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One of the essential driving forces in the field of Materials Science  

is to develop new materials 

  



 

  



ABSTRACT 

High-entropy alloy (HEA) is a multicomponent alloy material that contains five or 

more principal elements in equi- or near equi-atomic ratios. The entropy 

stabilisation leads to the formation of a crystalline solid solution accommodating 

the principal elements. The HEA solid solution has characteristic features such as 

lattice distortion, sluggish diffusion and cocktail effect that contribute to the 

superior properties of HEA including high strength, high hardness, excellent 

thermal and chemical stability, etc.  

The concept of HEA has been extended to ceramic materials to process high-

entropy ceramic (HEC) that consists of multiple ceramic compounds such as 

metallic oxides, nitrides or carbides. The HECs have shown entropy stabilisation 

and formed single-phase ceramic solid solutions. However, the formation 

mechanism of high-entropic phase in HECs remains unclear and unpredictable. 

Generally, in order to maximise the probability of forming a high-entropy solid 

solution in a ceramic system, ceramic compounds with least difference in the crystal 

structure, preferably with only one anionic constituent element, are favoured when 

designing HECs, which limits the potential of discovering and developing new 

HECs. 

In this project, a multicomponent ceramic system containing six ultra-high 

temperature ceramics (UHTCs), B4C, HfC, Mo2C, TaC, TiC and SiC, was used 

to investigate the formation of high-entropy ceramics, UHTC composites, as well 

as the microstructure evolution, properties and high temperature applications. A 

ceramic composite composed of SiC and a high-entropy boron-carbide with 

hexagonal crystal structure was successfully processed from the carbide system in 

spite of the difference in the crystal structures of precursors (face-centred cubic, 

hexagonal and rhombohedral). The hexagonal HEC solid solution exhibited a 

unique AlB2 structure with alternating layers of metal and non-metal C/B atoms 

according to the experimental and simulation investigations. The HEC/SiC 

composite showed superior mechanical properties such as ultra-high hardness, 

excellent wear and oxidation resistance. The addition of B4C was discovered to be 

the key factor in the formation of the hexagonal high-entropy boron-carbide solid 

solution, while the final phase composition was tailored by utilising precursors of 

different particle size. Additionally, SiC as the reinforcement component in the 

HEC/SiC composite was used to tailor the microstructure, phase evolution and 



mechanical properties of the high-entropy boron-carbide composite. Higher 

content of SiC resulted in enhanced mechanical properties such as hardness and 

fracture toughness, as well as promoted the formation of the hexagonal high-

entropy boron-carbide solid solution. To extend the investigation on the high-

entropy boron-carbide composite to application, B4C, HfC, Mo2C, TaC and TiC 

were consolidated into a target for magnetron sputtering. The target was used to 

deposit oxidation-resistant high-entropy coatings using magnetron sputtering on 

carbon-carbon composites. The coatings showed superior mechanical performance 

and high temperature oxidation resistance at 2000 °C on carbon-carbon composite, 

suggesting potential applications of high-entropy boron-carbide ceramics as a 

protective coating material against oxidation at elevated temperature.  

This work pointed out the possibilities of synthesising high-performance HECs 

with superior properties from components with vast elemental and structure 

diversity, and thereby advanced the design criteria of HECs and provided more 

potential research directions for the new high-performance ceramic materials. 
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1 
Chapter 

HIGH-ENTROPY 
ALLOYS 

 

 

 

The establishment of high-entropy alloys 

The processing of conventional metallic alloys usually involves one principal metal 

element such as Fe, Al or Ti, with the incorporation of a small amount of other 

alloying elements in order to match diverse industrial and application requirements. 

The idea of developing a multicomponent alloy from a multiple equi-atomic 

amount of elements was first suggested by a German scientist, Franz Karl Archard, 

in the eighteenth century1. However, his material turned out to be ordinary and 

unattractive due to lack of standard element selection criteria and experimental 

facilities, and the novelty and potential of his idea stayed undiscovered for centuries. 

In modern material science, it is well-known that most binary metal-metal phase 

diagrams show a variety of intermetallic compounds with ordered structures. 

Ternary and quaternary phase diagrams with more components are expected to 

have an even larger number of stable intermetallic and intermediate phases. 
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Therefore, composite containing a variety of equilibrium compounds was believed 

to be the result of mixing a large number of components, which discouraged 

researchers from exploration in the field of multicomponent alloys.  

The first documented study on equi-atomic multicomponent alloys was published 

as a thesis work at Sussex University by Vincent, A., a student of Cantor’s, in 19812. 

An equi-atomic Co20Cr20Fe20Mn20Ni20 alloy was observed to have a single face-

centred cubic (FCC) crystal structure. Till 2002, when Cantor, B. presented their 

research at the Rapidly Quenched Metal Conference in Oxford, equi-atomic 

multicomponent alloys started to broadly enter the sight of the materials science 

community. The work of Cantor3 was published in 2004 in the journal of Materials 

Science and Engineering A. During a similar time period, Yeh, J.4,5 and Ranganathan, 

S.6 independently reported the discovery of processing of single-phase 

multicomponent alloys, which aroused interest in the research on this type of 

material (Figure 1). Since then research on processing different multicomponent 

alloys with five or more elements in equi- or near equi-atomic composition, 

termed high-entropy alloys (HEAs), has been growing exponentially.  

 
Figure 1 Historical evolution of engineering materials. Reproduced with permission. Copyright 

2011, Elsevier7. 
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The simplest way to define HEAs is the restraint of the composition. Alloys 

containing at least five principal elements with each of the components having an 

atomic fraction between 5 and 35%, are recognised as HEAs. On the other hand, 

the terminology high-entropy alloys is related to the characteristic feature of the high 

configurational entropy in HEAs. The configurational entropy ∆𝑆𝑐𝑜𝑛𝑓  can be 

calculated by the following equation: 

 

∆𝑆𝑐𝑜𝑛𝑓 = −𝑅 ∑ 𝑋𝑖 ln 𝑋𝑖

𝑁

𝑖=1

 Equation 1 

Assuming that all the components are in equi-atomic composition, the equation 

can be simplified into:  

 
 

∆𝑆𝑐𝑜𝑛𝑓 = 𝑅 ln 𝑁 Equation 2 

where R is the gas constant, N is the number of components in the system and 𝑋𝑖 

is the mole fraction of each ith component. The configurational entropy for an 

equi-atomic five-component HEA is 1.61R. Therefore, HEAs can be defined as 

alloys having a configurational entropy larger than 1.5R ( ∆𝑆𝑐𝑜𝑛𝑓 > 1.5𝑅 ). 

Following the configuration entropy standard, conventional alloys such as steel, 

Cu-alloy and Al alloy are classified as low-entropy alloys (∆𝑆𝑐𝑜𝑛𝑓 ≤ 1𝑅), and 

superalloys such as Ni- and Co-based superalloys as well as bulk metallic glasses are 

medium-entropy alloys (1𝑅 ≤ ∆𝑆𝑐𝑜𝑛𝑓 ≤ 1.5𝑅), as demonstrated in Figure 2. 

 
Figure 2 Alloys classified according to the configurational entropy. Adapted with permission. 

Copyright 2013, Springer Nature8.  
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Characteristic properties of HEAs 

One of the most significant reasons why HEAs suddenly attracted such an 

increasing amount of attention is the formation of a stable single-phase solid 

solution from a multiple element system, despite the compositional complexity. 

The key factor in the formation of the unprecedented simple solid solution is, as 

the name HEAs implies, the high-entropy effect. 

High-entropy effect refers to the enhancement of the stability of the high-entropy 

(HE) solid solution structure, based on the thermodynamics. The Gibbs free energy 

of mixing ∆𝐺𝑚𝑖𝑥 in a system is calculated by: 

 

∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥 Equation 3 

where ∆𝐻𝑚𝑖𝑥 is the enthalpy of mixing, T is the temperature and ∆𝑆𝑚𝑖𝑥 is the 

entropy of mixing. As the configurational entropy ∆𝑆𝑐𝑜𝑛𝑓 dominates among all 

four contributors of the total entropy of mixing: configurational, vibrational, 

magnetic dipole and electronic randomness4, the high ∆𝑆𝑐𝑜𝑛𝑓 in HEAs leads to a 

significant reduction of the Gibbs free energy in the system which stabilises the 

solid solution structure, especially at high temperatures. 

Compared to ordered solid solutions such as intermetallics, where atoms are 

distributed at certain specific coordinates in the lattice, HE solid solutions have a 

highly disordered crystal structure where constituent atoms randomly occupy the 

lattice sites with possible short-range orderings. The currently documented HE 

solid solutions commonly show crystal structures of body-centred cubic (BCC), 

face-centred cubic (FCC) or hexagonal close-packed (HCP). Due to the multi-

principal-element environment in the crystal structure, the lattice distortion is 

expected to be high because of atomic size difference (Figure 3). The severe 

lattice distortion in HEAs contributes to a variety of performance enhancements 

of HEAs. In general, HEAs show superior strength and hardness due to the solution 

hardening mechanism. Additionally, the lattice distortion scatters the free electrons 

and phonons in crystalline HEAs, thereby the electrical and thermal conductivity 

of HEAs are strongly reduced, making them promising for thermal and electrical 

isolation applications9. 
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Figure 3 Schematic showing the distorted lattice in a high-entropy alloy. Adapted with permission. 

Copyright 2013, Springer Nature8. 

Experimental results have shown that HEAs have a slower diffusion and phase 

transformation rate compared to traditional alloys10. In the HE solid solution, all 

the constituent elements are seen as solute atoms instead of serving as the matrix 

element as commonly seen in conventional alloys. The vacancies for substitutional 

diffusion are generally surrounded by different elemental atoms, leading to the 

fluctuation of lattice potential energy and higher activation energy required for 

vacancy migration. During the processing of HEAs, high processing temperature 

raises the value of 𝑇∆𝑆𝑚𝑖𝑥 and thus facilitates the formation of solid solution phases. 

During the subsequent cooling process, with the decrease of 𝑇∆𝑆𝑚𝑖𝑥  ordered 

structures such as intermetallic precipitates are likely to be formed. However, the 

phase transformation is hindered by the sluggish diffusion in HEAs, and thus the 

simple solid solution structure can be retained with possible fine precipitates. The 

sluggish diffusion effect in HEAs also contributes to mechanical properties by 

reducing the grain growth rate and increasing creep resistance11,12.  

 

Summary 

HEAs with refined microstructure and superior mechanical properties have opened 

up a completely new field of materials. By selecting different compositions and 

appropriate processing methods, HEAs can be designed accordingly for a variety of 

applications. In general, HEAs have shown promising high-temperature strength, 

excellent oxidation, corrosion and creep resistance, high hardness and good fatigue 

properties, which make them suitable for structural applications such as turbine 

material, high-strength cutting tools and aerospace-related engineering materials. 
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Meanwhile, HEAs are also active in the field of functional materials such as 

radiation resistant materials13, diffusion barriers11, thermoelectric materials14, etc. 

With the enormous number of possible HEA systems, the exploration in this new 

field has a great potential. With a few of the so-far well-studied HEAs including 

the family of AlCoCrCuFeNi alloy, refractory HEAs, etc, “we have barely scratched 

the surface”15. More bold experimental trials such as grouping uncommon elements 

or applying bespoke HEA processing techniques for particular applications need to 

be conducted in order to further expand the potential of HEAs.  
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2 
Chapter 

HIGH-ENTROPY 
CERAMICS 

 

 

 

The development of HECs 

High-entropy ceramics (HECs) are inherited from high-entropy alloys (HEAs). 

Similar to HEAs, HECs consist of five or more different elements, of which 

commonly at least four elements are metallic cations. In the multicomponent 

system of HECs, the entropy stabilisation effect was found to be applicable so that 

single-phase ceramic solid solutions can be formed. As a result of slow diffusion 

kinetics, HECs revealed enhanced performance and ultra-high stability against 

harsh working conditions such as high temperature, high load and corrosion, 

compared to monolithic ceramic compounds. From 2004, when HEAs were first 

introduced, the research on HECs was typically focused on high-entropy nitride 

films prepared via a reactive physical vapour deposition (PVD) technique16–19. 

HEAs or several metal targets are employed in magnetron sputtering with the 
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presence of Ar+N2 atmosphere to form amorphous multiphase thin films20.  

In 2015, Rost et al.21 discovered the first entropy stabilised bulk multicomponent 

oxides Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O with a reversible phase transformation between 

the high-entropy rock salt crystal structure and multicomponent oxides (Figure 4). 

More interesting properties such as dielectric22 and low thermal conductivity23 were 

gradually discovered, which led to new potential functionality of the high-entropy 

oxides.  

 
Figure 4 X-ray diffraction patterns for the entropy-stabilised oxide show reversible phase 

transformation with temperature. The CuO peaks marked with the arrow “T” disappeared with 

increasing temperature from 750 to 1000 °C, and reappeared when cooled to 750 °C. Adapted from 

REF21 under the license CC-BY-4.0.  

Since then, the research in the field of bulk HECs has been greatly expanded, 

including the development of ultra-performance HECs from refractory metallic 

carbides and diborides such as ZrB2, HfB2, HfC, and TaC. These ceramic 

compounds of transition metals, known as ultra-high temperature ceramics 

(UHTCs), have excellent properties under elevated temperatures including high 

melting points (>2000 °C), high hardness, excellent oxidation and corrosion 

resistance24–27. The high-temperature capability of UHTCs makes them attractive 

for high-temperature applications such as automotive, aerospace and cutting tool 

industries. Established from monolithic UHTCs, multicomponent refractory 

HECs with additional beneficial effects such as lattice distortion and slow diffusion 

have shown enhanced mechanical properties compared to the individual ceramic 

compounds and are therefore primarily designed as structural materials. Gild et al. 

reported the first bulk high-entropy diborides28, by sintering five transition metal 

diborides chosen from HfB2, ZrB2, TaB2, NbB2, TiB2, W2B5, CrB2 and MoB2 via 
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spark plasma sintering (SPS). Six of the seven synthesised high-entropy diborides 

possess a single-phase solid solution with hexagonal (AlB2) structure and showed 

superior hardness over the predicted theoretical hardness from the rule of mixtures 

(Figure 5). 

 
Figure 5 Hardness of the synthesised single-phase high-entropy diborides is generally greater than 

the theoretical hardness from the mixture. Adapted from REF28 under the license CC-BY-4.0. 

In 2018, Castle et al. 29 synthesised two different four-component high-entropy 

carbides with ultra-high hardness from refractory metal carbides HfC, TaC, ZrC, 

NbC and TiC with rock salt crystal structure. In this study the addition of more 

components into the system was proven to have a significant enhancement on the 

hardness of the carbides, with the hardness value being high-entropy carbide > 

binary carbide (Hf-Ta)C > HfC, which is the hardest carbide among the 

precursors. Later, Yan et al.30 reported the low thermal conductivity and diffusivity 

of the five-component high-entropy carbide (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C. The low 

thermal conductivity is associated with the severe phonon scattering, which is 

induced by the lattice distortion in the multicomponent rock salt structure.  

To date, the approach of combining different ceramic components to obtain a new 

class of HECs with enhanced properties has also been extended to other metal 

ceramics such as high-entropy silicide (Mo0.2Nb0.2Ta0.2Ti0.2W0.2)Si2 and  

(Ti0.2Zr0.2Nb0.2Mo0.2W0.2)Si231,32 and high-entropy sulphide Cu-Sn-Mg-Ge-Zn-S33. 

Bulk high-entropy borides, carbides, and silicides often reveal enhanced hardness 

compared to the monolithic ceramic compounds. 
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Processing of bulk HECs 

With the nature of high melting points of the ceramics, bulk HECs are often 

prepared via solid-state processing. A schematic summary of the preparation of bulk 

HECs is shown in Figure 6. In generally, the processing procedures start with the 

preparation of the precursor powders. In the case of utilising commercial ceramic 

powders, precursors are measured in a designed stoichiometric ratio and mixed 

using ball milling. However, considering the high cost and difficult access to some 

commercial ceramic powders, a thermochemical reaction using low-cost metal 

oxide powders as reactants has been adopted to produce the corresponding ceramic 

powders. The utilisation of metallic oxides and correlated non-metal powders as 

starting materials has been reported to provide high-purity ceramic powders with 

refined grain size. Feng et al. produced high-entropy (Hf, Zr, Ti, Ta, Nb)C powder 

by first reducing metallic oxides with carbon black through carbo-thermal 

reduction reaction at 1873 K and subsequent high-entropy phase formation above 

1923 K34. In some cases, the high-entropy phase can already be formed after the 

thermochemical reduction. Liu et al. synthesised high-entropy powders of 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)B2 with a superfine particle size of 310 nm through one-

step boro-thermal reduction of metal oxides and boron powders at 1973 K35. 

 
Figure 6 Schematic of the processing of dense high-entropy ceramics. 

In the case of using commercial ceramic powders as precursors, the formation of 

high-entropy solid solution phase can take place during either the ball milling 

process or the subsequent densification process. For precursors with low melting 

points such as metal sulphides, the high-entropy solid solution phase could be 

successfully formed during high-entropy ball milling, as reported by Zhang et al.33. 

