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Abstract 
High entropy alloys (HEAs) are a new class of alloys that contains 

five or more principal elements in equiatomic or near-equiatomic 

proportional ratio. The configuration entropy in the HEAs tends to 

stabilize the solid solution formation, such as body-centered-cubic 

(BCC), face-centered-cubic (FCC) and/or hexagonal-closed-pack 

(HCP) solid solution. The high number of principal elements 

present in HEAs results in severe lattice distortion, which in return 

gives superior mechanical properties compared to the conventional 

alloys. HEAs are considered as a paradigm shift for the next 

generation high temperature alloys in extreme environments, such 

as aerospace, cutting tools, and bearings applications.  

The project is based on the development of refractory high entropy 

alloy and film. The first part of the project involves designing high 

entropy alloy of CuMoTaWV using spark plasma sintering (SPS) 

at 1400 oC. The sintered alloy showed the formation of a composite 

of BCC solid solution (HEA) and V rich zones with a 

microhardness of 600 HV and 900 HV, respectively. High 

temperature ball-on-disc tribological studies were carried out from 

room temperature (RT) to 600 oC against Si3N4 counter ball. 

Sliding wear characterization of the high entropy alloy composite 

showed increasing coefficient of friction (COF) of 0.45-0.67 from 

RT to 400 oC and then it decreased to 0.54 at 600 oC. The wear 

rates were found to be low at RT (4 × 10 −3 mm3/Nm) and 400 oC 

(5 × 10 −3 mm3/Nm) and slightly high at 200 oC (2.3 × 10 −2 

mm3/Nm) and 600 oC (4.5 × 10−2 mm3/Nm). The tribology tests 

showed adaptive behavior with lower wear rate and COF at 400 oC 

and 600 oC, respectively. The adaptive wear behavior at 400 oC 

was due to the formation of CuO that protected against wear, and 

at 600 oC, the V-rich zones converted to elongated magneli phases 

of V2O5 and helped in reducing the friction coefficient.  

The second part of the project consists of sintering of novel 

CuMoTaWV target material using SPS and depositing 

CuMoTaWV refractory high entropy films (RHEF) using DC-
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magnetron sputtering on silicon and 304 stainless steel substrate. 

The deposited films showed the formation of nanocrystalline BCC 

solid solution. The X-ray diffraction (XRD) studies showed a 

strong (110) preferred orientation with a lattice constant and grain 

size of 3.18 Å and 18 nm, respectively. The lattice parameter were 

found  to be in good agreement with the one from the DFT 

optimized SQS (3.16 Å). The nanoindentation hardness 

measurement at 3 mN load revealed an average hardness of 19 ± 

2.3 GPa and an average Young’s modulus of 259.3 ± 19.2 GPa. 

The Rutherford backscattered (RBS) measurement showed a 

gradient composition in the cross-section of the film with W, Ta 

and Mo rich at the surface, while V and Cu were found to be rich 

at the substrate-film interface. AFM measurements showed an 

average surface roughness (Sa) of 3 nm. Nano-pillars of 440 nm 

diameter from CuMoTaWV RHEFs were prepared by ion-milling 

in a focused-ion-beam (FIB) instrument, followed by its 

compression. The compressional yield strength and Young’s 

modulus was calculated to be 10.7 ± 0.8 GPa and 196 ± 10 GPa, 

respectively. Room temperature ball-on-disc tribological test on the 

CuMoTaWV RHEF, after annealing at 300 oC, against E52100 

alloy steel (Grade 25, 700-880 HV) showed a steady state COF of 

0.25 and a low average wear rate of 6.4 x 10-6 mm3/Nm.  
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1. Introduction 

1.1.  Aims of this  project 

The forefront of research in materials science has been developing 

new materials with good strength and stiffness at higher 

temperatures for applications, such as aerospace and jet engine.   

Recently, development of high entropy alloys has made it possible 

to achieve superior mechanical properties at high temperatures 

compared to conventional alloys. However, less attention has been 

given to the tribological properties of high entropy alloys and 

films. The aim of this licentiate work is to develop refractory high 

entropy alloy (RHEA) using spark plasma sintering (SPS) and 

understand the effect of microstructural characteristics on the high 

temperature tribological properties. The second aim is to develop 

refractory high entropy films (RHEF) using magnetron sputtering 

with a single partially sintered target and study the effect of a single 

target on nanocrystallinity and mechanical properties. Keeping 

these aims in mind, we have developed a CuMoTaWV RHEA 

using SPS and studied its high temperature tribological properties 

up to 600 oC. Secondly, a single partially sintered target by SPS 

has been used to develop CuMoTaWV RHEF and its mechanical 

properties, such as hardness, nano-pillar compression and room 

temperature tribological studies have been investigated.  

1.2.   Research questions 

The following research questions have been addressed in this 

thesis: 

 What are the microstructural characteristics of RHEA after 

SPS and its affect on the tribological properties? Secondly, 

how does the selection of different elements effects the 

properties at high temperature? 

 How does the use of single partially sintered target effects 

the nanocrystallinity and mechanical properties, such as 

hardness, tribology and nano-pillar compression in RHEF? 
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2. Introduction to High entropy alloys 
In the past, alloy design has consisted of combining single 

principal element with minor alloying elements to enhance the 

mechanical, chemical and/or structural properties. The first work 

on developing an alloy with multi principle elements was first 

reported in 2003 by Yeh et al. [1], Cantor et al. [2], and 

Ranganathan et al. [3] and showed superior properties to 

conventional alloys, leading to wide spread popularity of 

multicomponent alloys as high entropy alloys (HEAs) among 

researchers around the world.  

