t v e l d  r e f i n e m e n t  ( R I Q A S 4 ,  M a t e r i a l s  D a t a  

I n c o r p o r a t e d ,  L i v e r m o r e ,  U S A )  w a s  u s e d  t o  c a l c u l a t e  l a t t i c e  p a r a m e t e r s  f r o m  X R D  

p a t t e r n s .  S c a n n in g  e l e c t r o n  m i c r o s c o p y  ( S E M ;  H e l i o s  N a n o L a b  6 0 0 ,  F E I ,  H i l l s b o r o ,  

U S A )  w a s  p e r f o r m e d  u t i l i z i n g  s e c o n d a r y  e l e c t r o n  ( S E )  m o d e  w i t h  a n  a c c e l e r a t i n g  v o l t a g e  

o f  1 8  k V  a n d  e m i s s i o n  c u r r e n t  o f  1 .4  n A .  E n e r g y  d i s p e r s i v e  s p e c t r o s c o p y  ( E D S ;  A Z t e c ,  

O x f o r d  I n s t r u m e n t s ,  C o n c o r d ,  M A ,  U S A )  w a s  u s e d  f o r  q u a n t i t a t i v e  c h e m i c a l  e l e m e n ta l  

a n a ly s i s .  A  m i n i m u m  o f  7  a r e a s  w e r e  a n a l y z e d  p e r  s a m p l e  w i t h  s e l e c t e d  a r e a s  i n  t h e  

c e n t e r  o f  t h e  H E B  p h a s e  a n d  a t  l e a s t  1 p m  f r o m  t h e  Y B 4 p h a s e  o r  o t h e r  f e a t u r e s .

®nHEB =  2 j=l^t^t (9)



Equation 9 is a modified form Vegard’s law (Equation 1) that was used to 

estimate the lattice parameter a (or c) for n number of species in solid solution based
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upon their corresponding molar fraction x.

3. RESULTS AND DISCUSSION

All of the HEB compositions formed a single diboride phase with no indication of 

secondary phases by XRD. Figure 1 shows the XRD patterns of the as-reacted HEB 

powders prior to reaction with YB4. The positions of the peaks were expected to be 

shifted compared to nominally pure ZrB2 due to the additions of the other transition 

metals and as predicted by Vegard’s laws. Table 2 summarizes the lattice parameters of 

the HEB materials produced in the present study as calculated by Vegard’s law and as 

determined from Rietveld refinement of XRD data. The difference between predicted 

and measured lattice parameters was less than 0.1% for all a-axes and less than 1% for all 

c-axes for all compositions. Reported error is due to discrepancies between modelled and 

measured peak profiles during Rietveld refinement. Residual error in the refinement 

process is also reported. Composition 2HEB had the largest difference between the 

measured lattice parameters and those predicted from Vegard’s law with a 0.08% 

difference in the a-axis and 0.68% in the c-axis. All of the differences between 

predictions and measured lattice parameters are small, which indicates that Vegard’s law 

is an appropriate method for relating composition to lattice parameters for this series of 

compositions. Hence, the same methodology was then used to estimate the Y content of 

HEBY compositions from measured lattice parameters. Using both the a and c-axes



p r o v i d e d  a  r a n g e  o f  p o s s i b l e  d i s s o l v e d  Y B 2 c o n t e n t s  t h a t  w a s  u s e d  t o  e s t i m a t e  t h e  

v a r i a b i l i t y  o f  t h e  p r o c e s s .  T h e  d i f f e r e n c e s  i n  l a t t i c e  p a r a m e t e r s  b e t w e e n  t h e  H E B  

c o m p o s i t i o n s  a n d  t h e  c o r r e s p o n d i n g  H E B Y  c o m p o s i t i o n s  a r e  p r e s e n t e d  i n  F i g u r e  2  a n d  

s u m m a r i z e d  in  T a b le  2 . F o r  t h e  a n a l y s i s  t h a t  f o l l o w s ,  t h e  a v e r a g e  c h a n g e  i n  t h e  a  a n d  c -  

a x i s  c a l c u l a t i o n s  i s  u s e d  w i t h  t h e  d e v i a t i o n  c o r r e s p o n d i n g  t o  t h e  b o u n d s  s e t  b y  t h e  

d i f f e r e n c e  b e t w e e n  t h e  t w o  c a l c u l a t i o n s .
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F i g u r e  1: X R D  p a t t e r n s  o f  H E B Y  c o m p o s i t i o n s  a f t e r  t h e  2 4  h o u r  a n n e a l in g .

Y t t r i u m  s o l u b i l i t y  w a s  r e l a t i v e l y  l o w  i n  a l l  c o m p o s i t i o n s .  B a s e d  o n  V e g a r d ’ s l a w  

c a l c u l a t i o n s ,  t h e  Y B 2 c o n t e n t  d i s s o l v e d  i n t o  1 H E B Y  w a s  0 .0 5  ±  0 .0 5  m o l % .  T h e  

d i s s o l v e d  Y  c o n t e n t s  w e r e  h i g h e r  f o r  s o m e  o f  t h e  o t h e r  c o m p o s i t i o n s  a t  2 .4  ±  0 .8  m o l %  

f o r  2 H E B Y  a n d  2 .8  ±  1 .6  m o l %  f o r  3 H E B Y .  A s  w i t h  H E B Y ,  t h e  Y  c o n t e n t  o



Table 2: Predicted and Measured Lattice Parameters for HEB phase.

S am p le  ID C o m p o sitio n s

p re d ic te d

a  (A ) c (A ) a  (A )

m ea su re d

c (A )

%  D iffe re n c e  

a  c Pxtal, rietveld (g /cm 3) errorresidual (% )

1H E B ZrB2 3 .1700 3 .5300 3 .16812 ± 0 .0 0 0 0 2 3 .5 3 1 1 2 ± 0 .0 0 0 0 6 -0 .0 6 % 0 .0 3 % 6 . 1 0 0 7 .00

2 H E B (Zr0.5,Ti0.5)B2 3 .1002 3 .3798 3 .10274 ± 0 .0 0 0 0 5 3 .4 0 2 8 9 ± 0 .00013 0 .0 8 % 0 .6 8 % 5.258 5.56

3H E B (Zr0.33,Ti0.33,Hf0.33)B2 3 .1138 3 .4098 3 .10844 ± 0 .00011 3 .3 9 1 8 9 ± 0 .00025 -0 .1 7 % -0 .5 3 % 7 .394 7 .6 7

4 H E B Zr0.25,Ti0.25,Hf0.25,Nb0.25)B2 3.1103 3 .3869 3 .10856 ± 0 .0 0 0 5 0 3 .3 9 0 7 9 ± 0 .0 0 0 7 9 -0 .0 6 % 0 .1 2 % 7.271 8.51

1 H E B Y ZrB2 +  Y B 4 -- -- 3 .16904 ± 0 .0 0 0 0 2 3 .5 3 0 4 2 ± 0 .0 0 0 0 6 -- -- -- 6 .45

2 H E B Y (Zr0.5,Ti0.5)B2 + Y B 4 -- -- 3 .11753 ± 0 .0 0 0 0 6 3 .4 3 1 6 6 ± 0 .0 0 0 1 4 -- -- -- 6 .32

3 H E B Y (Zr0.33,Ti0.33,Hf0.33)B2 + Y B 4 -- -- 3 .11504 ± 0 .0 0 0 2 8 3 .4 3 5 5 7 ± 0 .0 0 0 7 7 -- -- -- 7 .09

4 H E B Y Zr0.25,Ti0.25,Hf0.25,Nb0.25)B2 + Y B 4 -- -- 3 .10755 ± 0 .0 0 0 4 9 3 .4 0 6 6 7 ± 0 .0 0 0 7 6 -- -- -- 8.51

9
2



4 H E B Y  w a s  l o w e r  w i t h  a  v a l u e  o f  1 .4  ±  1 .4  m o l % .  B a s e d  o n  t h i s  a n a ly s i s ,  t h e  Y B 2 

c o n t e n t  o f  1 H E B Y  a n d  4 H E B Y  w a s  0 %  a c c o r d i n g  t o  a - a x i s  c a l c u l a t i o n s  w i t h  d i s s o l v e d  

Y B 2 c o n t e n t s  o f  l e s s  t h a n  3 m o l %  f o r  a l l  c o m p o s i t i o n s .
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F i g u r e  2 : a  a n d  c  l a t t i c e  p a r a m e t e r s  f o r  t h e  H E B  a n d  c o r r e s p o n d i n g  H E B Y  c o m p o s i t i o n s .

E D S  w a s  u s e d  t o  a n a l y z e  t h e  d i s s o l v e d  y t t r i u m  c o n t e n t s  a n d  s u p p o r t  e s t i m a t i o n s  

f r o m  V e g a r d ’s la w .  D i s t r i b u t i o n s  o f  Y  a r e  s h o w n  v i s u a l l y  i n  E D S  m a p s  s h o w n  i n  F i g u r e  

3 a n d  m e a s u r e d  Y  c o n t e n t s  a r e  s u m m a r i z e d  T a b l e  3 . Y t t r i u m  c o n t e n t  i s  r e p o r t e d  o n  a  

m e t a l s  b a s i s  f o r  d i r e c t  c o m p a r i s o n  b e t w e e n  e l e m e n t a l  a n a l y s i s  a n d  d i s s o l v e d  Y B 2 c o n t e n t  

i n  t h e  H E B Y  c o m p o s i t i o n s .  T h e  h i g h e s t  d i s s o l v e d  Y  c o n t e n t s  w e r e  m e a s u r e d  in  2 H E B Y  

w i t h  a  Y  c o n t e n t  o f  3 .5  ± 3 .0  m o l %  a n d  3 H E B Y  w i t h  a  d i s s o l v e d  Y  c o n t e n t  o f  5 .4  ±  2 .4  

m o l % .  T h e  a v e r a g e  o f  2 H E B Y  i s  w i t h i n  t h e  r a n g e  o f  Y  c o n t e n t s  e s t i m a t e d  b y  V e g a r d ’s 

la w .  W h i l e  t h e  a v e r a g e  o f  3 H E B Y  i s  0 .4  m o l %  g r e a t e r  t h a n  t h e  V e g a r d ’ s l a w
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c a l c u l a t i o n ,  t h e  2  v a l u e s  a r e  w i t h i n  o n e  s t a n d a r d  d e v i a t i o n  o f  e a c h  o t h e r  a n d  a r e  

c o n s i d e r e d  in  a g r e e a n c e .  T h e  Y  c o n t e n t  o f  4 H E B Y  w a s  w i t h i n  V e g a r d ’ s l a w  e s t i m a t i o n  a t  

1 .3  m o l % .  Y t t r i u m  w a s  n o t  d e t e c t e d  b y  E D S  i n  1 H E B Y , w h i c h  a g r e e s  w i t h  t h e  l o w e r  

b o u n d s  f o r  Y  c o n t e n t  i n d i c a t e d  b y  t h e  l a c k  o f  c h a n g e  i n  t h e  a - a x i s  l a t t i c e  p a r a m e t e r s  f o r  

t h a t  c o m p o s i t i o n .  I n  a d d i t i o n ,  t h i s  i s  c o n s i s t e n t  w i t h  t h e  0 .1 0  m o l %  u p p e r  b o u n d  

p r e d i c t e d  f o r  1 H E B Y .

T a b le  3 : D i s s o l v e d  Y B 2 i n  H E B  s i n t e r e d  a t  1 7 0 0 ° C  a s  c a l c u l a t e d  b y  V e g a r d ’ s l a w

a n d  m e a s u r e d  b y  E D S .