For high-melting-point ceramics such as carbides and borides, the multicomponent 
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powder mixture is usually sintered using hot isostatic pressing (HIP) or pulsed 

current processing (PCP). PCP also known as spark plasma sintering (SPS) or field 

assisted sintering technique (FAST), is the predominant sintering technique to 

synthesise dense bulk HECs. Compared to conventional sintering techniques 

where the heat is applied in the whole chamber to achieve the desired temperature 

on the powder compact, the dominated heating source of PCP is joule heating 

generated from the graphite mould and powder compact under the effect of pulsed 

direct current. In combination with applied uniaxial pressure and high 

vacuum/protective gas (Figure 7), PCP provides the possibility for rapid 

densification of powders as well as fast phase transformation from the 

multicomponent mixture to simple solid solution phase. 

 
Figure 7 Schematic of Pulsed current processing technique. 
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Processing of HEC film 

High-entropy nitride, carbide and oxide thin films have been deposited on different 

substrate materials such as Si, WC and steel in order to achieve a thin high-entropy 

ceramic protective coating with excellent wear, oxidation and corrosion resistance. 

The most commonly adopted approach to prepare HEC thin film is magnetron 

sputtering18,36–38, which is a physical vapour deposition (PVD) method to prepare 

thin coatings on materials. During deposition, a solid target is bombarded with 

energetic ions of the inert gas (Ar+) so that the target atoms are ejected away from 

the target surface and deposited on the substrate material (Figure 8). The addition 

of a closed magnetic field that is parallel to the negative surface (the target) allows 

the electrons to be confined to the target surface and thereby increases the 

deposition rate.  

 
Figure 8 Schematic of the thin film preparation process of magnetron sputtering. 

The sputtering process can be classified into two categories: non-reactive and 

reactive sputtering. At the early development stage of HEC films, reactive 

sputtering was the most common technique for preparing the HEC coatings. The 

non-metal element in the HEC films was incorporated by adding the 

corresponding non-metal target like boron or graphite39, or by applying reactive 

gas such as Ar + N2, + CH4 or + O2 during sputtering17,20. Recently, with the 

exploration of the bulk HECs, non-reactive sputtering was also reported to be 

feasible to process HEC coatings. In 2018, Mayrhofer et al. prepared 

(Zr,V,Ti,Ta,Hf)B2 coating by directly using multiple metal diboride as sputtering 

targets in magnetron sputtering40.  
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Structure and design of HECs 

A typical crystal structure is composed of a bravais lattice and corresponding atoms 

to fill in the lattice sites. For ordered crystalline materials such as metals, ceramics 

and intermetallics, stoichiometric atoms are assigned with strict coordinates in the 

lattice. For example metal carbide TiC has rock salt B1 structure, in which Ti 

atoms occupy all the (0, 0, 0) sites and C atoms occupy all other (0.5, 0.5, 0.5) sites 

in the unit cell (Figure 9). High-entropy (HE) material, on the other hand, is a 

multicomponent solid solution with a highly disordered structure41. An ideal HEA 

solid solution has significant mixing of multiple constituent elements in the lattice, 

i.e. high compositional disorder and configurational entropy. The key distinction 

between a disordered HEA solid solution and an ordered solid solution is that each 

atom in the HEA structure has an equal probability of occupying the lattice sites 

and therefore are randomly distributed in the periodical lattice.  

 
Figure 9 Schematic of compounds with ordered structures. Black lines represent the unit cell.         

Left: ceramic compound TiC with rock salt B1 structure; Right: intermetallic NiTi with B2 

structure. 

Similar to HEAs, the structure of HECs also follows the same rule: a long-range 

periodical lattice with disordered atom distribution42. However, HECs usually 

involve two types of constituents, multiple cationic elements and one or few 

anionic elements. Taking the monolithic ceramic compound structure as a 

prototype such as FCC (B1) and HCP (AlB2), the structure of HECs generally 

consists of one multicomponent cationic sub-lattice and one uniform anionic sub-

lattice, where the configurational entropy is principally contributed by the 

composition complexity in the cationic sublattice. In the entropy stabilised oxide 

by Rost et al.21, it has been discussed that the presence of a uniform anion sub-

lattice, which is the oxygen sub-lattice in this case, could increase the 

configurational entropy. Considering a binary alloy A-B, the solution formation is 



14 

 

decided based on the comparison of interaction energy among EA-A, EB-B and EA-B. 

The energetic preference on certain atomic pairs results in short range order and 

therefore reduces the configurational entropy. However, in the demonstration of 

a binary oxide in Figure 10b, the cations A and B are separated by intermediate 

oxygen atoms; therefore all cationic sites have the same coordination surroundings. 

In the case of only considering the impact of the first near neighbour atom, the 

configurational energy is similar for all cationic sites, which makes the energetic 

preference of certain configurations less likely, i.e. higher configurational entropy 

and stabilisation of the multicomponent HEC structure. 

 
Figure 10 A schematic representation of (a) a random binary alloy and (b) a random pseudo-binary 

oxide. The localised negative charge shown by the darker colour is more visible in (a) than (b), 

because the cations are separated by intermediate oxygen anion. Adapted from REF21 under the 

license CC-BY-4.0. 

The first single-phase high-entropy diborides synthesised by Gild et al.28 showed a 

hexagonal AlB2 structure with alternating layers of boron and metal cations. In the 

HEA system, the atomic size difference 𝛿  among the constituent elements is 

considered as one of the important criteria in order to form single-phase solid 

solutions. However, in the unique hexagonal high-entropy diborides structure, the 

Metal-Metal bonds are fixed by the rigid boron net, thereby only considering the 

atomic size difference of the metals is not sufficient to justify the formability of 

single-phase solution from the precursors. Therefore, Gild et al. proposed to use 

lattice parameters instead of atomic radii to validate the average size difference for 

the high-entropy metal diborides, as shown below:  
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𝛿𝑐 = √∑ 𝑋𝑖 [1 − 𝑐𝑖/ (∑ 𝑋𝑖𝑐𝑖

𝑁

𝑖=1

)]

2𝑁

𝑖=1

 Equation 4 

where N is the number of components and c is the lattice constant along the z-axis 

of the ith component. The calculated 𝛿𝑐 value of all the obtained single-phase high-

entropy diborides are less than 6%, which is within the range of the atomic radius 

difference criterion for HEAs (smaller than 6.5%)43. Noticeably, metal diborides 

from group IV, V and VI (MB2) generally possess a hexagonal structure with a 

space group of 191 (Ti, Zr, Hf, V, Nb, Ta, Cr and Mo), except W, which is more 

commonly obtained as W2B5, has a different crystal structure (space group 194). 

The structure mismatch results in limited solubility of W into the hexagonal 

high-entropy structure and therefore the produced (Hf0.2Zr0.2W0.2Mo0.2Ti0.2)B2 

showed multiple phases, according to Gild et al.28. The later-reported high-entropy 

diborides, either in form of bulk ceramic or powders as well as simulation 

predicted, generally showed the same hexagonal structure shown in Figure 1135,44–

46. 

 
Figure 11 Hexagonal crystal structure of (Hf0.2Zr0.2Ta0.2M0.2Ti0.2)B2 (M = Nb, Mo, Cr).  

Adapted with permission. Copyright 2018, John Wiley and Sons47. 

For the multicomponent high-entropy carbides, Castle et al.29 first synthesised four-

component high-entropy (Hf-Ta-Zr-Ti)C and (Hf-Ta-Zr-Nb)C ceramics via SPS 

at 2300 °C. The processed HECs showed FCC rock salt structure with superior 

mechanical properties. Since then, the exploration of refractory high-entropy 

carbides has been intensively stimulated. The majority of them that are depicted in 
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Table 1, consists of group IV and V elements Ti, Zr, Hf, Nb and Ta as the cationic 

components. It is known that group IV and V metal carbides have the same FCC 

rock salt structure and nearly complete mutual solubility; therefore the probability 

of forming single-phase solid solution is high when they are chosen as the 

precursors. The crystal structure of the produced high-entropy carbides are very 

similar to the monolithic rock salt carbide, as Yan et al.30 described for the five-

component HECs (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C, shown in Figure 12. The rock salt 

lattice from the carbide precursors is retained, while the cationic sites are occupied 

by all constituent metal element instead of one particular metal element. 

 

Table 1 The composition of recent works on high-entropy carbide.  

 Group IV Group V Group IV* 

 Ti Zr Hf V Nb Ta Mo W 

Castle et al.29 √ √ √  √ √   

Dusza et al.48  √ √  √ √   

Yan et al.30 √ √ √  √ √   

Biesuz et al.49  √ √  √ √   

Zhou et al.50 √ √ √  √ √   

Feng et al.51 √ √ √  √ √   

Ning et al.52, 
powder 

√   √ √ √   

Ye et al.53,  
powder 

√ √   √ √   

Wei et al.54 √  √  √ √  √ 

Wang et al.55 √ √   √ √ √  

Wei et al.56 √  √  √ √  √ 

Crystal 

structure 
of carbide 

(MC) 

FCC FCC FCC FCC FCC FCC 
Hexagonal 
(Mo2C)** 

Hexagonal 

*Chromium carbide is more common in form of Cr3C2, Cr7C3,and Cr23C6 therefore not usually 

considered 

**Mo2C is shown instead of MoC as it is more commercially available than MoC 

Since the inter-diffusion of the metal atoms occurs in the cationic sub-lattice, 

which is independent of the self-diffusion of carbon atoms, the main factor in the 

formation of a multicomponent high-entropy solution is the migration of metal 
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atoms. Castle et al.29 pointed out that the carbide component with the lowest 

vacancy formation energy is likely to act as the host species (which is TaC in their 

study), so that other atoms diffuse in and are accommodated in the TaC lattice. 

However, it was noticed that the mismatch of lattice parameters of the 

precursors plays a significant role in the formation of the high-entropy solid 

solution. The utilisation of element Ti with smaller lattice parameter (of the 

monocarbide) as compared to other precursor carbides could lead to the reduction 

of the lattice parameter of the high-entropy carbide structure, due to its fast 

diffusion and smaller atomic size, which makes the further inter-diffusion of other 

elements such as Zr difficult.  

 
Figure 12 Schematic of the rock salt crystal structure of high-entropy carbide 

(Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C. Reproduced with permission. Adapted with permission. Copyright 

2018, John Wiley and Sons30. 

However, the aforementioned discussion on crystal structure and lattice parameter 

mismatch is not necessarily detrimental for forming single-phase HECs. Recently, 

Sarker et al.57 developed the first systematic criterion to determine the relative 

propensity for a multicomponent refractory metal carbide system to form single-

phase high-entropy solid solution, entropy-forming-ability (EFA). Surprisingly, the 

composition MoNbTaVWC5, showed the highest EFA of 125 eV/atom−1 among 

all 56 investigated five-metal compositions and was experimentally proven to form 

a single-phase rock salt structure, despite the fact that Mo2C and W2C have the 

orthorhombic and hexagonal structure respectively. Other W-containing 

compositions such as NbTaTiVWC5 and HfNbTaTiWC5 also showed a 

homogeneous rock salt structure after being sintered in SPS at 2200 °C.  
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Properties of refractory HECs 

High-entropy ceramics have been discovered to have various attracting properties, 

such as low thermal conductivity, excellent thermoelectric properties, superior 

mechanical properties and magnetic properties. Application potentials related to 

batteries and other functional materials are commonly found in oxides. Bérardan et 

al.22 reported on the colossal dielectric constant of (Mg, Ni, Co, Cu, Zn)O and 

Gild et al.23 reported on the significant low ionic conductivities of four-component 

high-entropy fluorite oxides. The properties and applications of entropy stabilised 

oxides are, however, not discussed in this thesis.  

For refractory HECs developed from multicomponent refractory monocarbides or 

diborides, the most attractive properties are their superior mechanical properties 

such as hardness and elastic modulus. In general, refractory HECs display enhanced 

hardness compared to the individual ceramic compounds and the predicted values 

from the rule of mixtures. The properties of several recent works on refractory 

HECs are summarised below in Table 2. 

Based on the preliminary results on HEC carbides and borides, the mechanical 

properties of HECs do not usually follow the rule of mixture, due to the 

coexistence of multiple solute atoms in the same lattice induced solid solution 

strengthening mechanism. Harrington et al.58 investigated the relationship between 

the mechanical properties and the overall electronic structures in the HECs. With 

the Valence Electron Concentration (VEC) value increased from 8.4 to 9.4, the 

nanohardness of the HECs decreased while the indentation elastic modulus showed 

a slight increase (Figure 13). However, it is noticeable that for compositions with 

the same VEC value, for example (Ti0.2Hf0.2V0.2Nb0.2Ta0.2)C and 

(Ti0.2Zr0.2Hf0.2Ta0.2W0.2)C, both with a VEC value of 8.6, their hardness as well as 

the elastic modulus deviate. This means that, for HECs, the electronic mechanism 

is only one of the many contributors to the mechanical properties of HECs.  
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Table 2 Mechanical properties of bulk structural HECs 

 Composition 
Experimental 

results 
Property 

Castle et al.29 (Hf-Ta-Zr-Nb)C 36.1±1.6 GPa Nanoindentation 

Ye et al.30 (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C 40.6±0.6 GPa Nanoindentation 

Csanádi et al.59 (Hf-Ta-Zr-Nb)C 6.20±0.12 GPa Yield strength 

Harrington et al.58 (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)C 32±2 GPa Nanoindentation 

Sarker et al.57 (HfTaTiWZr)C 33±2 GPa Vickers hardness 

Gild et al.28 Various refractory diborides 17-27 GPa Vickers hardness 

Demirskyi et al.60 (Ta,Zr,Nb)C 460 ± 24 MPa Flexural strength 

Tallarita et al.44 (Hf0.2Mo0.2Ta0.2Nb0.2Ti0.2)B2  22.5±1.7 GPa Hardness 

Zhang et al.45 (Hf0.2Zr0.2Ta0.2Cr0.2Ti0.2)B2 28.3 ± 1.6 GPa Vickers hardness 

Qin et al.32 (Ti0.2Zr0.2Nb0.2Mo0.2W0.2)Si2 12.09 GPa Vickers hardness 

Gild et al.31 (Mo0.2Nb0.2Ta0.2Ti0.2W0.2)Si2 16.7 ± 1.7 GPa Nanoindentation 
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Figure 13 (a) Hardness and (b) elastic moduli of seven HEC carbides plotted against the VEC, 

properties predicted from the rule of mixture (RoM) are shown as the squared marks. Adapted with 

permission, copyright 2019, Elsevier58. 

Another factor that could influence the elastic and plastic behaviour of HECs is the 

deformation mechanism according to Csanadi et al.59. In their study, a (Hf-Ta-Zr-

Nb)C HEC carbide was synthesised via SPS and the slip behaviour of the obtained 

FCC structure was studied through micropillar compression experiments. It was 

found that the dominant slip system for the (Hf-Ta-Zr-Nb)C was {110} 〈11̅0〉, 

which is the same dominant slip system as group IV transition metal carbides (HfC 

and ZrC in this case) instead of {111} 〈11̅0〉 as for group V monocarbides. A 

remarkable enhancement of the yield stress as well as comparable ductility of the 

HECs was achieved. 

Except for mechanical performance, other attracting properties including excellent 

oxidation resistance61 due to the sluggish diffusion as well as low thermal 

conductivity30 of refractory HECs carbides have also been also reported. The 

combination of high hardness, good oxidation and corrosion resistance allows 
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HECs to be promising for applications such as protective coatings. Considerable 

research has been devoted to HEC nitride films while the investigation of the 

carbide and boride thin films followed with the recently discovered interesting 

results of bulk HECs. Some of the properties of recent work on HEC carbide and 

boride coatings are listed below. 

 

Table 3 Wear-resistant HEC coatings with a focus on carbides and borides. 

 Composition Property Processing 

Braic et al.17 (TiZrNbHfTa)C 
Hardness, 

 27.5 GPa 

Reactive 

sputtering with 

CH4 

Gorban et 

al.62 
(TiZrHfVNbTa)C 

Hardness, 

43-48 GPa 

Reactive 

sputtering with 

C2H2 

Malinovskis 

et al.39 
(CrNbTaTiW)C 

Hardness, 

11.7-35.5 GPa  

Non-reactive 

magnetron 

sputtering 

Jhong et al.63 (CrNbSiTiZr)Cx 

Hardness, 

32 GPa (with 36.7 

at% of carbon) 

Reactive 

sputtering with 

CH4 

Mayhofer et 

al.40 
Zr0.23Ti0.20Hf0.19V0.14Ta0.24B2 

Hardness, 

47.2 ± 1.8 GPa 

Non-reactive 

magnetron 

sputtering 

Dinu et al.64 (NbTaTiZrSi)C 
Corrosion current 

= 0.025 μA/cm2 

Reactive 

sputtering with 

CH4 
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3 
Chapter 

RESEARCH GAP 
AND OBJECTIVES 

 

 

 

As discussed in the section of “Structure and design of HECs” in chapter 2, one of 

the debated factors is whether the mismatch of crystal structure among the starting 

ceramic compounds will impede the formation of single-phase HEC. In the design 

of HEAs, geometry effect, namely the atomic size difference, and valence electron 

concentration (VEC) are commonly considered to form a single-phase solid 

solution. The effect of VEC has been proven to influence the phase composition 

and properties of HEAs, for example for compositions with low VEC values, the 

formation of a BCC solid solution is preferred, while an FCC solid solution is more 

often formed from a VEC value higher than 6.87 (Figure 14).  

