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Structure-tribological property relations have been studied for five high 

entropy alloys (HEAs).  Microhardness, room and elevated (100°C and 300°C) 

temperature sliding friction coefficients and wear rates were determined for five HEAs: 

Co0.5 Cr Cu0.5 Fe Ni1.5 Al Ti0.4; Co Cr Fe Ni Al0.25 Ti0.75; Ti V Nb Cr Al; 

Al0.3CoCrFeNi; and Al0.3CuCrFeNi2. Wear surfaces were characterized with 

scanning electron microscopy and micro-Raman spectroscopy to determine the wear 

mechanisms and tribochemical phases, respectively. It was determined that the two 

HEAs Co0.5 Cr Cu0.5 Fe Ni1.5 Al Ti0.4 and Ti V Nb Cr Al exhibit an excellent 

balance of high hardness, low friction coefficients and wear rates compared to 

440C stainless steel, a currently used bearing steel.  This was attributed to their more 

ductile body centered cubic (BCC) solid solution phase along with the formation of 

tribochemical Cr oxide and Nb oxide phases, respectively, in the wear surfaces. 

This study provides guidelines for fabricating novel, low-friction, and wear-resistant 

HEAs for potential use at room and elevated temperatures, which will help 

reduce energy and material losses in friction and wear applications. 
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CHAPTER 1 

INTRODUCTION AND MOTIVATION 

1.1 Introduction 

Recently, high entropy alloys (HEAs) consisting of multiple principal elements have 

attracted wide interest due to their novel microstructures and properties [1]. Many 

research groups have been investigating these new class of metallic alloys that have 

potential for many industrial and engineering applications. Studies conducted on HEAs 

have revealed that such alloys exhibit increased strength and hardness, oxidation 

resistance, and stability at higher temperatures. Such  improvements in properties and 

characteristics give HEAs a very important potential role in a wide range of engineering 

applications, such as molds, tools, gears, bearings, etc. [2]. 

HEAs often develop a single solid solution of FCC or BCC or mixed, instead of forming 

intermetallic compounds based on the principles of physical metallurgy. The prevalent 

elements employed in the fabrication of HEAs are [3]: 

1. Face centered cubic (FCC) type such as Cu, Al, and Ni.

2. Body centered cubic (BCC) type such as Fe, Cr, Mo, V, and Nb.

3. Hexagonal closed packed (HCP) type such as Co and α-Titanium.

The HEA concept provides a great expansion to the scope of conventional (traditional) 

alloys through the development of multiple principal systems with improved functional 

properties due to the four core effects that will be discussed in the next chapter. 

1



1.2  Motivation 

There has been plenty of research on HEAs. However, most studies have focused 

upon the mechanical, electronic, and magnetic properties of HEAs. In addition, there are 

even fewer studies on the tribological (friction and wear) properties of HEAs. To date, 

only the tribological behavior at room temperature has been studied during sliding. 

However, the wear and friction behavior at elevated temperatures has not been studied 

in sliding or rolling contacts. Therefore, in the present work an attempt has been made to 

study the sliding friction and wear properties of the Al-containing HEAs at elevated 

temperatures of 100°C and 300°C. The major aim of this study is to better understand 

what the role of HEA microstructure is on the wear and friction behavior at ambient and 

elevated temperatures under dry sliding conditions, and compare it to current existing 

alloys such as bearing steels, 440C stainless steel and 52100 CrC-reinforced steel. 

1.3     Objectives 

The following points summarize the objectives of this study: 

1. Determining the microstructure morphologies and crystal structures of the HEAs

via Scanning Electron Microscopy and X-ray Diffraction.

2. Studying the tribological properties of HEAs at room and elevated temperatures.

3. Studying the mechanical properties of HEAs, such as hardness, and how it can

affect the wear behavior of HEAs.

4. Analyzing the surface of the wear tracks to better understand the sliding wear

mechanisms.
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5. Performing chemical spectroscopy on the wear scars to determine the structure

and composition of the metal oxides that control the tribological performance.

1.4 Organization of thesis 

There are to be a total of 6 chapters within the thesis. Chapter 1 provides a brief 

introduction to HEAs and motivation for selecting the particular topic of sliding wear 

behavior of HEAs at elevated temperatures. Chapter 2 is a background and literature 

review of HEAs with a brief introduction of tribology. Chapter 3 provides a detailed 

explanation of the experimental procedures of processing and characterizing HEAs. 

Chapter 4 focuses on the results and discussion of the processing-structure-property 

interrelationships for the five HEAs, namely, HEA 1 (Co0.5 Cr Cu0.5 Fe Ni1.5 Al Ti0.4), 

HEA 2 (Co0.5 Cr Cu0.5 Fe Ni1.5 Al Ti0.4), HEA 3 (Ti V Nb Cr Al), HEA 4 

(Al0.3CoCrFeNi), and HEA 5 (Al0.3CuCrFeNi2). Chapter 5 summarizes the 

conclusions of the study, and Chapter 6 proposes future work and recommendations 

on HEAs. 
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CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 

2.1 Description 

This chapter of the thesis provides a general overview of tribology, particularly in 

regards to sliding friction and wear properties. Theories, definitions, and explanations of 

all phenomena are given to help understand the subsequent results and discussion 

chapters. 

2.2  Meaning and History of Tribology 

The word ‘’tribology’’ consists of two parts: the first part is Greek word “tribos”, which 

means rubbing or sliding, and the second part is ‘’-ology’’, which means science. Hence, 

tribology literally means the science of rubbing. A more specific definition of tribology is 

“the science and technology of interacting surfaces in relative motion and associated 

practices”. The subject Tribology deals with the technology of lubrication, control of 

friction, and prevention of wear between surfaces having relative motion against each 

other in either sliding or rolling contacts, or combination of the two.  

The science and technology of tribology has developed over the years. As a result, an 

evident improvement has taken place in the design and quality of materials employed for 

the purpose of mitigating friction and wear in moving mechanical components such as 

gears, bearings, and other load bearing parts. The presence of tribology can be dated 

back to the beginning of history and how ancient civilizations could make  friction-reducing 

surfaces to transport  heavy monuments by the Egyptians in 1880 B.C.[1]. 
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2.3 Cost of Tribology 

The tremendous cost of tribological deficiencies to countries’ economies is mainly 

due to the large losses of energy and material taking place daily on every mechanical 

assembly in operational mode. In addition, when the same loss is experienced on several 

machines all over the world, then the costs will be estimated in millions. For instance, 

Rowe suggested about two hundred years ago that using rolling bearings in transportation 

carriages will result in reducing the number of horses by half in the United Kingdom, which 

could help decrease the horse-care costs [1]. 