HEAs are defined as alloy system consisting of five or more 

principal elements with a concentration of each principal element 

between 35 and 5 at.%. The mixing of multiple components results 

in high entropy of mixing, expressed by [4,5]: 

∆𝑆𝑚𝑖𝑥 = −𝑅 ∑ 𝑐𝑖 ln 𝑐𝑖
𝑛
𝑖=1                                            (i)  

Where, R is the gas constant, ci the molar fraction of ith element, 

and n the total number of constituent elements. The configurational 

entropy has the highest contribution to the entropy of mixing of 

high entropy alloys as compare to other sources, such as 

vibrational, electronic and magnetic entropy [6]. For an equiatomic 

HEA, the entropy would reach a maximum with the 

configurational entropy (∆𝑆𝑐𝑜𝑛𝑓) expressed by: 

∆𝑆𝑐𝑜𝑛𝑓 = 𝑅 ln 𝑛                                               (ii) 

where n is the no of elements. As a result, the ∆𝑆𝑐𝑜𝑛𝑓 for an 

equimolar alloy with 3, 5, 6, and 9 elements will result in to 1.10R, 

1.61R, 1.79R and 2.20R, respectively. Thus, in order for a 

multicomponent alloy to be classified as HEA, the lower limit of 

∆𝑆𝑐𝑜𝑛𝑓 has been suggested to be 1.5R.  

The increase in entropy of mixing in multicomponent alloy results 

in decreasing the Gibbs free energy of mixing (∆𝐺𝑚𝑖𝑥) leading to 

formation of stable solid solution of face-centered cubic (FCC), 
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body-centered cubic (BCC) or hexagonal close pack (HCP) crystal 

structures.  The relation between ∆𝑆𝑚𝑖𝑥 and ∆𝐺𝑚𝑖𝑥 can be given 

by the equation (iii) [7]: 

∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥                                   (iii) 

Where ∆𝐻𝑚𝑖𝑥 is enthalpy of mixing and T is the absolute 

temperature. The phase formation is determined by the 

competition between ∆𝐻𝑚𝑖𝑥 and 𝑇∆𝑆𝑚𝑖𝑥. With increasing 

temperature, a higher 𝑇∆𝑆𝑚𝑖𝑥 term becomes more dominant and 

will lead to formation of solid solution. 

2.1. The core effects 
The composition of HEAs from five or more principal elements 

are complex as compare to conventional alloys. Yeh [8] suggested 

four core effects that describe the properties of HEAs: (1) high 

entropy effects, (2) sluggish diffusion, (3) severe lattice distortion, 

and (4) cocktail effects. 

2.1.1. High-entropy effect 

The high-entropy effect was first proposed by Yeh, which 

described the stabilization of high-entropy phases with the 

formation of solid solution phases. According to Gibbs phase rule, 

the number of phases (P) in a given alloy at constant pressure in 

equilibrium condition can be expressed as:  

P = C + 1 – F                                                  (iv) 

where, C is the number of component and F is the maximum 

number of thermodynamic degrees of freedom in the system. For 

example, in a 6-component system at a given pressure, it is 

expected to have 7 phases at any given reaction. However, 

compositions satisfying the HEAs-formation criteria will form 

solid-solution phases [2,9,10].  

According to the classical physical-metallurgy theory, a solid 

solution phase is based on one element (solvent) and contains other 

minor elements (solutes). However, in HEAs, it is difficult to 
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differentiate between solvent and solute because of their equimolar 

compositions. According to many researchers, HEAs can only 

form simple FCC or BCC solid solution, and the number of phases 

formed are much smaller than what Gibbs phase rule in equation 

(iv) allows [8,11]. Thus, indicating that high entropy of alloys 

expands the solubility limit between chemically compatible 

elements. This phenomenon can be explained with reference to 

equation (iii), where the mixing entropy competes with the mixing 

enthalpy. Furthermore, the 𝑇∆𝑆𝑚𝑖𝑥 term becomes more dominant 

at high temperatures, resulting in minimizing the free energy and 

forming simple multi-element solid-solution phases.    

2.1.2. Lattice distortion effect 

In HEAs, each element has the same possibility of 

occupying a lattice site, and since the size of each element can be 

different in many cases, this can lead to formation of severed lattice 

distortion. Furthermore, such lattices with many principal elements 

are highly distorted, as all the atoms are solute atoms with different 

atomic sizes, as shown in Figure 2.1. Such severe lattice distortion 

can lead to higher strength and hardness of HEAs [12]. Yeh et al. 

[13] also proved the lattice distortion in HEAs by studying its 

effect on decreasing trend in X-ray diffraction (XRD) intensities 

of CuNiAlCoCrFeSi alloy system with systematic addition of 

principal elements.  
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Figure 2.1: Schematic illustration of BCC crystal structure: (a) perfect 

lattice of Cr; (b) distorted lattice with the addition of V (for example: 

Cr-V solid solution); (c) extremely distorted lattice caused of atoms 

with different atomic sizes randomly distributed in the crystal lattice 

with same probability to occupy the lattice position in HEA system 

(AlCoCrFeNiTi0.5[14]) [10]. 
 

2.1.3. Sluggish diffusion 

          The equilibrium partitioning among the phases is attained 

through phase transformations that depend on atomic diffusion. 

However, according to Yeh [8], diffusion in HEAs are hindered 

due to lattice distortion, thus limiting the diffusion rate. During the 

conventional casting of HEAs, the phase separation during cooling 

is inhibited at a higher temperature and the resulting alloy has 

nano-precipitates in the matrix. Such formation of nano-

precipitates in HEAs results in higher recrystallization temperature 

and activation energies during deformation. The sluggish diffusion 
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in coatings, such as by magnetron sputtering, results in the 

formation of nanocrystalline or amorphous phase for a higher 

number of principal element as the growth and nucleation of 

crystalline phases are inhibited, as shown in Figure 2.2 [15]. Such 

structural variation with a different number of principal elements 

can be easily exploited in HEAs to promote the mechanical, 

physical and chemical properties. 