However the VEC restriction is based on HEAs processed by casting. For HECs 

with more complex electronic structures and principally fabricated through powder 

metallurgy routes, the rule of VEC becomes less applicable. Therefore, in the field 

of HECs, it is common to consider the geometry factor when designing a HEC, 
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which is the crystal structure mismatch for ceramic compounds. Since the 

development of the first descriptor entropy-forming-ability (EFA) by Sarker et al.57, 

the design criteria of HECs has been greatly broadened, some research has been 

conducted to fabricate refractory HECs from components with different crystal 

structures. 

 
Figure 14 The relationship between VEC and the phase stability in different HEAs. Reproduced 

with permission. Copyright 2011, AIP Publishing65. 

 

 Can single-phase HEC be synthesised from ceramics with different crystal 

structures, as well as multiple anionic elements? 

The motivation of the first work in this thesis was to explore the possibility of 

forming a single-phase solid solution from carbide precursors with different crystal 

structures. Therefore Mo2C with a hexagonal crystal structure was introduced to 

the FCC carbides HfC, TaC and TiC. Additionally, instead of only grouping 

different cationic elements, introducing a second anionic atom can theoretically 

increase the configurational entropy which, however, has not been reported on 

bulk HECs. Accordingly, the second goal of the work was to investigate the 

capability of forming a high-entropy solid solution with more than one type of 

non-metal atom, carbon and boron. 
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 The impact of B4C and the particle size of the starting material on the phase 

formation pattern in the high-entropy boron-carbide system 

It is known that FCC refractory carbides HfC, TaC and TiC have almost complete 

solubility, and therefore it is reasonable to obtain an FCC solid solution from the 

three components. However, the role of components Mo2C and B4C, which have 

a hexagonal and rhombohedral structure respectively, was not fully understood. 

The isolation of the Mo2C effect from the B4C effect on the phase composition 

was achieved by synthesising and comparing the four-component (without B4C)  

and five-component (with B4C) carbides.  

In our published work on Al-W intermetallic reinforced Al composite66, it was 

realised that reducing the particle size of reactant Al and W can significantly 

promote the solid-state diffusion process to form intermetallic compounds. As the 

formation of HEC solid solution is a solid-state diffusion process, it triggered 

curiosity into how the size of starting materials can affect the reaction in the more 

complex multicomponent system. Therefore, combinations of different particle 

sizes were grouped and sintered in PCP. A detailed study focusing on the effect of 

starting particle size on the composition, microstructure and mechanical properties 

was carried out. 

 

 How does SiC affect the microstructure, phase composition and mechanical 

properties of the high-entropy boron-carbide composite? 

SiC, as a widely used reinforcement component in ultra-high temperature ceramic 

(UHTCs) composite67–71, was introduced in the first work of the high-entropy 

boron-carbide composite and showed no involvement of the formation of high-

entropy solid solutions. In general, the addition of SiC to UHTCs improves the 

mechanical properties such as the strength and impact resistance. The influence of 

SiC on the new class of UHTCs, HECs was rarely studied. Therefore, the high-

entropy boron-carbide was synthesised with the addition of different amount of 

SiC, with the focus being on the phase composition and mechanical properties 

including the hardness and fracture toughness of the composite. 
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 The application potential of synthesising the high-entropy boron-carbide as 

coating material by magnetron sputtering 

With the promising properties being discovered for the high-entropy boron-

carbide, the application of the material can however be limited in bulk form due 

to the high cost of the materials. The experimental results showed that high-

entropy boron-carbide has high-hardness, good oxidation and wear resistance, 

which makes it suitable candidate for a protective coating material. The last work 

of this thesis has been focused on discovering the possibilities of developing a high-

entropy boron-carbide coating on carbon-carbon composite (CCC) as anti-oxygen 

protective coating. The HEC film was deposited on substrates Si, WC and CCC 

using non-reactive magnetron sputtering, and the phase composition, mechanical 

behaviour and oxidation resistance were investigated. 
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4 
Chapter 

METHODOLOGY 

 

 

 

Processing of bulk HECs 

The bulk HECs reported in this thesis were synthesised via a powder metallurgy 

approach. The processing includes two steps; the preparation of the powder 

mixture and the subsequent sintering process.  

Firstly, commercial ceramic powders (HfC, Mo2C, TaC, TiC, B4C and SiC) were 

measured and mixed in a designed molar ratio. The powder mixture was then 

homogenised via ball milling using zirconia ceramic balls (with a diameter of 1 

mm) and ethanol as the mixing media. After 2-3 hours of mixing, the mixture was 

first sieved to separate out the zirconia balls and then dried in the oven at 60 °C to 

eliminate ethanol until there was no mass change. For the sintering processing, the 

well-mixed ceramic powder mixture was inserted into a graphite die that is 

designed for Pulsed current processing (PCP). Graphite foil was placed in 
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between the powder body and the graphite die and punches in order to avoid an 

undesired reaction. The consolidation of the powders was achieved using PCP 

instrument SPS825 or SPS-530ET (Dr. Sinter Spark Plasma Sintering System, Fuji 

electronic industrial co., ltd., Japan), depending on the final specimen dimension 

and vacuum degree requirement. Detailed sintering conditions including the 

sintering temperature, heating rate and pressure can be found in the appended 

publications. 

 
Figure 15 SPS-530ET that was used to synthesise small-sized bulk HECs, from Department of 

Materials and Environmental Chemistry at Stockholm University. 

 

Processing of HEC film 

HEC thin films were deposited on various substrate materials: Si, tungsten carbide 

(WC) and carbon-carbon composite. WC substrates were polished with diamond 

polishing paste from 9 µm to 60 nm roughness; carbon-carbon composites were 

cut into 2 x 2 cm plates and polished only with 9 µm diamond paste due to the 

easy removal of graphite from the composite material. All substrates were cleaned 

with distilled water and ethanol/acetone in an ultrasonicator cleaner and 

completely dried in the oven at 80 °C before the deposition. 

The target plate for HEC deposition was synthesised by pre-sintering commercial 

ceramic powders in PCP. The same powder preparation protocol as for the bulk 

HECs synthesis was followed. The sintering was conducted on SPS825 (Dr. Sinter 

Spark Plasma Sintering System, Fuji electronic industrial co., ltd., Japan) at 1600 

°C under vacuum. A partially sintered HEC target with a diameter of 76 mm and 

thickness of 3 mm was obtained after sintering. The target was carefully ground 

with SiC paper to remove the graphite paper on the surface before deposition. The 
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deposition was performed by DC magnetron sputter coating system (MiniLab 

060, Moorfield, UK) with a constant Ar gas flow of 20 sccm and sputtering pressure 

of 3.1 x 10-4 kPa. The sputtering voltage and current applied during the deposition 

were 336 V and 145 A, respectively. A substrate temperature of 300 °C was applied 

to improve the adhesion condition.  

 

Characterisation  

i. Density measurement 

The measurement of the densities of the sintered bulk samples 𝜌 was based on the 

Archimedes principle, the water immersion method. 

 
 𝜌 = (𝑚𝑎𝑖𝑟 − 𝑚𝐻2𝑂)/𝜌𝐻2𝑂 Equation 5 

 

where 𝑚𝑎𝑖𝑟  and 𝑚𝐻2𝑂  is the mass of the sample measured in air and water, 

respectively, 𝜌𝐻2𝑂 is the density of water (1 𝑔 𝑐𝑚3⁄  at 4 °C). 

 

ii. Microstructure and elemental composition investigation  

Scanning electron microscope (SEM) is an electron imaging technique that 

provides micro- and nano-scaled images of a material by scanning the sample 

surface with a focused electron beam. By collecting various signals in SEM, 

information such as surface topography and composition distribution can be 

obtained.  

All the bulk HEC samples were ground and polished by following the standard 

metallographic grinding and polishing procedures before the microstructure 

characterisation. The microstructure of the specimen was observed in scanning 

electron microscope (SEM), JSM-IT300 (JEOL, Tokyo, Japan) and Magellan 400 

XHR-SEM (FEI Company, Eindhoven, Netherlands), depending on the image 

magnification and resolution requirement. JSM-IT300 utilises tungsten as the 

electron beam filament while Magellan is mounted with a field emission gun as the 

electron beam source. Due to the greater current density or brightness from the 

field emission gun, the microstructure characterisation with high magnification 

demand such as the HEC thin film was performed on Magellan. During the 

imaging process, both secondary electron detector (SED) and backscattered 
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electron detector (BED) were applied to obtain the desired information from the 

specimen. SED was applied for the morphology study because secondary electrons 

are emitted from the near-surface of the sample. On the other hand, BED was 

utilised for phase distribution due to the high sensitivity of BED to the atomic 

number, i.e. phases with large atoms are stronger scatters of electrons and therefore 

create a brighter region. 

Both SEM instruments were mounted with an energy dispersive spectrometer 

(EDS) for elemental composition analysis. For light element detection, such as 

carbon and boron, the compositional analysis was performed by wavelength 

dispersive spectrometer (WDS) on Merlin SEM (Zeiss, Oberkochen, Germany). 

Additionally, a transmission electron microscope (TEM) (FEI Tecnai G2F20, 

FEI Company, USA) was used for atomic resolution of the sample structure. In 

contrast to SEM where the electrons interact with the sample surface and scatter 

back different signal, electrons in TEM are transmitted through the specimen to 

create an image. Therefore, samples for TEM investigation are normally a thin 

layer of material, usually <100 nm. In paper I, the HECs’ composite sample was 

crushed (instead of being ground) into powder to preserve the shape of the grains. 

The crushed HEC powder was dispersed in ethanol using an ultrasonicator so that 

it could be caught by the TEM sample holder, Cu grid. In paper IV, the HEC film 

was directly deposited on the Cu grids. The deposition processing lasted 20 seconds 

to ensure a sufficiently thin film for TEM investigation. High magnification 

micrographs, selected area diffraction (SAD) pattern and EDS elemental mapping 

results were obtained for structure investigation. 

 

iii. Phase identification 

The crystal structure of the synthesised HECs was identified using X-ray 

diffraction (XRD), on an X-ray diffractometer (Empyrean, PANalytical, United 

Kingdom) with Cu-Kα radiation, wavelength λ=0.154 nm. The XRD patterns 

were analysed in Highscore Plus software embedded with the ICDD PDF-4+ 

database for peak indexing and lattice structure characterisation. 

In paper IV, the HEC film on Si substrate was in-situ measured during the heating 

treatment to 900 °C in an Anton Parr HKT1200 high temperature stage mounted 

on the diffractometer to investigate the thermal stability of the HEC film. 
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iv. Hardness 

The microhardness testing was performed on a matsuzawa MXT-CX 

microhardness tester (Matsuzawa Co., Japan). For HEC composites, the minimum 

load for indentation was 200 g to ensure a clear indentation mark in the optical 

microscope for hardness measurement. Each average microhardness value was 

obtained from at least 9 indentations from the same specimen. From the 

indentation fracture observed in SEM, the fracture toughness 𝐾𝐼𝐶  of the HEC 

composite in paper III was calculated by following the Evans and Charles’ 

formula72: 

 

𝐾𝐼𝐶 = 0.16(𝑐
𝑎⁄ )−1.5(𝐻√𝑎) Equation 6 

where c is the length of the cracks, a is half length of the diagonal of the indentation 

and H is the Vickers hardness. 

 
Figure 16 Measurement of crack length on an indentation fracture. 

Nanoindentation was performed for hardness evaluation to ensure less influence 

from the grain boundaries and porosities. The tests were conducted on an MTS 

nanoindenter XP, with a maximum load of 20 mN for the bulk HECs and 3mN 

for the HEC thin film. The force-displacement curve was recorded to obtain the 

average nanohardness value and reduced Young’s modulus 𝐸𝑟 . The Young’s 

modulus of the specimen 𝐸𝑠 was calculated based on the following equation73: 

  

1

𝐸𝑟
=

1 − 𝜈𝑖
2

𝐸𝑖
+

1 − 𝜈𝑠
2

𝐸𝑠
 Equation 7 

where 𝐸𝑖  and 𝜈𝑖  correspond to the elastic modulus and Poisson’s ratio of the 
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diamond indenter, 1140 GPa and 0.07, respectively; 𝜈𝑠 is the Poisson’s ratio of the 

specimen, which is typically 0.3 for most materials. 

 

v. Tribological property 

The wear resistance for the HEC in paper I was tested using a tribometer 

(Universal Tribometer, Rtec Instruments, US) with the ball-on-disk mode with a 

testing load of 10 N, a sliding distance of 120 m and a sliding speed of 100 rpm 

under room temperature. Si3N4 was used as the counter-body for the test. 

 

vi. Torch test 

The torch testing was performed by exposing the specimen to a liquefied 

petroleum gas (LPG) torch, which is a flammable gas of propane and butane with 

the reported flame temperatures of 1980 and 1970 °C74, respectively. The mass 

changes of the specimen and XRD patterns were collected before and after the 

exposure to torch to study the oxidation resistance and phase transformation of the 

HEC composites. 

 

 
Figure 17 The specimen was exposed to an LPG torch for oxidation resistance study. 

 

Crystal structure prediction 



33 

 

Density-functional theory (DFT) calculations were performed to investigate 

the lattice structure of the HEC ceramic phase with hexagonal structure. With 

known crystal structure and lattice parameters from the experimental results, lattices 

with different configurations and unit cell sizes were created. The distribution of 

atoms in the high-entropy crystal structure was investigated by evolutionary crystal 

structure predictions in DFT. XRD patterns were generated from the searched 

structures in order to find the best match with the experimental XRD pattern. 
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Paper I 

A high-entropy B4(HfMo2TaTi)C and SiC ceramic composite 

Hanzhu Zhang, Daniel Hedman, Peizhong Feng, Gang Han, Farid Akhtar 

Dalton Transactions 48.16 (2019): 5161-5167. 

 

Refractory carbides B4C, HfC, Mo2C, TaC, TiC and SiC with a molar ratio of 

1:2:1:2:2:2 were chosen as precursors to be processed in PCP. At a sintering 

temperature of 1650 °C, the multicomponent ceramic mixture formed a composite 

consisting of a hexagonal structured high-entropy ceramic phase and SiC phase 

(Figure 18 a, b).  

The fabricated HEC phase with hexagonal structure contains six constituent 

elements Hf, Ta, Ti, Mo, C and B with homogenous distribution in the 

microstructure according to the energy dispersive X-ray spectroscopy (EDS) and 

wavelength dispersive X-ray spectroscopy (WDS) results. The proportion of the 

metal elements is consistent with the mixing ratio in the precursors, i.e. equimolar. 

The hexagonal structure was observed in both X-ray diffraction (XRD) and 

selected area diffraction in transmission electron microscopy (TEM). Density-

functional theory (DFT) optimisation suggested that the hexagonal structure has 

alternating layers of metal atoms and carbon/boron atoms, i.e. metal atoms of Hf, 

Mo, Ta and Ti were distributed on the (0001) plane, while the carbon/boron 

atoms formed hexagonal 2D grids on the (0002) plane in hexagonal lattice, as 

shown in Figure 18c. The unique alternating layered hexagonal (AlB2) structure is 

a result of the independent diffusion of the metal and non-metal atoms. Taking the 

FCC lattice of TaC as the host structure, metal atoms diffuse to metal vacancies 

along the close-packed plane (111), while small atoms carbon and boron migrate 

only in the carbon sublattice of the rock salt structure.  

The nanoindentation of the high-entropy phase showed hardness values of 35 GPa 

compared to the theoretical hardness value estimated from the rule of mixtures (23 

GPa). The superior hardness was contributed by the solid solution strengthening 

effect in the multi-element hexagonal structure. The sintered HEC-SiC ceramic 

composite exhibits excellent oxidation resistance at mediate temperature, 900 ºC 

for 50 hours, and elevated temperature, 2000 ºC for 20 seconds, benefited from 

the addition of SiC as the secondary phase. 
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Figure 18 The microstructure (a), XRD diffractogram (b) of the synthesised HEC-SiC composite 

(c) and the schematic of the hexagonal structure of the HEC phase. Adapted from REF75 under the 

license CC-BY-3.0. 

Among the constituent monocarbides from which the HEC phase was formed, 

HfC, TaC and TiC have face-centred cubic (FCC) structure, Mo2C shows a 

hexagonal structure and B4C has a rhombohedral crystal structure. Despite the vast 

mismatch of the crystal structures, this work has proven the possibility of forming 

a single-phase B4(HfMo2TaTi)C high-entropy ceramic phase with superior 

mechanical performance, which strongly broadened the design criteria of high-

performance high-entropy ceramics.  
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Paper II 

Processing and Characterization of Refractory Quaternary and Quinary 
High-Entropy Carbide Composite 

Hanzhu Zhang and Farid Akhtar 

Entropy 21.5 (2019): 474. 

 

This work was conducted with a goal of further understanding the phase formation 

mechanism in the multicomponent ceramic system that was reported in paper I.  

The first study focus was the impact of introducing B4C into the refractory metal 

carbides (HfC, Mo2C, TaC, and TiC) on the composition of the synthesised 

composite. It was found that the addition of B4C was the essential factor in the 

formation of the hexagonal high-entropy phase. The quaternary metal carbide 

mixture HfC, Mo2C, TaC, and TiC fabricated in PCP formed one high-entropy 

solid solution with all principal elements along with a secondary Ta-rich phase. 