In 1966, Jost proposed that the U.K. economy could save about £515 million per 

annum if the basic principles of Tribology were applied. Another report was reported in 

West Germany in 1976 which demonstrated that the economic losses due to wear and 

friction were approximately 10 billion DM per annum.  Abrasive wear caused about 50% 

of these losses. Moreover, in the U.S.A. it has been proposed that approximately 11% of 

total yearly energy can be saved in the different main utilities such as power generation 

(wind, solar and hydroelectric), transportation, turbo machinery, and industrial processes 

by applying tribological principles. For instance, tribological developments in cars could 

save approximately 18.6% of total energy used by cars in the USA, which is estimated to 

be around 14.3 billion USD per year. Likewise, in the United Kingdom the national energy 

savings accomplished through the following tribological practices have been found to be 

about £468 to £700 million per year. However, many governments and industrial centers 

have deduced that Tribology cannot be ignored since the losses of friction and wear exert 

a heavy burden and cost on industrialized countries. Therefore, tribological centers and 
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programs have been built by academia, governments and industrial companies all over 

the world [1], [2].  

In 2016, a new resolution (number H.RES.916) has been drafted for the U.S.A 

House of Representatives designed to increase funding for tribological solutions and is 

waiting a congressional vote [3].  3. R.W. Gresham, “A Vote for Tribology” Tribology and 

Lubrication Technology, November, 2016.  In brief, the resolution states, “Recognizing 

the impact of tribology on the United States economy and competitiveness in providing 

solutions to critical technical problems in manufacturing, energy production and use, 

transportation vehicles and infrastructure, greenhouse gas emissions, defense and 

homeland security, health care, mining safety and reliability, and space exploration, 

among others, and recognizing the need for increased research and development 

investments in tribology and related fields.”  

2.4  Friction 

Friction is the resistance to motion when two bodies slide against each other and is 

accompanied by  dissipation of energy in the form of heat [1], [2]. There are two primary 

kinds of friction, which are dry friction (studied in this thesis) and fluid friction. Furthermore, 

there have been four main empirical laws of friction  since the work of da Vinci and 

Amonton [1]: 

1. There is a proportionality between the maximum tangential force and the normal

force

2. The normal force is proportional to tangential friction force in sliding

3. Friction force does not depend on the apparent contact area

4. Friction force does not rely on the speed of sliding
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Friction is considered one of the older problems encountered by scientists in mechanics 

with a great implication on our daily lives. The friction force (Fs) is defined as the interfacial 

force between two sliding bodies as presented in Figure (2.1). It is crucial to differentiate 

between two important frictional forces: the static force (Fs), and the kinetic force (FK). The 

static force can be defined as the minimum force which is required to start sliding. 

Whereas, the kinetic force is the force required to keep sliding. Friction can be desirable 

or undesirable depending on the application in which the friction is employed. For 

instance, humans would not be able to pick up things and walk as well as automobiles’ 

ability to drive on the way would not be possible without friction. Friction is also good for 

the writing with pens and pencils as well as in clutch and brakes systems in transportation. 

In sharp contrast, friction in car engines, rotating and moving components of machinery, 

and turbines is considered  undesirable [3]. 

Figure 2.1. Illustration of normal force (L), lateral force (F), and friction force (Ff) [3]. 
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The observations made by Amontons, da Vinci, and Coulomb have been set into a 

mathematical formula as shown in Equation (2.1): 

µ = 𝐹𝐹
𝐿𝐿
………………… 2.1

Where µ is the friction coefficient, F is the friction force, and L is the normal load. The 

friction coefficient in dry sliding is measured during sliding with tribometers, such as the 

pin-on-disk, used in this thesis. 

2.4.1 Basic Mechanisms of Sliding Friction 

The mechanism of friction was first proposed by Amontons and Coulomb. In the 

so-called Coulomb model, Coulomb suggested that metallic friction can be linked to the 

mechanical interaction between contacting asperities of the surfaces when they slide 

relative to each other[2]. Scientists and researchers have debated over the origins of 

Amonton’s Law of Friction. Bowden and Tabor suggested that in metallic contacts higher 

stresses are originated in the asperities, which leads to plastic deformation. Moreover, 

the real contact area is proportional to the applied load. Nevertheless, this proposal is 

inconsistent with Hertz’s theory of a sphere in contact with a flat surface. In addition, 

Greenwood and Willamson suggested that the real contact area is proportional to the 

applied load for asperities deformed elastically. However, Bowden and Tabor theories are 

widely accepted for the case of metals and ceramics [2]. 
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2.4.2  Friction Transitions During Sliding 

Friction and wear behavior during sliding can be influenced by the changes in the 

conditions of sliding surfaces. Sliding process goes through the different stages of 

transitions such as run-in, break-in, or wearing-in stages as shown in the Figure 2.2. 

Generally, the friction coefficient stabilizes until it reaches steady-state sliding [2].  

Figure 2.2. Schematic illustration of different stages of friction [2]. 

Typically, after a period of time, friction may behave in several fashions as shown in 

Figure 2.3:  
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1. The friction may stay at its initial value for some time and then climb to another

steady-state value

2. After staying at its initial value for some time, it might first rise to a higher value

then drop down at a lower value (but still higher than that of initiating)

3. It can maximize to a high value, settle down at this value, decrease to a lower

value, and climb up to a high value.

Figure 2.3. Schematic illustration of several fashions of friction [2]. 
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2.5  Wear 

Wear can be defined as gradual removal of the surface’s mass due to mechanical 

actions (which are caused by relative motion between two mating surfaces such as 

sliding, rolling, and impacting) or chemical factors, like oxidative and corrosive agents in 

the presence of frictional heating, which accelerates the process [2]–[4].  

2.5.1 Types of Wear 

According to the literature, wear can be classified into five common types in terms 

of physical mechanisms [2]–[4]:  

1. Adhesive wear

2. Abrasive wear

3. Fatigue wear

4. Chemical wear

5. Sliding wear

Adhesive wear is one of the most prevalent wear mechanisms, and it takes place 

at the interface between two mating surfaces as a result of adhesion of the contacting 

asperities of both surfaces resulting in the generation of a junction. In addition, fragments 

can be formed within the sliding surfaces due to shearing effect [21]. Metallic alloys form 

strong adhesive contacts/junction growth during tribological contacts, thus adhesive wear 

is expected to be one of the main wear modes when sliding on HEAs. 
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Abrasive wear takes place when two surfaces are sheared against each other. As 

a result, the asperities of the harder substance penetrate into the subsurface of the softer 

material leading to the removal of the surface mass due to any kind of plastic deformation 

and creation of loose particles as well as grooves on the wear surface. Abrasion can be 

subdivided into two-body abrasion (such as filing process) and three-body abrasion (such 

as polishing process) [4].  Abrasive wear is also expected to be a main wear mechanism 

in HEA sliding contacts. 