V e g a r d 's  L a w

S a m p l e  I D  a  ( m o l % )  c  ( m o l % )  E D S  ( m o l% )

1 H E B Y 0 .0 0 0 .1 0 0 .0 ± 0 .0

2 H E B Y 0 .8 0 4 .0 0 3 .5 ± 3 .0

3 H E B Y 0 .6 0 5 .0 0 5 .4 ± 2 .4

4 H E B Y 0 .0 0 2 .7 0 1 .3 ± 1 .3

T h e  E D S  a n a l y s i s  c o u l d  u n d e r e s t i m a t e  t h e  Y  c o n t e n t  i n  t h e  H E B Y  c e r a m ic s .  O n e  

p o t e n t i a l  i s s u e  i s  t h a t  t h e  c h a r a c t e r i s t i c  X - r a y  p e a k s  o f  Y  L a  ( 1 .9 2  k e V )  a n d  Z r  L a  ( 2 .0 4  

k e V )  o v e r l a p  d u e  t o  t h e  l i n e  w i d t h  i n  E D S  s p e c t r a .  T h i s  c a n  b e  s e e n  v i s u a l l y  i n  F i g u r e  3 

a s  i t  a p p e a r s  Z r  i s  p r e s e n t  i n  Y B 4 w i t h  a n  e s t i m a t e d  c o n t e n t  o f  1 .3  m o l % .  A n o t h e r  s o u r c e  

o f  e r r o r  m a y  b e  t h e  a s s u m p t i o n  t h a t  H E B Y  s a m p l e s  o b e y  V e g a r d ’ s la w .  H o w e v e r ,  t h i s  

s e e m s  u n l i k e l y  b e c a u s e  t h e  b a s e  H E B s  a p p e a r e d  t o  o b e y  V e g a r d ’s l a w  a n d  t h e  s i z e  o f  t h e  

Y  a t o m s  w a s  w i t h i n  1 2 %  o f  Z r .  I n  a d d i t i o n ,  t h e  Y B 2 c o n t e n t s  d e t e r m i n e d  b y  a l l  m e t h o d s
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F i g u r e  3 : S E M  a n d  E D S  a n a l y s i s  o f  ( a )  1 H E B Y , ( b )  2 H E B Y ,  ( c )  3 H E B Y ,  a n d  ( d )

4 H E B Y .



w e r e  s m a l l  e n o u g h  t h a t  a n y  d e v i a t i o n s  f r o m  t h e  p r e d i c t i o n s  s h o u l d  b e  s m a l l .  B a s e d  o n  

t h i s  a n a ly s i s ,  t h e  s o l u b i l i t y  o f  Y  i n t o  Z r B 2 a p p e a r s  t o  b e  l e s s  t h a n  0 .1  m o l %  a t  1 7 0 0 ° C .  

T h e  o t h e r  2  a n d  3 c o m p o n e n t  H E B  c o m p o s i t i o n s  h a v e  s m a l l  s o l u b i l i t i e s  f o r  Y , i n d i c a t i n g  

t h a t  t h e  p r e s e n c e  o f  a d d i t i o n a l  t r a n s i t i o n  m e t a l  s p e c i e s  e n h a n c e s  t h e  s o l u b i l i t y  o f  Y  i n  t h e  

b o r i d e  l a t t i c e .  H o w e v e r ,  t h e  c o n t e n t  o f  Y  in  t h e  f o u r  c o m p o n e n t  H E B  w a s  s m a l l e r  t h a n  

t h e  2  a n d  3 c o m p o n e n t  H E B s ,  w h i c h  i n d i c a t e s  t h a t  t h e  e n t r o p y  s t a b i l i z a t i o n  e f f e c t  d id  n o t  

e n h a n c e  Y  s o l u b i l i t y  i n  t h i s  s y s te m .

4. CONCLUSION

T h e  s o l u b i l i t y  o f  Y  i n  t r a n s i t i o n  m e t a l  b o r i d e  c e r a m i c s  w a s  d e t e r m i n e d  a t  1 7 0 0 ° C .  

T h e  e f f e c t  o f  c o n f i g u r a t  e n t r o p y  o n  s o l u b i l i t y  w a s  s t u d i e d  b y  i n c r e a s i n g  t h e  n u m b e r

o f  c o n s t i t u e n t s  in  t h e  b o r i d e s  f r o m  Z r B 2 c o n t a i n i n g  a  s i n g l e  t r a n s i t i o n  m e t a l  u p  t o  f o u r  

c o n s t i t u e n t s  i n  (Z r0 .25,T i0 .25 ,H f0 .25 ,N b0.25)B 2. L a t t i c e  p a r a m e t e r s  o f  t h e  b a s e  b o r i d e  

c o m p o s i t i o n s  w e r e  c a l c u l a t e d  w i t h i n  0 .7 %  o f  m e a s u r e d  l a t t i c e  p a r a m e t e r s  u s i n g  V e g a r d ’s 

la w .  T h i s  s a m e  p r i n c i p l e  w a s  u s e d  t o  e s t i m a t e  t h e  d i s s o l v e d  Y  c o n t e n t  i n  s a m p l e s  r e a c t e d  

w i t h  Y B 4 a t  1 7 0 0 ° C  f o r  2 4  h o u r s .  T h e  s o l u b i l i t i e s  w e r e  d e t e r m i n e d  t o  b e  0 .0 5 ±  0 .0 5  

m o l %  i n  Z r B 2, 2 .4  ±  0 .8  m o l %  i n  (Z r0 .5 ,T i0 .5 )B 2 , 2 .8  ±  1 .6  m o l %  i n  (Z r0 .33,T i0 .33,H f0.33)B 2, 

a n d  1 .4  ±  1 .4  m o l %  i n  (Z r0 .25 ,T i0 .25 ,H f0 .25 ,N b0.25)B 2 . E l e m e n t a l  a n a l y s i s  b y  E D S  a g r e e d  

w i t h  Y B 2 c o n t e n t s  c a l c u l a t e d  b y  l a t t i c e  p a r a m e t e r s .  T h i s  w o r k  p r o v i d e s  e v i d e n c e  t h a t  

V e g a r d ’ s l a w  i s  a  v i a b l e  t e c h n i q u e  t o  e s t i m a t e  h i g h  e n t r o p y  b o r i d e  l a t t i c e  p a r a m e t e r s ,  a n d  

i n c r e a s i n g  t h e  e n t r o p y  o f  m i x i n g  d o e s  n o t  n e c e s s a r i l y  i n c r e a s e  t h e  s o l u b i l i t y  l i m i t  o f  Y  in
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H E B s  a t  1 7 0 0 ° C .
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SECTION

3. CONCLUSIONS AND RECOMMENDATIONS

3.1. CONCLUSIONS

T h i s  r e s e a r c h  e x p a n d e d  t h e  f u n d a m e n t a l  k n o w l e d g e  o f  U H T C s  b y  i n v e s t i g a t i n g  

t h e  t h e r m o p h y s i c a l  p r o p e r t i e s  o f  n o m i n a l l y  p h a s e  p u r e  b o r i d e  c e r a m i c s  b y  a n s w e r i n g  t h e  

q u e s t i o n s  p o s e d  i n  S e c t i o n  I .

•  D o  t r a n s i t i o n  m e t a l  a d d i t i o n s  e f f e c t  t h e r m a l  p r o p e r t i e s  o f  n o m i n a l l y  p h a s e  p u r e  

Z rB 2 ?

W h i l e  p r e v i o u s  w o r k  h a d  d e m o n s t r a t e d  t h a t  t r a n s i t i o n  m e t a l  a d d i t i o n s  a f f e c t  

t h e r m a l  p r o p e r t i e s  o f  c o m m e r c i a l l y  a v a i l a b l e  Z r B 2, t h e  p r e s e n t  r e s e a r c h  u t i l i z e d  R H P  t o  

p r o d u c e  l o w - H f  Z r B 2 a n d  d e m o n s t r a t e  t h a t  a d d i t i o n s  o f  Y  a n d  T i  a l t e r e d  th e r m a l  

c o n d u c t i v i t y .  T i  a n d  Y  a d d i t i o n s  d e c r e a s e d  t h e  t h e r m a l  c o n d u c t i v i t y  c o m p a r e d  t o  

n o m i n a l l y  p u r e ,  l o w - H f  Z r B 2, i n  c o n t r a s t  t o  r e s u l t s  f r o m  p r e v i o u s  s t u d i e s  u s i n g  

c o m m e r c i a l  p o w d e r s  w i t h  t h e  n a tu r a l  a b u n d a n c e  o f  H f .  T o  f u r t h e r  d e m o n s t r a t e  t h e  

i m p a c t  o f  p u r i t y ,  H f  a d d i t i o n s  d e c r e a s e d  t h e r m a l  c o n d u c t i v i t y  f r o m  ~ 1 4 1  W /m * K  f o r  l o w -  

H f  Z r B 2 t o  v a l u e s  s i m i l a r  t o  t h o s e  c o m m o n l y  r e p o r t e d  f o r  c o m m e r c i a l  g r a d e s  o f  Z r B 2 

w i t h  t h e  n a t u r a l  a b u n d a n c e  o f  H f .  T h i s  s t u d y  c o n c l u d e d  t h a t  a l l  t r a n s i t i o n  m e t a l  a d d i t i o n s  

d e c r e a s e  t h e  p h o n o n  c o n t r i b u t i o n  t o  t o t a l  t h e r m a l  c o n d u c t i v i t y ,  p o s s i b l y  d u e  t o  i n c r e a s i n g  

p o i n t  d e f e c t s  t h a t  s e r v e  a s  p h o n o n  s c a t t e r i n g  s i te s .  H o w e v e r ,  n o t  a l l  t r a n s i t i o n  m e t a l s  

a p p r e c i a b l y  a l t e r  t h e  e l e c t r o n i c  s t r u c tu r e .  T h e r e f o r e ,  t h e  e l e c t r o n  c o n t r i b u t i o n  t o  t h e r m a l  

c o n d u c t i v i t y  m a y  n o t  d e c r e a s e  s i g n i f i c a n t l y .  T h e  s t u d y  a l s o  p r o v i d e d  e v i d e n c e  t h a t  t h e
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n a t u r a l  a b u n d a n c e  o f  H f  i n  Z r B 2 p a r t i a l l y  m a s k s  t h e  e f f e c t s  o f  s o m e  o t h e r  s o l i d  s o l u t i o n  

a d d i t i o n s  s u c h  a s  T i a n d  Y , w h e n  t h e i r  e f f e c t  o n  t h e r m a l  c o n d u c t i v i t y  i s  s m a l l .

•  W h a t  i s  t h e  m e l t i n g  t e m p e r a t u r e  o f  h i g h  p u r i t y  Z r B 2?

T o  a n s w e r  t h i s  q u e s t i o n ,  t h e  m e l t i n g  t e m p e r a t u r e s  o f  t w o  d i f f e r e n t  t y p e s  o f  Z r B 2 

w e r e  e v a l u a t e d  b y  t h e  l a s e r  h e a t i n g  a n d  s p e c t r o m e t r i c  a n a l y s i s  m e t h o d .  T h e  f i r s t  g r a d e  

w a s  a  c o m m e r c i a l l y  a v a i l a b l e  Z r B 2 c o n t a i n i n g  1 .7 5  a t%  H f .  T h e  s e c o n d  w a s  a  n o m i n a l l y  

p h a s e  p u r e  Z r B 2 s y n t h e s i z e d  f r o m  a  r e a c t o r  g r a d e  Z r H 2 w i t h  a  H f  c o n t e n t  o f  0 .0 1  a t%

( 1 0 0  p p m ) .  T h e  l a s e r  h e a t i n g  m e t h o d  s u c c e s s f u l l y  a n d  r e p e a t e d l y  m e l t e d  t h e  s p e c i m e n s  

w i t h o u t  a l t e r i n g  t h e i r  c h e m i s t r y  ( i .e . ,  m e l t i n g  w a s  c o n g r u e n t  w i t h  l i t t l e  o r  n o  

v a p o r i z a t i o n ) .  T h e  m e l t i n g  t e m p e r a t u r e s  o f  t h e  c o m m e r c i a l  g r a d e  w a s  3 2 8 0  ±  3 5 ° C  a n d  

t h e  r e a c t o r  g r a d e  w a s  3 2 7 3  ±  3 5 ° C .  A d d i t i o n a l l y ,  a n  o p t i c a l  t r a n s i t i o n  w a s  d e t e c t e d  in  

b o t h  m a t e r i a l s  n e a r  t h e i r  m e l t i n g  t e m p e r a t u r e s  w h i c h  h a s  n o t  p r e v i o u s l y  b e e n  r e p o r t e d .  

T h e r e  w a s  a  m e a s u r a b l e  7 ° C  d i f f e r e n c e  i n  t h e  m e l t i n g  t e m p e r a t u r e s  o f  t h e  Z r B 2 g r a d e s ,  

b u t  t h e  d i f f e r e n c e  w a s  w i t h i n  t h e  u n c e r t a i n t y  o f  t h e  t e c h n i q u e .  W h i l e  r e d u c i n g  H f  d o e s  

e l i c i t  a  m e a s u r a b l e  d i f f e r e n c e  i n  m e l t i n g  t e m p e r a t u r e ,  i t  i s  a  s m a l l  a n d  p e r h a p s  

i n s i g n i f i c a n t  a m o u n t .

•  W h a t  i s  t h e  m e c h a n i s m  o f  f i n a l  s t a g e  s i n t e r i n g  i n  p h a s e - p u r e  Z r B 2?

T h e  k i n e t i c s  o f  t h e  f i n a l  s t a g e  o f  d e n s i f i c a t i o n  w e r e  i n v e s t i g a t e d  i n  l o w - H f  Z r B 2 . 