Both phases displayed an FCC crystal structure with similar lattice constant. On 

the addition of B4C, the fabricated composite displayed two FCC phases (one high-

entropy solid solution and one Ta-rich phase) with a hexagonal structured high-

entropy phase that contains B was formed (Figure 19). The hexagonal phase 

showed a higher content of solvent elements Hf, Ti and Mo, possibly contributed 

by the increase of unit cell volume induced faster diffusion of atoms with the 

addition of B atoms in the structure. 

 
Figure 19 The microstructure and XRD diffractogram of the fabricated HEC composite before (a) 

and after (b) B4C addition. Adapted from REF76 under the license CC-BY-4.0. 
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As the formation of high-entropy ceramic solid solution is based on solid-state 

diffusion, the particle size of the starting materials is expected to have an essential 

effect on the diffusion process, i.e. the formation of HEC phases. Therefore in the 

second part of this study, carbide powders with different sizes were utilised to 

process the HEC composite. Based on the literature and the discussion in paper I, 

TaC among the five starting carbides, acts as the solvent component while from 

the rest four components HfC, Mo2C, TiC and B4C are solute metal carbides. 

Therefore, three different combinations were designed: one with fine solvent 

particle size (TaC), one with fine solute particle sizes and one with the finest 

particle size combination of all precursors. The results showed that particle size of 

the solvent carbide (TaC) has a negligible effect on the composition of the final 

composite, while reducing the size of the utilised HfC, Mo2C and TiC powders 

promoted the formation of the hexagonal structured high-entropy phase in the 

composite.  
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Paper III 

Effect of SiC on microstructure, phase evolution and mechanical 
properties of high-entropy boron-carbide ceramic composite 

Hanzhu Zhang and Farid Akhtar 

Submitted 

 

The effect of the other important component in the reported refractory carbide 

system, SiC was investigated in this work.  

With the same starting materials, a different amount of SiC was incorporated into 

the refractory carbides HfC, Mo2C, TaC, TiC and B4C, with a molar ratio of x : 

2 : 1 : 2 : 2 : 1 (x=0, 0.5, 1, 2, 3). It has been reported in paper II that the addition 

of B is the essential reason for the formation of the hexagonal structure high-

entropy solid solution; in this work it was discovered that the SiC content can 

tailor the microstructure and phase composition in the fabricated HEC composites. 

By increasing SiC content from 0 to 37 vol% (x=3), the HEC composite displayed 

two major high-entropy ceramic solid solution phases with FCC and hexagonal 

structure, respectively (Figure 21), along with SiC. The FCC high-entropy phase 

was rich in Hf and Ta whilst the hexagonal phase showed higher content of Mo 

and Ti. Meanwhile, the volume fraction between the hexagonal and FCC solid 

solutions was increased from 0.36 to 0.76, as shown in Figure 20. These results are 

particularly interesting because there is no evidence of SiC being involved in the 

formation of HEC solid solutions. However the addition of SiC led to the favoured 

formation of the hexagonal solid solution over the FCC structured phase. 

 
Figure 20 Phase composition of the HEC-SiCx composites shows that a higher amount of 

hexagonal (grey region) phase was formed with increasing SiC content. 
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In terms of the SiC influence on the mechanical behaviour of the fabricated HEC 

composites, the HEC composite with SiC addition showed superior mechanical 

properties over the one without SiC; for example, the HEC-SiC3 sample showed 

a Vickers hardness from 25.38 GPa which is 21.72% higher than HEC-SiC0, and 

fracture toughness of the composites was improved from 3.14 to 5.95 MPa·m1/2, 

attributed to the crack bridging and deflecting mechanism (Figure 21). 

 

 
Figure 21 (a) XRD patterns of the synthesised HEC-SiCx composites plotted in logarithmic scale 

and (b) the measured fracture toughness. 
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Paper IV 

High-entropy boron-carbide oxidation-protective coating for carbon-
carbon composites 

Hanzhu Zhang, Farid Akhtar 

Manuscript 

 

To explore the application potential of the high-entropy boron-carbide, a 

sputtering target containing HfC, Mo2C, TaC, TiC and B4C was pre-sintered in 

PCP, and used to deposit coatings on various substrate materials using non-reactive 

DC magnetron sputtering, with a substrate temperature of 300 °C. The high-

entropy ceramic coating on Si substrate showed a thickness of approximately 300 

nm after 1-hour deposition with homogeneous distribution of the constituent 

elements from the target. The HECF has a face-centred cubic (FCC) crystalline 

structure with a lattice parameter of 0.4429 nm, according to the X-ray diffraction 

and Transmission electron microscope results. The FCC structure was stable up to 

700 °C in vacuum. 

The deposition of the high-entropy boron-carbide coating on carbon-carbon 

composite (CCC) was conducted, aiming at improving the oxidation resistance of 

CCC material under extremely high temperature. By exposing the coated CCC 

to a liquefied petroleum gas (LPG) torch for 5 minutes, which has a flame 

temperature of approximately 2000 °C, the FCC structure was retained after the 

torch heat treatment (Figure 22). The observation of the microstructure showed 

that the uncoated CCC reveals a surface damage with pitting and pores, whilst the 

surface of the coated CCC-HECF showed the coating intact to the substrate. 

Nanoindentation of the HECF coating showed a hardness and elastic modulus of 

10.6 GPa and 352.4 GPa, respectively. The results suggested the promising 

potential of using the high-entropy boron-carbide as a protective layer against 

oxygen for high-temperature application such as aerospace industries. 
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Figure 22 (a) The microstructure, appearance and (b) XRD patterns of the uncoated CCC and 

coated CCC-HECF, before and after torch treatment. 
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Chapter 

FUTURE DIRECTIONS 

 

 

  



 

 

 

 



 

47 

 

The reported high-entropy boron-carbide exhibits remarkable properties, such as 

high hardness, good thermal stability and excellent oxidation resistance. However, 

this project has found that there are many factors which can influence the formation 

of high-entropy solid solutions. Not only the ones that have been reported in the 

thesis, such as particle size and SiC, but also many small factors such as heating rate 

during sintering and even different suppliers of the material can lead to variation of 

the final composition in the HEC composite. More experimental work focusing 

on the stabilisation of the single-phase hexagonal solid solution therefore needs to 

be carried out.  

On the other hand, it is well-known that conventional alloys and HEAs with dual-

phase can reveal superior mechanical properties, such as high strength with 

comparable plasticity. The development of a high-entropy boron-carbide as a dual-

phase ceramic composite could also be considered. A good balance of the 

proportion of each component can be investigated to achieve an ultimate 

mechanical performance of the high-entropy boron-carbide composite. 

From the composition perspective, the probability of accommodating multiple 

cations and anions has been proven feasible in this work. Therefore, the possible 

combinations for forming single-phase HEC solid solution are greatly expanded. 

To continue in this direction, experiments involving different combinations of 

elements can be carried out. For example, what would happen if more ionic 

elements like oxygen and nitrogen are introduced to the system, or, more baldly, 

can the refractory elements be replaced by other metals like light-weight Al?  

Last, but not least, the modelling of HECs has been challenging due to the large 

number of elements in the multicomponent system. The development of a fast and 

reliable modelling tool to predict the formability of the HECs can be beneficial in 

the future so that the potential combinations of elements can be quickly screened 

out for experimental trials.   
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A high-entropy B4(HfMo2TaTi)C and SiC ceramic
composite†

Hanzhu Zhang, a Daniel Hedman, a Peizhong Feng,b Gang Hanc and
Farid Akhtar *a

A multicomponent composite of refractory carbides, B4C, HfC,

Mo2C, TaC, TiC and SiC, of rhombohedral, face-centered cubic

(FCC) and hexagonal crystal structures is reported to form a

single phase B4(HfMo2TaTi)C ceramic with SiC. The independent

diffusion of the metal and nonmetal atoms led to a unique hexa-

gonal lattice structure of the B4(HfMo2TaTi)C ceramic with alter-

nating layers of metal atoms and C/B atoms. In addition, the classical

differences in the crystal structures and lattice parameters among

the utilized carbides were overcome. Electron microscopy, X-ray

diffraction and calculations using density functional theory (DFT)

confirmed the formation of a single phase B4(HfMo2TaTi)C ceramic

with a hexagonal close-packed (HCP) crystal structure. The DFT

based crystal structure prediction suggests that the metal atoms of

Hf, Mo, Ta and Ti are distributed on the (0001) plane in the HCP

lattice, while the carbon/boron atoms form hexagonal 2D grids on

the (0002) plane in the HCP unit cell. The nanoindentation of the

high-entropy phase showed hardness values of 35 GPa compared

to the theoretical hardness value estimated based on the rule of

mixtures (23 GPa). The higher hardness was contributed by the

solid solution strengthening effect in the multicomponent hexa-

gonal structure. The addition of SiC as the secondary phase in the

sintered material tailored the microstructure of the composite and

offered oxidation resistance to the high-entropy ceramic compo-

site at high temperatures.

Introduction

Ultrahigh temperature ceramics (UHTCs) like Zr2B,
1,2 HfB2

3

and TaC4,5 with high thermal stability and remarkable

mechanical properties, including high hardness, high
mechanical strength and good wear resistance, can tolerate
extreme working environments involving elevated tempera-
tures and high loadings. These ceramics have been widely
studied for high temperature applications in the form of
monolithic ceramics and composites.6–8 In terms of UHTC
composites, silicon carbide has been incorporated to process
UHTCs to tailor the microstructure and enhance the high
temperature oxidation resistance.9–13 Inspired by the concept
of high-entropy alloys (HEAs), scientific efforts have been
devoted to a new branch of UHTCs incorporating high-entropy
ceramics (HECs). Developed from multicomponent ceramic
compounds such as metallic oxides, nitrides or carbides,
HECs show the possibility of forming a single-phase solid solu-
tion, in both bulk and film forms.14–16 The single-phase HECs
display superior mechanical properties compared to conven-
tional ceramic materials, due to severe lattice distortion and
the sluggish diffusion effect, which make them suitable for
applications requiring high mechanical performance and
phase stability at elevated temperatures.17–19 The first crystal-
line HECs with a single-phase face-centered cubic (FCC) crystal
structure were fabricated from metallic oxides by Rost, C.M.
et al. in 2015.20 Later, Joshua Gild et al. sintered high-entropy
diboride with a hexagonal close packed (HCP) crystal structure,
which showed improved mechanical properties over individual
borides.14 Notably, the phase formation rules in HEC systems,
i.e., thermodynamics and geometry criteria, are followed while
designing HECs. In the recent HEC studies by Rost C.M.,20

Joshua Gilda14 and Elinor Castle,21 the focus was on using one
certain ceramic system, either metal oxide, boride or carbide.
It is considered that as the starting materials in a HEC system,
ceramic compounds (preferably metallic ceramic compounds
with only one nonmetallic element) have the least geometrical
difference in their lattice structures and can lead to a single-
phase solid solution.

B4C is well known to have a high melting point, high
strength and relatively low thermal expansion and conduc-
tivity. An HEC composite containing B4C and other UHTCs

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
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such as HfC, Mo2C, TaC, TiC and SiC can theoretically benefit
by gaining reinforcement effects from all the constituents.22–25

However, HECs combining both boride and carbide systems
have not been attempted because of the large differences in
their physical and crystallographic properties, including, for
example, that the density of HfC is 12.2 g cm−3 while the
density of B4C is low as 2.52 g cm−3. Moreover, the aforemen-
tioned ceramic system shows vast differences in its crystal
structures (FCC, HCP and rhombohedral), which makes the
formation of the high-entropy phase from these constituents
challenging.

In this research, a new high-entropy ceramic composite
containing the UHTC constituents HfC, Mo2C, TaC, TiC, B4C
and SiC whiskers (SiCw) was designed and in situ synthesized
and consolidated by pulsed current processing (PCP). The
single-phase HECs were achieved in an unconventional high-
entropy system containing four metal atoms (Hf, Mo, Ta, and
Ti) and two nonmetallic atoms (C and B). The high-entropy
phase was assessed using electron microscopy and X-ray diffr-
action (XRD). The distribution of atoms in the HCP high-
entropy crystal structure was investigated by experimental XRD
and evolutionary crystal structure predictions using density-
functional theory (DFT). The nanoindentation hardness, oxi-
dation behaviour and wear resistance properties of the
SiC-HEC composite were investigated and showed remarkable
improvement of the mechanical properties and oxidation
resistance.

Results and discussion

The microstructure of the high-entropy ceramic (HEC) compo-
site in Fig. 1 shows that the PCP sintered HEC composite con-
sists of two phases. According to the corresponding energy-
dispersive X-ray spectroscopy (EDS) compositional mapping,

the bright phase has a uniform distribution of Hf, Mo, Ta and
Ti metal atoms, and the dark phase is rich in Si and C in the
composite. The bright high-density phase in the microstruc-
ture refers to the high-entropy ceramic B4(HfMo2TaTi)C phase,
and the low-density dark phase represents SiC, according to
the sensitivity of atomic number by the backscattered electron
detector.26 The volume fraction of these phases was estimated
to be 3 : 1 (bright:dark phase) by the “point counting” method
(ASTM E562-08).27 It can be seen that the SiC whiskers lost
their rod-like shape and coalesced, while the high-entropy
phase is displayed as “connected islands” with a grain size of
5–10 µm in the microstructure. A similar microstructure of the
composite and the morphology change of the SiCw reinforce-
ment at a high sintering temperature (>1600 °C) have also
been observed in other UHTC-SiCw composites.28–30 The
addition of SiCw in the ceramic composite inhibited the grain
growth of the HEC phase, which can be beneficial for the
mechanical properties of the composite by the grain-boundary
strengthening mechanism.28,31 The average composition ratio
of metal atoms in the HEC phase was investigated by compo-
sitional mapping analysis on the high-entropy phase at ten
different locations. It was found that the high-entropy solid
solution consisted of an equal-atomic ratio of the four metallic
elements, which was consistent with the mixing ratio of the
starting precursors excluding SiC. As EDS lacks the accuracy
for the detection of light elements,32 the presence of B and C
in the HEC phase was investigated by wavelength dispersive
X-ray spectroscopy (WDS). In Fig. 1b, the WDS spectrum
recorded from the high-entropy phase confirms that the HEC
phase consists of all four metal elements (Hf, Mo, Ta and Ti)
and the nonmetallic elements (C and B). Therefore, we con-
clude that the precursor carbides (B4C, HfC, Mo2C, TaC and
TiC) have formed a single-phase solid solution, and SiCw as
the secondary phase is uniformly distributed in the
microstructure.

Fig. 1 The microstructure of the PCPed HEC composite shows the presence of two different phases. Both (a) EDS compositional mapping and (b)
WDS analysis show that the bright high-entropy ceramic phase contains Hf, Mo, Ta, Ti, C and B.
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The X-ray diffraction (XRD) data in Fig. 2a show the phase
evolution from precursors with various crystal structures to a
single-crystal structure after sintering. The HEC phase exhibits
a hexagonal close-packed (HCP) crystal structure, which is con-
firmed by the selected area diffraction (SAD) pattern taken
from the high-entropy phase (Fig. 2b). The lattice parameters
of the obtained high-entropy phase were identified from the
XRD pattern as a = 0.307 nm and c = 0.330 nm. The lattice
planes of the HCP structure identified in Fig. 2a are denoted
by considering the primitive hexagonal unit cell. The lattice
strain for individual reflection planes of the HCP structure was
calculated by the Wilson equation33 included in XRD analysis
software Highscore Plus after subtracting Kα2 radiation for the
analysis. The current high-entropy ceramic phase shows an
average lattice strain of 0.083%, with the highest strain on the
(001), (002) and (103) planes, which is lower than the reported
lattice strain in a metallic high-entropy system (1–2%).34,35

Compared with the precursor carbides, it can be seen that
HEC has smaller lattice parameters but a similar cell volume
(0.02693 nm3) (Table 1). The refractory carbides from Group IV
and Group V are well known for the mutual solubility. Among
the metallic carbide precursors in this study, the system has
the maximum mutual solubility when HfC, TaC or TiC act as
the solvent carbide compared to Mo2C being the solvent
carbide.36 In addition, Ta has the lowest metal vacancy for-
mation energy in the carbide (3.5 eV) compared with Hf
(9.3 eV) and Ti (8.6 eV),21 thereby suggesting that the metal

atoms diffuse into the TaC lattice rather than Ta diffusing into
other carbide lattices. Another significant fact is that in
carbide lattices, the diffusion of metal atoms is independent
of that of carbon atoms.21,37 The self-diffusion rate of carbon
has been reported to be several orders of magnitude faster
than metal atoms, because carbon atoms jump to a tetrahedral
hole before they migrate to the carbon vacancy whilst metal
atoms only migrate to metal vacancies,38 resulting in a lower
activation energy of carbon self-diffusion.39 Therefore, we
extrapolated that the whole-phase transformation process
toward the HEC phase in the high-temperature ceramic com-
posite includes two important parts. The first stage is the
complex rearrangement of atoms with the FCC metal carbide
TaC acting as the host lattice and the elements Hf, Ti, Mo,
C and B from other constituents migrating as guest atoms
through the diffusion process. During the diffusion process,
metal atoms and C/B atoms diffuse independently in their
own sublattices (metal and nonmetal atoms) and form alter-
nating layers in the lattice. Apart from the complex diffusion
process, the host FCC lattice structure also experiences a
change in the stacking sequence, resulting in a high-entropy
phase with Hf, Mo, Ta, Ti, B and C atoms presented in the
HCP lattice. Such a phase transition from an FCC to HCP
structure, which is induced by the pressure in the high-
entropy system, has been reported.40

In a traditional high-entropy alloy system, the atomic size
difference (δ) between the solute and solvent atoms should be
less than 15% in order to form substitutional solid solutions,
and the crystal structure of elements is suggested to be the
same according to the Hume–Rothery (H–R) rules.41 Because
of the existence of two different sublattices (metal and non-
metal atoms) and their independent diffusion behavior in the
current carbide system, H–R theory cannot define the phase
selection rule. Based on the discussion of the complex
diffusion process, the choice of metal atoms is considered to
be the essential factor in the formation of high-entropy
ceramic solid solution. We have determined the geometric
factor δa′ from four metal carbides HfC, Mo2C, TaC and TiC.