 

Figure 2.2: XRD analysis showing structural evolution of two to 

seven elements sputtered films [15]. 
  

2.1.4. Cocktail effect 

According to Yeh [8], the incorporation of multi-principle 

elements in HEAs can be considered as an atomic-scale composite. 

This composite effect is characterized by the basic features and 

interactions between all the elements present in HEA along with 

the indirect effects of different elements on the microstructure. 

Thus, the term cocktail effect, first mentioned by Ranganathan [3], 

comes from the properties resulting from combination of principal 

elements that cannot be obtained from only a single principle 

element. For example, light elements are selected for developing a 

HEA with lighter density, such as Al, Cr Cr, Cu, Fe, Ni and Si. For 

oxidation resistance at higher temperatures, Si, Al and Cr are used 

[16]. To increase the strength, Al is added to a multi-element 
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system of Co, Cr, Cu, Fe and Ni, which promotes the formation of 

BCC along with inducing higher strength, as shown in Figure 2.3 

[17,18].  

 
Figure 2.3: Effect of aluminum addition on the cast hardness of 

AlxCuCoNiCrFe alloys. A, B and C refers to that hardness, FCC lattice 

constant and BCC lattice constant, respectively [8]. 

  

2.2. Alloy preparation 
2.2.1. Arc Melting (Liquid state) 

The most widely used processing technique for HEAs 

development is arc melting technique. The typical schematic of arc 

melting method is shown in Figure 2.4. The electrode temperature 

of arc melting furnace can go in excess of 3000 oC, which can be 

controlled by adjusting the electrical power. Thus, arc melting 

technique is beneficial towards homogenous melt mixing of 

elements with high melting points, such as refractory elements. 

However, heterogeneous microstructure (dendritic with 

interdendritic segregation) in the resulting HEAs are induced by 

the thermal gradient from surface to center during solidification, 

which makes the microstructure and properties of as-cast HEAs 

less controllable. Furthermore, large differences in elemental 
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melting temperatures can result in elemental segregation in 

refractory HEAs casted from liquid state [19,20]. The use of arc 

melting technique restricts the as-casted alloy shapes to rods and 

buttons, thus complex shapes are difficult to cast for advanced 

applications. 

 

 
Figure 2.4: A schematic representation of the arc melting process [21]. 

 

2.2.2. Spark plasma sintering (Solid state) 

Mechanical alloying (MA) is a process consisting of high-

energy ball milling of elemental powders at room temperature for 

a long duration of time resulting in diffusion of species into each 

other to obtain homogenous alloy.  Murty’s research group was the 

first to demonstrate the use of MA to synthesize nanostructured 

equiatomic AlFeToCrZnCu HEA, where each nanoparticle 

obtained was equiatomic in its composition [22].  

The HEAs developed by MA are in powder form and needs 

sintering in order to get a dense component. In order to avoid grain 

growth of nanocrystalline alloy powder during conventional 

sintering process, spark plasma sintering (SPS), also known as 

pulsed current processing (PCP), is used to obtain nanocrystalline 



19 
 

alloys. SPS employs the usage of high amperage pulse current of 

up to 5000 A with simultaneously applying uniaxial pressure of up 

to 100 MPa through powder mixture packed in a graphite die, as 

shown in Figure 2.5. Graphite paper is usually added between the 

sample and the graphite die to avoid unnecessary reaction of the 

powder mixture with the die. The combination of high current 

pulse, uniaxial pressure and vacuum/inert atmosphere leads to 

consolidation of powders at very short time.  

 
Figure 2.5: Schematic of spark plasma sintering [23]. 

 

Compared to conventional liquid state alloy development of HEA, 

such as arc melting, SPS has been used to develop nanocrystalline 

HEAs [24–26]. Recently, researchers have employed SPS to 

develop composite HEAs for tribological applications. Zhang et al. 

[27] developed CoCrFeNi-Ag-BaF2/CaF2 composite HEA and 

showed low frictional (COF: 0.2 to 0.25) and wear (wear rate: 2 x 

10-5 mm3/Nm to 5 x 10-5 mm3/Nm) behavior against Inconel 718 

counter balls from RT to 800 oC. Similarly, Cao et al. [28] 

developed NiCoCrAl-Ag-MoS2-LaF3-CeF3 composite HEA using 

SPS and studied the high temperature tribology from RT to 800 oC 

against Si3N4 balls, and showed adaptive frictional (COF: 0.3-0.4) 

and wear behavior (wear rate: 2.05 x 10-5 mm3/Nm to 5.18 x 10-6 

mm3/Nm). 
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2.2.3. Magnetron sputtering (Gaseous phase) 

Magnetron sputtering is a type of physical vapor deposition 

(PVD) technique that is used for deposition of thin films on a 

substrate through sputtering away atoms from target material 

(elemental or alloy) under the bombardment of charge Ar+ ions. 

Simple schematics of sputtering process is shown in Figure 2.6. 

There are two types of sputtering techniques commonly used: 

direct current (DC) sputtering and radio frequency (RF) sputtering. 

DC sputtering is a technique where DC bias is applied between the 

target and substrate to deposit the atoms generated from the target 

material. Controlling power, bias voltage, and the argon pressure 

controls the deposition rate of film onto the substrate. The second 

type of sputtering (RF sputtering) is used for deposition of 

insulating materials, where plasma can be maintained even at 

lower argon pressure resulting in fewer gas collisions and line of 

sight deposition [29]. 

