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ABSTRACT 
High-entropy alloy (HEA) is a multi-component alloy constituting five or more 
principal elements in equi- or near equi-atomic percentages. The high configurational 
entropy in a HEA composition, in contrast to conventional alloys, leads to the 
stabilisation of the alloying elements in stable solid solutions of face-centred-cubic 
(FCC), body-centred-cubic (BCC) and/or amorphous structures. The characteristic 
properties of HEAs are mainly governed by lattice distortion, sluggish diffusion and 
entropy- and cocktail-effects. Refractory high-entropy alloys (RHEAs), consisting of 
refractory elements, are considered as a paradigm shift in developing materials for 
high temperature applications.  
The current PhD project investigates four different aspects of RHEAs. First, it 
involves developing CuMoTaWV RHEA by spark plasma sintering (SPS) and 
utilising the cocktail effect of HEAs for high temperature tribological application. 
The use of the cocktail effect, defined as selecting favourable compositions for 
particular applications, is utilised for RHEA compositions in order to yield adaptive 
tribological behaviour at changing temperatures or environments. The sintered 
CuMoTaWV showed formation of BCC solid solution and a composite 
microstructure. The high temperature tribological investigations showed an adaptive 
behaviour at different temperatures. At lower temperatures Cu lowered the wear rate 
through formation of CuO, and at higher temperatures V enhanced the tribological 
resistance through formation of lubricating V2O5 phases.  
The second aspect involves studying the effect of lattice distortion on mechanical 
properties of magnetron sputtered thin film after adding Cu to the refractory elements 
of Mo, Ta, W and V. A target of CuMoTaWV was developed through partial sintering 
and used to deposit thin film on different substrates. The deposited film showed 
formation of BCC solid solution, which was verified through DFT calculations. The 
lattice distortion in CuMoTaWV film showed high hardness and nano-pillar 
compressive strength. Furthermore, the tribological properties were enhanced at 
temperatures up to 400oC due to the addition of Cu.  
The third aspect involves studying the effect of configurational entropy on the 
formation and high temperature stability of refractory high-entropy thin film metallic 
glass and its nitrides, by increasing the number of principal elements. A partially 



ii 
 

sintered target of TiVZrNbMoHfTaW was used to deposit thin films of metallic glass 
and nitrides through magnetron sputtering. The metallic glass thin films and its 
nitrides were found to have high hardness of 7.3 GPa and 19–43 GPa, respectively. 
Furthermore, the metallic glass thin films showed a high nano-pillar compressive 
strength of up to 3 GPa, almost twice as high as conventional metallic glass films. 
The phase stability of metallic glass and its nitride thin films were found to be stable 
at temperatures up to 750oC and 950oC, respectively. The exceptionally superior 
mechanical properties and high temperature stability has been attributed to the 
presence of high configurational entropy.  
 
The last part of this PhD thesis consists of studying high-entropy-based W-rich alloys 
for high temperature applications. A W-based alloy of composition W0.5(TaTiVCr)0.5 
was consolidated using SPS. The resulting alloy revealed a BCC solid solution 
structure. The microstructure of W-rich alloys consist of a combination of W-rich, 
high-entropy and TiC phases. The BCC solid solution structure in W-rich alloys was 
found to be stable with exceptionally high compressional strength up to 1,400oC. A 
high compressive yield strength of 1136 ± 40 MPa, 830 ± 60 MPa and 425 ± 15 MPa 
was found at test temperatures of 1,000oC, 1,200oC and 1,400oC, respectively. The 
resulting high strength has been related to the formation of high-entropy phases, 
which in return induces sluggish diffusion at higher temperatures. The high 
temperature tribology at 400oC showed an average COF and low wear rate of 0.5 and 
1.37 x 10-5 mm3/Nm, respectively. The high temperature wear resistance at 400oC 
was enhanced due to the presence of HEA and TiC phases. 
 
The studies carried out in this thesis suggest the possibility of utilising the full 
potential of the cocktail effect, lattice distortion and configurational entropy in 
designing new high-entropy compositions for applications requiring adaptive 
tribological behaviour, superior mechanical properties and high temperature phase 
stability.  
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1. HIGH-ENTROPY ALLOYS 
 

The inception of high-entropy alloys 
The widespread strategy for the synthesis of alloys of engineering importance has 
been based on mixing one principal element, like Fe, Ti or Al, with smaller amounts 
of other elements. The concept of alloy development has been instrumental to the 
technological advancement of civilisation and daily life. Conventional alloy 
development limits the degree of freedom in the selection of composition for alloys 
with special microstructure and properties for future advanced applications. Karl 
Franz Achard first proposed the idea of multi-component alloys in the late eighteenth 
century, in his book “Recherches sur les Proprites des Alliages Metallique,” which 
included a compilation of experimental work of 900 alloy compositions from 11 
different metals, with up to seven metals in equal proportions in weight in each of the 
compositions. This knowledge was lost as the book was written in French and ignored 
by metallurgists everywhere, until it was brought to light in 1963 by Professor Cyril 
Stanley Smilth [1]. 

The first systematic work exploring the concept of multi-principal-element alloys 
(high-entropy alloys) was  independently reported by Brian Cantor, Jien-Wei Yeh 
and S Ranganathan in 2003–2004 [2–6]. The early publications captured the interest 
of material scientists around the world towards the development of high-entropy 
alloys and related materials. Since then, research into these new alloys started to 
increase exponentially after researchers working with different aspects of materials 
science started to apply the concepts in their own fields.  
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High-entropy alloys (HEA) can be simply defined as a multicomponent alloy system 
that consists of five or more principal elements with equi- or near equi-atomic 
composition with atomic fractions between 5% to 35% [7]. The use of the term high-
entropy alloy comes from the entropy-driven stabilisation of multicomponent alloys, 
especially at high temperatures. In general, total mixing entropy has four 
contributions, namely configurational, vibrational, magnetic dipole and electronic 
randomness, where configurational entropy dominates the other three [8,9]. The 
configurational entropy of a system can be represented using Boltzmann’s equation 
[9,10]: 
 

∆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = −𝑘𝑘 ln𝑤𝑤             Equation 1 

Thus, the configurational entropy per mole towards solid solution formation with n 
element and Xi mole fraction can be represented by: 

∆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = −𝑅𝑅∑ 𝑋𝑋𝑖𝑖 𝑙𝑙𝑙𝑙𝑋𝑋𝑖𝑖𝑐𝑐
𝑖𝑖=1   Equation 2 

For equi-atomic solid solution composition, Equation 2 can be simplified as [7,11]: 