 Fatigue wear can be observed during repeated sliding conditions. When the same 

volume of asperities are exposed to loading and unloading cycles, the maximum frictional 

stresses will generate close to the surface, and the subsurface cracks will be induced and 

lead to the breakup of the surface especially in the brittle materials [2], [3].  Fatigue wear 

is more common in rolling contact fatigue for example in rolling element bearings.  

Chemical wear exists when the shearing action occurs in corrosive or oxidative 

environments. Thus, the surface layer will be removed due to the rubbing action with the 

help of corrosive agents that accelerate the removal process and eventually the failure 

takes place where a chemical reaction occurs resulting in the removal of material [2]. 

Sliding wear is a common kind of wear. It is developed by sliding of one 

surface with respect to another one. The conditions of the surface determine the sliding 

wear behavior as follows: 

1. Metallic surfaces are usually covered with oxide layer and absorbed gases that can

eventually wear away or form and replenish at high temperatures.

2. Ceramic surfaces can be covered by oxidation for non-oxide ceramic as well as

adsorbed gases, and
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3. Polymeric surfaces may be covered with absorbed water as well as adsorbed gases

and oils.

When mating surfaces are sliding relative to each other. Sliding can apply shear 

stresses as well as normal stresses on both contacting surfaces, which may lead to plastic 

deformation, crack initiation, crack propagation, and finally fracture of materials as in the 

case of brittle materials. However, a layer composed of wear debris and transfer film is 

generated between the contacting surfaces after a period of sliding. In addition, the wear 

rate will be determined by various parameters such as the temperature, vibration of the 

contacting bodies, environmental conditions, and many other parameters. The Pin-on-

disk (POD) tribometer is a common tool which is used to evaluate sliding wear rate and 

friction coefficient of materials under different contact conditions. A pin or ball of several 

materials can be utilized to slide on the surface of a rotating disk. Many parameters can 

be adjusted to conduct the pin-on-disk wear test, such as Sliding speed, sliding distance, 

applied load, lubrication condition, temperature, and humidity [5], [4], [1], [6]. More details 

about the configuration of the POD test will be provided in chapter 3. 

It is obvious from the explanations mentioned above that wear is a sophisticated 

and complicated phenomenon which relies on the mechanical properties of the 

substances in contact with each other as well as surrounding environment. Therefore, so 

many quantitative equations exist to calculate the wear rates of materials. Nevertheless, 

Archard’s theory [6] is widely employed to calculate the non-dimensional and dimension 

wear rates (k) in Equations (2.2) and (2.3), respectively. It can be noticed that the wear 

rate is directly proportional to, or linear to, the wear volume loss. Whereas, it is inversely 
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proportional to the hardness of the material, i.e., the harder the material the lower the 

wear loss. 

𝑉𝑉 = 𝑘𝑘.𝑊𝑊.𝑆𝑆
𝐻𝐻 ...............(2.2)

k = 𝑉𝑉𝑊𝑊.𝑆𝑆...............(2.3)

where k is the wear rate, V is the worn volume, W is the normal applied load, S is the 

sliding distance, and H is the hardness of the material. These wear rate formula have 

been widely and successfully employed in the tribology field. However, it may be 

considered invalid for specific situations, especially since wear may not be linear 

throughout the entire test, much like the friction coefficient varies as a function of sliding 

distance or time, shown in Figs. 2.2 and 2.3  [3]. 

2.6 Summary of Tribology 

Tribology is considered a multi-disciplinary field connecting scientific and 

engineering departments. It is based on the interaction among surfaces moving with 

respect to each other, such as in sliding, impacting, fretting, and rolling contacts. Many 

phenomena can be observed at the interface of contact, such as strain hardening, and 

transfer materials (tribofilms), and phase transformations in both dry and lubricated 

contacts. The occurrence of such events can influence the material’s friction, wear, and 

lubrication behavior during operation. Basically, the study of Tribology is to provide 

solutions to the problems which are of great significance, namely maintenance, reliability, 

and wear reduction of moving mechanical assemblies [7]. 
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2.7  Definition of HEAs 

 HEAs can be defined as an alloy that consists of at least five principal elements 

having atomic percentages between 5% and up to 35% in equiatomic or near-equiatomic 

ratios as well as minor elements [8]. HEAs were first explored by Cantor et al. and Yeh et 

al. independently. Since 1995, they named this new type of alloys as High Entropy Alloys 

since the configurational entropy is a maximum when the elements are in equimolar ratios 

and this entropy contributes to lowering Gibbs free energy, which helps stabilize the solid 

solution phase [9]. More recently, HEAs have also been referred to as complex 

concentrated alloys (CCAs). 

2.8  The Concept of HEAs 

Based on thermodynamics, a system attempts to lower its Gibbs free energy (G) 

under isothermal and isobaric circumstances. That means equilibrium can be obtained 

when the Gibbs energy reaches its minimum state. According to the following relationship: 

ΔGmix = ΔHmix – T ΔSmix

it can be observed that the enthalpy (H) and entropy (S) have a direct influence in 

determining the equilibrium state of a system at a specific temperature. 

According to Boltzmann’s hypothesis, for an alloy that consists of an n-element, 

the mixing configurational entropy alters from elemental to a solution state as shown in 

the formula: 

ΔSconf= R ln (n) 

R (8.31 J/K.mol) is the universal gas constant, n is the number of elements. 
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It can be concluded that the mixing entropy is directly proportional to the number of 

elements, which can be noted in Figure 2.4. Hence, mixing entropies for equimolar alloys 

having two and five elements will be 5.76 and 13.37 J/K. mole, respectively.  

Figure 2.4. The mixing entropy as a function of the number of elements for equimolar 

alloys [10]. 

According to Figure 2.4, HEAs can be designed to consist of at least 5 up to 13 

principal elements. The minimum number of five is conditional since the mixing entropy 

can overcome the mixing enthalpy at this point in most systems. In doing so, the 

establishment of solid solutions will be certain to take place in HEAs. This can be 

understood by considering the theory of uniform electron gas (UEG). It is also known that 

every mole of an ideal mono-atomic gas possesses 1.5 RT internal energy. The decrease 

of free energy enhances the formation of solid solution phases instead of intermetallic 
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compounds. Moreover, the intermetallic compounds possess a lower value of 

configuration entropy due to the ordering. The upper limit is preferred to be 13 elements 

since the curve levels off beyond 13, which suggests that a greater number of elements 

will bring a slight growth of configuration entropy 0.07 R [9], [10]. The elements’ 

concentrations should not necessarily be equimolar. However, it can be in the range of 5 

and 35 at% in order to increase the chances for more possible HEA systems. Hence, the 

criterion for making HEAs systems is that the concentration for each element must not 

exceed 50 at%, which is allowed in the case of conventional alloys. For example, steel 

alloys are predominantly iron-based. This is the key difference between HEAs and 

conventional (traditional) alloys like steel [10]. 