T h i s  w a s  p o s s i b l e  b e c a u s e  t h e  a b s e n c e  o f  s e c o n d a r y  p h a s e s  a n d  s o l u t e  i m p u r i t y  a to m s  

a l l o w e d  f o r  t h e  s t u d y  w i t h o u t  c o m p e t i n g  e x t r i n s i c  e f f e c t s  s u c h  a s  g r a i n  p i n n i n g  a n d  s o l u t e  

d r a g  m a s k i n g  i n t r i n s i c  d e n s i f i c a t i o n  k in e t i c s .  T h e  d o m i n a n t  m e c h a n i s m  i n  t h e  f i n a l  s t a g e  

o f  d e n s i f i c a t i o n  w a s  d e t e r m i n e d  t o  b e  d i s l o c a t i o n  m o t i o n  w i t h  a n  a c t i v a t i o n  e n e r g y  o f  1 6 2
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k J / m o l .  T h i s  w o r k  w a s  s i g n i f i c a n t  b e c a u s e  i t  e l u c i d a t e d  t h e  m e c h a n i s m  b y  w h i c h  Z r B 2 

a n d  l i k e ly  m o s t  T M B 2s a c h i e v e  f u l l  d e n s i ty

•  H o w  d o e s  e n t r o p y  s t a b i l i z a t i o n  a f f e c t  s o l u b i l i t y  o f  y t t r i u m  i n  b o r i d e  c e r a m ic s ?

A  s t u d y  w a s  p e r f o r m e d  t h a t  s y s t e m a t i c a l l y  i n c r e a s e d  t h e  n u m b e r  o f  c o m p o n e n t s  

i n  s o l u t i o n  i n  a  t r a n s i t i o n  m e t a l  d i b o r i d e  p h a s e  t o  i n c r e a s e  t h e  c o n f i g u r a t i o n a l  e n t r o p y .  

C o m p o n e n t s  w e r e  c h o s e n  t h a t  f o l l o w e d  t h e  H u m e - R o t h e r y  r u l e s  a n d  t h e  f o u r  b a s e  

c o m p o s i t i o n s  f o r m e d  s i n g l e  p h a s e s  w i t h  n o m i n a l  c o m p o s i t i o n s :  Z r B 2, (Z r0 .5T i0 .5 )B 2 , 

(Z r0 .33,T i0 .33 ,H f0 .33)B 2, a n d  (Zr0.25, Ti0.25, H fb .25, N b0 .25 )B 2 . V e g a r d ’ s l a w  w a s  a b l e  t o  

p r e d i c t  l a t t i c e  p a r a m e t e r s  f o r  t h e  f o u r  c o m p o s i t i o n s  w i t h  a  m a x i m u m  d i f f e r e n c e  o f  0 .7 %  

c o m p a r e d  t o  m e a s u r e d  p a r a m e t e r s .  T h e  s o l u b i l i t y  l i m i t  o f  y t t r i u m  d i b o r i d e  w a s  m e a s u r e d  

i n  e a c h  c o m p o s i t i o n  t o  t e s t  i f  i n c r e a s i n g  c o n f i g u r a t i o n a l  e n e r g y  s t a b i l i z e d  t h e  H E B  p h a s e .  

Y B 2 w a s  c h o s e n  a s  i t  e x h i b i t e d  l i m i t e d  s o l u b i l i t y  i n  Z r B 2 a n d  t h e r e  i s  l i t t l e  e x p e r i m e n t a l  

d a t a  v e r i f y i n g  Y B 2 a s  a  s t a b l e  p h a s e .  N o  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  w a s  d e t e c t e d  

i n  t h e  s o l u b i l i t y  l i m i t  w i t h  i n c r e a s i n g  e n t r o p y  a n d  t h e r e f o r e  t h e  s t u d y  p r o v i d e d  n o  

e v i d e n c e  o f  t h e  e n t r o p y  s t a b i l i z a t i o n  e f f e c t .  W i t h  t h e  s t u d y  o f  h i g h  e n t r o p y  m a t e r i a l s  

g r o w i n g ,  i t  i s  i m p o r t a n t  t o  u n d e r s t a n d  t h e  f u n d a m e n t a l  l i m i t a t i o n s  o f  e n t r o p y  s t a b i l i z a t i o n  

t o  a i d  t h e  c o m p o s i t i o n  s e l e c t i o n  p r o c e s s .

T h e  w o r k  c o n t a i n e d  i n  t h i s  d o c u m e n t  b u i l d s  u p o n  e f f o r t s  t h a t  b e g a n  r o u g h l y  7 0  

y e a r s  a g o  w h e n  N A C A  a n d  t h e  U .S .  A i r  F o r c e  b e g a n  t h e i r  s e a r c h  f o r  m a t e r i a l s  t o  e n a b le  

o p e r a t i o n s  i n  t h e  e x t r e m e  e n v i r o n m e n t s  p r o d u c e d  d u r i n g  h y p e r s o n i c  f l i g h t  a n d  

a t m o s p h e r i c  r e e n t r y .  W h i l e  d i b o r i d e  c e r a m i c s ,  a m o n g  o t h e r  U H T C s ,  w e r e  c o n s i d e r e d  a s  

c a n d i d a t e  m a t e r i a l s ,  t h e s e  m a t e r i a l s  a r e  s t i l l  n o t  u s e d  a s  h y p e r s o n i c  w i n g  l e a d i n g  e d g e s  

a n d  r o c k e t  n o z z l e s .  T h i s  w o r k  a d d s  n e w  i n s i g h t  i n t o  t h e  i n t r i n s i c  p r o p e r t i e s  ( e .g . ,  t h e r m a l



c o n d u c t i v i t y  a n d  m e l t i n g  t e m p e r a t u r e ) ,  d e n s i f i c a t i o n  b e h a v i o r ,  a n d  s o l u b i l i t y  

c h a r a c t e r i s t i c s  o f  b o r i d e  c e r a m ic s .

3.2. RECOMMENDATIONS

W h i l e  t h e r e  i s  m u c h  w o r k  t o  b e  d o n e  i n  t h i s  f i e ld ,  t h e  f o l l o w i n g  4  a r e a s  h a v e  b e e n  

s p e c i f i c a l l y  i d e n t i f i e d  f o r  f u t u r e  w o r k .

S i n g l e  c r y s t a l  p r o p e r t y  m e a s u r e m e n t s  o f  l o w - H f  Z r B 2 . S i n g l e  c r y s t a l  p r o p e r t i e s  

s h o u l d  b e  g r e a t e r  t h a n  p r o p e r t i e s  m e a s u r e d  f r o m  p o l y c r y s t a l l i n e  c e r a m ic s .  F u r t h e r m o r e ,  

h i g h e r  o r d e r  p r o p e r t i e s  o f  Z r B 2 a r e  a n i s o t r o p i c  d u e  t o  i t s  h e x a g o n a l  c r y s t a l  s t r u c tu r e ,  a n d  

d i r e c t  m e a s u r e m e n t s  w i l l  e x p a n d  t h e  b o d y  o f  k n o w l e d g e  o f  t r a n s i t i o n  m e t a l  b o r i d e s .  D u e  

t o  e x t r e m e  p r o c e s s i n g  t e m p e r a t u r e s ,  s y n t h e s i z i n g  a  s i n g l e  c r y s t a l  l a r g e  e n o u g h  f o r  

s i g n i f i c a n t  m e a s u r e m e n t s  w i l l  b e  a  s u b s t a n t i a l  a c h i e v e m e n t  i n  i t s e l f .

W h i l e  n o  e v i d e n c e  o f  e n t r o p y  s t a b i l i z a t i o n  i n  H E B s  w a s  p r e s e n t  i n  t h e  w o r k  

p r e s e n t e d  i n  t h i s  d o c u m e n t ,  e f f o r t s  s h o u l d  c o n t i n u e  t o  s t u d y  t h i s  e f f e c t .  I f  p r e s e n t  i n  H E B  

s y s t e m s ,  e n t r o p y  s t a b i l i z a t i o n  w i l l  i n c r e a s e  t h e  p o s s i b l e  c o m p o s i t i o n a l  s p a c e  a n d  e n d  

u s e s .  T h e  s t u d y  in  t h i s  d o c u m e n t  m a y  h a v e  b e e n  l i m i t e d  b y  c h o s e n  p r o c e s s i n g  

t e c h n i q u e s .  F u r t h e r  s t u d i e s  s h o u l d  e x p l o r e  p r o c e s s i n g  t e c h i n i q u e s  t h a t  m i t i g a t e  c o n t a i n e r  

i n t e r a c t i o n s  a t  i n t e r m e d i a t e  t e m p e r a t u r e s .  A r c - m e l t i n g  i s  o n e  s u g g e s t e d  t e c h n i q u e .

C o n f i g u r a t i o n a l  e n t r o p y  b e n e f i t s  f r o m  d i s o r d e r  i n  t h e  l a t t i c e  p r o d u c e d  b y  

i n c r e a s i n g  t h e  n u m b e r  o f  c o m p o n e n t s  i n  t h e  s y s te m .  H E B s  t h u s  f a r  h a v e  f o c u s e d  o n  

i n c r e a s i n g  t h e  n u m b e r  o f  c o m p o n e n t s  i n  t h e  t r a n s i t i o n  m e t a l  s u b l a t t i c e .  H o w e v e r ,  

e n t r o p y  s t a b i l i z a t i o n  m a y  a l s o  b e n e f i t  f r o m  i n c r e a s i n g  t h e  c o m p o n e n t s  i n  t h e  b o r o n
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s u b l a t t i c e .  C  m a y  b e  a  c a n d i d a t e ,  b u t  o t h e r  e l e m e n t s  t h a t  f o r m  i m p u r i t i e s  i n  B  s u c h  a s  

M g  a n d  F e  s h o u l d  n o t  b e  r u l e d  o u t .

T h e r e  i s  a  l a c k  o f  p r o p e r t y  m e a s u r e m e n t s  f o r  H E B s .  N o t a b l y ,  f e w  th e r m a l  

p r o p e r t e i s  h a v e  b e e n  m e a s u r e d ,  a n d  t h e r m a l  c o n d u c t i v i t y  v a l u e s  r e p o r t e d  w e r e  c a l c u l a t e d  

u s i n g  m o d e l l e d  h e a t  c a p a c i ty .  A s  s u c h ,  h e a t  c a p a c i t y  s h o u l d  b e  m e a s u r e d  t o  c o n f i r m  o r  

r e j e c t  t h e  v a l i d i t y  o f  u s i n g  r u l e  o f  m i x t u r e s  f o r  c a l c u l a t e d  h e a t  c a p a c i t i e s .  A d d i t i o n a l l y ,  

e l e c t r i c a l  p r o p e r t i e s  o f  H E B s  s h o u l d  b e  s t u d i e d  a s  e l e c t r o n s  a r e  r e s p o n s i b l e  f o r  a  

s i g n i f i c a n t  p o r t i o n  f o  t h e r m a l  c o n d u c t i v i t y  i n  s i n g l e  c o m p o n e n t  d ib o r id e s .
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2 8 .  B r a n k e n  D J ,  L a c h m a n n  G , K r i e g  H M ,  B r u i n s m a  D S L .  I n f l u e n c e  o f  K F  a n d  H F  o n  

t h e  S e l e c t iv i t y  o f  Z r  a n d  H f  S e p a r a t i o n  b y  F r a c t i o n a l  C r y s t a l l i z a t i o n  o f  

K 2Z r ( H f ) F 6 . I n d  E n g  C h e m  R e s  [ I n te r n e t ] .  2 0 1 0  J a n  2 0 ; 4 9 ( 2 ) : 7 9 7 - 8 0 8 .  A v a i l a b l e  
f r o m :  h t t p s : / / d o i . o r g / 1 0 .1 0 2 1 / i e 9 0 0 7 4 7 k

http://www.sciencedirect.com/science/article/pii/S0022311515300969
https://doi.org/10.1021/ie900747k
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2 9 .  H . N i e l s e n  R ,  H . S c h l e w i t z  J , N i e l s e n  H ,  S t a f f  U  b y .  Z i r c o n i u m  a n d  z i r c o n i u m  

c o m p o u n d s .  K i r k - O t h m e r  E n c y c l  C h e m  T e c h n o l .  2 0 0 0 ; 1 - 4 6 .

3 0 .  P o s t  B ,  G l a s e r  F W ,  M o s k o w i t z  D . T r a n s i t i o n  m e t a l  d ib o r id e s .  A c t a  M e t a l l  

[ I n t e r n e t ] .  1 9 5 4 ; 2 ( 1 ) : 2 0 - 5 .  A v a i l a b l e  f r o m :

h t t p : / / w w w .s c i e n c e d i r e c t . c o m / s c i e n c e / a r t i c l e / p i i / 0 0 0 1 6 1 6 0 5 4 9 0 0 9 0 5

3 1 .  G a l l  D . E l e c t r o n  m e a n  f r e e  p a t h  i n  e l e m e n t a l  m e t a l s .  J  A p p l  P h y s .  