Since metal atoms migrate only to the nearest metal
vacancy on their original planes, it is suggested that the
migration of metal atoms occurs only at the close packed
planes of (111) for FCC metal carbides and (0001) for Mo2C
(HCP), respectively. Thus, the lattice length a′ was determined
based on their close packed planes. Since HfC, TaC and TiC
have a rocksalt (NaCl) crystal structure that contains 8 atoms
per cell, a′ was calculated based on the reduced primitive cell

Fig. 2 The phase identification of the HEC composite. The XRD diffra-
tograms of the high-entropy ceramic composite in (a) show the phase
evolution before/after PCP and the calculated lattice strain in the indi-
vidual lattice planes, the crystal structure was shown in the SAD pattern
(b) taken from the high-entropy ceramic phase in the PCPed composite.

Table 1 The calculation of lattice difference δa’ in the HEC system

Component
Crystal
structure

Niggli-reduced
cell volume (nm3)

Lattice parameters a
(nm)

Lattice length at the
close-packed plane a′ (nm) δa′

HfC FCC 0.02497 0.4640 0.3281

4.84%
TaC FCC 0.02211 0.4442 0.3141
TiC FCC 0.02024 0.4315 0.3060
Mo2C Hexagonal 0.03676 0.3000 0.3000
B4C Rhombohedral 0.10950 0.5600
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by eqn (1), while a′ for Mo2C stays the same as its lattice para-
meter a.

a′ ¼ ffiffiffi
2

p
a=2 ð1Þ

δa′ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i¼1

xi 1� a′i=
XN
i¼1

xia′i

 !" #2vuut ð2Þ

where a′, x and N represent the lattice length at the close
packed plane, the molar fraction of the ith component and the
number of components, respectively. The crystal structure and
lattice parameter were identified by experimentally collecting
XRD diffractograms from all precursor materials. The calcu-
lated lattice size difference is δa′ = 4.84%, which implies a high
possibility of the formation of a single-phase solid solution
among the four metal carbide compounds.

Based on the experimentally obtained XRD diffractogram, a
theoretical prediction of the HEC crystal structure can be
obtained. From the diffraction peaks in Fig. 2a, we determine
that the primitive Bravais lattice is hexagonal with lattice para-
meters of a, b = 0.307 nm and c = 0.330 nm. As the highest
intensity peaks correspond to the (001), (101) and (101) lattice
planes, the atoms with the highest atomic scattering factor
(the metal atoms) were placed at a point in the lattice where
these planes intersect. As seen in Fig. 3b, the intersection
point of these planes is the origin (0,0,0). With only the metal
atoms placed in the lattice (Fig. 3c), a simulated XRD pattern
that closely matches the experimental one was obtained.
However, it is clear from Fig. 3a that a lattice containing only
metal atoms underestimates the intensity of the peak corres-
ponding to the (101) plane.

The difference in the reflection intensity for plane (101) is
due to the absence of carbon/boron in the simulated lattice.
This finding implies that the fabricated high-entropy phase
contains a carbon/boron hexagonal-shaped 2D grid in the
(002) plane of the HCP lattice, which is consistent with the

assumption of the independent diffusion of metal and carbon/
boron atoms. Thus, we extrapolate that the position of the
nonmetal atoms in the lattice must lie on the (101) plane, in
order to intensify the peak corresponding to this plane. The
placement of the nonmetal atoms is thus determined to be at
positions (x,y,z) = (1/3,2/3,1/2) and (2/3,1/3,1/2) in the lattice.
With the lattice filled with both metal and nonmetal atoms at
the determined positions (Fig. 3d), a simulated XRD diffracto-
gram which matches the experiments very well is obtained.
This crystal structure is also similar to the one suggested by
Joshua Gilda et al.14 for their high-entropy diboride.

To verify the theoretical prediction for the HEC crystal
structure, DFT based evolutionary crystal structure predictions
were performed using XtalOpt42 in combination with the
Vienna ab initio simulation package (VASP).43 Based on the
composition of the precursors, the ratio of nonmetal atoms to
metal atoms is 1.8. The crystal structure predictions were per-
formed with 8 metal atoms (Hf2Mo2Ta2Ti2) and 16 non-metal
atoms (B16xC16(1−x)). This composition corresponds to a 2 × 2 ×
2 supercell of the theoretically predicted HEC crystal structure.
The results show that the predicted lowest energy structures
for x = 1 and x = 0.875 match our theoretically predicted
crystal structure (see the ESI†).

For further investigations using DFT calculations, the HEC
was modeled using special quasi-random structures (SQSs).
Since the HEC lacks long range ordering due to its high-
entropy nature, large SQSs are required.44 SQSs of sizes 2 × 2 ×
2, 4 × 4 × 4 and 6 × 6 × 6 repetitions (supercells) of the theoreti-
cally predicted HEC crystal structure were created using the
alloy theoretic automated toolkit (ATAT).45 The SQS supercells
were created with different boron contents x = 1.0, 0.875, 0.75,
0.625, 0.5, 0.375, 0.25, 0.125 and 0.0 (see the ESI†). The simu-
lated XRD diffractogram for the fully relaxed SQS structures
(both lattice and atomic positions) with x = 1 is shown in Fig. 4.

Fig. 3 Theoretical lattice structure for the HEC phase derived from the
experimental XRD results. (a) The experimental XRD pattern compared
with the simulated XRD patterns for the structures shown in (c) and (d).
(b) The empty HCP HEC primitive unit cell showing the planes corres-
ponding to the three highest diffraction peaks. (c) The HEC lattice filled
with metal atoms (gray) at (0,0,0) where all three planes intersect. (d)
The HEC lattice filled with both metal and nonmetal atoms (black) along
the (101) plane at positions (1/3,2/3,1/2) and (2/3,1/3,1/2).

Fig. 4 Simulated XRD patterns for DFT optimized SQS of different sizes
with x = 1.0 compared with the experimentally obtained pattern. The
insets show the formation enthalpy at 0 K, Hf, and the lattice parameters,
a, b, and c for the fully DFT relaxed SQS (here, the angles α, β, and γ

deviate less than 0.03 degrees from their theoretical values of 90, 90,
and 120 degrees).
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A 4 × 4 × 4 or larger SQS supercell is required in order to
achieve convergence with respect to the lattice parameters and
formation enthalpy at 0 K. The XRD patterns for the fully
relaxed 4 × 4 × 4 and 6 × 6 × 6 supercells show excellent agree-
ment with the experimentally obtained XRD pattern. DFT cal-
culations determine the lattice parameters of a, b = 0.308 nm,
and c = 0.333 nm and a formation enthalpy Hf = −2.29 eV,
meaning that the HEC has a lower formation enthalpy than
the precursors, HfC = −1.83 eV, Mo2C = −0.28 eV, TaC =
−1.16 eV, TiC = −1.66 eV and B4C = −0.449 eV as calculated
using DFT (see the ESI†). The formation enthalpy for the HEC
at 0 K is lower than that of the precursors and the increase of
the TΔS term at elevated temperature can further reduce the
free energy, points to energetically favorable conditions for the
formation of high-entropy ceramic solid solutions during the
PCP. The effect of different boron contents, x, was investigated
using 2 × 2 × 2 and 4 × 4 × 4 SQSs (see the ESI†). The combi-
nation of experimental and simulation results shows that the
high-entropy ceramic phase can be synthesized from ceramic
compounds with FCC, HCP and rhombohedral crystal struc-
tures. Independent diffusion of metal and carbon/boron
atoms led to alternating hexagonal layers in the obtained HCP
crystal structure.

Since the HEC composite is designed for high-temperature
applications, the resistance to oxidation was investigated
under both a moderate temperature (900 °C) for a long time
and high temperature (2000 °C) for a short time. The HEC
composite was heated and exposed to air for 50 hours at
900 °C. It can be seen from Fig. 5a that the change in the HEC
weight was negligible throughout the measurement, which

shows the resistance to oxidation of the HEC composite. We
correlate this with the formation of the silica protection layer
from silicon carbide on the sample surface, as was reported
previously for ceramic composites containing SiC.46,47 The
sample was exposed to a liquefied petroleum gas (LPG) torch,
which has a flame temperature of 2000 °C,48 for 20 s. The XRD
patterns of the HEC composite before and after the torch
experiment (Fig. 5b) are normalized at 2θ = 27.1°. A slight
increase in peak intensity at 2θ = 33.7° and 43.7°, as well as a
few weakly pronounced additional diffraction peaks, was
observed in the XRD pattern of the oxidized HEC composite.
These XRD diffraction peaks correspond to metallic oxides,
HfO2 and TaO2. The mass of the specimen shows no increase
after being heated by the LPG torch in air, thus suggesting that
the oxidation process was hindered, possibly because the oxi-
dation only took place close to the specimen surface and led to
a negligible mass increase. No obvious cracks are observed on
the HEC composite surface after the oxidation test. Both
measurements strongly suggest that the PCPed B4(HfMo2TaTi)
C composite has a remarkable oxidation resistance and is
desirable to serve in elevated temperature working
environments.

The nanoindentation of the PCPed HEC composite was per-
formed on selected rectangular areas on the sample surface,
showing a hardness of 35.4 GPa (Fig. 5c) and a Young’s
modulus of 472.4 GPa for the high-entropy phase. According
to the rule of mixtures calculated from the hardness values of
monolithic carbides, the theoretical hardness of the high-
entropy phase is 23.2 GPa, which is 48% lower than the experi-
mental result. The improvement of the mechanical perform-

Fig. 5 The PCPed HEC composite shows remarkable properties. (a) Oxidation behaviour of the HEC composite is examined by exposing to air for
50 hours at 900 °C, (b) XRD patterns of the sample exposed to liquefied petroleum gas (LPG) for 20 s in air, (c) nanoindentation of PCPed HECs
shows the average hardness values (35.4 GPa) of the HEC phase, and (d) the wear resistance shows that the COF of the sintered HEC bulk material is
approximately 0.5 at a load of 10 N.
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ance over conventional carbide materials could be attributed
to the solid solution hardening mechanism.21 The wear resis-
tance test was performed under a load of 10 N with a sliding
distance of 120 m and a sliding speed of 100 rpm at room
temperature. The initial increase in the coefficient of friction
(COF) arises from the initial process of wear creation on the
sample surface. The COF curve has a flat and consistent fric-
tion coefficient of 0.5 after the break-in procedure at the begin-
ning.49 The fluctuation of the curve is related to the lack of flat-
ness on the sample surface. No material transfer was observed
on the microstructure of the wear ball or the evaluated compo-
site surface.

Conclusions

Six different carbides with various crystal structures were
mixed and sintered using pulsed current processing (PCP).
The composite contains a high-entropy ceramic (HEC) phase
B4(HfMo2TaTi)C and coalesced SiCw as the second phase in
the microstructure. From the experimental XRD result, a hex-
agonal close-packed (HCP) crystal structure was suggested. The
HCP crystal structure was confirmed by DFT based crystal
structure searches, and is suggested to have a layered structure
with alternating metal and carbon/boron layers as a result of
the independent diffusion of metal and nonmetal atoms. The
formation enthalpy of the HEC solid solution at 0 K is lower
than that of the precursors, pointing to energetically favorable
conditions for the formation of high-entropy ceramic solid
solutions during the PCP process. The HEC phase
B4(HfMo2TaTi)C shows a high nanohardness (35.4 GPa), which
is 48% higher than the theoretical value. The remarkable
improvement in the mechanical performance is attributed to
the solid solution strengthening mechanism. The high-temp-
erature HEC composite also shows a low and consistent fric-
tional coefficient. Moreover, the addition of SiCw contributed
to the excellent oxidation resistance of the sintered HEC
composite.
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Method 

Experimental 

HfC  (<1.25 µm,  Sigma Aldrich), Mo2C  (‐325 mesh,  99.5%, Alfa Aesar),  TiC  (‐325 mesh,  99.5%, Alfa 

Aesar), TaC (<1 µm), B4C (1‐7 µm, Alfa Aesar), and SiC (whiskers) were mixed with a molar ratio of 

2:1:2:2:1:2. The powder mixture was homogenized via ball milling for 2 hours, and the weight ratio 

between the powder and stainless‐steel ball was 1:5. Pulsed current processing (PCP) was conducted 

using  an  SPS‐530ET  (Dr.  Sinter  Spark  Plasma  Sintering  System,  Fuji  electronic  industrial  co.,  ltd., 

Japan) at 1650 °C with a heating rate of 100 °C /min, which was held  for 2 minutes. The sintering 

atmosphere was kept as a vacuum, and a uniaxial pressure of 60 MPa was applied during the process.  

The  sample  surface  was  polished  by  following  the  standard  metallurgical  sample  preparation 

procedures and then sent for microstructure characterization using a Scanning Electron Microscope 

JSM‐IT300  (JEOL,  Tokyo,  Japan).  Compositional mapping  analysis was  performed using  the  energy 

dispersive  spectrometer  (EDS) mounted  on  JSM‐IT300  and  a  wavelength  dispersive  spectrometer 

(WDS) that is mounted on a Field Emission Scanning Electron Microscope (Zeiss, Merlin). The high‐

entropy  ceramic  (HEC)  composite was  crushed  into powder  form and analysed using  transmission 

electron microscopy  (FEI Tecnai G2F20, FEI Company, USA). X‐ray diffraction  (XRD) was conducted 

using an X‐ray diffractometer (Empyrean, PANalytical, United Kingdom) and Cu‐Kα radiation with a 

wavelength of 0.154 nm. The XRD patterns were analysed by the PANalytical X’Pert HighScore Plus 

software created by Empyrean. 

The  oxidation  resistance  test was  conducted  in  two different ways. One  is  heating  the  sample  to 

900  °C  and  keeping  it  isolated  for  50  hours  under  an  air  atmosphere  in  a  differential  scanning 

calorimeter (STA 449 F3 Jupiter®, NETZSCH, Germany), while the other is exposing the sintered HECs 

composite to a liquefied petroleum gas (LPG) torch for 20 seconds and recording mass change and 

phase evolution using XRD. The wear resistance was tested using a tribometer (Universal Tribometer, 

Rtec  Instruments, US) with the ball‐on‐disk mode with a testing  load of 10 N, a sliding distance of 

120 m and a  sliding speed of 100  rpm under  room temperature. Nanoindentation was performed 

using  an  MTS  NanoIndenter  XP  by  recording  the  force‐displacement  curve  of  the  indenter.  The 

maximum load applied on the sample was 20 mN. 
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Phase composition analysis of the HEC composite 

Table S1 Densities and lattice parameters of the hexagonal metal diborides 

Diborides  Density (g/cm³) 
Lattice parameter (nm) 

a  c 

HfB2
1  10.5  0.3150  0.347 

MoB2
2  7.97  0.305  0.3113 

TaB2
3  12.53  0.3076  0.3275 

TiB2
4  4.52  0.3026  0.3213 

 

The  formation of  ceramic  composite of HEC phase with SiC was concluded  from the experimental 

results including microstructure and phase composition analysis using SEM, XRD and TEM. According 

to  the X‐ray diffractogram  (Figure 2,  in  the main manuscript),  the  synthesized HEC phase displays 

hexagonal  crystal  structure  with  a  lattice  parameter  of  a=0.307nm  and  c=0.330nm.  The  lattice 

structure and lattice constants of metal diborides listed in Table S1 show similarity to the HEC phase. 

The metal dibordes show vast difference in their density (Table S1), which should result in presence 

of multiple phases with different contrast  in the backscattered electron microstructure; due to the 

sensitivity of the backscattered electrons to the atomic number. In case of HEC, the microstructure 

of HEC composite shows two distinct phases (Fig. 1 in the main manuscript) one is SiC detected by 

EDS and the second phase has a homogeneous phase containing constituent elements (Hf, Mo, Ta, Ti, 

C and B). Therefore, we have concluded the formation of a high‐entropy phase in the HEC composite, 

instead of diboride composites. 