 
Figure 2.6: Schematic of magnetron sputtering deposition process [30]. 

Many researchers have explored magnetron sputtering technique 

in the last decade to develop thin films of high entropy alloy, high 

entropy nitride and high entropy carbides [31]. The major 

advantage of using magnetron sputtering for developing high 
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entropy film is the control of reactive gases (such as N2, O2 or 

CH4/C2H2) [32–36], nanocrystallinity [37] and influence of 

deposition condition (such as substrate temperature and substrate 

bias) [38–40]. Such control on different parameters results is 

obtaining high entropy films with superior properties, such as high 

hardness [32,41–43], high compressive strength [44–46], 

corrosion resistance [39,47], wear resistance [36,48–51], unique 

physical characteristics [52–54] and high temperature stability 

[48,55,56]. 

2.3. Refractory high entropy alloys 
Refractory metals consisting of W, Mo, Ta and Nb, and its 

alloys are critical for applications that require high temperature 

strength due to their high temperature melting point (Tm). The 

definition of refractory metals also extends to include Ti, Zr, Hf, 

V, Re, Ru, Os and Ir. Some of the key properties, such as melting 

point, density and crystal structure, of refractory metals are listed 

in Table 2.1. Among the refractory metals, Ti is the lightest 

element with a density of 4.507 g/cm3 while Ir is the heaviest with 

a density of 22.65 g/cm3.  

The initial research on HEAs was focused on 3-d transition metal 

(TM) of Co, Cr, Cu, Fe, Mn, Ni, Ti, and V [57]. However, to 

develop HEA for high temperature applications, TM HEAs fail to 

operate above 600 oC [58]. Following the founding motivation, 

Senkov et al. in 2010 first reported the development of refractory 

high entropy alloys (RHEAs) based on five refractory elements of 

Mo, Nb, Ta, V, and W that showed superior high temperature 

(above 1000 oC) mechanical properties [19,59].  Subsequently, 

different researchers incorporated other refractory elements from 

Group IV (Ti, Zr, and Hf), Group V (V, Nb, and Ta), and group VI 

(Cr, Mo, and W) to further increase the mechanical properties of 

RHEAs at wide temperature ranges [58]. RHEA tend to form a 

BCC crystal structure and may also contain Laves phases if Cr or 

V are also present in the alloy. The densities of RHEA can range 

from 5.6 to 13.7 g/cm3, which is higher than TM HEAs with 
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densities ranging from 5.0 to 9.0 g/cm3. Thus, small amounts of 

non-refractory elements, such as Al, Si, Co or Ni, are added to 

lower the density or increase the ductility of RHEA at room 

temperature [60]. 

Table 2.1: Melting point, density and crystal structure of 

different refractory elements [61]. 

Element 
Melting point 

(oC) 
ρ (g/cm3) 

Crystal 

Structure 

Titanium (Ti) 1668 4.507 
Polymorphic 

(HCP/BCC) 

Zirconium (Zr) 1855 6.511 
Polymorphic 

(HCP/BCC) 

Hafnium (Hf) 2233 13.31 
Polymorphic 

(HCP/BCC) 

Vanadium (V) 1910 6.11 
BCC 

 

Niobium (Nb) 2477 8.57 
BCC 

 

Tantalum (Ta) 3017 16.65 
BCC 

 

Chromium (Cr) 1907 7.14 
BCC 

 

Molybdenum 

(Mo) 
2623 10.28 

BCC 

 

Tungsten (W) 3422 19.25 
BCC 

 

Rhenium (Re) 3186 21.06 
HCP 

 

Ruthenium (Ru) 2334 12.37 
HCP 

 

Osmium (Os) 3033 22.61 
HCP 

 

Rhodium (Rh) 1964 12.45 
FCC 

 

Iridium (Ir) 2466 22.65 
FCC 

 

 

RHEAs are mostly developed using arc melting technique. 

However, arc melting can lead to typical solidification defects, 

such as elemental segregation, micro-/macro-segregation, pores 

and residual stresses due to large differences in elemental melting 
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temperatures [19,20]. Recently, SPS has been employed to develop 

dense and fine-grained RHEA from elemental or pre-alloyed 

powders [26][62]. 

2.3.1. Properties 

2.3.1.1.Mechanical 

RHEAs are considered as future alloys for high 

temperature application to replace the current Ni-based super-

alloys due to their high mechanical properties at different 

temperature ranges, as shown in Figure 2.7 [63]. Therefore, there 

is a great research effort to identify alloy compositions that have 

good overall strength and ductility from RT to high temperatures 

(above 1000 oC) [58]. The first reported RHEA of MoNbTaW and 

MoNbTaWV showed high compressive yield strength of 421-506 

MPa and 656-735 MPa, respectively, in the temperature range of 

1400-1600 oC [59]. Similarly, most of the RHEA reported have 

been found to have good mechanical properties at temperatures 

higher than 600-800 oC. However, it was found to be brittle at RT 

due to interstitial elements segregating to grain boundaries during 

solidification or annealing. Addition of Group IV elements, such 

as Hf, Ti and Zr, generally enhances the ductility, and addition of 

Group V and VI elements and/or Al increases the strength of the 

materials but promotes low ductility. Consequently, new RHEAs, 

such as addition of Ti in MoNbTaW and MoNbTaWV, were 

designed to increase the RT ductility while maintaining high 

compressive strength at a broad range of temperatures [64,65]. 