∆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑅𝑅 ln𝑙𝑙   Equation 3 

where 𝑘𝑘 is Boltzmann’s constant, 𝑤𝑤 is the number of ways in which the available 
energy can be mixed or shared among the particles of the system, 𝑅𝑅 is the gas constant 
(8.314 J/K mol), 𝑋𝑋𝑖𝑖 is the mole fraction of each ith component and 𝑙𝑙 is the number of 
components in the system. The configurational entropy for a system of five elements 
will be 1.61R, which restricts the definition of HEA to an alloy system consisting of 
equi- or near equi-molar composition with a configurational entropy larger than 1.5R 
�∆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 > 1.5𝑅𝑅�  [7]. Subsequently, following the configuration entropy 
classification, conventional alloys (steel, Ti-alloy or Al-alloy) are termed as low-
entropy alloys with configuration entropy lower than 1R (∆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≤ 1𝑅𝑅) , and 
superalloys (Ni-based or Co-based) and bulk metallic glasses are termed medium-
entropy alloys with configurational entropy at the borderline of high-entropy and 
low-entropy alloys (1𝑅𝑅 ≤ ∆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≤ 1.5𝑅𝑅) [12]. Based on these classifications, the 
field of entropy stabilised alloys is divided into three sections, as shown in Figure 1. 
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Figure 1. Alloy design based on configurational entropy. Adopted 
with permission. Copyright 2013, Springer Nature [12].  

 
The microstructure and properties of HEAs are governed by different mechanisms. 
However, four basic core effects that give HEAs superior properties over 
conventional alloys have been identified [12]. The high-entropy effect plays a major 
role in stabilising the formation of solid solution in HEAs, resulting in a simpler 
microstructure than the expected heterogeneous structure which has a brittle nature. 
Based on thermodynamics, Gibbs free energy of mixing ∆𝐺𝐺𝑚𝑚𝑖𝑖𝑚𝑚 can be calculated by: 

∆𝐺𝐺𝑚𝑚𝑖𝑖𝑚𝑚 = ∆𝐻𝐻𝑚𝑚𝑖𝑖𝑚𝑚 − 𝑇𝑇∆𝑆𝑆𝑚𝑚𝑖𝑖𝑚𝑚  Equation 4 

where ∆𝐻𝐻𝑚𝑚𝑖𝑖𝑚𝑚 is the enthalpy of mixing, 𝑇𝑇 is the temperature and ∆𝑆𝑆𝑚𝑚𝑖𝑖𝑚𝑚 is the entropy 
of mixing. From Equation 4, a larger number of elements and high temperature can 
lower the free energy of mixing by increasing the 𝑇𝑇∆𝑆𝑆𝑚𝑚𝑖𝑖𝑚𝑚 term to form a stable solid 
solution phase over intermetallic phases with lower configurational entropy [12].  

The multicomponent matrix of each solid solution phase in HEAs is a whole solute 
matrix where each atom is surrounded by a different atom in a lattice structure, and 
the high atomic size differences lead to severe lattice strain and stress. Furthermore, 
the bonding energies and crystal structure among constituent atoms induce high 
amounts of lattice distortion in HEAs, resulting in high strength and hardness.  

The formation of a random solid solution or ordered solid solution in HEAs hinders 
substitutional diffusion, since a vacancy is competed for by many atoms surrounding 
it, where the matrices in HEAs are regarded as whole-solute matrices. The sluggish 

High-entropy Alloys 

Medium-entropy 
Alloys

Low-Entropy Alloy 

•∆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≥ 1.5𝑅𝑅

•1.5 ≥ ∆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≥ 1𝑅𝑅

•∆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≤ 𝑅𝑅
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diffusion in HEAs contributes to slow grain growth, increased recrystallisation 
temperature, reduced particle coarsening, the formation of a supersaturated state and 
fine precipitates, and increased creep resistance [13–15].  

Ranganathan first presented the concept of the cocktail effect in his article “Alloyed 
pleasures: Multimetallic cocktails” [6]. As HEAs consist of five or more principal 
elements, the resulting solid solution can have a single, dual or more phase and the 
resulting properties are the combined effect of each element as well as lattice 
distortion. Therefore, each phase in HEA solid solution can be regarded as an atomic 
composite. This core effect can be utilised by selecting elements for properties 
needed in alloys for specific applications [16–24].  

The inception of HEAs has opened up a new alloy development in materials science 
due to their special microstructure and superior mechanical properties. Different 
processing routes can be applied in developing HEAs for specific applications. 
Particularly, HEAs have shown promise regarding applications such as cutting tools, 
hydrogen storage-, aerospace-, plasma facing- and thermoelectric-materials, which 
require materials with enhanced high temperature mechanical and wear properties, 
corrosion and creep resistance, hard hardness and fatigue properties [21,25–27].  
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2. REFRACTORY HIGH-ENTROPY ALLOYS 
 

The initial research on HEAs was based on 3d-transition metal alloy compositions of 
Fe, Co, Cr, Mn and Ni, also known as Cantor alloys [28]. These alloys were found to 
have enhanced mechanical properties up to 800oC. However, these alloys were not 
superior to Ni-based superalloys. To overcome the limitation of Cantor alloys and to 
exceed the properties offered by Ni-based superalloys for high temperature 
applications, recent research progress has been made in developing new refractory 
HEAs. Refractory HEAs consist of group IV to VI elements in the periodic table and 
form a BCC structure. Senkov et al., at the American Air Force Research Laboratory, 
were the first to report quaternary MoNbTaW and quinary MoNbTaWV refractory 
HEAs, and studied the room temperature (RT) and high temperature (HT) 
compressive properties [29,30]. Both alloys were developed using arc melting and 
formed a BCC solid solution. The refractory HEAs showed high compressive 
strengths from RT to 1,600oC as compared to conventional superalloys.  

Processing of refractory HEAs 
Bulk refractory HEAs 
Refractory elements with high melting points (>1,800oC) make the processing of 
refractory HEAs more challenging. Arc melting is one of the main development 
methods for refractory HEAs, which involves liquid state melting of elements in high 
vacuum or inert atmosphere. The large differences in melting temperature of the 
elemental mixture in arc melting leads to different defects, such as micro- and macro- 
segregation in the form of dendritic microstructure, residual stresses and pores [31]. 
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The resulting defects in refractory HEAs are affected by the solidification rate. Higher 
solidification rates result in grain refinement and reduced micro-segregation [32]. 
The post-processing of arc melted refractory HEAs through cold rolling and/or 
annealing (1,200–1,800oC) has been found to be useful to produce a homogenous 
composition with good mechanical properties [33–35]. 