 

Crystal structure search 

XtalOpt5 version r11.0  together with  the Vienna ab  initio simulation package  (VASP)6 version 5.4.1 

05Feb16 was used  to perform density  function  theory  (DFT) based  crystal  structure  searches.  The 

empirical formula used in XtalOpt was B8x(Hf1Mo1Ta1Ti1)C8(1‐x). Here x denotes the boron content in 

the  (002) plane  (the hexagonal grid) of  the HEC were x = 1  corresponds  to all boron and x = 0 all 

carbon. The number of formula units (FU) was fixed to 2 for all crystal structure searches. Unit cell 

parameters was  set  so  to not  constrain  the  crystal  structure  search with minimum and maximum 

length of the lattice parameters set to 3 and 12 Å, respectively. The limits in angle was keep at the 

default values (60 to 120 degrees) and the minimum and maximum volume per FU was set to 50 and 

150 Å3. 

For  the DFT  calculations  five optimization  steps per  structure was used. First  the atomic positions 

were relaxed while keeping the lattice parameters fixed (ISIF = 2). In the second step both the atomic 

positions and the lattice parameters were relaxed while keeping the volume fixed (ISIF = 4). For the 

third  step both  the atomic positions and  the  lattice parameters were  relaxed while allowing  for a 

volume change (ISIF = 3). For the two last step the ISIF parameter was kept at 3 but the accuracy of 

the calculations was increased by changing the parameters EDIFF, EDIFFG, PREC and the number of 

k‐points used by VASP. 

For all optimization steps the following pseudopotentials was used 

 PAW_PBE Hf_sv_GW 16Jan2015 

 PAW_PBE Mo_sv_GW 05Dec2013 

 PAW_PBE Ta_sv_GW 23Mar2010 
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 PAW_PBE Ti_sv_GW 05Dec2013 

 PAW_PBE B_GW 28Sep2005 

 PAW_PBE C_GW 28Sep2005 

The  search  settings  in  XtalOpt  was  set  to,  60  initial  structures  with  a  pool  size  of  30  and  30 

continuous  structures.  Crossover  was  kept  at  the  default  settings  while  the  stripe  settings  were 

changed to have a strain stdev range of 0.5 to 1.0 with the number of waves in axis 1 and 2 set to 2. 

The permustrain settings were change to a maximum strain stdev of 1.0 and number of exchanges 

was set to 5. Crystal structure searches were performed with two different boron contents x = 1.0 

and x = 0.875. For each x the search was allowed to evolve for 14 generations (around 600 structures) 

which was enough to achieve a good convergence. 

Density functional theory calculations 

To  determine  lattice  parameters  and  formation  enthalpies  for  the  high‐entropy  ceramic,  DFT 

calculations  were  performed.  Due  to  its  disordered  nature  the  HEC  was  modelled  using  special 

quasirandom  structures  (SQS).  SQS  based  on  the  theoretical  predicted  HEC  crystal  structure  was 

created using the alloy theoretic automated toolkit (ATAT)7 with a pair range of 5.5 Å (mcsqs ‐2=5.5) 

and specified supercell sizes (mcsqs ‐rc). The supercell sizes used were 2x2x2 (24 atoms), 4x4x4 (192 

atoms)  and  6x6x6  (648  atoms)  repetitions  of  the  theoretically  predicted  crystal  structure.  Each 

structure was  created with  different  boron  content,  x  =  1.0,  0.875,  0.75,  0.625,  0.5,  0.375,  0.25, 

0.125 and 0.0. The difference between boron and carbon content for varying x is defined according 

to the base FU, B2x(Hf0.25Mo0.25Ta0.25Ti0.25)C2(1‐x). 

DFT calculations were preformed using high accuracy (PREC = Accurate) with a plane wave basis set 

energy cutoff equal to 600 eV (ENCUT = 600). All calculations were spin polarized (ISPIN = 2) without 

any  symmetry  (ISYM  =  0).  For  the  electronic  self‐consistent  (SC)  calculations  a Methfessel‐Paxton 

smearing of order 1 was used (ISMEAR = 1) with the smearing width set to 0.05 eV (SIGMA = 0.05). 

The convergence criteria for the SC loop was set to 10‐5 eV (EDIFF = 1.0E‐5) and the accuracy in the 

forces was increased by specifying (ADDGRID = .TRUE). All structures were fully relaxed, both atomic 

positions and lattice parameters (ISIF = 3), using the conjugate‐gradient algorithm (IBRION = 2) until 

the forces acting on the structure was smaller than 0.01 eV/Å (EDIFFG = ‐1.0E‐2). For the small 2x2x2 

SQS a  gamma centred k‐point  grid of 4x4x4 was used,  for  the  larger 4x4x4  SQS  the amount of  k‐

points was reduced to 2x2x2. For the large 6x6x6 SQS only the gamma point was used. Due to the 

large  amount  of  computational  resources  and  time  required  to  fully  relax  the  large  6x6x6  SQS, 

relaxations of these were only performed for boron contents of x = 1.0 and x = 0.875. 

Formation enthalpies, 𝐻 , without the zero‐point energy, at 0 K was calculated using the following 

equation:8  

 
𝐻 𝐸 𝑛 𝐸 𝑀   (S1) 

 

Here 𝐸 is the DFT calculated total energy for a structure with 𝑁 number of different atomic types. 𝑛  

is  the number of atoms of  type 𝑖 and 𝐸  is  the energy per atom of this  type. 𝑀  is  the number of 

formula  units  in  the  SQS,  here 𝑀 8, 64 and 216 for  SQS  of  size  2x2x2,  4x4x4  and  6x6x6, 
respectively. 𝐸  was  calculated  with  DFT  using  the  setup  described  above  and  the  following 

structures. 

 Hf, bulk Hafnium, hexagonal close‐packed unit cell, 2 atoms per cell. 
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 Mo, bulk Molybdenum, body‐centered cubic unit cell, 1 atom per cell. 

 Ta, bulk α‐Tantalum, body‐centered cubic unit cell, 1 atom per cell. 

 Ti, bulk Titanium, hexagonal close‐packed unit cell, 2 atoms per cell. 

 B, bulk α‐R Boron, rhombohedral unit cell, 12 atoms per cell. 

 C, bulk Graphite, hexagonal close‐packed unit cell, 4 atoms per cell. 

XRD patterns for the relaxed SQS was simulated using the Mercury ‐ Crystal Structure Visualization 

software9 and the structures were visualized using VESTA10. 

 

Results 

Crystal structure search 

Crystal structure searches performed using XtalOpt and VASP yielded structures very similar to the 

theoretical one predicted from the experimental XRD data (see main paper). Fig. S1 shows the result 

from the crystal structure search using x = 1.0. Here it is clear that the search has converged after 7 

generations  with  the  subsequent  generations  giving  structures  with  very  similar  energies.  The 

structure with absolute  lowest energy was  found after 11 generations and  is  shown  in Fig.  S1b‐d. 

This  structure  has  alternating  layers  of  metal  and  boron  atoms,  were  the  boron  atoms  form  a 

hexagonal grid. The red dashed lines in in Fig. S1c, d outlines the hexagonal close‐packed (HCP) unit 

cell determined from experimental XRD measurements (see Fig. 3 in the main paper). 

 

Fig. S1 Results from crystal structure search with x = 1.0. (a) The evolution of the formation enthalpy per generation, here 
the most stable structure is found after generation 7. (b), (c) and (d) The most stable structure found during the search (in 
generation  11).  Here  the  green  spheres  represent  B,  blue  Ti,  purple Mo,  brown  Ta  and  yellow Hf.  The  dashed  red  lines 
indicate the theoretically predicted unit cell (see Fig. 3d in the main paper). 

The  crystal  structure  search  with  x  =  0.875  yielded  very  similar  results,  see  Fig.  S2.  Predicting  a 

structure  with  alternating  metal  and  nonmental  atoms  (boron  and  carbon).  Comparing  the 

formation enthalpies, Hf, for the different crystal structure searches Fig. S1a and Fig. S2a we see that 

for x = 1.0 the formation enthalpy is lower. A closer look at the predicted lowest energy structure for 

x = 0.875 (Fig. S2b‐d) shows that the addition of carbon in the hexagonal grid produces distortions in 

the lattice which raises the formation enthalpy. 
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Fig. S2 Results from crystal structure search with x = 0.875. (a) The evolution of the formation enthalpy per generation, here 
the most stable structure is found after generation 8. (b), (c) and (d) The most stable structure found during the search (in 
generation  14).  Here  the  green  spheres  represent  B,  blue  Ti,  purple Mo,  brown  Ta  and  yellow Hf.  The  dashed  red  lines 
indicate the theoretically predicted unit cell (see Fig. 3d in the main paper). 

Crystal structure searches with x < 0.875 failed to find structures similar to the one predicted from 

experiments (alternating layers of metal and nonmetal atoms). 
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Density functional theory calculations 

The lattice parameters and the formation enthalpy for the experimental precursors (all except SiCw) 

used to synthesize the HEC were calculated using DFT. For the calculation of the formation enthalpy 

Eq. (S1) was used with 𝑀 1 for all precursors. 

Table S2 The calculates formation enthalpy, Hf, for the precursors used in the experiment, the lattice parameters, a, b, c and 
the volume of  the unit cell, VDFT, obtained after  full  relaxation using DFT. Also reported  is  the experimentally determined 
unit cell volume of the precursors, Vexp. 

Precursors 

Component  Crystal structure  Hf (eV)  a (nm)  b (nm)  c (nm)  VDFT (nm3)  Vexp (nm3) 

HfC  Face‐centered cubic  ‐1.826  0.4652  0.4652  0.4652  0.0252  0.0250 

TaC  Face‐centered cubic  ‐1.164  0.4477  0.4477  0.4477  0.0224  0.0221 

TiC  Face‐centered cubic  ‐1.661  0.4327  0.4327  0.4327  0.0202  0.0202 

Mo2C  Hexagonal close‐packed  ‐0.280  0.3059  0.3059  0.4658  0.0377  0.0368 

B4C  Rhombohedral  ‐0.449  0.5185  0.5185  0.5185  0.1112  0.1095 

 

The DFT calculated formation enthalpies at 0 K in Table S2 show that HfC has the lowest formation 

enthalpy  followed by  TiC,  TaC,  B4C  and Mo2C.  Thus,  replacing HfC  and  possible  TiC with  different 

ultrahigh  temperature  ceramics  with  higher  formation  enthalpies  might  make  the  HEC  easier  to 

synthesize.  The  unit  cell  volume of  the  precursors  obtained  after  full  relaxation  using DFT  agrees 

very well with the experimentally determined volumes, Vexp. 

DFT calculations on SQS of different sizes 2x2x2, 4x4x4 and 6x6x6 show that a 4x4x4 or larger SQS is 

required in order to correctly model the disorder present the high‐entropy system (see Fig. 4 in the 

main paper). However, very large computational resources and time is required order to fully relax 

the  large 6x6x6 SQS. Thus,  SQS of  size 4x4x4  (and 2x2x2) were  chosen  in order  to  investigate  the 

effect of different boron content, x, in the hexagonal grid of the HEC. The DFT results from the fully 

relaxed  4x4x4  SQS  can  be  found  in  Table  S3  and  Fig.  S3.  Here  the  formation  enthalpy  at  0  K  is 

calculated using Eq. (S1) and the volume of the unit cell is scaled by the number of formula units in 

the SQS. 

Table S3 The calculated formation enthalpy, Hf, for the 4x4x4 SQS HEC for varying boron content x. Also reported are the 
lattice parameter a/4, b/4, c/4, α, β, γ and the volume of the unit cell V/64 obtained after full relaxation using DFT. 

HEC, 4x4x4 SQS 

B con. x  Hf (eV)  a/4 (nm)  b/4 (nm)  c/4 (nm)  α (deg.)  β (deg.)  γ (deg.)  V/64 (nm3) 

1.0  ‐2.291  3.082  3.083  3.325  90.00  90.00  120.0  0.02737 

0.875  ‐1.697  3.036  3.047  3.389  90.10  89.95  119.8  0.02720 

0.75  ‐1.154  3.060  3.002  3.450  89.50  90.98  120.3  0.02736 

0.625  ‐0.649  2.994  2.993  3.557  89.99  91.32  120.2  0.02753 

0.5  ‐0.256  3.102  3.034  3.553  91.46  88.20  121.7  0.02842 

0.375  0.618  3.070  2.900  3.704  90.33  92.19  117.7  0.02915 

0.25  0.419  2.887  3.293  3.586  87.27  89.93  119.0  0.02976 

0.125  1.234  3.227  3.445  3.221  94.73  95.00  120.9  0.03026 

0.0  0.954  3.281  3.570  3.136  81.86  88.30  120.3  0.03117 

 

From Fig. S3a and Table S3 it is clear that the formation enthalpy increases linearly as a function of 

the boron content,  x. The most energetically  favored structure at 0 K  is  found  to be  the one with 

highest  boron  content,  x  =  1.0.  Comparing  the  formation  enthalpy  of  the  HEC  with  that  of  the 



7 
 

precursors it is found that for a boron content smaller than ~0.875 the HEC has a higher formation 

enthalpy than HfC, the precursor with the lowest formation enthalpy. 

According to the phase stability at 0 K it would be energetically favorable to create HEC with a boron 

content,  x,  roughly  0.8  to  0.9  using  these  precursors.  However,  one  should  note  that  the  DFT 

calculated formation enthalpy is at 0 K and without including the zero‐point energy. Thus, including 

vibration energy and temperature effects might change the formation enthalpies.  

 

Fig. S3 Effect of varying boron content, x, in the HEC. (a) The phase stability at 0 K as a function of x, open circles represent 
DFT calculated formation enthalpies using Eq. (S1). The black dashed line is a linear fit to the DFT data and the red dashed 
line  is  the formation enthalpy for the most stable precursor  (HfC).  (b) The calculated unit cell volume per FU for the fully 
optimized 2x2x2 and 4x4x4 SQS, here the dashed line is a parabolic fit to the five last datapoints. 

The effect of different boron content, x, on the crystal structure of the HEC can be seen in Table S3. 

For the lattice parameters a, b, c and α, β, γ in Table S3 it is clear that the higher the carbon content 

is (lower value of x) the more distorted the lattice parameters become. This effect can also be seen 

in the volume of  the unit cell which shows a parabolic behavior for a boron content x ≥ 0.5. For x 

smaller than 0.5 the volume increases linear as a function of x. The smallest volume, 0.0272 nm3, is 

found in the parabolic region for a value of x = 0.875. For this boron content the volume of the fully 

relaxed SQS best matches the experimentally determined volume of 0.0269 nm3. 

XRD patterns were  simulated  for  the  fully  relaxed 4x4x4 SQS with different boron content,  x.  It  is 

shown  in  the main paper  (Fig. 4)  that  the 4x4x4 SQS with x = 1.0 has an XRD pattern  that closely 

match  the  experimentally  measured  pattern.  The  simulated  XRD  pattern  for  all  the  investigated 

values  of  x  is  shown  in  Fig.  S4.  Here  it  is  clear  that  the  XRD  pattern  for  the  two  highest  boron 

contents (x = 1.0 and x = 0.875) are very similar. For these two values of x the intensity and positions 

of  the three highest peaks are very similar. For the higher angle reflections of x = 0.875 there  is a 

slight shift in the peak positions and some peak splitting is observed. The peak shift can be explained 

by  the  change  in  the  lattice  parameters  caused  by  the  presence  of  carbon,  see  Table  S3.  Peak 

splitting  can be explained by a decrease  in  the  symmetry of  the atomic positions  in  the SQS.  The 

symmetry  is  reduced  since  the  presence  of  carbon  in  HEC  causes  local  distortions  of  the  atomic 

positions. 
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Fig. S4 The simulated XRD pattern for  the fully relaxed 4x4x4 SQS with different boron content, x. As the carbon content 
increases (x decreases) the simulated XRD pattern diverges more from the experimentally determine one. 

Fig. S4 shows that a further increase of carbon (lower values of x) cause more shifts and splitting of 

the peaks. This points  to even more distortions of  the  lattice parameters and  further  reduction  in 

symmetry of the atomic positions as the carbon content in the HEC increases. As x decreases below 

0.5 the pattern becomes unrecognizable compared to the experimentally determined XRD pattern. 

One  thing  to  note  is  that  although  the  size  of  the  SQS  used  here  are  relatively  large  (4x4x4,  192 

atoms)  there  will  still  be  some  unrealistic  long‐range  ordering  not  found  in  the  experimentally 

synthesized HEC due  to  the periodicity of  the SQS. This will  affect  the  shifting and splitting of  the 

peaks in the simulated XRD pattern. 

The  reduction  in  symmetry  of  the  atomic  positions  and  subsequently  the  distortion  of  the  lattice 

parameters can be explained by  the difference  in metal‐boron and metal‐carbon binding. The DFT 

calculated metal‐boron and metal‐carbon bond lengths for borides and carbides with same metals as 

the precursors yield bond lengths of Hf‐B = 2.42 Å, Hf‐C = 2.33 Å, Ta‐B = 2.40 Å, Ta‐C = 2.24 Å, Mo‐B = 

2.32 Å, Mo‐C = 2.20 Å, Ti‐B = 2.35 Å and Ti‐C = 2.16 Å. For all metals the metal‐carbon bond length is 

shorter  than  the metal‐boron  bond  length,  pointing  to  the  fact  that  the metal‐carbon  bonds  are 

stronger  than  the  metal‐boron  bonds  for  these  metals.  This  will  cause  the  carbon  atoms  in  the 

hexagonal grid to move closer to the metal atoms, equivalently the metal atoms will move closer to 

the carbon atoms, thus distorting the structure. 