Recently, researchers have developed RHEAs with the addition of 

carbon and Si to prepare RHEA with the formation of MC carbides 

(M: Hf, Nb, Ti, or Zr) and M5Si3 phases, respectively [66–69]. The 

formation of carbides was found to increase the ductility and work 

hardening at RT for low carbon content, such as 

C0.1Hf0.5Mo0.5NbTiZr [67]. In another work by Guo et al., the 

effect of adding small amounts of Si (~2.5 at.%) in 

Hf0.5Mo0.5NbTiZr to form M5Si3, which resulted in grain 

refinement and improved compressional strength and ductility 
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[66]. Another strategy for RHEA seeks to develop light-weight 

RHEA by reducing the density while keeping superior mechanical 

properties using Cr, Nb, Mo, Ti, V, and Zr as principal elements, 

such as AlxTiVZry alloys, reducing the densities to 5.6-5.7 g/cm3 

[70,71]. Similarly, Senkov et al. developed a light-weight RHEA 

of CrNbTiVZr with a density of 6.57 g/cm3 and had a yield 

strength of 187 MPa and 94 MPa at 600 oC and 800 oC, 

respectively [60,72].  

 

Recently, RHEAs of HfNb0.18Ta0.18Ti1.27Zr and Ta0.4HfZrTi have 

been developed to improve the work hardening and tensile 

ductility through deformation-induced phase transformations, also 

known as transformation induced plasticity (TRIP) [73,74]. This 

strategy resulted in yield stress of 400-500 MPa through forming 

strain-localized regions of HCP phase in Ta0.4HfZrTi and α’’ 

martensite in HfNb0.18Ta0.18Ti1.27Zr. 

 
Figure 2.7: Comparison of yield stress variation at different 

temperatures of different RHEAs with two Ni-base superalloys 

Inconel 718 and Mar-M247 [58]. RT: room temperature; SPS: spark 

plasma sintering; TRIP: transformation-induced plasticity. 
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2.3.1.2.Tribological behavior 

The tribological studies of RHEA are scarce. Poulia et al. [75] 

studied the dry sliding wear behavior of MoTaWNbV RHEA 

(7576 HV0.5) developed by arc-melting against alumina and steel 

counter-balls at RT and compared its wear behavior with Inconel 

718. The wear rate of MoTaWNbV RHEA was found to be 1.57 

x 10-4 mm3/Nm and 2.3 x 10-4 mm3/Nm against alumina and steel 

counter-ball, respectively. In contrast, Inconel 718 had a higher 

wear rate of 4.57 x 10-4 mm3/Nm and 8.3 x 10-4 mm3/Nm against 

alumina and steel counter-ball, respectively. In subsequent work, 

Mathiou et al. [76] studied the dry sliding wear of MoTaNbZrTi 

against alumina and steel counter-ball at RT with different sliding 

distances and compared it to MoTaNbWV RHEA. The wear rate 

of MoTaNbZrTi with sliding distance from 400 m to 2000 m was 

reported to have decreasing trend from 0.199 x 10-4 mm3/Nm to 

0.141 x 10-4 mm3/Nm against steel counter-ball, and an increasing 

trend from 1.13 x 10-4 mm3/Nm to 1.41 x 10-4 mm3/Nm against 

alumina counter-ball. In all tribological test conditions, the wear 

rate of MoTaNbZrTi RHEA was found to be lower than 

MoTaNbWV RHEA. However, there is still a research gap is 

studying the high temperature tribological behavior of RHEA.  

2.4. Refractory high entropy films 
In the last 5 years, there have been few research work 

reported on refractory high entropy films (RHEFs) by magnetron 

sputtering. Although, more work has been done on nitrides of 

RHEFs [51,77,78]. Majority of the research on RHEFs has been 

reported on NbMoTaW composition [37,44,45,79,80], along with 

few studies on HfNbTiVZr [38] and TiTaHfNbZr [81] 

compositions. 

2.4.1. Properties 

2.4.1.1.Mechanical 

RHEFs developed using magnetron sputtering leads to the 

formation of nanocrystalline grains, which in return enhances the 
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mechanical properties, such as hardness and nano-pillar 

compressional strength.  Zou et al. [44,45] studied the 

nanocrystalline (nc) pillar compression of NbMoTaW RHEF from 

RT to 600 oC, and reported high compressional strength  up to 10 

GPa (RT) and 5 GPa (600 oC). It was reported that with the 

decrease in nc-pillar diameter, the highest compressional strength 

of 10 GPa was obtained at ~70-100 nm, and were found to be 

higher than all the reported nc-metals in the literature [82]. 

Furthermore, even after annealing of NbMoTaW RHEF at 1,100 
oC for 3 days, the film retained its needle-like morphology and nc-

pillar compressional strength. The Ashby inspired map of specific 

strength versus test temperature of pillar compression of different 

metals and alloys are shown in Figure 2.8 [45]. Furthermore, even 

after annealing of NbMoTaW RHEF at 1,100 oC for 3 days, the 

film retained its needle-like morphology and nc-pillar 

compressional strength.  

 
Figure 2.8: Ashby inspired specific strength versus temperature plot of 

pillar compression of different nc-metals, showing that nc-HEA exhibit 

the highest strength-to-density ratio at different temperatures [45]. 
 

Feng et al. [79] studied the effect of film thickness on mechanical 

properties of NbMoTaW RHEF using nanoindentation technique. 

It was reported that with the increasing film thickness (100 nm to 
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2000 nm), nanoindentation hardness and elastic modulus 

decreased from ~16 GPa and ~200 GPa to ~11 GPa and ~185 GPa, 

receptively. This decrease in mechanical properties was attributed 

to the grain coarsening as the grain size increased from 10 nm to 

~32 nm with increasing film thickness. Similarly, Kim et al. [37] 

studied the effect of using single alloyed target sputtering versus 

the use of elemental co-sputtering of the target on the 

nanocrystallinity and mechanical properties of NbMoTaW RHEF. 