 
Figure 2. Temperature dependence of (a) yield stress and (b) specific yield stress 
for refractor HEAs and two Ni-based superalloys (Inconel 718 and Mar-M247). 
RT: room temperature; SPS: spark plasma sintering; TRIP: transformation-
induced plasticity. Copyright 2018, Cambridge University Press [31]. 

 

Powder metallurgy (PM) is another important processing route to counter the micro- 
and macro-segregation problems in refractory HEAs during solidification. The PM 
of refractory HEAs involves the use of elemental or mechanically alloyed powder 
mixtures, followed by consolidation in vacuum using spark plasma sintering (SPS), 
also known as pulsed current processing (PCP) [36]. The PM route results in  fine-
grained microstructures with homogenous composition due to its high solidification 
rate. The fine-grained microstructure contributes to the enhanced mechanical 
properties, as compared to refractory HEAs developed through conventional 
techniques. The initial studies on developing HEAs with SPS was focussed on 
transitional metal-based HEAs. Owais et al. reported the first refectory HEA with a 
composition of WxTiTaVCr (x=0.3-0.9), developed with SPS using elemental 
powder mixture [20]. The resulting refractory HEA and W-rich alloy composite 
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showed high hardness and RT yield strength of 800 HV and ~2.3 GPa, respectively, 
which decreased with increasing W content. Furthermore, the fast heating and 
cooling rates in SPS have been found to be beneficial towards developing new HEA 
composites for functional applications, such as high temperature tribology for 
aerospace and steam turbine applications [37]. Liu et al. developed a MoNbTaTiV 
refractory HEA using mechanical alloying followed by SPS, which showed high 
compressive yield strength in the range of 1.8–2.2 GPa [38]. The superior mechanical 
properties were attributed to the grain boundary strengthening arising from ultra-fine 
grain microstructure and interstitial solid solution strengthening.  

Recently, additive manufacturing (AM), such as laser-melt deposition (LMD), direct 
metal deposition (DMD), Laser Powder Bed Fusion (LPBF) and laser engineered net 
shaping (LENS), has been employed for developing refractory HEAs [39]. A starting 
powder without any defects, such as pores, cracks, inclusion and suboptimal surface 
roughness, is essential for governing the properties of the resulting AM alloy. The 
starting powders for AM of HEAs are developed mainly through gas atomisation, 
water atomisation and mechanical alloying [40–42]. The use of LMD to develop 
TiZrNbHfTa refractory HEA from an elemental powder mixture shows a 
homogenous equi-atomic composition with a hardness value significantly higher than 
arc-melted samples [43]. Furthermore, the fast solidification rate in LMD hinders 
micro- or macro-segregation. However, formation of pores was observed due to 
release of a gas from the substrate or from powders. In another work, MoTaNbW 
refractory HEA was developed using DMD with a pulsed Nd:YAG laser, where the 
equi-molar composition was found to be sensitive to laser powder due to different  
melting points of the principal elements [44]. LPBF has also been employed to 
develop MoTaNbW refractory HEA using blended elemental powder feedstock that 
showed bulk samples deviating from initial powder feedstock chemistry due to 
vaporisation of elements with lower melting points [45,46]. The resulting refractory 
HEA showed a microhardness range of 475–830 MPa. The proposed LPBF was 
designed to develop flank blades for aviation applications. 
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Refractory HEA thin films and their nitrides 
HEA films and coatings are an efficient strategy for performing high-throughput 
experiments for developing new HEA compositions, as compared to time consuming 
and costly traditional alloy development processes [47]. In recent years, different 
coating deposition technologies have been deployed in developing new HEA films 
and coatings, such as magnetron sputtering, laser cladding, thermal spraying, 
electrodeposition and plasma-transferred arc cladding [48]. Of all the technologies, 
magnetron sputtering is the most widely used technique for HEA film deposition, due 
to its versatility in controlling film composition and properties through changing 
deposition parameters, such as substrate bias, substrate temperature, sputtering power 
and atmosphere (Ar, N2, CH4 and/or O2) [49–52]. Furthermore, high quenching rates 
of up to 106 K/s combined with low surface mobility makes it possible to synthesise 
amorphous HEAs using magnetron sputtering, which is not achievable through 
conventional bulk alloy synthesis techniques.  

Properties of refractory HEAs 
Mechanical behaviour of bulk refractory HEAs 
Refractory HEAs are found to be brittle at RT [31]. The addition of group IV 
elements, such as Ti, Hf and Zr, increases the ductility refractory HEAs, while the 
addition of subgroup V and VI elements and/or Al increases the strength at the cost 
of reduced ductility. Recently, the addition of Ti in HfNbTaTiZr was found to 
increase the RT ductility with a compressive strain of 50% without fracture [53]. 
Similarly, MoNbTaTiW and MoNbTaTiVW showed higher RT ductility as 
compared to MoNbTaW and MoNbTaVW, respectively [30,54]. This brittle-to-
ductile transition, based on composition variation, is related to the electronic structure 
changes inducing Jahn-Teller distortion and the transition of elastic instability modes 
from tensile to shear failure. The brittle behaviour of most of the refractory HEAs has 
been explained by the segregation of interstitial elements’ impurities and grain 
boundary segregation during solidification and/or annealing. Zou et al. studied 
micropillar compression with diameters ranging from 2 µm to 200 nm in single 
crystalline MoTaNbW films and reported high strengths of up to ~4–4.5 GPa, which 
has a strength three times higher than bulk samples and showed significantly 
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improved ductility [55]. Similarly, in another work, Zou et al. studied the fracture 
toughness of bicrystalline MoTaNbW and found it to be lower than single crystalline 
samples, which was attributed to the presence of carbon and nitrogen segregated at 
grain-boundaries of bicrystalline samples [56]. The RT temperature mechanical 
behaviour has also been improved by the addition of carbides and silicides 
reinforcements. The addition of small amounts of carbon (0.1-0.3 at%) to refractory 
HEAs has been found to increase the RT ductility, peak strength and strain hardening 
ability due to solution strengthening and second-phase strengthening, by forming MC 
carbides (M = Hf, Nb, Ti or Zr) [57]. Similarly, small amounts of silicon increase the 
RT ductility and compressional strength by refining the grain size [58,59]. Other 
strategies, such as severe plastic deformation followed by annealing at 300-1,200oC, 
leading to grain refinement and formation of new phases, has been found to enhance 
the mechanical properties at RT [55,60,61]. Refractory HEAs developed by SPS have 
been found to show enhanced mechanical properties compared to the same alloys 
developed through arc melting. Pan et al. developed NbMoTaW and TiNbMoTaW 
refractory HEA using mechanical alloying and SPS [62]. The resulting refractory 
HEA showed high hardness and a compressional yield strength of ~7 GPa and ~2.4 
GPa, respectively. The resulting high hardness and compressional strength has been 
related to the fine grain sizes and formation of precipitates using SPS processing.  