2 0 1 6 ; 1 1 9 ( 8 ) : 8 5 1 0 1 .

3 2 .  K a u f m a n  L ,  C l o u g h e r t y  E  V . B o r i d e  c o m p o u n d s  f o r  v e r y  h i g h  t e m p e r a t u r e  

a p p l i c a t i o n s .  R e p o r t  R T D - T D R - 6 3 - 4 0 9 6 ,  U S  A t o m i c  E n e r g y  C o m m i s s i o n ,  

W a s h i n g t o n ,  D C ,  U S A ;  1 9 6 3 .

3 3 .  Z h o u  Y ,  W a n g  J , L i  Z ,  Z h a n  X ,  W a n g  J . F i r s t - P r i n c i p l e s  I n v e s t i g a t i o n  o n  t h e  

c h e m i c a l  b o n d i n g  a n d  i n t r i n s i c  e l a s t i c  p r o p e r t i e s  o f  t r a n s i t i o n  m e t a l  d i b o r i d e s  

T M B 2 ( T M = Z r ,  H f ,  N b ,  T a ,  a n d  Y ) .  In :  F a h r e n h o l t z  W G ,  W u c h i n a  E J ,  W i l l i a m  E  

L ,  Z h o u  Y , e d i t o r s .  U l t r a - H i g h  T e m p e r a t u r e  C e r a m i c s .  1 s t  e d . H o b o k e n ,  N e w  

J e r s e y :  J o h n  W i l e y  &  S o n s ;  2 0 1 4 .  p . 6 0 - 8 2 .

3 4 .  W a n g  P ,  K u m a r  R ,  S a n k a r a n  E M ,  Q i  X , Z h a n g  X , P o p o v  D ,  e t  a l.  V a n a d i u m  

D i b o r i d e  ( V B 2)  S y n t h e s i z e d  a t  H i g h  P r e s s u r e :  E l a s t i c ,  M e c h a n i c a l ,  E l e c t r o n i c ,  

a n d  M a g n e t i c  P r o p e r t i e s  a n d  T h e r m a l  S t a b i l i t y .  I n o r g  C h e m  [ I n te r n e t ] .  2 0 1 8  F e b  

5 ; 5 7 ( 3 ) : 1 0 9 6 - 1 0 5 .  A v a i l a b l e  f r o m :  

h t t p s : / / d o i .o r g / 1 0 .1 0 2 1 / a c s . i n o r g c h e m .7 b 0 2 5 5 0

3 5 .  S h e in  I R ,  I v a n o v s k i i  A L .  E l a s t i c  p r o p e r t i e s  o f  m o n o - a n d  p o l y c r y s t a l l i n e  

h e x a g o n a l  A l B 2 - l i k e  d i b o r i d e s  o f  s , p  a n d  d  m e t a l s  f r o m  f i r s t - p r i n c i p l e s  

c a l c u l a t i o n s .  J  P h y s  C o n d e n s  M a t t e r .  2 0 0 8 ; 2 0 ( 4 1 ) : 4 1 5 2 1 8 .

3 6 .  K i n g e r y  W D ,  B o w e n  H K ,  U h l m a n n  D R  ( D o n a l d  R . I n t r o d u c t i o n  t o  c e r a m i c s  

[ I n t e r n e t ] .  W i l e y ;  1 9 7 6  [ c i t e d  2 0 1 8  N o v  1 6 ] . 1 0 3 2  p . A v a i l a b l e  f r o m :  

h t t p s : / / b o o k s .g o o g l e . c o m / b o o k s / a b o u t / I n t r o d u c t i  o n _ t o _ c e r a m i c s .h t m l  ? i d = P d 9 0 v V  

k y T P c C

3 7 . C a r t e r  C B ,  N o r t o n  M G . C e r a m i c  m a t e r i a l s  : s c i e n c e  a n d  e n g in e e r in g .  S e c o n d  

e d i t i o n .  N e w  Y o r k :  S p r i n g e r ;  2 0 1 3 .  x x x i i i ,  7 6 6  p a g e s .

3 8 .  R a h a m a n  M N .  C e r a m i c  P r o c e s s i n g .  T a y l o r  &  F r a n c i s  G r o u p ;  2 0 0 7 .

http://www.sciencedirect.com/science/article/pii/0001616054900905
https://doi.org/10.1021/acs.inorgchem.7b02550
https://books.google.com/books/about/Introducti
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3 9 .  H e r r i n g  C . D i f f u s i o n a l  v i s c o s i t y  o f  a  p o l y c r y s t a l l i n e  s o l id .  J  A p p l  P h y s .  
1 9 5 0 ; 2 1 ( 5 ) : 4 3 7 - 4 5 .

4 0 .  M o t t  N F ,  N a b a r r o  F R N .  C o n f e r e n c e  o n  s t r e n g t h  o f  s o l id s .  In :  P h y s  S o c ,  L o n d o n .  
1 9 4 8 .  p . 1.

4 1 .  K a l i s h  D ,  C l o u g h e r t y  E  V . D e n s i f i c a t i o n  m e c h a n i s m s  i n  h i g h - p r e s s u r e  h o t -  

p r e s s i n g  o f  H f B 2 . J  A m  C e r a m  S o c .  1 9 6 9 ; 5 2 ( 1 ) : 2 6 - 3 0 .

4 2 .  L o n e r g a n  J M , F a h r e n h o l t z  W G .  T h e r m o p h y s i c a l  P r o p e r t i e s  o f  R e a c t i o n  P r o c e s s e d  

Z i r c o n i u m  D i b o r i d e .  V o l .  P h .D ,  M a t e r i a l s  S c i e n c e  a n d  E n g i n e e r i n g .  M i s s o u r i  

U n i v e r s i t y  o f  S c i e n c e  a n d  T e c h n o l o g y ;  2 0 1 4 .

4 3 .  A k i n  I , H o t t a  M ,  S a h in  F C ,  Y u c e l  O , G o l l e r  G , G o t o  T . M i c r o s t r u c t u r e  a n d  

d e n s i f i c a t i o n  o f  Z r B 2- S i C  c o m p o s i t e s  p r e p a r e d  b y  s p a r k  p l a s m a  s i n te r i n g .  J  E u r  
C e r a m  S o c  [ I n te r n e t ] .  2 0 0 9 ; 2 9 ( 1 1 ) : 2 3 7 9 - 8 5 .  A v a i l a b l e  f r o m :  

h t t p : / / w w w .s c i e n c e d i r e c t . c o m / s c i e n c e / a r t i c l e / p i i / S 0 9 5 5 2 2 1 9 0 9 0 0 0 3 0 2

4 4 .  C o b l e  R L .  A  m o d e l  f o r  b o u n d a r y  d i f f u s i o n  c o n t r o l l e d  c r e e p  i n  p o l y c r y s t a l l i n e  

m a t e r i a l s .  J  A p p l  P h y s .  1 9 6 3 ; 3 4 ( 6 ) : 1 6 7 9 - 8 2 .

4 5 .  C o b l e  R L .  S in t e r i n g  c r y s t a l l i n e  s o l id s .  I I .  E x p e r i m e n t a l  t e s t  o f  d i f f u s i o n  m o d e l s  in  

p o w d e r  c o m p a c t s .  J  A p p l  P h y s .  1 9 6 1 ; 3 2 ( 5 ) : 7 9 3 - 9 .

4 6 .  K a r t h i s e l v a  N S ,  K a s h y a p  S , Y a d a v  D ,  M u r t y  B S ,  B a k s h i  S R . D e n s i f i c a t i o n  

m e c h a n i s m s  d u r i n g  r e a c t i v e  s p a r k  p l a s m a  s i n t e r i n g  o f  T i t a n i u m  d i b o r i d e  a n d  
Z i r c o n i u m  d ib o r id e .  P h i l o s  M a g .  2 0 1 7 ; 9 7 ( 1 9 ) : 1 5 8 8 - 6 0 9 .

4 7 .  L o n e r g a n  J M , F a h r e n h o l t z  W G ,  H i l m a s  G E . S i n t e r i n g  M e c h a n i s m s  a n d  K i n e t i c s  

f o r  R e a c t i o n  H o t - P r e s s e d  Z r B 2 . J  A m  C e r a m  S o c  [ I n te r n e t ] .  2 0 1 5 ; 9 8 ( 8 ) : 2 3 4 4 - 5 1 .  

A v a i l a b l e  f r o m :  h t t p : / / d x .d o i . o r g / 1 0 .1 1 1 1 / j a c e .1 3 5 4 4

4 8 .  Q iu  H - Y ,  G u o  W - M ,  Z o u  J , Z h a n g  G - J .  Z r B 2 p o w d e r s  p r e p a r e d  b y  

b o r o / c a r b o t h e r m a l  r e d u c t i o n  o f  Z r O 2 : T h e  e f f e c t s  o f  c a r b o n  s o u r c e  a n d  r e a c t i o n  

a tm o s p h e r e .  P o w d e r  T e c h n o l  [ I n te r n e t ] .  2 0 1 2 ; 2 1 7 : 4 6 2 - 6 .  A v a i l a b l e  f r o m :  

h t t p : / / d x .d o i . o r g / 1 0 .1 0 1 6 / j . p o w t e c .2 0 1 1 .1 1 .0 0 2

http://www.sciencedirect.com/science/article/pii/S0955221909000302
http://dx.doi.org/10.1111/jace.13544
http://dx.doi.org/10.1016/j.powtec.2011.11.002
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4 9 .  S c i t i  D ,  S i l v e s t r o n i  L ,  M e d r i  V , M o n t e v e r d e  F .  S in t e r i n g  a n d  d e n s i f i c a t i o n  

m e c h a n i s m s  o f  u l t r a - h i g h  t e m p e r a t u r e  c e r a m ic s .  U l t r a - H i g h  T e m p  C e r a m  M a t e r  

E x t r e m  E n v i r o n  A p p l .  2 0 1 4 ; 1 1 2 - 4 3 .

5 0 . G u o  S , N i s h i m u r a  T , K a g a w a  Y . P r e p a r a t i o n  o f  z i r c o n i u m  d i b o r i d e  c e r a m i c s  b y  

r e a c t i v e  s p a r k  p l a s m a  s i n t e r i n g  o f  z i r c o n i u m  h y d r i d e - b o r o n  p o w d e r s .  S c r  M a t e r  

[ I n t e r n e t ] .  2 0 1 1 ; 6 5 ( 1 1 ) : 1 0 1 8 - 2 1 .  A v a i l a b l e  f r o m :  

h t t p : / / w w w .s c i e n c e d i r e c t . c o m / s c i e n c e / a r t i c l e / p i i / S 1 3 5 9 6 4 6 2 1 1 0 0 5 3 3 1

5 1 . L o c c i  A M ,  L i c h e r i  R ,  O r r u  R ,  C a o  G . R e a c t i v e  S p a r k  P l a s m a  S in t e r i n g  o f  

r h e n i u m  d ib o r id e .  C e r a m  I n t  [ I n t e r n e t ] .  2 0 0 9 ; 3 5 ( 1 ) : 3 9 7 - 4 0 0 .  A v a i l a b l e  f r o m :  

h t t p : / / w w w .s c i e n c e d i r e c t . c o m / s c i e n c e / a r t i c l e / p i i / S 0 2 7 2 8 8 4 2 0 8 0 0 0 3 8 2

5 2 . V e n u g o p a l  S , P a u l  A , V a i d h y a n a t h a n  B ,  B i n n e r  J G P ,  H e a t o n  A , B r o w n  P M . 

S y n th e s i s  a n d  s p a r k  p l a s m a  s i n t e r i n g  o f  s u b - m i c r o n  H f B 2 : E f f e c t  o f  v a r i o u s  

c a r b o n  s o u r c e s .  J  E u r  C e r a m  S o c  [ I n te r n e t ] .  2 0 1 4 ; 3 4 ( 6 ) : 1 4 7 1 - 9 .  A v a i l a b l e  f r o m :  

h t t p : / / w w w .s c i e n c e d i r e c t . c o m / s c i e n c e / a r t i c l e / p i i / S 0 9 5 5 2 2 1 9 1 3 0 0 5 9 8 0

5 3 . L e e  S - H ,  F e n g  L ,  B a e  C J .  D e n s i f i c a t i o n  o f  Z r B 2- S i C  n a n o c o m p o s i t e s  p r e p a r e d  

u s i n g  Z r S i 2 ,  B 4 C ,  a n d  C  a d d i t i v e s .  J  M a t e r  R e s  [ I n t e r n e t ] .  2 0 1 7 ; 3 2 ( 1 7 ) : 3 3 0 2 - 8 .