A partially sintered alloy target of NbMoTaW was developed 

using hot pressing followed by sintering at 1400 oC. The mean 

grain size of deposited NbMoTaW RHEF was found to be 15.8 

nm, whereas Zou et al. [44] reported a grain size of 150 nm of same 

composition using elemental co-sputtering from multiple targets. 

Fritze et al. [38] studied the influence of deposition/substrate 

temperature on the phase evolution and mechanical properties of 

HfNbTiVZr RHEF. With the increase in substrate temperature 

from RT to 450 oC, a transition from amorphous phase to BCC 

matrix with C14 or C15 Laves phase precipitates were observed. 

Furthermore, the nanoindentation hardness also increased from 6.5 

GPa to 9.2 GPa with increasing substrate temperature.  

2.4.1.2.Tribological behavior 

Tuten et al. [81] reported on tribological studies of 

TiTaHfNbZr RHEF deposited on Ti-6Al-4V alloy substrate using 

RF magnetron sputtering technique for biomedical applications. 

The resulting RHEF showed an average hardness and Young’s 

modulus of 12.51 GPa and 181 GPa, respectively. The sliding test 

against alumina counter-ball showed low frictional coefficient 

from 0.1 to 0.2 with increasing normal load from 1 to 3N. The low 

frictional coefficient has been attributed to the nanocrystallinity of 

RHEF. There is still a research gap for tribological studies of 

RHEF, which needs to be fulfilled in the coming future, especially 

at higher temperatures.  
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2.5. Existing research gaps 
Although the research on refractory high entropy alloys 

(RHEA) and refractory high entropy films (RHEFs) is rather new, 

many researchers have reported its mechanical 

(hardness/tensile/compression/creep) performance at wide 

temperature ranges as alternate to Ni-based super alloys. However, 

the work on high temperature tribological studies of RHEAs and 

RHEFs has received less attention. The underlying mechanism of 

wear at different temperatures also needs further investigation in 

relation to microstructure and crystallographic orientation of 

RHEAs and RHEAFs. Furthermore, the selection of different 

principle element’s effect on the tribological properties of RHEA 

and RHEF at different temperature ranges needs to be investigated. 

Thus, keeping this research gap in mind, this thesis tries to cover 

the high temperature wear mechanism in CuMoTaWV RHEA and 

RT tribological behavior in CuMoTaWV RHEF.   
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3. Experimental methods 
 

3.1. Spark plasma sintering (SPS) 
 

 
Figure 3.1: Schematic of alloy development from powder mixture to 

sintering using SPS. 

 

        Equimolar mixture of Cu, Mo, Ta, W and V powders were 

fed into a plastic vial and mixed for one hour using ball milling. 

Alumina balls were used for ball milling process with a ball to 

powder ratio of 3:1. Details of the starting powders are shown in 

Table 3.1. Nano powder of W was used in paper I due to its low 

diffusion coefficient. The resulting powder mixture was fed into 

graphite die with a diameter of 12 mm and 76 mm for paper I and 

paper II, respectively. The SPS in paper I was carried out in 

ultrahigh vacuum environment using SPS 825 (Dr. Sinter Spark 

Plasma Sintering System), and SPS in paper II was used under 

argon atmosphere using SPS 530ET (Dr. Sinter Spark Plasma 

Sintering System) to consolidate powder mixture for target 

development. A heating rate of 50 oC/min and holding time of 10 

mins was used in paper I, while a heating rate of 100 oC/min was 

used for target development in paper II. The details of heating rate 
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and holding time parameters for both papers are shown in Figure 

3.2.  

Table 3.1: Particle size distribution of starting material in 

paper I and paper II 

 Cu Mo Ta W V 

Paper I 10 µm 3-7 µm 44 µm 70 nm 44 µm 

Paper II 10 µm 3-7 µm 44 µm 44 µm 44 µm 

 

 
Figure 3.2: Schematic of heating cycles for SPS in paper I and paper II.  

3.2. Magnetron sputtering 
         An equimolar CuMoTaWV target 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), as 

shown in Figure 3.3.  Direct current (DC) magnetron sputtering 

(Moorfield, UK) was used to deposit CuMoTaWV RHEF on 

silicon and 304 stainless steel substrate in paper II.  
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Figure 3.3: Target prepared at 1000 oC using SPS. 

 

The RHEF was deposited on silicon substrate for cross-section 

analysis, nanoindentation hardness measurement, nano-pillar 

compression test, Rutherford backscattering analysis (RBS) and 

X-ray photoelectron spectra (XPS) analysis; and on 304 stainless 

steel substrate for XRD analysis and tribological tests. Sheet metal 

substrate of 304 stainless steel with a thickness of 5 mm was cut 

into 20 x 20 mm and diamond polished up to 0.4 µm, followed by 

cleaning with ethanol in ultrasonicator for 30 mins and dried in an 

oven at 80 oC for 30 mins. 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 70 oC. 

The parameters for film deposition, as shown in Table 3.2, were 

used to get a film thickness of ~900 nm. A substrate temperature 

of 500 oC was used to enhance the sputtering yield. 
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Table 3.2: Sputtering parameters for deposition of CuMoTaWV high 

entropy film 

Substrate temperature (oC) 500  

Atmosphere Ar 

Gas Flow (sccm) 20 

Substrate rotation speed (rpm) 7  

Deposition pressure (mPa) 1.1610-3 

Deposition power (W) 150 

Deposition duration (min) 120  

Deposition rate (nm/min) 7.5  

 

3.3. Microhardness measurement 
In paper I, microhardness measurements were performed 

using Vickers microhardness (Matsuzawa, MXT-CX) equipped 

with 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 8 indentations were performed at different 

location of interest.  