Refractory HEAs show brittle-to-ductile transition with increasing temperatures and 
show good ductility and ductile fracture at temperatures above 600–800oC. The 
refractory HEAs MoNbTaW and MoNbTaVW were found to have high compressive 
strength of 421–506 MPa and 656–735 MPa at temperatures up to 1,400–1,600oC 
range, respectively [29,30]. The replacement of Nb with Mo has been found to 
increase the compressive strength of HfMoNbTaTiZr and HfMoTaTiZr at 1,000oC 
and 1,200oC [63]. The reported refractory HEAs have been found to have less 
correlation between RT and high temperature compressive strength values, for 
example 2–3 phase refractory HEAs will have a high compressive strength at RT and 
low compressive strength at high temperatures [31]. Similarly, a single phase 
refractory HEAs will have a low RT compressive strength while a high compressive 
yield strength at high temperatures. These findings suggest that refractory HEAs with 
good mechanical properties at RT do not necessitate good mechanical properties at 
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high temperatures. Thus, studying high temperature mechanical properties is also 
essential for refractory HEA selection for high temperature applications. Owais et al. 
developed WxTaTiVCr (x = 0.3–0.9) refractory HEA using SPS for radiation 
resistance applications [64]. The developed refractory HEA and its derivative alloys 
showed superior RT hardness and compression yield strength of 800 HV and ~2.3 
GPa, respectively, which decreased with increasing W-content. To carry this work 
forward, we studied the HT mechanical properties of W0.5TaTiVCr alloy from 
1,000oC to 1,400oC and HT wear behaviour at 400oC, which showed superior 
compression yield strength from ~400–1100 MPa, and low wear rate of 1.37 x 10-5 

mm3/Nm at 400oC, as discussed in Paper III.  

Mechanical behaviour of refractory high-entropy films and their nitrides 
Few works have reported on the development and mechanical properties of refractory 
high-entropy films (RHEF). Zou et al. developed NbMoTaW RHEF film using direct 
current (DC)-magnetron co-sputtering of elemental targets [49,65]. The resulting 
nanocrystalline film showed high micro-pillar compressional strength from ~8–10 
GPa to 5 GPa from RT to 600oC, respectively. Similarly, Feng et al. studied the effect 
of grain size and film thickness on the mechanical properties and reported that 
NbMoTaW RHEF with grain size of ~10 nm and film thickness of 250 nm showed 
the highest hardness of ~16 GPa [66]. To carry this concept forward, we developed a 
single partially sintered CuMoTaWV target through SPS and deposited CuMoTaWV 
RHEF using DC-magnetron sputtering (Paper II). The resulting film showed low 
grain size of 18 nm, which in combination with lattice distortion resulted in very high 
hardness and micro-pillar compressional strength of 19 GPa and 10 GPa, 
respectively, as demonstrated in Paper II. Fritze et al. studied the effect of deposition 
temperature on the phase evolution and mechanical properties of HfNbTiVZr RHEF 
[67]. The deposited film changed from an amorphous phase at RT to a BCC phase at 
275oC and then to a BCC + Laves phase at 450oC deposition temperature. The 
hardness values also increased from 6.5 GPa to 9.2 GPa with increasing temperature. 
In a recent work, El-Atwani studied the irradiation resistance of nanocrystalline 
WTaVCr RHEF developed using co-sputtering of elemental targets [21]. The 



11 
 

resulting film, after irradiation at RT and 800oC, showed negligible irradiation 
hardening and no sign of radiation-induced dislocation loops.  

Conventional super hard coatings for functional applications, such as nitride coatings 
for cutting tools, often involve the use of binary, ternary or quaternary compositions 
[68,69]. To develop nitride films with more enhanced properties, research on HEA 
nitride films has shown that the use of suitable multi-component elements can 
increase the hardness and oxidation and wear resistance [48]. Chen et al. were the 
first to develop FeCoNiCrCuAlMn and FeCoNiCrCuAl0.5 HEA nitride film using 
reactive sputtering in N2 atmosphere, which showed moderate hardness and electrical 
resistivity [70]. Following this work, researchers tried to develop HEA nitride films 
with compositions that are strong nitride formers to obtain nitride films with superior 
mechanical properties. Huang et al. developed AlCrNbSiTiV HEA nitride film using 
reactive sputtering to obtain super hard nitride films with hardness values higher than 
40 GPa and negligible grain coarsening up to 1,000oC [71]. Following these 
strategies, we have developed octonary TiVZrNbMoHfTaW RHEF consisting of 
strong nitride forming elements using reactive magnetron sputtering, which changed 
from an amorphous phase in metallic film to an FCC phase with increasing N2 
content, as discussed in Paper III. We have studied the micro-compression of high-
entropy-based thin film metallic glass (TFMG) and its nitride for the first time. The 
resulting  TFMG showed exceptionally high ductility with strains up to ~60% without 
any fracture and compressional strength of up to ~3 GPa. Similarly, its nitride film 
showed a high amount of work hardening up to ~30% strain and high compressive 
strength of up to 10.2 ± 0.4 GPa, and even showed mechanical stability after 
annealing at 1,000oC. The high-entropy nitride film with 30% RN also showed 
superior mechanical properties of hardness up to 43.8 ± 3.7 GPa, placing it in the 
super hard films category [68].  