5 4 . G r o h s m e y e r  R ,  H i l m a s  G , M o n t e v e r d e  F ,  F a h r e n h o l t z  W . Z r B 2- M o S i 2 C e r a m i c s  

w i t h  V a r y i n g  M o S i 2 C o n t e n t  a n d  Z r B 2 P o w d e r  P a r t i c l e  S iz e :  D e n s i f i c a t i o n  

P r o c e s s  a n d  C o r e - S h e l l  F o r m a t i o n .  2 0 1 7 ;

5 5 . K i m  J - S ,  L e e  S J , F e n g  L ,  S i l v e s t r o n i  L ,  S c i t i  D ,  L e e  S -H . E f f e c t  o f  r e s id u a l  

e x c e s s  c a r b o n  o n  t h e  d e n s i f i c a t i o n  o f  u l t r a - f i n e  H f C  p o w d e r .  J  E u r  C e r a m  S o c  

[ I n t e r n e t ] .  2 0 2 0 ; 4 0 ( 5 ) : 1 8 0 1 - 1 0 .

5 6 . S i l v e s t r o n i  L ,  K l e e b e  H - J ,  L a u t e r b a c h  S , M u l l e r  M ,  S c i t i  D .  T r a n s m i s s i o n  

e l e c t r o n  m i c r o s c o p y  o n  Z r -  a n d  H f - b o r i d e s  w i t h  M o S i 2 a d d i t i o n :  D e n s i f i c a t i o n  

m e c h a n i s m s .  J  M a t e r  R e s  [ I n t e r n e t ] .  2 0 1 0 ; 2 5 ( 0 5 ) : 8 2 8 - 3 4 .

5 7 . G u o  W - M ,  Z h a n g  G - J .  R e a c t i o n  P r o c e s s e s  a n d  C h a r a c t e r i z a t i o n  o f  Z r B 2 P o w d e r  

P r e p a r e d  b y  B o r o / C a r b o t h e r m a l  R e d u c t i o n  o f  Z r O 2 i n  V a c u u m .  J  A m  C e r a m  S o c  
[ I n t e r n e t ] .  2 0 0 9 ; 9 2 ( 1 ) : 2 6 4 - 7 .

5 8 . G r im v a l l  G . T h e r m o p h y s i c a l  P r o p e r t i e s  o f  M a t e r i a l s .  A m s t e r d a m ,  N e t h e r l a n d s :  
E l s e v i e r ;  1 9 9 9 .

http://www.sciencedirect.com/science/article/pii/S1359646211005331
http://www.sciencedirect.com/science/article/pii/S0272884208000382
http://www.sciencedirect.com/science/article/pii/S0955221913005980


112

5 9 . I n t e r n a t i o n a l  A . S t a n d a r d  T e s t  M e t h o d  f o r  T h e r m a l  C o n d u c t i v i t y  o f  S o l i d s  U s i n g  

t h e  G u a r d e d - C o m p a r a t i v e - L o n g i t u d i n a l  H e a t  F l o w  T e c h n iq u e .  V o l .  A S T M  

E 1 2 2 5 - 1 3 .  W E s t  C o n s h o h o c k e n ,  P A :  A S T M  I n t e r n a t i o n a l ;  2 0 1 3 .

6 0 .  I n t e r n a t i o n a l  A . S t a n d a r d  T e s t  M e t h o d  f o r  T h e r m a l  C o n d u c t i v i t y  o f  R e f r a c t o r i e s  

b y  H o t  W i r e  ( P l a t i n u m  R e s i s t a n c e  T h e r m o m e t e r  T e c h n i q u e ) .  V o l .  A S T M  
C 1 1 1 3 / C 1 1 1 3 M - 0 9 .  W e s t  C o n s h o h o c k e n ,  P A :  A S T M  I n t e r n a t i o n a l ;  2 0 1 9 .

6 1 .  I n t e r n a t i o n a l  A . S t a n d a r d  T e s t  M e t h o d  f o r  S t e a d y - S t a t e  T h e r m a l  T r a n s m i s s i o n  

P r o p e r t i e s  b y  M e a n s  o f  t h e  H e a t  F l o w  M e t e r  A p p a r a t u s .  V o l .  A S T M  C 5 1 8 - 1 7 .  

W e s t  C o n s h o h o c k e n ,  P A :  A S T M  I n t e r n a r i o n a l ;  2 0 1 7 .

6 2 .  C l o u g h e r t y  E  V ,  K a l i s h  D ,  P e t e r s  E T .  R e s e a r c h  a n d  d e v e l o p e m e n t  o f  r e f r a c t o r y  

o x i d a t i o n - r e s i s t a n t  d ib o r id e .  W r i g h t  P a t t e r s o n  A i r  F o r c e  B a s e ;  1 9 6 8 .

6 3 .  S a m s o n o v  G  V , K o v e n s k a y a  B A ,  S e r e b r y a k o v a  T I ,  T e l ’n i k o v  E Y .  T h e r m a l  

c o n d u c t i v i t y  o f  d i b o r i d e s  o f  g r o u p  I V - V I  t r a n s i t i o n  m e t a l s .  I n s t i t u t e  o f  P r o b l e m s  

i n  M a t e r i a l s  S c ie n c e ,  A c a d e m y  o f  S c i e n c e s  o f  t h e  U S S R ;  1 9 7 3 .

6 4 .  B r a n s c o m b  T M , H u n t e r  J r  O . I m p r o v e d  T h e r m a l  D i f f u s i v i t y  M e t h o d  A p p l i e d  t o  

T i B 2, Z r B 2, a n d  H f B 2 f r o m  2 0 0 ° - 1 3 0 0 ° C .  J  A p p l  P h y s .  1 9 7 1 ; 4 2 ( 6 ) : 2 3 0 9 - 1 5 .

6 5 .  A n d r i e v s k i i  R A ,  K o r o l e v  L A ,  K l i m e n k o  V  V , L a n i n  A G ,  S p i v a k  I I ,  T a u b i n  IL . 

E f f e c t  o f  z i r c o n i u m  c a r b i d e  a n d  c a r b o n  a d d i t i o n s  o n  s o m e  p h y s i c o m e c h a n i c a l  

p r o p e r t i e s  o f  z i r c o n i u m  d ib o r id e .  S o v  P o w d e r  M e t a l l  M e t  C e r a m  [ I n te r n e t ] .  
1 9 8 0 ; 1 9 ( 2 ) : 9 3 - 4 .  A v a i l a b l e  f r o m :  h t t p s : / / d o i . o r g / 1 0 .1 0 0 7 / B F 0 0 7 9 2 0 3 2

6 6 .  F r i d l e n d e r  B A ,  N e s h p o r  V S ,  O r d a n ’y a n  S S , U n r o d  V I .  T h e r m a l  c o n d u c t i v i t y  a n d  

t h e r m a l  d i f f u s i v i t y  o f  b i n a r y  a l l o y s  o f  t h e  Z r C - Z r B 2 s y s t e m  a t  h i g h  t e m p e r a t u r e s .  

T e p l o f i z  V y s o k  T e m p .  1 9 7 9 ; 1 7 ( 6 ) : 1 2 1 0 - 5 .

6 7 .  M c C l a n e  D L ,  F a h r e n h o l t z  W G ,  H i l m a s  G E .  T h e r m a l  P r o p e r t i e s  o f  ( Z r ,T M ) B 2 

S o l i d  S o l u t i o n s  w i t h  T M  =  H f ,  N b ,  W ,  T i ,  a n d  Y . J  A m  C e r a m  S o c  [ I n te r n e t ] .  
2 0 1 4 .  A v a i l a b l e  f r o m :  h t t p : / / d x .d o i .o r g / 1 0 .1 1 1 1 / j a c e .1 2 8 9 3

6 8 .  H a r r i n g t o n  G , H i l m a s  G E . E f f e c t  o f  S o l i d  S o l u t i o n s  a n d  S e c o n d  P h a s e s  o n  t h e  

T h e r m a l  C o n d u c t i v i t y  o f  Z i r c o n i u m  D i b o r i d e  C e r a m i c s .  V o l .  P h .D ,  M a t e r i a l  

S c i e n c e  a n d  E n g i n e e r i n g .  U n i v e r s i t y  o f  M i s s o u r i  S c i e n c e  a n d  T e c h n o l o g y ;  2 0 1 4 .
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6 9 .  H a r r i n g t o n  G J K ,  H i l m a s  G E .  T h e r m a l  C o n d u c t i v i t y  o f  Z r B 2 a n d  H f B 2 . In : 

F a h r e n h o l t z  W G ,  W u c h i n a  E J ,  L e e  W E ,  Z h o u  W y ,  e d i t o r s .  U l t r a - H i g h  

T e m p e r a t u r e  C e r a m i c s :  M a t e r i a l s  f o r  E x t r e m e  E n v i r o n m e n t  A p p l i c a t i o n s .  1 s t  e d . 
H o b o k e n ,  N e w  J e r s e y :  J o h n  W i l e y &  S o n s ;  2 0 1 4 .  p . 1 9 7 - 2 3 5 .

7 0 .  N e u m a n  E W ,  H i l m a s  G E ,  F a h r e n h o l t z  W G .  S t r e n g t h  o f  Z i r c o n i u m  D i b o r i d e  t o  

2 3 0 0 ° C .  J  A m  C e r a m  S o c  [ I n te r n e t ] .  2 0 1 3 ; 9 6 ( 1 ) : 4 7 - 5 0 .  A v a i l a b l e  f r o m :  

h t t p : / / d x .d o i . o r g / 1 0 .1 1 1 1 / j a c e .1 2 1 1 4

7 1 .  C h a m b e r l a i n  A L ,  F a h r e n h o l t z  W G ,  H i l m a s  G E . P r e s s u r e l e s s  S in t e r i n g  o f  

Z i r c o n i u m  D i b o r i d e .  J  A m  C e r a m  S o c  [ I n te r n e t ] .  2 0 0 6 ; 8 9 ( 2 ) : 4 5 0 - 6 .  A v a i l a b l e  
f r o m :  h t t p : / / d x .d o i . o r g / 1 0 .1 1 1 1 / j . 1 5 5 1 - 2 9 1 6 .2 0 0 5 .0 0 7 3 9 .x

7 2 .  M c C l a n e  D L ,  F a h r e n h o l t z  W G ,  H i l m a s  G E ,  S m i th  D . T h e r m a l  P r o p e r t i e s  o f  ( Z r ,  

T M ) B 2 S o l i d  S o l u t i o n s  w i t h  T M  =  T a ,  M o ,  R e ,  V , a n d  C r .  J  A m  C e r a m  S o c . 

2 0 1 5 ; 9 8 ( 2 ) : 6 3 7 - 4 4 .

7 3 .  S i n n o t  M J .  T h e  s o l i d  s t a te  f o r  e n g i n e e r s  W i l e y .  &  S o n s .  N e w  Y o r k .  1 9 6 3 ;

7 4 .  S im o n  S H . T h e  O x f o r d  s o l id  s t a te  b a s i c s .  O U P  O x f o r d ;  2 0 1 3 .

7 5 .  K i t t e l  C . I n t r o d u c t i o n  t o  s o l id  s t a t e  p h y s i c s .  8 th  e d . H o b o k e n ,  N J :  W i l e y ;  2 0 0 5 .  

x ix ,  6 8 0  p .

7 6 .  L a w s o n  J W ,  D a w  M S ,  B a u s c h l i c h e r  J r  C W . L a t t i c e  t h e r m a l  c o n d u c t i v i t y  o f  u l t r a  

h i g h  t e m p e r a t u r e  c e r a m i c s  Z r B 2  a n d  H f B 2  f r o m  a t o m i s t i c  s i m u l a t i o n s .  J  A p p l  

P h y s .  2 0 1 1 ; 1 1 0 ( 8 ) : 8 3 5 0 7 .