3.4. Nanoindentation 
In paper II, hardness measurements were performed using 

nanoindenter (Micro Materials, UK) at 10 mN load. The 

nanoindentation tests were performed at loading, unloading and 

duel time of 25 sec, 20 sec and 10 sec, respectively. 

Nanoindentation measurements were performed to obtain force-

displacement curve at 12 different location and the average 

hardness and Young’s modulus were reported in the paper.  

3.5. Nano-pillar compression tests 
In paper II, nano-pillars were developed in CuMoTaWV 

RHEF using focused-ion beam (FIB) for compression tests. For 

each pillars, firstly, a ring was etched using high current (1 nA) 

with the outer and inner diameter set to 30 µm and 8 µm, 

respectively. Lastly, fine etching of a pillar with current lower than 

320 pA was used to mill 440 nm diameter pillars. The pillars were 

then compressed using Anton Paar ultra-nanoindentation tester in 



33 
 

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 nanoindentation 

tester over pillars cross-section area. Hence, we have 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 nanoindentation to the initial 

height of a pillar measured by atomic force microscope (AFM) was 

obtained. 

3.6. Tribological studies 
Tribological tests in paper I and paper II were carried out using 

universal tribometer (Rtec Instruments, San Jose, USA) equipped 

with a normal load (Fn) sensor in the range of 1-100 N and 

frictional force (Fx) sensor in the range of 1-50 N.  

High temperature tribology 

For paper 1, high temperature furnace with asbestos lining 

was used to perform high temperature tribological tests. A ball-on-

disc sliding tests were performed on CuMoTaWV RHEA with 

dimensions of 12 mm diameter and 5 mm thickness. The 

tribological tests were performed at room temperature (RT), 200 
oC, 400 oC and 600 oC for sliding distance of 200 m. The 

tribological tests were performed against Si3N4 counter-ball with a 

diameter of 9.5 mm. The counter-ball was washed in ethanol and 

distilled water in ultrasonic machine followed by drying in oven at 

70 oC. A normal load of 5 N was applied in all test. The counter-

ball and specimen was brought in contact after the desired test 

temperature was reached. For repeatability of the tribotests, three 

tests/condition were conducted and the average COF and wear rate 
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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 8 wear track depth 

was measured for each tribotest. The wear rate, expressed as 

mm3/Nm, was measured by dividing wear volume with normal 

load and sliding distance. 

Room temperature tribotest 

For paper II, 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 mins followed by 

drying in an oven at 80 oC for 30 mins. The average depth of wear 

was measured using optical profilometry (Wyko) to calculate the 

wear rate expressed in mm3/Nm. 

3.7. Scanning electron microscopy (SEM) 
SEM analysis was performed using JSM-IT300 (JEOL, 

Tokyo, Japan) and Magellan 400 XHR-SEM (FEI Company, 

Eindhoven, Netherlands) based on the requirement of 

magnification. In paper I, JSM-IT300 was used to characterize the 

microstructure of CuMoTaWV RHEA and the resulting wear 

tracks after high temperature tribotests. The accelerating voltage 

for microstructural analysis and wear track analysis from tribotest 

was set to 15 kV and 10 kV, respectively. 

In paper II, Magellon 400 was used to characterize the coating 

surface and cross-section morphology of CuMoTaWV RHEF; and 

JSM-IT300 was used to characterize the wear tracks resulting from 

tribotests. 

3.8. 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 
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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 (survey) 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 analyzed before 

and after 2 min 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. 

3.9. 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. 

3.10. 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. 

3.11. DFT calculations 
In paper II, density-functional theory (DFT) was applied to 

predict the lattice structure and mechanical properties of 

CuMoTaWV RHEF. Based on experimental XRD analysis, DFT 

calculation was used to compare the theoretical and experimental 

peak positions (2θ) of different planes.  
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4.  Summary of appended papers  

Paper I 
Title: High temperature tribology of CuMoTaWV high entropy 

alloy. 

In this work, an equiatomic CuMoTaWV high entropy alloy was 

developed using spark plasma sintering (SPS) of elemental powder 

mixture at 1400 oC. The objective of this paper was to see how the 

microstructural changes at different temperature effects the 

tribological properties. The resulting sintered alloy showed 

formation of BCC solid solution 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 high entropy alloy in 

sliding motion to induce more wear. High temperature tribological 

studies of the sintered alloy showed wear properties specific to test 

temperatures. The tribological tests from RT to 600 oC showed an 

increasing average COF from RT to 400 oC and then decreased to 

at 600 oC. The wear rate was  found to be lower at RT  and 400 oC, 

and slightly higher at 200 oC and 600 oC. The wear surfaces were 

analyzed 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 200 oC, and oxidative 

wear at 400 oC and 600 oC. The CuMoTaWV alloy showed 

adaptive wear behavior at test temperatures of 400 oC and 600 oC. 

At 400 oC, the adaptive behavior was found to be due to the 

formation of CuO, resulting in reducing the wear; while at 600 oC, 

the transformation of V-rich zones to elongated magneli phases of 

V2O5 reduced the COF to 0.54. 

Author’s Contribution: 

The author planned and performed all the experimental work. The 

manuscript was written together with the corresponding author. 
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Paper II  
Title: Synthesis and mechanical characterisation of CuMoTaWV 

refractory high entropy film by magnetron sputtering.  