The DFT calculations thus show that increasing the carbon content in the hexagonal grid of the HEC 

leads to a decrease in phase stability at 0 K. This is due to the fact that replacing boron atoms with 

carbon atoms  increases the  lattice distortion, which will  increase the mechanical properties of  the 

HEC due to the strain strengthening mechanism. 

   



9 
 

References 

1.  SpringerMaterials, https://materials.springer.com/isp/crystallographic/docs/sd_0251828. 
2.  SpringerMaterials, https://materials.springer.com/isp/crystallographic/docs/sd_0261411. 
3.  SpringerMaterials, https://materials.springer.com/isp/crystallographic/docs/sd_0260764. 
4.  SpringerMaterials, https://materials.springer.com/isp/crystallographic/docs/sd_1712771. 
5.  D. C. Lonie and E. Zurek, Computer Physics Communications, 2011, 182, 2305‐2306. 
6.  G. Kresse and J. Furthmüller, Physical Review B, 1996, 54, 11169‐11186. 
7.  A. van de Walle, P. Tiwary, M. de Jong, D. L. Olmsted, M. Asta, A. Dick, D. Shin, Y. Wang, L. Q. 

Chen and Z. K. Liu, Calphad, 2013, 42, 13‐18. 
8.  M. C. Gao, J.‐W. Yeh, P. K. Liaw and Y. Zhang, High‐Entropy Alloys, Springer, 2016. 
9.  C. F. Macrae, I. J. Bruno, J. A. Chisholm, P. R. Edgington, P. McCabe, E. Pidcock, L. Rodriguez‐

Monge, R. Taylor, J. v. d. Streek and P. A. J. J. o. A. C. Wood, 2008, 41, 466‐470. 
10.  K. Momma and F. J. J. o. a. c. Izumi, 2011, 44, 1272‐1276. 

 



Dalton
Transactions

CORRECTION

Cite this: Dalton Trans., 2019, 48,
6647

DOI: 10.1039/c9dt90099c

rsc.li/dalton

Correction: A high-entropy B4(HfMo2TaTi)C and
SiC ceramic composite

Hanzhu Zhang,a Daniel Hedman,a Peizhong Feng,b Gang Hanc and Farid Akhtar*a

Correction for ‘A high-entropy B4(HfMo2TaTi)C and SiC ceramic composite’ by Hanzhu Zhang et al.,

Dalton Trans., 2019, DOI: 10.1039/c8dt04555k.

The authors regret that there is an error in writing the crystal structure in the article. The authors would like to address as
follows:

The presented XRD and TEM results revealed a hexagonal crystal structure. The following analyses including the identifi-
cation of the lattice parameters and the DFT calculation were based on a hexagonal lattice. Therefore, the HCP (hexagonal close-
packed) structure mentioned in the article should be regarded as a hexagonal structure. The HCP term used in the introduction,
where the article from Joshua Gild et al. was cited, should also be regarded as hexagonal AlB2 structure.

The Royal Society of Chemistry apologises for these errors and any consequent inconvenience to authors and readers.

aDivision of Materials Science, Luleå University of Technology, 971 87 Luleå, Sweden. E-mail: farid.akhtar@ltu.se
bSchool of Materials Science and Engineering, China University of Mining and Technology, 221116 Xuzhou, China
cSchool of Materials Science and Engineering, University of Science and Technology Beijing, 100083 Beijing, China

This journal is © The Royal Society of Chemistry 2019 Dalton Trans., 2019, 48, 6647 | 6647

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/c9dt90099c&domain=pdf&date_stamp=2019-05-07


 

 

 

  



 

 

 

 

 

 

 

 

 

 Paper II 
 

Processing and Characterization of Refractory Quaternary and 
Quinary High-Entropy Carbide Composite 

Hanzhu Zhang and Farid Akhtar 

Entropy 21.5 (2019): 474. 

 

  





entropy

Article

Processing and Characterization of Refractory
Quaternary and Quinary High-Entropy
Carbide Composite

Hanzhu Zhang and Farid Akhtar *

Division of Materials Science, Luleå University of Technology, 971 87 Luleå, Sweden; hanzhu.zhang@ltu.se
* Correspondence: farid.akhtar@ltu.se

Received: 10 April 2019; Accepted: 28 April 2019; Published: 6 May 2019
����������
�������

Abstract: Quaternary high-entropy ceramic (HEC) composite was synthesized from HfC, Mo2C, TaC,
and TiC in pulsed current processing. A high-entropy solid solution that contained all principal
elements along with a minor amount of a Ta-rich phase was observed in the microstructure. The
high entropy phase and Ta-rich phase displayed a face-centered cubic (FCC) crystal structure with
similar lattice parameters, suggesting that TaC acted as a solvent carbide during phase evolution.
The addition of B4C to the quaternary carbide system induced the formation of two high-entropy
solid solutions with different elemental compositions. With the increase in the number of principal
elements, on the addition of B4C, the crystal structure of the HEC phase transformed from FCC to a
hexagonal structure. The study on the effect of starting particle sizes on the phase composition and
properties of the HEC composites showed that reducing the size of solute carbide components HfC,
Mo2C, and TiC could effectively promote the interdiffusion process, resulting in a higher fraction of a
hexagonal structured HEC phase in the material. On the other hand, tuning the particle size of solvent
carbide, TaC, showed a negligible effect on the composition of the final product. However, reducing
the TaC size from −325 mesh down to <1 µm resulted in an improvement of the nanohardness of
the HEC composite from 21 GPa to 23 GPa. These findings suggested the possibility of forming a
high-entropy ceramic phase despite the vast difference in the precursor crystal structures, provided a
clearer understanding of the phase transformation process which could be applied for the designing
of HEC materials.

Keywords: high-entropy ceramic; solid-state diffusion; microstructure; phase evolution; hardness

1. Introduction

High-entropy ceramics (HECs), as a new class of ceramic materials, are developed from the
concept of high-entropy alloys (HEAs). In HEAs, multiple principal elemental metals are incorporated
to form a single phase alloy or multiphase composites [1,2]. With a similar design concept, HECs
consist of multiple principal ceramic compounds such as metallic oxides, nitrides or carbides. In recent
work, it has been found that the high entropy effect applies in the HECs system consisting of multiple
components [3,4]. Solid solution phases that lack long-range order can be formed attributed to the
minimization of Gibbs energy. Christina M. Rost et al. [5] fabricated an entropy stabilized oxide that
showed a single-phase face-centered cubic (FCC) structure. Single phase solid solutions have been
reported in systems like high entropy borides [6] and high entropy carbides [7,8]. Compared with
conventional ceramic materials, single phase HECs show superior mechanical properties contributed by
the strain strengthening effect from lattice distortion. For example, the high-entropy carbide fabricated
by E. Castle et al. [7] exhibited a single phase FCC structure and enhanced hardness (36.1 GPa)
compared to all the component carbides.

Entropy 2019, 21, 474; doi:10.3390/e21050474 www.mdpi.com/journal/entropy
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Due to the high melting point of ceramic materials, the solid-state pulsed current processing (PCP)
is the economically preferable processing route as it offers relatively low sintering temperatures and
short sintering times [9]. PCP utilizes pulsed current, directional pressure, and high vacuum during
sintering and offers the advantage of providing homogenously densified materials [10,11]. Due to the
strong covalent bonding and complex crystal structures of refractory ceramics, the synthesis of high
entropy ceramics has been performed with ceramic precursors containing one nonmetal element (for
example carbide, nitride or boride) and a similar crystal structure [6,7,12,13] using PCP. The selection
approach of the ceramic precursors minimizes the geometrical difference among the starting ceramic
precursor materials and achieves a single-phase high-entropy phase during PCP [14].

Our previous work on the high-entropy ceramic composite shows the possibility of forming a
single-phase hexagonal structure from carbide precursors with a vast difference in the crystal structures
(FCC, hexagonal and rhombohedral) and two nonmetal atoms (carbon and boron), attributing to
the independent diffusion of metal and nonmetal atoms during the PCP processing [14]. However,
the phase formation rules in a high-entropy ceramic system are still elusive and how B4C influences
the diffusion process remains unclear. In order to develop a better understanding of the formation
mechanism of the high-entropy ceramic phase, a systematic study was established and conducted
in this work. Quaternary HEC composite was processed from four refractory carbides, HfC, Mo2C,
TaC, and TaC. The phase evolution on B4C addition was studied by investigating the microstructure
and phase composition of the five-component carbides. Moreover, due to the importance of starting
particle size in solid-state diffusion [15], HEC composites were fabricated from precursors with different
particle sizes. The effects of tuning the particles size of the solvent and the solute carbides on the
microstructure, phase composition, and mechanical properties are discussed.

2. Materials and Methods

HfC (<1.25 µm, Sigma Aldrich, Darmstadt, Germany) and (−325 mesh, American Elements, Los
Angeles, LA, USA), Mo2C (−325 mesh, Alfa Aesar, Haverhill, MA, USA) and (2.6µm, Nanografi, Ankara,
Çankaya), TaC (−325 mesh, Alfa Aesar, Haverhill, MA, USA) and (1µm, US Research Nanomaterials,
Houston, TA, USA), TiC (5 µm, H.C. Starck, Munich, Germany) and (2 µm, Alfa Aesar, Haverhill, MA,
USA) and B4C (1–7 µm, Alfa Aesar, Haverhill, MA, USA) were utilized to synthesize high-entropy
ceramic composites. Starting materials with different particle sizes were mixed following the designed
recipe, with a molar ratio of 2:1:2:2:2. The powder mixture was homogenized in a ball milling machine
for two hours, using 4 mm stainless steel balls as a milling media and a powder to ball mass ratio
of 1:5. The homogenized powder mixture was filled into a graphite die with a diameter of 10 mm
and prepressed before sintering. The sintering was conducted in SPS-530ET (Dr. Sinter Spark Plasma
Sintering System, Fuji electronic industrial Co., Ltd., Tsurugashima, Japan) in a glovebox. The samples
were heated to 1800 ◦C with a heating rate of 100 ◦C/min and then held at 1800 ◦C for 5 min under
vacuum. A uniaxial pressure of 60 MPa was applied during the process.

Before the microstructure characterization and phase identification, the samples were cold
mounted in epoxy and polished following standard metallurgical sample preparation procedures. The
microstructure was observed using a Scanning Electron Microscope JSM-IT300 (JEOL, Tokyo, Japan)
operating at an acceleration voltage of 15 kV. The elemental composition was analyzed using energy
dispersive spectrometer (EDS) mounted on JSM-IT300 that was calibrated with Cobalt. X-ray diffraction
(XRD) was conducted using an X-ray diffractometer (Empyrean, PANalytical, Malvern, UK) with
Cu-Kα radiation (wavelength 0.154 nm). The scanning was performed from 5 to 120◦ (2 Theta), with a
step size of 0.02◦. The XRD data was investigated using the software PANalytical X’Pert HighscorePlus
with the PDF-4 database. The nanohardness of sintered HEC composites was determined using an
MTS NanoIndenter XP with a Berkovich diamond indenter. The measurements were performed with a
maximum load of 100 mN at ambient temperature in air. The force-displacement curves of the indenter
were recorded. Due to different phase distribution and grain sizes in the microstructure of the PCP
samples, the nanohardness values for sample 4-HEC and 5-HEC were obtained by performing at least
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5 measurements at specific regions based on the optical microscope mounted on MTS NanoIndenter XP,
while the hardness values for sample HEC(+) and HEC(fine) were obtained by performing matrixes
indentations and calculating the average value from indentations that were not located in porosity.

3. Results and Discussions

3.1. Effect of B4C Addition into (HfMoTaTi)C

The microstructure of the quaternary HEC composite (4-HEC) sintered from HfC, Mo2C, TaC,
and TiC shows two distinct phases, as shown in Figure 1. The bright phase with a size of 1–5 µm
is dispersed uniformly in the dark matrix phase in Figure 1b. Based on the energy-dispersive X-ray
spectroscopy (EDS) mapping analysis in Figure 1g, the bright phase is rich in Ta whilst the dark phase
contains all constitutional elements Hf, Mo, Ta, Ti and C. Because of the sensitivity of backscattered
electron detector (BED) to the atomic number, phases with different densities appear with different
contrast in the BED microstructure. The constituent carbides show a vast difference in the densities,
from 14.62 g/cm3 for TaC, 12.2 g/cm3 for HfC, 9.18 g/cm3 for Mo2C to 4.93 g/cm3 for TiC, therefore
the consistent contrast of the dark region in the Figure 1b implies that it represents the quaternary
ceramic phase containing all constitutional elements Hf, Mo, Ta, Ti, and C. The average atomic ratio of
each phase obtained by performing EDS point analysis on several point locations are listed in Table 1.
As EDS lacks the accuracy of quantitative analysis of light elements [16], the atomic ratio of the four
metals is normalized to Ta. The results show that the bright phase contains Ta and C as the dominating
elements and a minor amount of Mo and trace amount of Hf and Ti, while the dark phase contains all
four metal elements with a relatively lower amount of Ta. According to the X-ray diffraction (XRD)
data in Figure 1a, the PCP 4-HEC composite consists of two face-centered cubic (FCC) crystal structures
with similar lattice parameters (a1 = 0.4429 nm, a2 = 0.4399 nm), as marked in the inset in Figure 1a.
The BED microstructure, EDS analysis and XRD data, Figure 1 and Table 1, suggest the formation
of high-entropy FCC solid solution containing all constitutional elements. In the previous work on
high-entropy ceramic B4(HfMo2TaTi)C [14], it has been reported that TaC has the lowest metal vacancy
formation energy among the precursor carbides, thus it acts as the solvent FCC lattice during the
formation of the high-entropy phase [7], i.e., constituent atoms except Ta diffuse into the vacancies
in the TaC lattice to form the multicomponent solid solution. Therefore, the Ta-rich phase and the
high-entropy phase can be regarded as intermediates in the phase transformation from constitutional
carbides to the hexagonal high-entropy ceramic phase. The multicomponent interdiffusion induces
TaC lattice distortion, which in this case results in the reduction in the initial lattice parameter of TaC,
0.4460 nm (ICDD reference pattern of TaC: No. 03-065-0282). Based on the quantitative results shown
in Table 1, the high-entropy phase with higher content of Hf, Mo, and Ti metal atoms experience
intense atomic diffusion compared to the Ta-rich phase. Hence, in the quaternary high-entropy phase,
the atomic position exchange between Ta and other metal atoms with similar or smaller atomic radii
results in a smaller lattice parameter (0.4399 nm) than the TaC-rich phase (0.4429 nm). Furthermore,
the high-entropy phase shows a hardness of 28.4 GPa, which is 23.5% higher than that of the Ta-rich
phase (23 GPa) as shown in Figure 2, due to the lattice distortion induced strain strengthening effect.
This result is in line with the previous reports on high-entropy materials [6,7].
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Figure 1. XRD patterns and backscattered electron microstructure of PCP 4-HEC (a,b) and 5-HEC
composite (d,e), and the EDS mapping analysis (g); (c) shows the volume change of the material during
sintering; (f) is the EDS qualitative spectra on different phases of 5-HEC.

Table 1. The quantitative analysis of the metal atom contents, the crystal structure identification of
different phases in 4-HEC and 5-HEC.

Compositional Elements
4-HEC 5-HEC/HEC(++)

Ta-Rich Phase
(Bright)

High-Entropy
Phase (Dark)

Ta-Rich Phase
(Bright) HEC1 (Gray) HEC2 (Dark)

Hf - 2.5 - 0.8 1.7
Mo Minor 2.4 Minor 1.7 3.3
Ti - 1.8 - 0.6 7.7
Ta Major 1 Major 1 1

Crystal structure FCC FCC FCC FCC Hexagonal
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The curve of Z-axis displacement as a function of temperature was recorded during the PCP.
As shown in Figure 1c, the decline of Z-axis refers to the thermal expansion of the material, while
the up-climbing region corresponds to the shrinkage of the bulk volume. The reduction of the
volume typically refers to the occurrence of sintering phenomenon where the powder material
becomes compacted and forms a densified solid mass. Since the sintering temperature of powder
material is normally 2/3–3/4 of the melting point [17], the theoretical sintering temperature for current
quaternary refractory carbide mixture should be above 1800 ◦C. Figure 1c shows that the shrinkage
of the four-component carbide system 4-HEC takes place from 1000 ◦C to 1600 ◦C, while the same
phenomenon for the 5-HEC composite was postponed to a higher temperature range 1370 ◦C–1690 ◦C.
This indicates that the addition of B4C to the carbide system hinders the solid-state atomic diffusion
required for sintering in the multicomponent carbides, leading to a delay of the formation of the
high-entropy ceramic phase. A detailed investigation on the sintering behavior of ceramic precursors
to form high-entropy ceramic composites will be reported later, elsewhere.