2.9  Multiple Principal Element Effect 

 The mixing of principal elements in equimolar ratios can result in four core effects 

on the microstructure of  HEAs, namely the high entropy effect (which can produce simple 

solid solutions rather than intermetallic compounds), severe lattice distortion (which can 

affect the mechanical, physical, and chemical properties), sluggish diffusion (which can 

promote the evolution of nanocrystalline or amorphous structures), and cocktail effects 

(which can bring new properties due to the interaction of elements with each other). The 

factors mentioned above make HEAs possess versatile properties that may be relevant 

in future applications [9], [10]. 
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2.9.1  High Entropy Effect 

It was thought that alloys that consist of different principal elements produce 

sophisticated and brittle microstructures.  Thus, investigations in this kind of 

alloys received little attention. However, this belief changed when some researchers 

prepared HEAs consisting of transition elements, which are chemically compatible as 

shown in Figure 2.5. It was determined that HEAs consist of a single phase or a few solid 

solution phases due to their high mixing entropies. It was observed that the number of 

phases present in HEA systems is far less than what is predicted by the Gibbs phase 

rule. This suggests that the mutual solubility amongst elements can be enhanced by high 

mixing entropy, which averts the formation of phase segregations or intermetallic 

compounds. Likewise, Cantor et al. observed this phenomenon in alloys composed of five 

to nine compatible elements [10], [11]. 

Figure 2.5. Five-component alloy with equiatomic proportions after and before mixing [8]. 

Considering the second law of thermodynamics, the equilibrium state has the 

lowest free energy of mixing in solids, although there are several possible meta-stable 

states. There is a competition between three possible states, namely the elemental 

phases, intermetallic compounds, amorphous phase, and solid solution phases below the 

lowest melting point of the alloy. Elemental phase is the solid-state solution consisting of 
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one metallic element. Intermetallic compound is a stoichiometric compound exhibiting 

metallic binding and ordered crystal structures. Solid solution is a mixture of two or more 

elements that coexist as new crystal lattice, body-centered cubic (BCC), face-centered 

cubic (FCC), or hexagonal close-packed (HCP) [12], [13], [14]. 

2.9.2  Lattice Distortion Effect 

Because HEAs are composed of multiple principal elements with solid solution 

phases, the concept of traditional crystal structure will be changed from single or binary 

basis to a multiple principal element basis. BCC and FCC crystal structures of five 

systems are shown in Figure 2.6.Every single atom in the HEA system will be surrounded 

by several types of neighboring atoms, which makes it suffer lattice stress and strain 

primarily due to the differences in the atomic sizes [8]. Moreover, such a multiple element 

lattice will be severely distorted since all atoms will be non-symmetrically bonded with 

different lattice parameters as depicted in Figure 2.7. In addition, an amorphous structure 

may be formed due to high lattice distortion energy which might fail to retain a crystalline 

structure. Furthermore, the mechanical, thermal, electrical, optical, and chemical 

properties of materials in both crystalline or amorphous structures can be affected by 

what is called “lattice distortion effects”[10]. Not only does lattice distortion influence 

several properties of HEAs, but also the thermal effect on properties will be decreased. 

Also, hardness and strength of alloys improve due to large solution hardening in the 

severely distorted lattice. For instance, it was reported that Vickers hardness of FCC 

equiatomic as-homogenized CoCrFeMnNi alloy is 1192MPa, which is higher than 

864MPa of alloy prepared by the mixture rule. In addition, hardness value of BCC 
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equiatomic MoNbTaVW high entropy alloy is 5250 MPa, which is three times higher than 

that obtained by the mixture rule. It should be noted that FCC alloys exhibit smaller solid 

solution hardening than BCC alloys. This can be explained due to the fact that FCC 

structures possess 12 nearest neighbors while BCC ones have only 8 nearest neighbors. 

Therefore, the slip systems for BCC structures will be lower than that of FCC structures 

[10]. 

Figure 2.6. Schematic illustration of (a) BCC and (b) FCC HEA crystal structures with 

five major elements[10]. 
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Figure 2.7. Schematic illustration demonstrating severe lattice distortion in the five-

component BCC lattice HEA structure [8]. 

2.9.3  Sluggish Diffusion Effect 

According to theories on phase transformations, new phases can be formed if 

cooperative diffusion of several types of atoms occurs in order to achieve the equilibrium 

portioning [8]. In HEAs, the effective diffusion rate will be limited due to the lattice 

distortion that prevents the movements of atoms. Therefore, in conventionally cast HEAs, 

nano-precipitates in the matrix are often observed due to the slow kinetics [10]. HEAs can 

be employed as diffusion barrier coatings because of the sluggish diffusion phenomenon 

that has a great influence on phase nucleation, phase growth, and distribution [9]. In 

addition, it was noticed by researchers that when the number of elements is increased, a 

nanocrystalline or even amorphous structure will be formed. Thus, this can be exploited 

to improve the mechanical, physical, and chemical properties of the alloys. 
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2.9.4  Cocktail Effects 

HEAs can be considered as an atomic-scale composite because they are 

composed of multiple principal elements. As a result, they demonstrate a composite 

feature which results in interactions amongst elements.  In addition, the various elements 

impose an indirect effect on the microstructure of HEAs. For instance, the overall density 

will be decreased if elements present in the alloy are light. Moreover, the oxidation 

resistance at elevated temperatures can be increased if more oxidation-resistant 

elements, such as Al, Cr, and Si, are employed. If elements such as Al and Ti, which have 

strong bonding with the other elements, such as Co, Cr, Cu, and Ni, are added, the 

strength and hardness will be improved due to the formation of a BCC phase that 

possesses great strength and hardness, as mentioned in the previous section. Figure 2.8 

presents the improvements in mechanical properties with increasing Al content in the 

AlxCoCrFeNi high entropy alloy. It is worth noting that Aluminum in this alloy played a 

similar role as carbon in steels in spite of differences in their strengthening mechanisms 

[10], [15]. 
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Figure 2.8. Plot showing the effects of Aluminum on the hardness and crystal structure 

evolution in AlxCoCrFeNi high entropy alloy [16]. 

2.10  Crystal Structure of Simple Solid Solution Phases 

 A possible question may be asked: what will the crystal structure of HEAs be when 

crystallization occurs? So many theories have been proposed to predict the phase 

selection rules for HEAs systems. However, Guo et al. proposed valence electron 

concentration (VEC) theory to quantitatively predict the formation of FCC or BCC crystal 

structures in high entropy alloys [9]. For a multiple component alloy, VEC can be 

calculated as the weighted average of the elements present in the alloy as given in 

Equation 2.4. 