Wear properties of bulk refractory HEAs 
Friction and wear resistance in different environments, such as high temperature 
and/or corrosive environments, are essential components of alloy design for 
functional applications. Most of the research reporting on tribological behaviour of 
HEAs has been based on transition metal-based HEAs [5,72–75] and its composites 
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[37,76,77]. Fewer works have reported on wear properties of refractory HEAs. Poulia 
et al. and Mathiou et al. studied the wear behaviour of arc melted MoTaWNbV 
refractory HEA against steel and alumina couter-balls at RT, and compared the wear 
rate with Inconel 718 superalloy [78,79]. The resulting wear behaviour showed a 
wear rate in refractory HEAs two times lower than Inconel 718 alloy. However, high 
COF in the range of 0.7–0.8 was observed, which can be related to the absence of a 
lubricating phase or the formation of lubricating oxides in the wear track. Following 
this work, Mathiou et al. studied the dry sliding behaviour of MoTaNbZrTi refractory 
HEA against steel and alumina couter-balls, and found the wear resistance to be even 
higher than MoTaWNbV [80]. Such an enhancement of wear resistance in 
MoTaNbZrTi has been related to the presence of the dual structure of BCC and HCP, 
where the BCC phase deforms whilst the HCP phase remains bare during sliding. To 
carry these concepts forward, we designed a composition of CuMoTaWV with a 
mixture of FCC and BCC phases using ThermoCalc software, and developed 
CuMoTaWV refractory HEA using SPS at 1,200oC, followed by studying the 
tribological behaviour of refractory HEA for the first time from RT to 600oC, as 
discussed in Paper I. The resulting refractory HEA showed a composite structure with 
a BCC phase and formation of V-rich zones, where Cu and V showed adaptive wear 
behaviour at elevated temperatures with the formation of CuO and V2O5, 
respectively, influenced by the cocktail effect of HEAs.  
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3. RESEARCH OBJECTIVES 
 

The use of HEA’s core effects, as discussed in Chapter 1, towards developing alloys 
for functional applications are necessary for the advancement of new materials. In 
this thesis, one of the major objectives was to develop different HEAs that can take 
advantage of the core effects to enhance the mechanical and tribological properties.  
 
A. Studying the cocktail effect for adaptive tribological properties. 

In our first work (Paper I), we developed CuMoTaWV refractory HEA with a 
composite microstructure to give adaptive wear behaviour at different 
temperatures from RT to 600oC, to utilise the cocktail effect of HEAs. We chose 
Cu to provide wear resistance at moderate temperatures by forming CuO, Ta, W 
and V to give high temperature wear resistance through the formation of 
lubricating TaO, WO3 and V2O5, respectively. The work in Paper I can serve as 
a good starting point for designing HEA compositions to design alloys that form 
in-situ composite phases with adaptive tribological properties in different 
environments for various applications.  
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B. How does the use of single partially sintered target and lattice distortion effect 
the mechanical properties of thin films? 

The HEA film deposition usually involves the use of targets that are either arc 
melted HEAs or co-sputtered from elemental targets. The use of a single 
refractory HEA target can be economically unfeasible due to the cost and time 
related to arc melting. The objective of our work in Paper II and Paper III was to 
use a partially sintered target to develop RHEF and study the film homogeneity 
and nanocrystallinity and its effect on mechanical and thermal stability. Through 
these works, we showed that partially sintered targets could be an economically 
feasible option to develop HEA films for industrial applications. Furthermore, to 
utilise the lattice distortion effect of HEA, we studied RHEF films that combine 
Cu with refractory elements to enhance the mechanical and tribological 
properties. We observed that the hardness and micro-pillar compressional 
strength increased to a greater extend as compared to previously reported works 
on RHEF. Similarly, the configurational entropy and lattice distortion was 
utilised in octonary refractory film and its nitrides to obtain TFMG, and its nitride 
film with superior mechanical properties and thermal stability, as discussed in 
Paper III.  
 

C. Could increasing configurational high-entropy enhance the mechanical 
properties and thermal stability of high-entropy based TFMG and its nitride 
films? 

Metallic glasses, considered as amorphous metal, are based on the principle of 
using one principal element to form metallic glass films or bulk metallic glasses 
(BMGs). The use of multi-principal elements, based on compositions consisting 
of transition metal and refractory elements, to form high-entropy metallic glasses 
has been reported earlier [81,82]. High-entropy-based TFMG with high thermal 
stability has also been reported [83]. However, the micro-compression and the 
effect of annealing on the mechanical properties of high-entropy TFMG have not 
to date been reported. In Paper III, we used octonary refractory elements to 
achieve the high-entropy-based TiNbMoZrHfWVTa TFMG using magnetron 



15 
 

sputtering and studied its high temperature stability up to 800oC using in-situ high 
temperature XRD analysis. Another objective was to study how the increase of 
configuration entropy and strong bonding between like-elements can impart high 
mechanical stability to TFMG. To take this concept even further, we studied the 
thermal stability and mechanical properties of nitride films of the same 
composition in reactive sputtering with two different RN (10% and 30%). 
Furthermore, the micro-compression analysis of high-entropy nitride film has 
been carried out for the first time in this work.  
 

D. High temperature thermal stability of refractory HEAs towards application. 

Refractory HEAs are considered to be one possible alloy for irradiation resistance 
material in fusion energy applications. In Paper IV, we studied the high 
temperature mechanical and wear properties of W0.5TiTaVCr alloy, which is an 
HEA derivative of WTiTaVCr refractory HEA. To study the suitability of this 
alloy in high temperature applications, we carried out high temperature 
compression tests at 1,000oC, 1,200oC and 1,400oC to study the effect of phases 
and microstructure on compressional strength. Furthermore, the high temperature 
tribology of this alloy was carried out at 400oC and the effect of microstructure 
on wear properties was correlated.  
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4. METHODOLOGY  
 

 

 

 
Figure 3. Schematic of alloy and thin film development from powder mixture to 
sintering using SPS, followed by a tribological and micro-compression test. 
Adapted from Paper II. 
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Spark plasma sintering (SPS) 

The bulk refractory HEAs in this thesis were developed using the powder metallurgy 
route. The elemental powders were packed in a vinyl box in argon atmosphere, 
followed by ball milling using zirconia ceramic balls for one hour. The resulting 
mixed powders were fed into a graphite die and consolidated using spark plasma 
sintering (SPS, SPS530ET, Dr. Sinter Spark Plasma Sintering System, Fuji 
Electronic Industrial Co., Ltd., Japan). The detailed sintering profile including 
heating rates, sintering temperatures and holding times is discussed in the appended 
papers.   

Magnetron sputtering 

The partially sintered targets for sputtering deposition with a diameter of 76 mm and 
a thickness of 3 mm was developed using SPS 530ET (Dr. Sinter Spark Plasma 
Sintering System, Fuji Electronic Industrial Co., Ltd., Japan), as shown in Figure 4. 
The details of the target preparation method and sintering temperatures are discussed 
in the appended papers.  

 
Figure 4, Target prepared at 1,000oC using SPS [84]. 
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The RHEF were deposited on silicon substrate for cross-section analysis, nano-
indentation hardness measurement, nano-pillar compression testing, Rutherford 
backscattering analysis (RBS) and X-ray photoelectron spectra (XPS) analysis; and 
on 304 stainless steel substrate for XRD analysis and tribological testing. Sheet metal 
substrate of 304 stainless steel with a thickness of 5 mm was cut into 20 x 20 mm 
sections and diamond polished up to 0.4 µm, followed by cleaning with ethanol in an 
ultrasonicator for 30 minutes and dried in an oven at 80oC for 30 minutes. Silicon 
substrate with a thickness of 2 mm and dimensions of 5 x 5 mm were used after 
rinsing with ethanol and distilled water, followed by drying in an oven at 70oC. The 
parameters for film deposition are discussed in the appended papers.  
 