The addition of B4C to the precursor carbides resulted in the formation of multiple phases during
PCP. According to the backscattered electron microstructure in Figure 1e, the PCP 5-HEC composite
exhibits three distinct phases. Similar to the 4-HEC, the brightest phase in 5-HEC is rich in Ta, which
is coordinated with the fact that Ta has the highest atomic number among the constituent elements,
therefore, the Ta-rich phase appears as the brightest phase in the BED microstructure. Two high-entropy
solid solutions with different elemental compositions were formed in the five-component system,
5-HEC. The atomic ratio of metal atoms Hf, Mo, Ta and Ti in the gray (HEC1) and dark phase (HEC2)
in Figure 1e are shown in Table 1, with HEC2 showing higher content of the solute metal atoms (Hf,
Mo, and Ti) in the structure. The higher content of Ti in HEC2 agrees more with the darker contrast of
HEC2 than HEC1 in the microstructure, as Ti has the smallest atomic number among the constitutional
metal elements. According to the bond dislocation enthalpy (BDE) of transition metal carbides at 298
K [18], Ti-C has the lowest BDE of 423 ± 30 KJ/mol among the solute carbides, while Mo-C2 and Hf-C
have a BDE of 500 and 540 ± 25 KJ/mol, respectively, and the covalent atomic radii vary as Ti < Mo <

Hf. These factors might contribute to preferable diffusion of Ti over Mo and Hf during the formation
of the multicomponent solid solution, resulting in the metal content ratio in HEC2 phase as Ti > Mo
> Hf in Table 1. A pronounced boron diffraction peak in the EDS pattern was revealed at the HEC2

phase (Figure 1f), suggesting that HEC2 experienced a more intensive diffusion of B atoms than HEC1.
Additionally, the diffractions peaks of B4C were not detected in the XRD diffractogram of the 5-HEC
composite in Figure 1d, suggesting the participation of B4C in the formation of high-entropy solid
solutions. However, the diffusion priority of Ti, Mo and Hf was not observed in the high-entropy
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phase in the 4-HEC composite and HEC1 phase in 5-HEC, suggesting that the incorporation of B4C to
the transition metal carbides might have promoted the diffusion process of the metal atoms towards a
more energetically favorable state.

The XRD data in Figure 1d shows that the 5-HEC composite contains both FCC and hexagonal
structured phases. Similar with the 4-HEC, the FCC pattern is generated from diffraction of two FCC
crystal structures with similar lattice parameters, including the presence of an FCC Ta-rich phase.
Based on the aforementioned discussions, the HEC1 phase that contains a lower content of the solute
atoms should have a closely-matched crystal structure and lattice constant with the solvent TaC lattice
due to the reduced atomic position change in the host lattice corresponding to an FCC structure, while
the HEC2 phase corresponds to the hexagonal structure. The HEC1 phase shows a lattice parameter
of 0.4499 nm, which is slightly greater than that of TaC (0.4460 nm). Assuming that the HEC1 is
formed from only transition metal carbides, the lattice parameter should decline as observed in the
FCC high-entropy solid solutions in 4-HEC composite (Figure 1a). It is known that the metal-boron
bond length is longer than metal-carbon bond length, for example, Ta-C = 2.22 Å [19] and Ta-B = 2.41
Å [20], the expansion of the lattice can be contributed by the addition of B atoms in the formation of an
HEC2 solid solution. The formation of high-entropy solid solutions HEC1 and HEC2 that contain all
constitutional elements confirms the possibility of processing high-entropy ceramics from a precursor
system containing more than one nonmetal atoms and with different crystal structures. The formation
of hexagonal structure is likely to be attributed to more B atoms diffusing in the FCC lattice, which
induces more severe lattice distortion and consequently leads to the crystal structure change from FCC
to a hexagonal structure. In the 5-HEC composite, the FCC structured HEC1 solid solution shows a
nanohardness of 27.4 GPa and Young’s modulus of 505.8 GPa, which is close to the FCC solid solution
phase in 4-HEC (28.4 GPa and 495.2 GPa for nanohardness and Young’s modulus, respectively).

3.2. Effect of Different Starting Particle Sizes

It is well known that the particle size of the precursors is an essential parameter influencing the
atomic diffusion and phase evolution during solid-state sintering in PCP [15]. Fine particles promote
the solid-state atomic diffusion by reducing the diffusion distance and promote the kinetics of phase
transformation [21,22]. To investigate the effect of particle size on the formation of high-entropy
ceramics, the same carbide systems with different particle sizes are sintered in PCP (as listed in Table 2).
5-HEC that utilized relative larger particle sizes of solute metal carbides (HfC, Mo2C, and TiC) is
discussed in the previous section and is denoted as HEC(++) in the following discussion. HEC(fine)
and HEC(+) contains precursor carbides with the finest particle sizes and a larger particle size of the
solvent carbide (TaC), respectively.

Table 2. Precursors with different particle sizes are utilized to study the effect on the phase evolution.

Component HEC(++) HEC(+) HEC(Fine)

B4C 1–7 µm 1–7 µm 1–7 µm
HfC −325 mesh <1.25 µm <1.25 µm

Mo2C −325 mesh 2.6 µm 2.6 µm
TiC 5 µm 2 µm 2 µm
TaC <1 µm −325 mesh <1 µm

The microstructure of the PCP HEC(+) and HEC(fine) show the presence of two phases in Figure 3.
According to the compositional mapping analysis in Figure 3d, all four metal elements are distributed
in bright and dark phases. The spot-shaped mapping for C is attributed to porosity in the samples,
which possibly caused the diamond polishing agents being introduced during the sample preparation
procedure. For both PCP HEC(+) and HEC(fine) sample, the bright phase is rich in Ta and Hf while the
dark phase contains a greater amount of Mo and Ti. The quantitative analysis results of the selected
areas in Table 3 show that these two phases are high-entropy solid solutions with different elemental
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compositions. The average atomic ratios are normalized to Ta. The bright phase is rich in Ta, while the
dark phase has a higher content of other metals (Ti > Mo > Hf ≈ Ta). Based on the discussion about
BED microstructure of different transition metal carbides, the dark region with a higher solute metal
content refers to more equilibrium composition and a higher extent of phase transformation towards
the high-entropy solid solution.
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Table 3. The quantitative analysis of the metal atom contents of different phases in HEC(+) and
HEC(fine).

Compositional Elements HEC(+) HEC(fine)

Bright Phase Dark Phase Bright Phase Dark Phase

Hf 0.4 1.2 1 1.1
Mo 0.8 1.9 0.7 2.0
Ti 0.2 2.3 0.8 2.8
Ta 1 1 1 1

Crystal structure FCC Hexagonal FCC Hexagonal

The XRD patterns of HEC(+) and HEC(fine) show high similarity (Figure 3c). Similar to the
diffractogram of HEC(++), the PCP HEC(+) and HEC(fine) composite reveal diffraction patterns from
two FCC and one hexagonal structure. Since the elemental mapping from each region with a constant
contrast shows a homogenous distribution of constituent elements, a possible reason why the third
phase is not distinguishable in the microstructure is that the two FCC phases have indistinguishable
contrast in BED images, which suggests that these phases have a similar atomic composition. As the
bright phase with less content of foreign atoms (except Ta), it refers to the component with less lattice
distortion, therefore it is extrapolated to retain a FCC crystal structure, whilst the dark phase exhibits a
hexagonal structure.

For the solid-state phase transformations, the starting particle size has been reported to have a
strong influence on the reaction kinetics by tuning the contact area between the solid particles [23–25].
Therefore, it was expected that PCP HEC(fine) with finest starting particle size should have a more
promoted phase transformation than HEC(+) and HEC(++) which were fabricated with the same
sintering route and sintering conditions. Comparing HEC(fine) with HEC(+), the results show high
similarity in the microstructures and phase composition (Figure 3). Both composites consist of a
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FCC and a hexagonal crystal structure, with high-entropy solid solutions. With HfC having the
lowest formation enthalpy (−1.826 eV) [14] and highest BDE (9.18 g/cm3) among the precursors [18],
the promotion of the solid-state diffusion can be observed by the increased Hf content in the FCC
phase in HEC(fine) than HEC(+) (Hf/Ta = 1 and 0.4, respectively) according to the EDS quantitative
results in Table 3. On the other hand, HEC(++) has a complicated phase composition compared to
HEC(fine). The Ta-rich phase, representing the least diffusion, was observed in HEC(++) (Figure 1e).
A lower fraction of the hexagonal structured high-entropy solid solution in HEC(++) composite can be
concluded from the microstructure and lower intensity of X-ray diffraction peaks (for example at 2θ
= 44.2◦) in Figure 3c. Therefore, the degree of diffusion is assumed to be in the order of HEC(++) <

HEC(+) ≈HEC(fine). The results suggest that the particle size of solvent carbide TaC is not as essential
as the solute carbides in terms of tailoring the phase composition in the multicomponent carbide
system. Due to the porosity and small grain size, the nanoindentation testing of HEC(+) and HEC(fine)
composites were obtained from 30 indentations, therefore the data represents the overall mechanical
properties of the bulk materials instead of each individual high-entropy phase. Although the PCP
HEC(fine) and HEC(+) show the same phase composition and similar microstructure, the HEC(fine)
composite sintered from precursors with finest grain size shows improved nanoindentation hardness
of 23.1 GPa compared to the PCP HEC(+) composite (21.4 GPa). The experimental hardness value
is close to the theoretical hardness calculated from the rule of mixture (23.2 GPa). The enhancement
of the hardness caused by utilizing small starting particle size during sintering has been reported
before [26]. Moreover, Young’s modulus of HEC(fine) improves from 380.7 GPa for HEC(+) to 401 GPa,
suggesting stronger atomic bonding in the HEC(fine) composite.

4. Conclusions

A high-entropy ceramic (HEC) composite was synthesized from HfC, Mo2C, TaC, and TiC by
pulsed current processing (PCP). The PCP 4-HEC composite contained a high-entropy phase and a
Ta-rich phase. Both constituents showed a face-centered cubic (FCC) structure and corresponded to
the different extent of phase transformation towards a high-entropy phase. By introducing B4C in the
HEC composite, high-entropy solid solutions that contained all principal elements (including B) were
formed. The high-entropy phase with less intense interdiffusion remained FCC structure as the solvent
carbide, TaC, while the one with more complete phase transformation experienced crystal structure
change from FCC to a hexagonal structure. The results showed the feasibility of synthesizing HEC
materials from the multi-principal ceramic system with different crystal structures.

In order to investigate the effect of different particle sizes of solvent and solute components on the
phase composition and properties, HEC composites fabricated from precursors with different size of
solvent (TaC) and solute carbides (with face-centered cubic (FCC) structure) were PCP consolidated
and characterized. The particle size of the solvent carbides was found to be more essential for the
interdiffusion process and final phase compositions than that of the solute carbide. HEC composites
processed from the fine particle size of solvent carbides HfC, Mo2C, and TiC showed a higher
content of the hexagonal structured HEC phase. On the other hand, reducing the TaC particle size to
nanoscale showed negligible influence on the phase composition, but resulted in enhancement of the
microhardness from 21.4 GPa to 23.1 GPa.

Author Contributions: Conceptualization, F.A.; methodology, F.A. and H.Z.; formal analysis, H.Z.; investigation,
H.Z.; writing—original draft preparation, H.Z.; writing—review and editing, F.A.; supervision, F.A.; project
administration, F.A.

Funding: This work was supported by the Swedish Foundation for Strategic Research (SSF) for Infrastructure
Fellowship, grant number RIF14-0083.

Conflicts of Interest: The authors declare no conflict of interest.



Entropy 2019, 21, 474 9 of 10

References

1. Manzoni, A.M.; Glatzel, U. New multiphase compositionally complex alloys driven by the high entropy
alloy approach. Mater. Charact. 2019, 147, 512–532. [CrossRef]

2. Miracle, D.B.; Senkov, O.N. A critical review of high entropy alloys and related concepts. Acta Mater.
2017, 122, 448–511. [CrossRef]

3. Tsai, M.H.; Yeh, J.W. High-entropy alloys: A critical review. Mater. Res. Lett. 2014, 2, 107–123. [CrossRef]
4. Gao, M.C.; Yeh, J.-W.; Liaw, P.K.; Zhang, Y. High-Entropy Alloys; Springer: Cham, Switzerland, 2016.
5. Rost, C.M.; Sachet, E.; Borman, T.; Moballegh, A.; Dickey, E.C.; Hou, D.; Jones, J.L.; Curtarolo, S.; Maria, J.P.

Entropy-stabilized oxides. Nat. Commun. 2015, 6, 8485. [CrossRef] [PubMed]
6. Gild, J.; Zhang, Y.; Harrington, T.; Jiang, S.; Hu, T.; Quinn, M.C.; Mellor, W.M.; Zhou, N.; Vecchio, K.; Luo, J.

High-Entropy Metal Diborides: A New Class of High-Entropy Materials and a New Type of Ultrahigh
Temperature Ceramics. Sci. Rep. 2016, 6, 37946. [CrossRef] [PubMed]

7. Castle, E.; Csanádi, T.; Grasso, S.; Dusza, J.; Reece, M. Processing and Properties of High-Entropy Ultra-High
Temperature Carbides. Sci. Rep. 2018, 8, 8609. [CrossRef] [PubMed]

8. Dusza, J.; Peter, Š.; Girman, V.; Sedlák, R.; Castle, E.G.; Csanádi, T.; Koval, A.; Reece, M.J. Microstructure of
(Hf-Ta-Zr-Nb)C high-entropy carbide at micro and nano/atomic level. J. Eur. Ceram. Soc. 2018, 38, 4303–4307.
[CrossRef]

9. Munir, Z.A.; Anselmi-Tamburini, U.; Ohyanagi, M. The effect of electric field and pressure on the synthesis
and consolidation of materials: A review of the spark plasma sintering method. J. Mater. Sci. 2006, 41,
763–777. [CrossRef]

10. Guillon, O.; Gonzalez-Julian, J.; Dargatz, B.; Kessel, T.; Schierning, G.; Räthel, J.; Herrmann, M. Field-assisted
sintering technology/spark plasma sintering: Mechanisms, materials, and technology developments. Adv.
Eng. Mater. 2014, 16, 830–849. [CrossRef]

11. Bellosi, A.; Monteverde, F.; Sciti, D. Fast densification of ultra-high-temperature ceramics by spark plasma
sintering. Int. J. Appl. Ceram. Technol. 2006, 3, 32–40. [CrossRef]

12. Zhou, J.; Zhang, J.; Zhang, F.; Niu, B.; Lei, L.; Wang, W. High-entropy carbide: A novel class of multicomponent
ceramics. Ceram. Int. 2018, 44, 22014–22018. [CrossRef]

13. Demirskyi, D.; Borodianska, H.; Suzuki, T.S.; Sakka, Y.; Yoshimi, K.; Vasylkiv, O. Scripta Materialia
High-temperature fl exural strength performance of ternary high-entropy carbide consolidated via spark
plasma sintering of TaC, ZrC and NbC. Scr. Mater. 2019, 164, 12–16. [CrossRef]

14. Zhang, H.; Hedman, D.; Feng, P.; Han, G.; Akhtar, F. A high-entropy B4(HfMo2TaTi)C and SiC ceramic
composite. Dalt. Trans. 2019, 48, 5161–5167. [CrossRef]

15. Zhang, H.; Feng, P.; Akhtar, F. Aluminium matrix tungsten aluminide and tungsten reinforced composites
by solid-state diffusion mechanism. Sci. Rep. 2017, 7, 12391. [CrossRef]

16. Agarwal, B.K. X-ray Spectroscopy: An Introduction; Springer: Berlin/Heidelberg, Germany, 2013; Volume 15,
ISBN 3540386688.

17. CDowson, G. Powder Metallurgy: The Process and Its Products; Adam Hilger: Bristol, UK, 1990; ISBN 0852740069.
18. Simões, J.A.M.; Beauchamp, J.L. Transition Metal–Hydrogen and Metal–Carbon Bond Strengths: The Keys

to Catalysis. Chem. Rev. 1990, 90, 629–688. [CrossRef]
19. TaC Crystal Structure: Datasheet from “PAULING FILE Multinaries Edition – 2012” in Springer

Materials. Available online: https://materials.springer.com/isp/crystallographic/docs/sd_0261184 (accessed
on 6 May 2019).

20. TaB2 Crystal Structure: Datasheet from “PAULING FILE Multinaries Edition – 2012” in Springer
Materials. Available online: https://materials.springer.com/isp/crystallographic/docs/sd_0260764 (accessed
on 6 May 2019).

21. Fick, A. Ueber Diffusion. Ann. Phys. 1855, 170, 59–86. [CrossRef]
22. Malik, R.; Burch, D.; Bazant, M.; Ceder, G. Particle size dependence of the ionic diffusivity. Nano Lett. 2010, 10,

4123–4127. [CrossRef]
23. Ferret, R.; Lo, R.; Gutie, M.A. Influence of particle size distribution of precursor oxides on the synthesis of

cordierite by solid-state reaction. Powder Technol. 2005, 153, 34–42.
24. Kim, H.; Kim, J.; Jung, W.; Yoon, D. Effect of starting materials on the properties of solid-state reacted barium

titanate powder. J. Ceram. Process. Res. 2009, 10, 753–757.



Entropy 2019, 21, 474 10 of 10

25. Buscaglia, M.T.; Bassoli, M.; Buscaglia, V.; Vormberg, R. Solid-State Synthesis of Nanocrystalline BaTiO3:
Reaction Kinetics and Powder Properties. J. Am. Ceram. Soc. 2008, 91, 2862–2869. [CrossRef]

26. Srivatsan, T.S.; Woods, R.; Petraroli, M.; Sudarshan, T.S. An investigation of the influence of powder particle
size on microstructure and hardness of bulk samples of tungsten carbide. Powder Technol. 2002, 122, 54–60.
[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).