This work involves the development of CuMoTaWV refractory 

high entropy film (RHEF) using DC-magnetron sputtering. The 

objective of this work was to see the effect of a single-alloy target 

on the nanocrystallinity and mechanical properties of thin films. 

Alloy target of equiatomic CuMoTaWV was partially sintering 

using SPS process. The developed target was deposited on two 

different substrates of silicon and 304 stainless steel. The deposited 

CuMoTaWV RHEF showed formation of BCC solid solution with 

a lattice parameter of 3.18 Å, which was found to be in good 

agreement with the one for the DFT optimized SQS (3.16 Å). The 

film’s compositional homogeneity was characterized using 

Rutherford backscattering (RBS) and showed the presence of Cu 

and V rich at the coating-substrate interface, while Mo, Ta and W 

were found to be rich towards the surface of the film. Similarly, 

XPS analysis of the film after 3 and 4 minutes of etching also 

showed a high concentration of Mo, Ta and W situated towards the 

top-surface of the film. The nanohardness measurements were 

performed using nanoindentation at 10 mN load and showed an 

average hardness and Young’s modulus 19.5 ± 2.3 GPa and 259.3 

± 19.2 GPa, respectively. Nano-pillars from CuMoTaWV RHEF 

with a diameter of 440 nm were developed using focused-ion beam 

(FIB) analysis for compressional studies. The nano-pillar 

compression analysis gave an average compressional strength and 

Young’s modulus of 10.7 ± 0.8 GPa and 196 ± 10 GPa, respectively. 

Such high hardness and compressional strength are due to the 

nanocrystallinity and grain boundary strengthening of the films 

with an average grain size of 18 nm. Tribological performance of 

CuMoTaWV RHEF deposited on 304 stainless steel was studied 

against alloy steel at RT. The tribotest showed removal of the film 

after 15 m of sliding distance. Thus, the film was annealed at 300 
oC to increase the adhesion of film with the substrate. After 
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annealing, the film showed a steady state COF of 0.25 and a low 

wear rate of 6.4 x 10-6 mm3/Nm over a sliding distance of 50 m.  

 

Author’s Contribution: 

The author performed target preparation, coating synthesis, 

nanoindentation measurements and tribological studies, analyzed all the 

experimental data. The manuscript was written together with the 

corresponding author. 
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5. Conclusions 
What are the microstructural characteristics of RHEA after SPS 

and its effect on the tribological properties? Secondly, how does 

the selection of different elements effects the properties at high 

temperature? 

The synthesized CuMoTaWV RHEA using SPS showed 

composite structure with the formation of BCC HEA phase and the 

presence of hard V-rich phase. The composite structure was 

obtained due to consolidation of the elemental powder mixture at 

low temperature of 1400 oC, which is much lower than the melting 

point of each refectory element used. The tribological properties 

showed a low frictional and wear properties at RT due to the 

presence of hard V-rich phases and formation of tribofilm rich in 

oxides of W and Ta. Adaptive wear behavior was observed during 

tribology test at 400 oC and 600 oC. The oxidation of Cu at 400 oC 

resulted in formation of CuO, which helped in reducing the wear; 

and the hard V-rich zones transformed to elongated V2O5 phase at 

600 oC, which helped in reducing the friction coefficient. This 

study helped us prove that the microstructure and selection of 

elements for RHEA is critical for tribological applications at 

different temperatures.  

 

How does the use of single partially sintered target effects the 

nanocrystallinity and mechanical properties, such as hardness, 

tribology and nano-pillar compression in RHEF? 

CuMoTaWV RHEF was synthesized with DC-magnetron 

sputtering using single partially sintered target. The resulting film 

showed nanocrystalline BCC crystal structure with lattice 

parameter and grain size of 3.18 Å and 18 nm, respectively. The 

nanocrystallinity remained stable even after annealing at 300 oC. 

The RBS and XPS studies showed that the films have high 

concentration of Cu and V at the coating-substrate interface while 

high concentration of Ta, W and Mo was found towards coating 
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surface. The compositional in-homogeneity can be linked to the 

higher sputtering of Cu than refractory elements resulting in its 

lower deposition rate towards the surface of the film. The 

mechanical properties of RHEF showed an average hardness and 

nano-pillar compressional strength of 19 ± 2.3 GPa and 10.7 ± 0.8 

GPa, respectively. The high hardness and compressional strength 

of RHEF has been attributed to the combined effect of 

nanocrystallinity, solid solution strengthening and grain boundary 

strengthening. The mechanical properties were found to be 

superior to previously reported RHEF, which used elemental co-

sputtering of targets. The RT tribology studies showed low 

frictional behavior and good adhesion of films after annealing at 

300 oC.  
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6. Future work 
 

For future work, the objective of doctorate thesis would be 

twofold: 

I. New compositions of RHEA would be synthesized 

using SPS for high temperature mechanical and 

tribological applications. Major emphasis of alloy 

development would be to increase the number of 

principle elements (up to eight refractory elements) to 

see if the increase in configurational entropy can 

stabilize the resulting solid solution and have a single-

phase crystal structure. Secondly, alloy design strategy 

would involve developing light-weight RHEAs with 

superior mechanical properties at wide-temperature 

ranges.  

 

II. The second part of the doctorate thesis would include 

developing targets of developed new alloy 

compositions and synthesizing RHEFs and its nitride 

films, and studying its nano-mechanical and high 

temperature tribological properties. RHEFs and its 

nitrides tend to have high frictional coefficient. New 

synthesis strategy would include co-sputtering multi-

principal element target with other targets, such as 

MoS2 or graphite, to increasing the lubricating 

properties of RHEFs.   
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