Microhardness measurement 

Microhardness measurements were performed using Vickers microhardness 
(Matsuzawa, MXT-CX) equipped with a diamond indenter at 200 g load. The 
samples were diamond polished up to 0.4 µm to get a smooth surface for hardness 
measurement. At least eight indentations were performed at different locations of 
interest.  
 
Nano-indentation 

In Paper II and Paper III, hardness measurements were performed using nano-
indenter (Micro Materials, UK) at 3-10 mN load. The nano-indentation tests were 
performed at loading, unloading and duel time of 25 seconds, 20 seconds and 10 
seconds, respectively. Nano-indentation measurements were performed to obtain 
force-displacement curves at 12 different locations and the average hardness and 
Young’s modulus were reported in the paper.  
 
Nano-pillar compression tests 

In Paper II and Paper III, nano-pillars were developed using focused-ion beam (FIB) 
for compression tests. For each pillar, firstly, a ring was etched using high current (1 
nA) with the outer and inner diameter set to 30 µm and 8 µm, respectively. Secondly, 
fine etching of a pillar with current lower than 320 pA was used to mill 440–800 nm 
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diameter pillars. The pillars were then compressed using an Anton Paar ultra-nano-
indentation tester in the load control mode with a maximum force set to 3 mN, using 
a flat punch with a diameter of 20 µm. The loading and unloading rates were set to 1 
mN/min and 3 mN/min, respectively. The data acquisition rate was set to 50 Hz. The 
value of the compression strength was determined as the engineering strain at which 
0.2% plastic deformation occurs. Young’s modulus was determined from the linear 
fit to the data for which engineering stress was lower than 0.6 compression strength. 
Engineering stress was determined by dividing the force measured by nano-
indentation tester over the pillars’ cross-section area. Hence, we measured the pillars’ 
diameters before and after the compression test with the use of SEM. Furthermore, 
in order to determine engineering strain, the ratio of displacement obtained from 
nano-indentation to the initial height of a pillar measured by an atomic force 
microscope (AFM) was obtained. 
 
Tribological studies 

Tribological tests in Paper I, Paper II and Paper III were carried out using a universal 
tribometer (Rtec Instruments, San Jose, USA) equipped with a normal load (FN) 
sensor in the range of 1–100 N and a frictional force (Fx) sensor in the range of 1–50 
N.  

High temperature tribology 

For Paper I, Paper II and Paper IV, a high temperature furnace with asbestos lining 
was used to perform high temperature tribological tests. A ball-on-disc sliding test 
was performed, with dimensions of 12 mm diameter and 5 mm thickness. The 
tribological tests were performed at RT to 600oC, 300 oC and 400oC in Paper I, Paper 
II and Paper IV, respectively. The details of the type of counter-balls, normal loads 
and sliding distance can be found in the appended papers. The counter-balls and 
specimens were brought in contact after the desired test temperature was reached. For 
repeatability of the tribotests, three tests/conditions were conducted and the average 
COF and wear rate were reported. The average depth of the resulting wear track was 
measured using optical profilometry (Wyko) to calculate the specific wear rate at 
each temperature. At least eight wear track depths were measured for each tribotest. 
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The wear rate, expressed as mm3/Nm, was measured by dividing wear volume by 
normal load and sliding distance. 

Room temperature tribotest 

For Paper II, a RT tribotest of CuMoTaWV RHEF was performed in the ball-on-disc 
setup at 1 N normal load and a sliding speed of 0.1 m/s. A counter-ball of E52100 
alloy steel (Grade 25, 700-880 HV) with a diameter of 6.3 mm was used after cleaning 
with ethanol in a ultrasonicator machine for 10 minutes, followed by drying in an 
oven at 80oC for 30 minutes. The average depth of wear was measured using optical 
profilometry (Wyko) to calculate the wear rate, expressed in mm3/Nm. 
 
Scanning electron microscopy (SEM) 

SEM analysis was performed using a JSM-IT300 (JEOL, Tokyo, Japan) and 
Magellan 400 XHR-SEM (FEI Company, Eindhoven, Netherlands), based on the 
requirement of magnification. In Paper I, Paper II and IV, a JSM-IT300 was used to 
characterise the microstructure of the alloys and the resulting wear tracks after high 
temperature tribotests. The accelerating voltage for microstructural analysis and wear 
track analysis from the tribotests was set to 15 kV and 10 kV, respectively. In Paper 
II and Paper III, a Magellon 400 was used to characterise the coating surface and 
cross-section morphology of the films. 
 
XPS measurements 

X-ray photoelectron spectra (XPS) were recorded using a PerkinElmer PHI 5600 ci 
spectrometer with a standard Al−Kα source (1486.6 eV) working at 250 W. The 
working pressure was set to 5 × 10−8 Pa. The spectrometer was calibrated by assuming 
the binding energy (BE) of the Au 4f7/2 line to be 84.0 eV with respect to the Fermi 
level. Extended spectra (surveys) were collected in the range 0−1300 eV (187.85 eV 
pass energy, 0.5 eV step, 0.025 s·step−1). Detailed spectra were recorded for the 
following regions: V 2p, Mo 3d, Ta 4f, W 4f, Cu 2p and O1s (23.5 eV pass energy, 
0.1 eV step, 0.2 s·step−1). The atomic percentage, after a Shirley type background 
subtraction, was evaluated by using the PHI sensitivity factors. The sample was 
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analysed before and after 2 minutes of Ar+ sputtering at 3.5 keV with an argon partial 
pressure of 5 x 10-8 mbar and a rastered area of 2.5 x 2.5 mm. 

 
Rutherford backscattering spectrometry 

In Paper II, Rutherford Backscattering Spectrometry (RBS) with a 1.8 or 2.0 MeV 
4He+ beam in IBM geometry was used to measure the composition homogeneity in 
the CuMoTaWV RHEF. 
 
Atomic force microscopy (AFM) 

In Paper II, the AFM analysis was used to study the surface morphology and surface 
roughness of CuMoTaWV RHEF. The AFM measurements were performed using 
ambient conditions with an NTEGRA AFM (NT-MDT) in semi-contact mode using 
a polysilicon lever, monocrystal silicon probe (HA_NC series) with a tip height of 10 
μm, nominal tip radius less than 10 nm, and a measured resonance frequency of 240.3 
Hz. 
 