VEC= ∑ 𝑐𝑐𝑐𝑐(𝑉𝑉𝑉𝑉𝑉𝑉)𝑐𝑐𝑛𝑛
𝑖𝑖=1  ……..2.4 
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where VEC is for individual element given in table 2.1 [17]. An example calculation of 

VEC is as follows [18]: 

Guo classified the phases formation into three criteria as follows: 

1. At VEC ≥ 8, only FCC phase forms.

2. At VEC ≤ 6.87, only BCC phase forms.

3. At 6.87≤VEC<8, both FCC and BCC phases present together.

Guo’s proposal is applicable for most HEA systems. It was found that the elements 

employed in the alloy have nearly identical atomic radii. The VEC will be the decisive 

factor in determining the phase stability in HEAs. In addition, Guo pointed to two issues 

to be taken into consideration. First, the ranges of VEC for several phases may be 

overlapped, and this relies on the alloy components. Second, the phases for alloys in the 

as-cast case can be considered as metastable phases and not in thermodynamic 

equilibrium [17]. 

Table 2.1. Physiochemical properties for commonly elements employed in HEAs systems 

[17]. 

Element Atomic Radius (Å) Electronegativity VEC 

Al 1.432 1.61 3 

B 0.820 2.04 3 
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C 0.773 2.55 4 

Co 1.251 1.88 9 

Cr 1.249 1.66 6 

Cu 1.28 1.90 11 

Fe 1.241 1.83 8 

Mn 1.350 1.55 7 

Mo 1.363 2.16 6 

Nb 1.429 1.6 5 

Ni 1.246 1.91 10 

Ta 1.430 1.50 5 

Ti 1.462 1.54 4 

V 1.316 1.63 5 

W 1.367 2.36 6 

2.11  High Entropy Alloys Research and Applications 

Over the past decade, the investigations and research achieved in the field of HEAs 

can be outlined in the following summary which was reported by Yeh [10]: 

1. New HEAs containing different equimolar elements have been prepared by

replacing or adding one new element in sequential manner. As a result, the gap

between traditional alloys and HEAs will be filled. Moreover, several effects such
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as the number of elements, binding energy, and atomic size on microstructure, 

strength, hardness, electrical resistivity, and magnetic and thermal properties will 

be effectively comprehended. In addition, new methods and techniques are 

employed to synthesize HEAs, including arc-melting and solidifying in copper 

molds, magnetron sputter deposition, mechanical alloying,  Laser Engineered Net 

Shaping (LENS) and in combination with molecular dynamics simulations [19], 

[20], [21]. 

2. Many studies have been performed on the phase transformation, solidification,

deformation mechanism, aging and annealing behavior, and mechanical

properties (including tension and compression properties) [22], [23], [24].

3. For some HEA alloy systems, phase diagrams have been developed. For instance,

the phase diagram for AlCoCrCu0.5FeNi high entropy alloy has been constructed

for each variation of elements present in the alloy such as Al, Co, Cr, Fe, and Ni.

Moreover, BCC and FCC phases were found to exist in the phase diagrams [25],

[26], [27].

4. Also, the welding, chemical, and electrochemical behaviors of HEAs have been

studied by researchers with application of different potentials [28].

5. The thermodynamic, diffusion, and kinetics mechanisms of HEAs have been

investigated extensively.  In addition, activation energies are determined for grain

growth, recrystallization, and precipitation in several HEAs systems [29], [30], [31].

6. The nitriding of HEAs has been reported as well. The wear resistance of some high

entropy alloys can be increased by nitriding treatment. It was found that the surface

modifications and properties are better than those of nitrided steels [32], [33].
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7. Several HEAs with improved wear and oxidation resistance have been developed

for different applications such as thermoelectric and microwave absorption,

thermally sprayed coatings, and hydrogen storage HEAs [34], [35], [36], [37].

8. Some research has been conducted on the magnetic properties of HEA films.

Many compositions and mixtures have been investigated. Yeh reported that

excellent magnetic properties and high electrical resistivity can be achieved.

Therefore, the developed magnetic HEAs films can be used as high-frequency

communication inductors [38], [39].

9. Some research has been conducted on the room temperature abrasive and

adhesive sliding wear behavior and their mechanisms in HEAs. Improvements in

wear could be obtained for different compositions [40], [41].

Wear is an important factor in many industrial and engineering applications and 

machinery. Most available literature on wear of HEAs is quite limited. In addition, most 

published investigations have been performed under abrasive wear conditions [41]. 

Therefore, in the present work an attempt has been made to study the sliding friction and 

wear properties of five different HEAs. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURES AND METHODS 

3.1 Fabrication and Preparation of Specimens 

All specimens were synthesized by arc melting and casting route. A mixture of raw 

metals with purities higher than 99.9 wt.% were melted in an Argon atmosphere for at 

least 5 times to ensure the chemical homogeneity of the raw materials in their liquid state. 

Eventually, melted ingots were dropped in copper mold. Then, the ingots were cut by 

electrical discharge machining (EDM). The specimens were mounted with Bakelite [1]. 

The specimen’s names and compositions are given in Table 3.1. 

Table 3.1. Alloy specimen name and compositions. 

Specimens Name Composition Notation 

Alloy 1 Co0.5 Cr Cu0.5 Fe Ni1.5 Al Ti0.4 

Alloy 2 Co Cr Fe Ni Al0.25 Ti0.75 

Alloy 3 68.03Ti,13.46Nb, 5.39 Cr ,5.71Co ,7.41Al 

Alloy 4 Equiatomic_Ti V Nb Cr Al 

Alloy 5 Al0.3 Co Cr Fe Ni 

Alloy 6 Al0.3 Cu Cr Fe Ni2 
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The grinding procedures were as follows: 

1. #120 sand paper is used first until the surface becomes even.

2. #240 sand paper.

3. #400 sand paper.

4. #800 sand paper.

5. #1200 sand paper.

The polishing procedures were as follows: 

1. Diamond paste (1µm) for 10 minutes.

2. Al2O3 (0.3µm) for 10 minutes.

3. SiO2 colloidal silica (0.04µm) for at least 30 minutes until mirror-like surface is

obtained.