7 7 .  L e e  D W ,  K i n g e r y  W D . R a d i a t i o n  E n e r g y  T r a n s f e r  a n d  T h e r m a l  C o n d u c t i v i t y  o f  

C e r a m i c  O x id e s .  J  A m  C e r a m  S o c  [ I n te r n e t ] .  1 9 6 0 ; 4 3 ( 1 1 ) : 5 9 4 - 6 0 7 .  A v a i l a b l e  

f r o m :  h t t p : / / d x .d o i . o r g / 1 0 .1 1 1 1 / j . 1 1 5 1 - 2 9 1 6 .1 9 6 0 . t b 1 3 6 2 3 .x

7 8 .  S in d e b a n d  S J , S c h w a r z k o p f  P .  T h e  m e t a l l i c  n a t u r e  o f  m e t a l  b o r i d e s .  P o w d e r  

M e t a l l  B u l l .  1 9 5 0 ; 5 ( 3 ) : 4 2 - 3 .

http://dx.doi.org/10.1111/jace.12114
http://dx.doi.org/10.1111/j.1551-2916.2005.00739.x
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7 9 .  Z i m m e r m a n n  J W , H i l m a s  G E ,  F a h r e n h o l t z  W G ,  D i n w i d d i e  R B ,  P o r t e r  W D ,  

W a n g  H . T h e r m o p h y s i c a l  P r o p e r t i e s  o f  Z r B 2 a n d  Z r B 2- S i C  C e r a m i c s .  J  A m  

C e r a m  S o c  [ I n te r n e t ] .  2 0 0 8 ; 9 1 ( 5 ) : 1 4 0 5 - 1 1 .  A v a i l a b l e  f r o m :  

h t t p : / / d x .d o i . o r g / 1 0 .1 1 1 1 / j . 1 5 5 1 - 2 9 1 6 .2 0 0 8 .0 2 2 6 8 .x

8 0 . Z h a n g  L ,  P e j a k o v i c  D A ,  M a r s c h a l l  J ,  G a s c h  M .  T h e r m a l  a n d  E l e c t r i c a l  T r a n s p o r t  

P r o p e r t i e s  o f  S p a r k  P l a s m a - S i n t e r e d  H f B 2 a n d  Z r B 2 C e r a m i c s .  J  A m  C e r a m  S o c . 

2 0 1 1 ; 9 4 ( 8 ) : 2 5 6 2 - 7 0 .

8 1 . T h o m p s o n  M J ,  F a h r e n h o l t z  W G ,  H i l m a s  G E ,  p a d t u r e  N .  E l e v a t e d  T e m p e r a t u r e  

T h e r m a l  P r o p e r t i e s  o f  Z r B 2  w i t h  C a r b o n  A d d i t i o n s .  J  A m  C e r a m  S o c . 
2 0 1 2 ; 9 5 ( 3 ) : 1 0 7 7 - 8 5 .

8 2 . T h o m p s o n  M J .  D e n s i f i c a t i o n  a n d  T h e r m a l  P r o p e r t i e s  o f  Z i r c o n i u m  D i b o r i d e  

B a s e d  C e r a m i c s .  M i s s o u r i  U n i v e r s i t y  o f  S c i e n c e  a n d  T e c h n o l o g y ;  2 0 1 2 .

8 3 . N e e l  D S ,  P e a r s  C D ,  O g l e s b y  J R .  T h e  T h e r m a l  P r o p e r t i e s  o f  T h i r t e e n  S o l id  

M a t e r i a l s  t o  5 0 0 0  D e g r e e s  F  f o r  t h e i r  D e s t r u c t i o n  T e m p a e r a t u r e s .  S o u t h e r  

R e s e a r c h  I n s t  B i r m i n g h a m ,  A L ,  U n i t e d  S ta t e s ;  1 9 6 2 .

8 4 . I n t e r n a t i o n a l  A . S t a n d a r d  T e s t  M e t h o d  f o r  T h e r m a l  D i f f u s i v i t y  b y  t h e  F l a s h  

M e t h o d .  V o l .  A S T M  E 1 4 6 1 - 1 3 .  W e s t  C o n s h o h o c k e n ,  P A :  A S T M  I n t e r n a t i o n a l ;  

2 0 1 3 .

8 5 . T h o m p s o n  M J ,  F a h r e n h o l t z  W G ,  H i l m a s  G E .  E l e v a t e d  T e m p e r a t u r e  T h e r m a l  

P r o p e r t i e s  o f  Z r B 2 w i t h  C a r b o n  A d d i t i o n s .  J  A m  C e r a m  S o c  [ I n te r n e t ] .  

2 0 1 2 ; 9 5 ( 3 ) : 1 0 7 7 - 8 5 .  A v a i l a b l e  f r o m :  h t t p : / / d x .d o i . o r g / 1 0 .1 1 1 1 / j . 1 5 5 1 -  

2 9 1 6 .2 0 1 1 .0 5 0 3 4 .x

8 6 . M c C l a n e  D L ,  F a h r e n h o l t z  W G ,  H i l m a s  G E . T h e r m a l  p r o p e r t i e s  o f  ( Z r ,T M ) B 2 

s o l i d  s o l u t i o n s  w i t h  T M  =  H f ,  N b ,  W ,  T i ,  a n d  y . J  A m  C e r a m  S o c . 

2 0 1 4 ; 9 7 ( 5 ) : 1 5 5 2 - 8 .

8 7 . Z h a n g  Y , S to c k s  G M , J i n  K ,  L u  C , B e i  H ,  S a le s  B C ,  e t  a l .  I n f l u e n c e  o f  c h e m i c a l  

d i s o r d e r  o n  e n e r g y  d i s s i p a t i o n  a n d  d e f e c t  e v o l u t i o n  i n  c o n c e n t r a t e d  s o l id  s o l u t i o n  
a l l o y s .  N a t  C o m m u n .  2 0 1 5 ;6 .

http://dx.doi.org/10.1111/j.1551-2916.2008.02268.x
http://dx.doi.org/10.1111/j.1551-2916.2011.05034.x
http://dx.doi.org/10.1111/j.1551-2916.2011.05034.x
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8 8 . B u t l e r  T M , C h a p u t  K J ,  D i e t r i c h  J R ,  S e n k o v  O N . H i g h  t e m p e r a t u r e  o x i d a t i o n  

b e h a v i o r s  o f  e q u i m o l a r  N b T i Z r V  a n d  N b T i Z r C r  r e f r a c t o r y  c o m p l e x  c o n c e n t r a t e d  

a l l o y s  ( R C C A s ) .  J  A l l o y s  C o m p d .  2 0 1 7 ; 7 2 9 : 1 0 0 4 - 1 9 .

8 9 . M u l l e r  F ,  G o r r  B ,  C h r i s t  H - J ,  M u l l e r  J ,  B u t z  B ,  C h e n  H ,  e t  a l .  O n  t h e  o x i d a t i o n  

m e c h a n i s m  o f  r e f r a c t o r y  h i g h  e n t r o p y  a l l o y s .  C o r r o s  S c i .  2 0 1 9 ;1 5 9 .

9 0 .  D a i  F - Z ,  S u n  Y , W e n  B ,  X i a n g  H ,  Z h o u  Y . T e m p e r a t u r e  D e p e n d e n t  T h e r m a l  a n d  

E l a s t i c  P r o p e r t i e s  o f  H i g h  E n t r o p y  ( T i 0 .2Z r 0 .2H f 0 .2N b 0 .2T a 0 .2) B 2 : M o l e c u l a r  
D y n a m i c s  S i m u l a t i o n  b y  D e e p  L e a r n i n g  P o t e n t i a l .  J  M a t e r  S c i  T e c h n o l  [ I n te r n e t ] .  

2 0 2 1 ; 7 2 : 8 - 1 5 .  A v a i l a b l e  f r o m :  h t t p s : / / w w w .s c o p u s . c o m / i n w a r d / r e c o r d .u r i ? e i d = 2 -  

s 2 .0 -

8 5 0 9 2 0 7 4 1 0 5 & d o i = 1 0 .1 0 1 6 % 2 F j . j m s t . 2 0 2 0 .0 7 .0 1 4 & p a r t n e r I D = 4 0 & m d 5 = 8 b c 7 0  

4 a a 9 a 4 6 4 0 4 f 2 5 7 7 7 e 6 4 3 6 5 8 a 6 9 d

9 1 .  G i l d  J ,  W r i g h t  A , Q u i a m b a o - T o m k o  K ,  Q in  M ,  T o m k o  J A ,  S h a f k a t  b i n  H o q u e  M , 

e t  a l .  T h e r m a l  c o n d u c t i v i t y  a n d  h a r d n e s s  o f  t h r e e  s i n g l e - p h a s e  h i g h - e n t r o p y  m e t a l  

d i b o r i d e s  f a b r i c a t e d  b y  b o r o c a r b o t h e r m a l  r e d u c t i o n  a n d  s p a r k  p l a s m a  s i n te r i n g .  
C e r a m  I n t .  2 0 2 0 ; 4 6 ( 5 ) : 6 9 0 6 - 1 3 .

9 2 .  L i u  J - X ,  S h e n  X - Q ,  W u  Y , L i  F ,  L i a n g  Y , Z h a n g  G - J .  M e c h a n i c a l  p r o p e r t i e s  o f  

h o t - p r e s s e d  h i g h - e n t r o p y  d i b o r i d e - b a s e d  c e r a m ic s .  J  A d v  C e r a m .  2 0 2 0 ; 9 ( 4 ) : 5 0 3 -  

10 .

9 3 .  C h e n  H ,  X i a n g  H ,  D a i  F - Z ,  L i u  J , Z h o u  Y . P o r o u s  h i g h  e n t r o p y  

( Z r 0 .2H f 0 .2T i 0 .2N b 0.2T a 0 .2) B 2 : A  n o v e l  s t r a t e g y  t o w a r d s  m a k i n g  u l t r a h i g h  
t e m p e r a t u r e  c e r a m i c s  t h e r m a l  i n s u l a t i n g .  J  M a t e r  S c i  T e c h n o l .  2 0 1 9 ; 3 5 ( 1 0 ) : 2 4 0 4 -  

8 .

9 4 .  R o s t  C M , S a c h e t  E ,  B o r m a n  T , M o b a l l e g h  A , D i c k e y  E C ,  H o u  D ,  e t  a l .  E n t r o p y -  

s t a b i l i z e d  o x id e s .  N a t  C o m m u n  [ I n te r n e t ] .  2 0 1 5 ;6 .  A v a i l a b l e  f r o m :  
h t t p s : / / w w w .s c o p u s . c o m / i n w a r d / r e c o r d .u r i ? e i d = 2 - s 2 .0 -

8 4 9 4 2 8 9 4 9 8 0 & d o i = 1 0 .1 0 3 8 % 2 F n c o m m s 9 4 8 5 & p a r t n e r I D = 4 0 & m d 5 = 0 8 4 7 4 f 5 f 1 d  

2 3 5 2 a c 1 8 0 1 0 9 2 7 d 3 e 2 2 2 b a

9 5 .  D o r n e r  A N ,  B a r t o n  D J ,  Z h o u  Y ,  T h o m p s o n  G B , H i l m a s  G E ,  F a h r e n h o l t z  W G . 

S o lu t e  d i s t r i b u t i o n s  i n  t a n t a l u m - c o n t a i n i n g  z i r c o n i u m  d i b o r i d e  c e r a m ic s .  J  A m  

C e r a m  S o c .  2 0 2 0 ; 1 0 3 ( 4 ) : 2 8 8 0 - 9 0 .

https://www.scopus.com/inward/record.uri?eid=2-s2.0-
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
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9 6 .  T s a i  M - H ,  Y e h  J - W .  H i g h - e n t r o p y  a l l o y s :  a  c r i t i c a l  r e v i e w .  M a t e r  R e s  L e t t .  
2 0 1 4 ; 2 ( 3 ) : 1 0 7 - 2 3 .

9 7 .  Z h a n g  Y , Z u o  T T ,  T a n g  Z ,  G a o  M C ,  D a h m e n  K A ,  L i a w  P K ,  e t  a l.

M i c r o s t r u c t u r e s  a n d  p r o p e r t i e s  o f  h i g h - e n t r o p y  a l l o y s .  P r o g  M a t e r  S c i.  

2 0 1 4 ; 6 1 : 1 - 9 3 .

9 8 .  C h o u  H - P ,  C h a n g  Y - S ,  C h e n  S - K ,  Y e h  J - W .  M i c r o s t r u c t u r e ,  t h e r m o p h y s i c a l  a n d  

e l e c t r i c a l  p r o p e r t i e s  i n  A lx C o C r F e N i  ( 0 <  x <  2 )  h i g h - e n t r o p y  a l l o y s .  M a t e r  S c i  
E n g  B . 2 0 0 9 ; 1 6 3 ( 3 ) : 1 8 4 - 9 .