DFT calculations 

In Paper II and Paper III, density-functional theory (DFT) was applied to predict the 
lattice structure and mechanical properties of CuMoTaWV RHEF and 30% RN 
TiNbMoZrHfWVTa high entropy nitride film. Based on experimental XRD analysis, 
a DFT calculation was used to compare the theoretical and experimental peak 
positions (2θ) of different planes.  
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5. SUMMARY OF PUBLISHED WORK 
 

Paper I 
High temperature tribology of CuMoTaWV high-entropy alloy 
S. Alvi and F. Akhtar 
Wear (2019) 
 
In this work, an equi-atomic CuMoTaWV refractory HEA was developed using spark 
plasma sintering (SPS) from an elemental powder mixture at 1,400oC. The objective 
of this paper was to use the cocktail effect of HEAs to design an alloy for adaptive 
tribological behaviour. Furthermore, how the microstructural changes at different 
temperature effects the tribological properties was studied. The resulting sintered 
alloy showed a composite structure with the formation of a BCC solid solution 
(Figure 5a) along with V-rich phases with an average hardness of 600 HV and 900 
HV, respectively. Room temperature (RT) ball-on-disc sliding wear against alloy 
steel at 5 N load showed negligible wear rate. Thus, Si3N4 as a counter-ball was used 
against sintered CuMoTaWV refractory HEA in sliding motion to induce more wear 
and study the effect of microstructure and phases on wear properties. High 
temperature tribological studies of the sintered alloy showed wear properties specific 
to test temperatures, as shown in Figure 5b. The tribological tests from RT to 600oC 
showed an increasing average COF from RT to 400oC, which then decreased at 
600oC. The wear rate was found to be lower at RT and 400oC, and slightly higher at 
200oC and 600oC.  
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Figure 5. a) XRD analysis and b) tribological properties of CuMoTaWV HEA [85]. 

 

The wear surfaces were analysed to elucidate the wear mechanism at each test 
temperature. The wear of CuMoTaWV alloy was governed by adhesive wear at RT, 
adhesive with mild abrasion wear at 200oC and oxidative wear at 400oC and 600oC. 
CuMoTaWV alloy showed adaptive wear behaviour at test temperatures of 400oC 
and 600oC. At 400oC, the adaptive behaviour was found to be due to the formation of 
CuO, resulting in reducing the wear, while at 600oC the transformation of V-rich 
zones to elongated magneli phases of V2O5 reduced the COF to 0.54. The results 
suggest a promising utilisation of the cocktail effect to develop HEA compositions 
with in-situ composite phases that can be beneficial to adaptive tribological 
behaviour.   
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Paper II 
Synthesis and mechanical characterisation of CuMoTaWV refractory high-
entropy film by magnetron sputtering 
S. Alvi, D. Jarzabek, M. Kohan, D. Hedman, P. Jenczyk, Marta. Natile, A. Vomiero 
ane F. Akhtar  
ACS Applied Materials & Interfaces 12.18 (2020): 21070–21079 
 
This work involves the development of CuMoTaWV RHEF using DC-magnetron 
sputtering. The objective was to see the effect of a partially sintered single target on 
the nanocrystallinity and mechanical properties of RHEF. Furthermore, how lattice 
distortion can be utilised to develop HEA films with superior mechanical properties.  

 
The deposited CuMoTaWV RHEF showed the formation of a BCC solid solution 
with a lattice parameter of 3.18 Å, which was similar to DFT optimised SQS (3.16 
Å), as shown in Figure 6a. The deposited film showed a needle-like morphology with 
surface roughness of (Sa) of 2.5 nm, and a dense textured cross-sectional 
morphology, as shown in Figure 6b. The EDS area analysis of the film surface 
showed uniform distribution of elements, except for Cu which was present in a lower 
amount.  

 
Figure 6.a) XRD analysis and b) surface, cross-section morphology, elemental 
EDS map and AFM analysis of surface of CuMoTaWV RHEF [84]. 
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Nano-pillars from CuMoTaWV RHEF showed an average compressional strength 
and Young’s modulus of 10.7 ± 0.8 GPa and 196 ± 10 GPa, respectively, as shown 
in Figure 7a. The hardness measurements showed an average hardness and Young’s 
modulus of 19.5 ± 2.3 GPa and 259.3 ± 19.2 GPa, respectively (Figure 7b). The 
hardness and compressional strength values were found to be one of the highest 
reported thus far for RHEF. Such a high hardness and compressional strength is due 
to the nanocrystallinity and grain boundary strengthening of the films. Tribological 
performance of CuMoTaWV RHEF deposited on 304 stainless steel also showed low 
COF and wear rate. These results showed that the use of a partially sintered target 
could be a viable option for reducing the cost and time of single target development, 
and developing films with nanocrystallinity. Furthermore, the use of the lattice 
distortion effect and grain boundary strengthening can be utilised for developing 
films with improved mechanical properties.  

 
Figure 7. Nano-mechanical studies of CuMoTaWV RHEF showing a) nano-pillar 
after compression, b) stress-strain curve after compression, c) comparison of 
micro-compressed pillars and d) comparison of hardness to that reported in 
literature [84].  
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Paper III 
Synthesis, nano-mechanical characterization and high temperature 
performance of amorphous TiNbMoZrHfWVTa and its nitride high-entropy 
film by magnetron sputtering 
S. Alvi, D. Jarzabek, M. Milczarek and F. Akhtar  
(To be submitted) 
 

To explore the thermal and mechanical stability of high-entropy TFMG and its nitride 
films driven by the high-entropy effect, octonary TiNbMoZrHfWVTa high-entropy 
films and its nitride were synthesised through magnetron sputtering using a single 
partially sintered target. The resulting film showed an amorphous structure at 0% RN 
and 10% RN, followed by changing to an FCC solid solution at 30% RN, as shown in 
Figures 10 and 11.  

 
Figure 10. XRD diffractograms of TiNbMoZrHfWVTa high-entropy films with 
0% RN, 10% RN and 30% RN, and DFT optimised. 

 

The octonary high-entropy TFMG showed high hardness and micro-compression 
strength of 7.8 GPa and 2.7 GPa, respectively, as shown in Figure 12. Furthermore, 
the TFMG showed extremely high ductile behaviour with no fracture even after 
compressing to ~60% strain. The in-situ high temperature XRD analysis showed 
thermal stability of high-entropy TFMG to be stable up to 750oC, after which it 
changed to a crystalline phase at 800oC. Such high thermal stability of TFMG has 
been attributed to the high-entropy effect and sluggish diffusion, where the presence 
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of highly concentrated refractory elements make the amorphous films resistant to 
diffusion controlled phase transformation. Furthermore, the mechanical properties of 
the high-entropy TFMG film after annealing was enhanced with a micro-compression 
strength and Young’s modulus of 4.3 ± 0.2 GPa and 77.9 ± 4.3 GPa, respectively.  