3.2 Characterization Techniques 

3.2.1 X-Ray Diffraction (XRD) 

X-ray diffraction was employed to identify the phases and crystal structure in 

HEAs for all fabrication conditions. A Rigaku Ultima III diffractometer was utilized in 

normal incidence mode. Scans were done between 20 to 90° 2Θ, omega and settings 

were kept at 50 incident angle, 0.05 step size, 2 degree/minute scan speed, 5° incident 

side soller sit, 5° receiving soller slit, 5-mm divergence height slit, all attenuators were 

opened. The data collected was then analyzed by using Jade v9.0 software and 

compared to known powder diffraction files (PDF) for the phases[2]. 
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3.2.2 Vickers Micro-Hardness Testing 

Micro hardness measurements were performed on HEAs samples.  Shimadzu 

Vickers hardness tester was employed to acquire the surfaces hardness. The tests were 

performed in laboratory environment. Measurements were taken into the surface at 

different locations to get more accurate profiling. Normal load of 9.807 N was used for all 

specimens, at an acquisition time of 10 seconds. The Vickers hardness number (HV) can 

be obtained by the following expression: 

𝐻𝐻𝑉𝑉 =
𝐹𝐹
𝐴𝐴

=
1.8544𝐹𝐹
𝑑𝑑^2 

where F is normal load in (kgf), A is area in (mm2), and d is the average length of the 

diagonal left by the indenter in millimeters. The corresponding units of HV are kilograms-

force per square millimeter (kgf/mm²) [3]. 

3.2.3 Pin on Disk Tribometer 

A Falex ISC – 200 (Falex corporation) pin on disk high temperature tribometer was 

utilized to measure the coefficient of friction (COF) at laboratory (lab air ~ 40% relative 

humidity) and elevated temperatures. The HEAs specimens were tested in unidirectional 

sliding against silicon nitride Si3N4 ball counterfaces of 3.175 mm (1/8 in) diameter and 

hardness (22 GPa). A hanging weight of 50 g was used. The load on the Si3N4 ball was 

half the applied load,i.e., 25 g (0.25 N). Based on these values, the initial maximum 

Hertzian contact stress is ~0.6 GPa. Before each test, the Si3N4 ball was cleaned with 

acetone and blown with compressed air to obtain a grease-free surface. To achieve a 

constant linear speed of 8.5 mm/s for all tests, the revolutions per minute were adjusted 

36



with the change in radius. The total sliding distance was 200m for all tests. Two 

measurements were made for each condition for repeatability purposes. The coefficient 

of friction (µ) can be calculated by dividing the lateral load, which can be measured by 

strain gauge transducer, by the normal load. After each test, the worn surfaces on the 

HEAs samples and the Si3N4 ball were analyzed by an optical microscope and a stylus 

surface profilometer (Veeco Dektak 150 Profilometer). At least eight profilometry traces 

were taken across each wear scar to get the cross sectional worn area. The wear factor 

/ rate, which can be calculated by Archard’s equation [4] expressed in Eq. 2.3, is the 

removed volume loss divided by the applied load and the total sliding distance. The 

volume loss can be calculated by multiplying the area of the worn surface by the 

circumference of the circular wear track assuming uniform wear.   

3.2.4 Scanning Electron Microscopy (SEM) 

An FEI-Nova 200 dual beam scanning electron microscope/focused ion beam 

(SEM/FIB) system was employed to take images of the well-polished surfaces 

of specimens. In addition, images inside the wear tracks were taken after sliding 

wear to determine the microstructural evolution during frictional process. The ion 

beam was operated at 5 kV with an emission current of 1.6 nA [8]. 

3.2.5 Optical Microscopy 

A Zeiss lab. A1(Axiocam 105 color) optical microscope was employed to obtain 

the images of the pin surfaces and the wear tracks at 10X, 20X, and 50X magnifications 

after wear testing. The images were processed by Zen software. 
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3.2.6 Raman spectroscopy 

The metal oxide phase structure inside wear tracks was determined by micro-

Raman spectroscopy (Thermo Electron Almega XR dispersive Raman spectrometer) 

using a 532 nm excitation wavelength and ~ 1 μm spot size.  Raman spectra were 

obtained at a laser power density of 25 mW/μm2; at this power density no changes in the 

spectra or changes in surface appearance due to laser heating were observed.  Four 

spectra were collected at each sample location and averaged with acquisition times of 10 

s per spectra.  Raman shifts were measured over a frequency range from 200 to 1000 

cm-1, with 2 cm-1 resolution. 
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 CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 XRD and Microstructure Analyses 

4.1.1 Alloy 1- Co0.5CrCo0.5FeNi1.5AlTi0.4 

The as-solidified Co0.5CrCu0.5FeNi1.5AlTi0.4 high entropy alloy was prepared by 

conventional arc-melting. The XRD pattern shown in Figure 4.1 shows that the alloy 

consists of two ordered and disordered BCC phases with FCC phase of Cu-rich region. 

Figure 4.2 shows an SEM micrograph of the alloy. It has been reported that this HEA 

exhibits lamellar-like morphologies consisting of white and dark areas with white contrast 

for ordered Heusler L21 phase, referred to as (α) that with Cu-rich precipitates, and darker 

contrast attributed to disordered (β) BCC phase. The chemical composition listed in Table 

4.1 discloses that ordered L21 phase is rich in Al, Ti, and Ni. Whereas, the disordered β 

phase is rich in Fe and Cr[1].  In the literature about such an alloy, F.J. Wang et al.[2] 

pointed out that the Ti0.5CrFeCoNiAlxCu1-x high entropy alloy possesses two BCC 

phases when the Al content is higher than 0.7, which is consistent with what was found 

by D. Choudhuri et al. In addition, X.W. Qiu reported the existence of two BCC phases 

with Laves intermetallic compound [3]. Moreover, Yu-Liang Chena stated that as-cast 

Cu0.5NiAlCoCrFeTi high entropy alloy consists of two BCC phases with small peaks 

correspond to an FCC phase [4]. This is very close to what was reported by D. Choudhuri 

et al. By using the VEC values of individual elements given in Table 2.1, the calculated 

VEC value for alloy 1 is 7.38, which means the alloy should contain mixed BCC and FCC 

according to Guo’s proposal [5], and this is consistent with the finding of Choudhuri et al. 
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Figure 4.1. XRD pattern of Co0.5CrCu0.5FeNi1.5AlTi0.4 high entropy alloy 1. 
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Figure 4.2. Representative SEM image of Co0.5CrCu0.5FeNi1.5AlTi0.4 high entropy 

alloy. 