9 9 .  F e n g  L ,  F a h r e n h o l t z  W G ,  H i l m a s  G E ,  Z h o u  Y . S y n th e s i s  o f  s i n g l e - p h a s e  h ig h -  

e n t r o p y  c a r b i d e  p o w d e r s .  S c r  M a t e r  [ I n t e r n e t ] .  2 0 1 9 ; 1 6 2 : 9 0 - 3 .  A v a i l a b l e  f r o m :  

h t t p s : / / w w w .s c o p u s . c o m / i n w a r d / r e c o r d .u r i ? e i d = 2 - s 2 .0 -

8 5 0 5 6 2 0 8 5 6 7 & d o i = 1 0 .1 0 1 6 % 2 F j . s c r i p t a m a t . 2 0 1 8 .1 0 .0 4 9 & p a r t n e r I D = 4 0 & m d 5 = f

b f 4 0 c 0 3 a 7 8 a 8 f 4 2 b d c 2 6 5 0 7 2 9 9 f 9 b 1 a

1 0 0 . J i a n g  S , H u  T , G i l d  J ,  Z h o u  N ,  N i e  J , Q in  M ,  e t  a l. A  n e w  c l a s s  o f  h i g h - e n t r o p y  

p e r o v s k i t e  o x id e s .  S c r  M a t e r  [ I n te r n e t ] .  2 0 1 8 ; 1 4 2 : 1 1 6 - 2 0 .  A v a i l a b l e  f r o m :  
h t t p s : / / w w w .s c o p u s . c o m / i n w a r d / r e c o r d .u r i ? e i d = 2 - s 2 .0 -

8 5 0 2 8 7 1 7 2 5 5 & d o i = 1 0 .1 0 1 6 % 2 F j . s c r i p t a m a t . 2 0 1 7 .0 8 .0 4 0 & p a r t n e r I D = 4 0 & m d 5 =

5 7 0 c 9 c b 8 d f e 3 9 b 8 d f 0 b a 4 0 0 2 0 9 9 8 d c c 1

1 0 1 . J o n e s  N G ,  A v e s o n  J W ,  B h o w m i k  A ,  C o n d u i t  B D ,  S to n e  H J .  O n  t h e  e n t r o p ic  

s t a b i l i s a t i o n  o f  a n  A l0 .  5 C r F e C o N i C u  h i g h  e n t r o p y  a l l o y .  I n t e r m e t a l l i c s .  

2 0 1 4 ; 5 4 : 1 4 8 - 5 3 .

1 0 2 . O t t o  F ,  Y a n g  Y , B e i  H ,  G e o r g e  E P .  R e l a t i v e  e f f e c t s  o f  e n t h a l p y  a n d  e n t r o p y  o n  

t h e  p h a s e  s t a b i l i t y  o f  e q u i a t o m i c  h i g h - e n t r o p y  a l l o y s .  A c t a  M a t e r .  
2 0 1 3 ; 6 1 ( 7 ) : 2 6 2 8 - 3 8 .

1 0 3 . W u  Z ,  B e i  H ,  O t t o  F ,  P h a r r  G M , G e o r g e  E P .  R e c o v e r y ,  r e c r y s t a l l i z a t i o n ,  g r a i n  

g r o w t h  a n d  p h a s e  s t a b i l i t y  o f  a  f a m i l y  o f  F C C - s t r u c t u r e d  m u l t i - c o m p o n e n t  

e q u i a t o m i c  s o l id  s o l u t i o n  a l l o y s .  I n t e r m e t a l l i c s .  2 0 1 4 ; 4 6 : 1 3 1 - 4 0 .

1 0 4 . Z h a n g  F ,  Z h a n g  C , C h e n  S - L ,  Z h u  J , C a o  W - S ,  K a t t n e r  U R .  A n  u n d e r s t a n d i n g  o f  

h i g h  e n t r o p y  a l l o y s  f r o m  p h a s e  d i a g r a m  c a l c u l a t i o n s .  C a lp h a d .  2 0 1 4 ; 4 5 : 1 - 1 0 .

https://www.scopus.com/inward/record.uri?eid=2-s2.0-
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1 0 5 . H u m e - R o t h e r y  W . A t o m i c  d i a m e te r s ,  a t o m i c  v o l u m e s  a n d  s o l i d  s o l u b i l i t y  

r e l a t i o n s  in  a l l o y s .  A c t a  M e t a l l  [ I n t e r n e t ] .  1 9 6 6 ; 1 4 ( 1 ) : 1 7 - 2 0 .  A v a i l a b l e  f r o m :  

h t t p : / / w w w .s c i e n c e d i r e c t . c o m / s c i e n c e / a r t i c l e / p i i / 0 0 0 1 6 1 6 0 6 6 9 0 2 6 7 7

1 0 6 . H u m e - R o t h e r y  W ,  C o l e s  B R .  T h e  t r a n s i t i o n  m e t a l s  a n d  t h e i r  a l l o y s .  A d v  P h y s  

[ I n t e r n e t ] .  1 9 5 4 ; 3 ( 1 0 ) : 1 4 9 - 2 4 2 .  A v a i l a b l e  f r o m :  

h t t p s : / / w w w .s c o p u s . c o m / i n w a r d / r e c o r d .u r i ? e i d = 2 - s 2 .0 -

8 4 9 1 3 4 9 8 5 7 2 & d o i = 1 0 . 1 0 8 0 % 2 F 0 0 0 1 8 7 3 5 4 0 0 1 0 1 1 9 3 & p a r t n e r I D = 4 0 & m d 5 = b 3 3

1 6 2 7 d d 5 0 d a 0 1 e 4 8 6 1 8 8 c 6 7 2 e 3 b 8 7 6

1 0 7 . P a u l i n g  L .  A t o m i c  R a d i i  a n d  I n t e r a t o m i c  D i s t a n c e s  i n  M e t a l s .  J  A m  C h e m  S o c  
[ I n t e r n e t ] .  1 9 4 7 ; 6 9 ( 3 ) : 5 4 2 - 5 3 .  A v a i l a b l e  f r o m :  

h t t p : / / d x .d o i . o r g / 1 0 .1 0 2 1 / j a 0 1 1 9 5 a 0 2 4

1 0 8 . V e g a r d  L .  D i e  K o n s t i t u t i o n  d e r  M i s c h k r i s t a l l e  u n d  d i e  R a u m f u l l u n g  d e r  A to m e .  

Z e i t s c h r i f t  f u r  P h y s  [ I n te r n e t ] .  1 9 2 1 ; 5 ( 1 ) : 1 7 —2 6 .  A v a i l a b l e  f r o m :  
h t t p s : / / w w w .s c o p u s . c o m / i n w a r d / r e c o r d .u r i ? e i d = 2 - s 2 .0 -

2 7 8 4 4 5 8 3 8 0 0 & d o i = 1 0 .1 0 0 7 % 2 F B F 0 1 3 4 9 6 8 0 & p a r t n e r I D = 4 0 & m d 5 = 0 b 0 a 6 6 2 3 5 6  

a 1 9 a 7 e e 2 9 9 c b a 4 b 1 a 7 9 d e f

1 0 9 . J a c o b  K T ,  R a j  S , R a n n e s h  L .  V e g a r d ’ s l a w :  A  f u n d a m e n t a l  r e l a t i o n  o r  a n
a p p r o x i m a t i o n ?  I n t  J  M a t e r  R e s  [ I n t e r n e t ] .  2 0 0 7 ; 9 8 ( 9 ) : 7 7 6 - 9 .  A v a i l a b l e  f r o m :  

h t t p s : / / w w w .s c o p u s . c o m / i n w a r d / r e c o r d .u r i ? e i d = 2 - s 2 .0 -

3 5 3 4 8 8 5 9 4 7 2 & d o i = 1 0 .3 1 3 9 % 2 F 1 4 6 .1 0 1 5 4 5 & p a r t n e r I D = 4 0 & m d 5 = 2 e f 6 e 4 b 0 e c b 0

c 0 7 8 4 5 3 c 8 c 4 9 e 4 6 e 4 c 3 5

1 1 0 . Z h a n g  Y , J i a n g  Z - B ,  S u n  S -K , G u o  W - M ,  C h e n  Q - S ,  Q iu  J - X ,  e t  a l.

M i c r o s t r u c t u r e  a n d  m e c h a n i c a l  p r o p e r t i e s  o f  h i g h - e n t r o p y  b o r i d e s  d e r i v e d  f r o m  
b o r o / c a r b o t h e r m a l  r e d u c t i o n .  J  E u r  C e r a m  S o c  [ I n t e r n e t ] .  2 0 1 9 ; 3 9 ( 1 3 ) : 3 9 2 0 - 4 .  

A v a i l a b l e  f r o m :  h t t p s : / / w w w .s c o p u s . c o m / i n w a r d / r e c o r d .u r i ? e i d = 2 - s 2 .0 -  

8 5 0 6 6 2 6 3 3 9 7 & d o i = 1 0 .1 0 1 6 % 2 F j . j e u r c e r a m s o c .2 0 1 9 .0 5 .0 1 7 & p a r t n e r I D = 4 0 & m d  

5 = 7 4 5 c d 5 0 4 2 1 d e 2 9 6 3 9 0 5 e b 4 8 2 7 1 f 7 0 4 2 4

1 1 1 . Q in  M ,  G i l d  J , H u  C , W a n g  H ,  H o q u e  M S B ,  B r a u n  J L ,  e t  a l .  D u a l - p h a s e  h ig h -  

e n t r o p y  u l t r a - h i g h  t e m p e r a t u r e  c e r a m ic s .  J  E u r  C e r a m  S o c  [ I n te r n e t ] .  
2 0 2 0 ; 4 0 ( 1 5 ) : 5 0 3 7 - 5 0 .  A v a i l a b l e  f r o m :  

h t t p s : / / w w w .s c o p u s . c o m / i n w a r d / r e c o r d .u r i ? e i d = 2 - s 2 .0 -

8 5 0 8 7 1 1 7 1 0 4 & d o i = 1 0 .1 0 1 6 % 2 F j . j e u r c e r a m s o c .2 0 2 0 .0 5 .0 4 0 & p a r t n e r I D = 4 0 & m d

5 = 3 0 c a 0 9 b 5 7 9 c 3 d 2 a b 5 3 2 9 b c 8 6 6 b 0 6 0 2 8 b
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1 1 2 . F e n g  L ,  F a h r e n h o l t z  W G ,  H i l m a s  G E . P r o c e s s i n g  o f  d e n s e  h i g h - e n t r o p y  b o r i d e  

c e r a m ic s .  J  E u r  C e r a m  S o c  [ I n t e r n e t ] .  2 0 2 0 ; 4 0 ( 1 2 ) : 3 8 1 5 - 2 3 .  A v a i l a b l e  f r o m :  

h t t p s : / / w w w .s c o p u s . c o m / i n w a r d / r e c o r d .u r i ? e i d = 2 - s 2 .0 -

8 5 0 8 3 4 8 7 1 8 4 & d o i = 1 0 .1 0 1 6 % 2 F j . j e u r c e r a m s o c .2 0 2 0 .0 3 .0 6 5 & p a r t n e r I D = 4 0 & m d

5 = 3 4 6 3 a a b 3 5 f 5 8 5 0 2 9 8 0 c 3 f 5 c b 7 5 e 4 d f 6 e

1 1 3 . M o n t e v e r d e  F ,  S a r a g a  F ,  G a b o a r d i  M .  C o m p o s i t i o n a l  d i s o r d e r  a n d  s i n t e r i n g  o f  

e n t r o p y  s t a b i l i z e d  ( H f ,N b ,T a ,T i ,Z r ) B 2 s o l i d  s o l u t i o n  p o w d e r s .  J  E u r  C e r a m  S o c  
[ I n t e r n e t ] .  2 0 2 0 ; 4 0 ( 1 2 ) : 3 8 0 7 - 1 4 .  A v a i l a b l e  f r o m :  

h t t p s : / / w w w .s c o p u s . c o m / i n w a r d / r e c o r d .u r i ? e i d = 2 - s 2 .0 -

8 5 0 8 3 8 3 1 5 1 3 & d o i = 1 0 .1 0 1 6 % 2 F j . j e u r c e r a m s o c .2 0 2 0 .0 4 .0 2 6 & p a r t n e r I D = 4 0 & m d

5 = 5 3 9 5 a c 4 f c 2 3 5 9 2 c 1 5 5 2 5 4 0 9 f 4 4 4 3 c 9 8 a

1 1 4 . F e n g  L ,  F a h r e n h o l t z  W G ,  H i l m a s  G E .  T w o - s t e p  s y n t h e s i s  p r o c e s s  f o r  h i g h -  

e n t r o p y  d i b o r i d e  p o w d e r s .  J  A m  C e r a m  S o c  [ I n t e r n e t ] .  2 0 2 0 ; 1 0 3 ( 2 ) : 7 2 4 - 3 0 .  
A v a i l a b l e  f r o m :  h t t p s : / / w w w .s c o p u s . c o m / i n w a r d / r e c o r d .u r i ? e i d = 2 - s 2 .0 -  

8 5 0 7 3 9 1 7 8 0 3 & d o i = 1 0 .1 1 1 1 % 2 F j a c e .1 6 8 0 1 & p a r t n e r I D = 4 0 & m d 5 = 7 5 0 0 f d b 9 1 a a 8  

d 4 d 4 d 6 0 4 a 5 d 6 6 1 1 d 1 a 7 b

1 1 5 . B a r b a r o s s a  S , O r r u  R ,  G a r r o n i  S , L i c h e r i  R ,  C a o  G . U l t r a  h i g h  t e m p e r a t u r e  h ig h -  

e n t r o p y  b o r i d e s :  E f f e c t  o f  g r a p h i t e  a d d i t i o n  o n  o x i d e s  r e m o v a l  a n d  d e n s i f i c a t i o n  

b e h a v i o u r .  C e r a m  I n t  [ I n t e r n e t ] .  2 0 2 0 ;  A v a i l a b l e  f r o m :  

h t t p s : / / w w w .s c o p u s . c o m / i n w a r d / r e c o r d .u r i ? e i d = 2 - s 2 .0 -

8 5 0 9 4 5 8 7 8 4 2 & d o i = 1 0 .1 0 1 6 % 2 F j . c e r a m i n t . 2 0 2 0 .1 0 .2 0 0 & p a r t n e r I D = 4 0 & m d 5 = c 1
5 8 e c f 4 5 c c f 6 2 8 d b 5 d c b d f 0 d 8 2 9 5 9 c b

1 1 6 . T a l l a r i t a  G , L i c h e r i  R ,  G a r r o n i  S , O r r u  R ,  C a o  G . N o v e l  p r o c e s s i n g  r o u t e  f o r  t h e  

f a b r i c a t i o n  o f  b u l k  h i g h - e n t r o p y  m e t a l  d ib o r id e s .  S c r  M a t e r  [ I n te r n e t ] .  