 
Figure 11. SEM surface and cross-sectional morphology of 
TiNbMoZrHfWVTa films deposited at a) 0% RN, b) 10% RN, and c) 30% RN. 

 

The mechanical properties of the nitride films were found to be directly related to the 
crystal structure, where amorphous nitride film showed a hardness and compressional 
strength of 21.5 GPa and 6.14 GPa, and increased to 47.7 GPa and 10.2 GPa, 
respectively, in FCC nitride film, as shown in Figure 12. The thermal stability of 10% 
RN high-entropy nitride films were found to be stable up to 750oC, after which it 
converts to an FCC solid solution along with minor phases of oxides and remains 
stable up to 1,000oC, whereas 30% RN nitride film with and FCC solid solution 



29 
 

structure was found to be stable up to 950oC, after which it delaminated from the 
substrate. 

 
Figure 12. a) Micro-compression analysis and b) nano-indentation analysis of 
TiNbMoZrHfWVTa high-entropy TFMG and its nitride films. 

 

This work demonstrates that the use of HEA compositions with increased 
configuration entropy and strong nitride forming elements can enhance the TFMG 
stability and yield nitride films with super hard mechanical properties.  
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Paper IV 
High temperature performance of W0.5(TaTiVCr)0.5 high-entropy based 
material 
S. Alvi, O. A. Waseem and F. Akhtar 
Submitted to Metals 
 
Refractory high-entropy alloys have been considered as a potential for plasma facing 
materials for future fusion energy applications. In this work, we studied the high 
temperature mechanical properties of HEA-based W0.5(TaTiVCr)0.5 alloy. The HEA-
based alloy was developed using SPS at 1,600oC. The resulting consolidated alloy 
showed a formation of BCC and TiC phases. The microstructure consisted of 
composite phases of W, HEA and TiC phases. The high temperature phase stability 
and mechanical performance of W0.5(TaTiVCr)0.5 alloy was studied up to 1,400oC 
using in-situ high temperature XRD analysis and compression tests. Furthermore, 
high temperature wear tests were carried out at 400oC against alumina couter-balls. 
The BCC solid solution structure was found to be stable up to 1,400oC, as shown in 
Figure 13a–b. However, formation of TiO2 was observed after in-situ high 
temperature XRD analysis at 1,200oC, which was related to the low melting point of 
Ti, leading to its diffusion to the surface to form oxide, as shown in Figure 13c.  
 

 
Figure 13. a) In-situ high temperature XRD analysis of W0.5(TaTiVCr)0.5 alloy, 
b) magnified image of XRD analysis plot after HT XRD analysis and c) SEM 
microstructure of surface after HT XRD analysis. 
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The high temperature compression tests showed high yield strength of 1136 ± 40 
MPa, 830 ± 60 MPa and 425 ± 15 MPa at 1,000oC, 1,200oC and 1,400oC, respectively, 
as shown in Figure 14a. The resulting high yield strengths directly responds to the 
solid solution strengthening of the HEA phase and grain-boundary strengthening 
from the TiC phase. The formation of the in-situ TiC phase along with the HEA phase 
was found to be beneficial in sliding wear tests at 400oC, imparting a low wear rate 
of 1.37 x 10-5 mm3/Nm, as shown in Figure 14b.  
 

 
Figure 14. a) High temperature compression stress-strain plots (left) and values 
(right) and b) SEM surface morphology after sliding wear at 400oC of 
W0.5(TaTiVCr)0.5 alloy. 
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6. FUTURE DIRECTIONS 
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The progress in research on HEAs has led to a paradigm shift towards pushing the 
boundaries of new alloy development for various applications. In this work, different 
core effects of HEAs have been utilised to enhance the thermal stability and 
mechanical properties of refractory HEAs. We have shown that the use of the cocktail 
effect can be beneficial towards the formation of in-situ composite phases for 
enhanced tribological properties at different temperatures in air environment. 
However, the formation of in-situ phases in HEA compositions focused on 
tribological properties in other environments, such as vacuum, dry air and corrosive 
environments, needs to be carried out. For example, the use of high-entropy sulfides 
can be beneficial for tribology in vacuum environment, the use of Ag, Au or Pb can 
be beneficial in air environment for high temperatures, and a system of composition 
that combines sulfides, Ag/Au and oxides can be beneficial for tribology in wide 
temperature ranges (RT–1,000oC).  

Secondly, the reduction in cost and time for target preparation with the use of partially 
sintered single targets and its enhancement of nanocrystallinity in the RHEF have in 
this work been found to beneficial. Furthermore, we have reported that an increase in 
lattice distortion can enhance the mechanical properties of the RHEF as well. Future 
work can be directed towards studying the erosive wear resistance of CuMoTaWV 
RHEF, which was found to have enhanced mechanical properties. Furthermore, TEM 
analysis can be carried out for compressed pillars of CuMoTaWV RHEF to observe 
how the lattice structure evolves with micro-compression.  

The increase of configurational entropy with octonary refractory elements has been 
found to provide high-entropy TFMG and its nitride films with enhanced mechanical 
properties. The octonary TFMG showed extremely high thermal stability, ductility 
and compressional strength. Future work can be focused towards studying the in-situ 
high temperature TEM analysis of the octonary TFMG to observe the amorphous 
phase evolution, interlayer diffusion barrier properties for Si/Cu contacts, electrical 
resistivity and magnetic properties at different temperatures. Furthermore, octonary 
TFMG can be combined with other films in nanolaminates to enhance its mechanical 
properties. Future work on the octonary nitride films with extremely enhanced 
thermal stability and mechanical properties can be studied for high temperature 
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applications, such as cutting tools, radiation resistance and thermoreflectance 
transducers. Furthermore, the structural characterisation of compressed pillars at 
different temperature can be studied using TEM to observe the mechanisms of 
deformation governing such high mechanical properties.  

Lastly, refractory HEAs are a potential for plasma facing material in fusion energy 
applications. Our work on HEA-derivative W0.5(TaTiVCr)0.5 alloy has shown high 
thermal stability and mechanical properties at temperatures up to 1,400oC. Thus, 
future work can be carried out on radiation studies of this alloy composition, followed 
by studying the structural and mechanical property changes imparted by radiation.  
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