Table 4.1. Chemical composition in at. % of phases present in alloy 1 [1]. 

phase Ni Al Ti Fe Cr Co Cu 

L21(α) 38.8 23.4 11.5 7.9 1.9 11.1 5.4 

β 4.0 0.4 1.3 37.5 46.3 8.9 0.5 

Cu- 

precipitates 

2.3 1.0 0.1 0.2 0.1 0.1 96.4 
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4.1.2 Alloy 2 -CoCr Fe Ni Al0.25 Ti0.75 

The XRD pattern given in Figure 4.3 shows set of peaks for two BCC phases 

referred to as 1 and 2, ordered BCC, FCC, and a large lattice constant intermetallic 

compound which is likely either a σ or χ phase. Figure 4.4. presents the back scattered 

SEM micrographs of CoCr Fe Ni Al0.25 Ti0.75 high entropy alloy. It consists of three 

contrasted regions, namely dark, white, and gray. Table 4.2 shows that the dark region 

indicates the presence BCC, and this region is rich in Ti, Ni and Al. It is possible this is 

L21 phase, as in HEA 1.  In addition, the white region is rich in Fe and Cr, and is likely a 

σ or χ phase (with larger lattice parameter) that are common in Fe-Cr steels. Moreover, 

BCC and FCC phases are embedded in these regions as well. Whereas the grayish 

region consists of BCC matrix composed of irregular and needle-like morphologies having 

BCC crystal structure. Zhang et al.[6] reported that CoCrFeNiTiAlx (x= 0.5) high-entropy 

alloy consists of FeCr-based BCC and NiAl-based BCC solid solutions with CoTi and FeTi 

as minor phases. Moreover, it was stated that CoCrFeNiTiAlx high-entropy alloy contains 

two BCC solid solutions with a Laves phase determined as FeTi type[7].  By applying the 

VEC values of individual elements given in Table 2.1, the calculated VEC value for alloy 

2 is 7.35, which means the alloy should contain mixed BCC and FCC according to Guo’s 

proposal [5], and this is consistent with XRD findings. 
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Figure 4.3. XRD pattern of CoCr Fe Ni Al0.25 Ti0.75 high entropy alloy 2. 
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Figure 4.4. SEM images of CoCr Fe Ni Al0.25 Ti0.75 high entropy alloy showing the 

different regions. 

Table 4.2. Presents the chemical compositions in at. % of the phases present in alloy 2. 

Phase Al Ti Cr Fe Co Ni 

Dark 22.04 18.14 6.27 8.90 22.25 22.40 

Gray 9.46 16.98 12.36 15.94 22.36 22.90 

White 2.01 15.07 21.37 22.62 22.41 16.52 

4.1.3 Alloy 3- Ti Nb Cr Co Al 

Alloy 3 was chosen to contain predominately Ti and Nb to compare it with HEAs 1 

and 2 which have Ti and can stabilize the BCC β-Ti phase. Moreover, it contains Nb, a β-

stabilizer which is present in HEA 4. Therefore, conventional alloy 3 will be a good 

comparison between these three HEAs. Figure 4.5. shows XRD patterns of the Ti Nb Cr 

Co Al conventional alloy measured at room temperature. As can be observed there is a 

clear peak of (β) BCC phase that was detected at ambient temperature. In addition, the 

backscattered SEM image given in Figure 4.6 demonstrates dendritic morphologies. The 

chemical composition of the alloy is given in Table 4.3. It can be noted that Ti is the 

predominant element followed by Nb in this alloy. Inamura et al. mentioned that the Ti- 

24 mol%Nb-3 mole% Al possesses a single BCC phase at ambient temperature. 

However, it was found that Ti-18 mol%Nb-3 mole% Al and Ti-20 mol%Nb-3 mole %Al 
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alloys possessed martensitic phase of C-centered orthorhombic at room temperature 

[8].By applying the VEC values of individual elements given in Table 2.1, the calculated 

VEC value for alloy 3 is 4.34, which means the alloy should contain single phase 

according to Guo’s proposal [5], and this is consistent with XRD findings. 

Table 4.3. Presents chemical composition in at. % of conventional alloy 3. 

element Al Nb Ti Cr Co 

At.% 7.87 12.46 68.28 5.20 6.19 

Figure 4.5. XRD pattern of the Ti Nb Cr Co Al conventional alloy 3. 
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Figure 4.6. SEM image of the Ti Nb Cr Co Al conventional alloy 3. 
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4.1.4 Alloy 4- Ti V Nb Cr Al 

Figure 4.7. presents the XRD pattern of the as cast Ti V Nb Cr Al high entropy 

alloy. Only one set of peaks corresponding to either single phase of B2 structure or 

mixture of B2 and BCC can be detected. SEM image given in Figure 4.8 shows that the 

alloy comprises dendritic and interdendritic morphologies. The chemical compositions 

calculated from the EDS results are listed in Table 4.4.N.D. Stepanov et al. mentioned 

that the AlNbTiV high entropy alloy possesses one BCC phase with dendritic 

microstructure. The dendritic regions were rich in Nb (24.8 at. %), whereas Al (27.6 at. 

%) enriched the interdendritic region. The formation of single solid solution rather than 

intermetallic compounds in AlNbTiV high entropy alloy was attributed to the valence 

electron concentration (VEC) theory. It was found that VEC= 4.25 < 6.87 is required for 

the formation of solid solution ion the AlNbTiV high entropy alloy [9].In addition, Senkov 

reported that NbTiVZr alloy has a single (A2) BCC solid solution with lattice constant 

around 332.5 pm, and the alloy contains large grains. However, CrNbTiVZr and CrNbTiZr 

alloys consisted of BCC and Laves phases [10].By applying the VEC values of individual 

elements given in Table 2.1, the calculated VEC value for alloy 4 is 4.6, which means the 

alloy should contain single phase according to Guo’s proposal [5], and this is consistent 

with XRD findings. Therefore, there is only one BCC solid solution and no existence for 

intermetallic compounds. 
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Figure 4.7. XRD pattern of Ti V Nb Cr Al high entropy alloy 4. 

Table 4.4. Chemical composition in at. % of Ti V Nb Cr Al high entropy alloy 4. 

Element Al Nb Ti V Cr 

At.% 21.65 18.68 18.88 20.05 20.75 
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Figure 4.8. SEM image of Ti V Nb Cr Al high entropy alloy 4. 
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4.1.5 Alloy 5 

Mechanical and physical properties of alloys like AlxCoCrFeNi high-entropy alloy, 

such as electrical, magnetic, and thermal have been studied extensively in the literature 

[11]. However, the tribological properties have been rarely reported. Figure 4.9 presents 

the room temperature high resolution x-ray diffraction pattern of the as-cast 

Al0.3_Co_Cr_Fe_Ni high entropy alloy. It can be noticed that there is one set of peaks, 

which demonstrates FCC single solid solution crystal structure. Figure 4.10 and Table 4.5 

depict the microstructure and the corresponding EDS chemical composition. The 

Al0.3_Co_Cr_Fe_Ni high entropy alloy possesses a columnar cell microstructure of face-

centered cubic crystal structure. Wang et al. reported that the as-cast 

Al0.3_Co_Cr_Fe_Ni high entropy possesses an FCC phase with columnar microstructure 

[12]. Kaoa et al. also showed that the Al0.37_Co_Cr_Fe_Ni has FCC crystal structure 

[11]. Shun et al. pointed out that Al0.3_Co_Cr_Fe_Ni high entropy alloy possesses a 

crystal structure with a grain size average about 350 µm. Moreover, they stated that this 

alloy has L12 ordered structure. High mixing entropy and sluggish effects, which decrease 

the Gibbs energy and develop a solid solution rather than intermetallic compounds, were 

thought to be the reasons behind the formation of single solid solution instead of 

intermetallic compounds in such alloys [13]. 