2 0 1 9 ; 1 5 8 : 1 0 0 - 4 .  A v a i l a b l e  f r o m :  

h t t p s : / / w w w .s c o p u s . c o m / i n w a r d / r e c o r d .u r i ? e i d = 2 - s 2 .0 -

8 5 0 5 2 6 4 0 2 4 1 & d o i = 1 0 .1 0 1 6 % 2 F j . s c r i p t a m a t . 2 0 1 8 .0 8 .0 3 9 & p a r t n e r I D = 4 0 & m d 5 = c  

7 f 5 4 0 d 6 2 0 0 c 1 4 9 7 3 6 c 5 8 a a b 2 7 f 5 a 0 c d

1 1 7 . Z h a n g  Y , G u o  W - M ,  J i a n g  Z - B ,  Z h u  Q - Q ,  S u n  S - K ,  Y o u  Y , e t  a l.  D e n s e  h ig h -  
e n t r o p y  b o r i d e  c e r a m i c s  w i t h  u l t r a - h i g h  h a r d n e s s .  S c r  M a t e r .  2 0 1 9 ; 1 6 4 : 1 3 5 - 9 .

1 1 8 . F e n g  L ,  F a h r e n h o l t z  W G ,  H i l m a s  G E ,  M o n t e v e r d e  F . E f f e c t  o f  N b  c o n t e n t  o n  t h e  

p h a s e  c o m p o s i t i o n ,  d e n s i f i c a t i o n ,  m i c r o s t r u c t u r e ,  a n d  m e c h a n i c a l  p r o p e r t i e s  o f  

h i g h - e n t r o p y  b o r i d e  c e r a m ic s .  J  E u r  C e r a m  S o c  [ I n t e r n e t ] .  2 0 2 0 ;
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1 1 9 . Q in  M ,  G i l d  J , W a n g  H ,  H a r r i n g t o n  T , V e c c h i o  K S ,  L u o  J . D i s s o l v i n g  a n d  

s t a b i l i z i n g  s o f t  W B 2 a n d  M o B 2 p h a s e s  i n t o  h i g h - e n t r o p y  b o r i d e s  v i a  b o r o n - m e t a l s  

r e a c t i v e  s i n t e r i n g  t o  a t t a i n  h i g h e r  h a r d n e s s .  J  E u r  C e r a m  S o c  [ I n te r n e t ] .  
2 0 2 0 ; 4 0 ( 1 2 ) : 4 3 4 8 - 5 3 .  A v a i l a b l e  f r o m :

h t t p : / / w w w .s c i e n c e d i r e c t . c o m / s c i e n c e / a r t i c l e / p i i / S 0 9 5 5 2 2 1 9 2 0 3 0 2 4 4 2

1 2 0 . G u  J , Z o u  J ,  S u n  S - K ,  W a n g  H ,  Y u  S -Y , Z h a n g  J ,  e t  a l .  D e n s e  a n d  p u r e  h ig h -  

e n t r o p y  m e t a l  d i b o r i d e  c e r a m i c s  s i n t e r e d  f r o m  s e l f - s y n t h e s i z e d  p o w d e r s  v i a  
b o r o / c a r b o t h e r m a l  r e d u c t i o n  a p p r o a c h .  S c i  C h i n a  M a t e r .  2 0 1 9 ; 6 2 ( 1 2 ) : 1 8 9 8 - 9 0 9 .

1 2 1 . N e u m a n  E W ,  F a h r e n h o l t z  W G ,  H i l m a s  G E . M i c r o s t r u c t u r e  a n d  m e c h a n i c a l  

p r o p e r t i e s  o f  r e a c t i o n - h o t - p r e s s e d  z i r c o n i u m  d i b o r i d e  b a s e d  c e r a m ic s .  I n t  J  A p p l  

C e r a m  T e c h n o l  [ I n t e r n e t ] .  2 0 1 9 ; 1 6 ( 5 ) : 1 7 1 5 - 2 2 .

1 2 2 . S e n k o v  O N ,  S e n k o v a  S  V , W o o d w a r d  C , M i r a c l e  D B .  L o w - d e n s i t y ,  r e f r a c t o r y  

m u l t i - p r i n c i p a l  e l e m e n t  a l l o y s  o f  th e  C r - N b - T i - V - Z r  s y s te m :  M i c r o s t r u c t u r e  a n d  
p h a s e  a n a ly s i s .  A c t a  M a t e r .  2 0 1 3 ; 6 1 ( 5 ) : 1 5 4 5 - 5 7 .

1 2 3 . S t a n f i e l d  A D ,  H i l m a s  G E ,  F a h r e n h o l t z  W G .  E f f e c t s  o f  T i ,  Y ,  a n d  H f  a d d i t i o n s  o n  

t h e  t h e r m a l  p r o p e r t i e s  o f  Z r B 2 . J  E u r  C e r a m  S o c  [ I n te r n e t ] .  2 0 2 0 ;  A v a i l a b l e  f r o m :  

h t t p s : / / w w w .s c o p u s . c o m / i n w a r d / r e c o r d .u r i ? e i d = 2 - s 2 .0 -

8 5 0 8 5 0 9 2 0 1 5 & d o i = 1 0 .1 0 1 6 % 2 F j . j e u r c e r a m s o c .2 0 2 0 .0 4 .0 1 1 & p a r t n e r I D = 4 0 & m d

5 = 0 3 1 2 c 7 9 3 c 5 7 d 6 e 7 4 0 2 a 3 7 8 e d 3 c c 4 9 c 8 1

1 2 4 . C h a m b e r l a i n  A L ,  F a h r e n h o l t z  W G ,  H i l m a s  G E . R e a c t i v e  h o t  p r e s s i n g  o f  

z i r c o n i u m  d ib o r id e .  J  E u r  C e r a m  S o c .  2 0 0 9 ; 2 9 ( 1 6 ) : 3 4 0 1 - 8 .

1 2 5 . Z h u  S , F a h r e n h o l t z  W G ,  H i l m a s  G E ,  Z h a n g  S C . P r e s s u r e l e s s  s i n t e r i n g  o f  c a r b o n -  

c o a t e d  z i r c o n i u m  d i b o r i d e  p o w d e r s .  M a t e r  S c i  E n g  A  [ I n te r n e t ] .  2 0 0 7 ; 4 5 9 ( 1 -  
2 ) : 1 6 7 - 7 1 .  A v a i l a b l e  f r o m :

h t t p : / / w w w .s c i e n c e d i r e c t . c o m / s c i e n c e / a r t i c l e / p i i / S 0 9 2 1 5 0 9 3 0 7 0 0 4 4 8 0

1 2 6 . Z h a n g  X , H i l m a s  G E ,  F a h r e n h o l t z  W G . S y n th e s i s ,  d e n s i f i c a t i o n ,  a n d  m e c h a n i c a l  

p r o p e r t i e s  o f  T a B 2 . M a t e r  L e t t  [ I n t e r n e t ] .  2 0 0 8 ; 6 2 ( 2 7 ) : 4 2 5 1 - 3 .

1 2 7 . J a c k s o n  H F ,  J a y a s e e l a n  D D ,  L e e  W E ,  R e e c e  M J ,  I n a m  F ,  M a n a r a  D . L a s e r  

m e l t i n g  o f  s p a r k  p l a s m a - s i n t e r e d  z i r c o n i u m  c a r b i d e :  t h e r m o p h y s i c a l  p r o p e r t i e s  o f  
a  g e n e r a t i o n  I V  v e r y  h i g h  t e m p e r a t u r e  r e a c t o r  m a t e r i a l .  I n t  J  A p p l  C e r a m  

T e c h n o l .  2 0 1 0 ;  7 ( 3 ) :  3 1 6 - 3 2 6 .
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1 2 8 . M a n a r a  D ,  B o h l e r  R ,  B o b o r i d i s  K ,  C a p r i o t t i  L ,  Q u a in i  A , L u z z i  L ,  e t  a l.  T h e  

m e l t i n g  b e h a v i o u r  o f  o x i d e  n u c l e a r  f u e l s :  e f f e c t s  o f  t h e  o x y g e n  p o t e n t i a l  s t u d i e d  

b y  l a s e r  h e a t i n g .  P r o c e d i a  C h e m .  2 0 1 2 ; 7 : 5 0 5 - 1 2 .

1 2 9 . N u n e z  U C ,  P r i e u r  D ,  B o h l e r  R ,  M a n a r a  D . M e l t i n g  p o i n t  d e t e r m i n a t i o n  o f  

u r a n i u m  n i t r i d e  a n d  u r a n i u m  p l u t o n i u m  n i t r i d e :  A  l a s e r  h e a t i n g  s tu d y .  J  N u c l  

M a t e r .  2 0 1 4 ; 4 4 9 ( 1 - 3 ) : 1 - 8 .

1 3 0 . C e d i l l o s - B a r r a z a  O , G r a s s o  S , A l  N a s i r i  N ,  J a y a s e e l a n  D D ,  R e e c e  M J ,  L e e  W E .  
S i n t e r i n g  b e h a v i o u r ,  s o l i d  s o l u t i o n  f o r m a t i o n  a n d  c h a r a c t e r i s a t i o n  o f  T a C ,  H f C  

a n d  T a C - H f C  f a b r i c a t e d  b y  s p a r k  p l a s m a  s in t e r i n g .  J  E u r  C e r a m  S o c . 
2 0 1 6 ; 3 6 ( 7 ) : 1 5 3 9 - 4 8 .

1 3 1 . N o r t o n  J T ,  B l u m e n t h a l  H ,  S in d e b a n d  S J . S t r u c tu r e  o f  d i b o r i d e s  o f  t i t a n i u m ,  
z i r c o n i u m ,  c o l u m b i u m ,  t a n t a l u m  a n d  v a n a d i u m .  J O M .  1 9 4 9 ; 1 ( 1 0 ) : 7 4 9 - 5 1 .

1 3 2 . W o n g - N g  W , M c M u r d i e  H F ,  P a r e t z k i n  B ,  Z h a n g  Y , H u b b a r d  C R ,  D r a g o o  A L ,  e t  

a l.  S t a n d a r d  x - r a y  d i f f r a c t i o n  p o w d e r  p a t t e r n s  o f  f i f t e e n  c e r a m i c  p h a s e s .  P o w d e r  

D i f f r .  1 9 8 8 ; 3 ( 1 ) : 4 7 - 5 6 .
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VITA

A u s t i n  D a v i d  S t a n f i e l d  w a s  b o r n  a n d  r a i s e d  i n  K a n s a s  C i t y ,  M i s s o u r i .  G r o w i n g  

u p  a n d  t h r o u g h  h i g h  s c h o o l  h e  p a r t i c i p a t e d  a n d  c o m p e t e d  i n  a  w i d e  r a n g e  o f  

e x t r a c u r r i c u l a r  a c t i v i t i e s  i n c l u d i n g  b a l l e t ,  h o r s e b a c k  r i d i n g  a n d  c r o s s  c o u n t r y ,  b u t  w a s  

e s p e c i a l l y  a c t i v e  i n  t h e  B o y  S c o u t s  o f  A m e r i c a ,  e v e n t u a l l y  s e r v i n g  a s  a  R a n g e r  a t  

P h i l m o n t  S c o u t  R a n c h  f o r  a  s u m m e r .

A f t e r  g r a d u a t i n g  f r o m  R o c k h u r s t  H i g h  S c h o o l ,  A u s t i n  p u r s u e d  a  d e g r e e  in  
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