Tables 4.5 shows the chemical composition of Al0.3_Co_Cr_Fe_Ni high entropy 

alloy. Many researchers reported some information about this alloy. Y. Zhang et al.[14] 

reported that the AlCoCrFeNi high entropy alloy has a BCC crystal structure. They 

attributed the result to the high Al content which is considered as BCC stabilizer. They 

studied the mechanical properties for this alloy. C. Li et al. studied the effect of Al 
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increment on the properties of AlCoCrFeNi high entropy alloy. They also stated that Al is 

a BCC former and a good improver of mechanical properties [15].By applying the VEC 

values of individual elements given in Table 2.1, the calculated VEC value for alloy 5 is 

7.88, which means the alloy should contain mixed BCC and FCC according to Guo’s 

proposal [5]. However, alloy 5 contains single FCC phase and this conflicts with Guo’s 

proposal. However, Guo [5] pointed to the issue regarding the phases for as-cast alloys 

which can be considered as metastable phases and are not in thermodynamic 

equilibrium, and the present alloy is as-cast alloy. 

Figure 4.9. XRD pattern of Al0.3 Co Cr Fe Ni high entropy alloy 5. 
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Figure 4.10. SEM image of the as cast Al0.3 Co Cr Fe Ni high entropy alloy 5. 

Table 4.5. Chemical composition in at. % of as cast Al0.3 Co Cr Fe Ni high entropy alloy 

5. 

Elements Al Cr Fe Co Ni 

At. % 6.64 22.98 22.52 22.40 25.47 
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4.1.6 Alloy 6 

The high resolution XRD patterns for the Al0.3CrCuFeNi2 high entropy alloy is 

given in Figure 4.11. FCC-type solid solutions appeared solely. Figure 4.12 shows the 

SEM of as-cast alloy. Moreover, the chemical compositions calculated from the EDS 

results are listed in Table 4.6. Guo [5] pointed out that the AlxCrCuFeNi2(x < 0.7) high 

entropy alloy has only FCC solid solution. The Al0.5CrCuFeNi2alloy exhibits a dendritic 

structure. The dendritic region is rich in Cr and Fe. Whereas, the interdendritic regions 

contain Cu. The SEM showed two phases. While the XRD pattern presented one set of 

FCC peaks. The discrepancy between the XRD and the SEM microstructure was 

explained by suggesting that both the interdendritic and dendritic regions retained an FCC 

phase with high closeness in the lattice constants [16]. As in Alloy 5, Alloy 6 exhibits FCC 

ordered structure.  Ng stated that in the Al0.5CrCuFeNi2 high entropy alloy FCC phase 

was detected only. However, two disordered FCC phases were observed with very close 

lattice parameters approximately 3.59Å, which led to overlapping in the XRD pattern. 

Moreover, the two phases exhibited a different corrosion performance [17]. Bharat et al. 

mentioned that the Al0.3CrCuFeNi2 high entropy alloy has FCC-type solid solution at 

ambient temperature. From thermodynamic point of view, the mixing enthalpy overcomes 

and leads to decomposition in the matrix to form two phases [18].By applying the VEC 

values of individual elements given in Table 2.1, the calculated VEC value for alloy 6 is 

8.6, which means the alloy should contain single phase according to Guo’s proposal [5], 

and this is consistent with XRD findings. 
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Figure 4.11. XRD pattern of Al0.3 Cu Cr Fe Ni2 high entropy alloy 6. 

Table 4.6. Chemical composition (at. %) of as cast Al0.3 Cu Cr Fe Ni2 high entropy alloy. 

Elements Al Cr Fe Cu Ni 

At. % 5.69 18.52 17.67 19.47 38.65 
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Figure 4.12. SEM image of alloy 6-Al0.3 Cu Cr Fe Ni2. 
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4.2 Microhardness Analysis 

4.2.1 Alloy 1 

The hardness distribution profiles of Alloy1_Co0.5 Cr Cu0.5 Fe Ni1.5 Al1Ti0.4 is 

shown in Figure 4.13. The hardness distribution curves show three regions, 

corresponding to the sample area of the highest hardness area, medium hardness zone, 

and the lower hardness area, respectively. The surface microhardness of Alloy 1is up to 

626± 10HV. The likely reasons behind the increase can be attributed to the Ti content, 

which is greater than 0.4, and has been reported to increase the surface microhardness 

because of the formation of BCC, which increases the hardness and wear resistance 

[19].Therefore, the hardness value is quite high because of the BCC structure, which 

possesses a higher hardness than FCC structures[1].It was reported that the alloy 

Al2CrFeCoCuTiNix has a surface microhardness about 1102HV, which is 4 times higher 

than that of Q235 steel. The reason is the differences in the atomic radii of the elements, 

which result in distortion in the lattice, which in turn enhances the strengthening by solid 

solution effects[20]. With the increase of the Ni and Al contents, the hardness tended to 

increase. The reason is that the microhardness of FCC crystal structure is lower than 

BCC crystal structure. With the increase of Ni and Al contents, the content of BCC crystal 

structure increases in the alloys, so the hardness increased[20], [21]. 

4.2.2 Alloy 2 

For Alloy 2_ Co Cr Fe Ni Al0.25 Ti0.75 high entropy alloy, as mentioned in the 

previous section, the crystal structure consists of BCC and FCC along with intermetallic 

compounds, which gives the alloy very high hardness averaged to be about 866±22 as it 

57



can be seen from the Vickers hardness profile in Figure 4.14. However, it is so hard that 

it possesses brittle structure due to the ordering of BCC phases [16]. 

Table 4.7 lists the atomic radii for the element utilized in casting Alloys 2 and 3. 

The table states that Ni, Cu, Cr, Co, and Fe possess similar atomic sizes ranging between 

1.25 to 1.27 Å. In addition, it shows that Al and Ti have similar atomic radii as well, which 

are 1.46 and 1.43Å, respectively. Hence, the alloys have two levels of sizes. The ones 

with small sizes can be treated as solvents, whereas the others with larger sizes can be 

treated as solutes[22]. 

Table 4.7. Atomic radii of the elements employed in the Alloys1 and 2 [23]. 

element Ti Fe Co Cr Cu Al Ni 

Atomic 

radius(Å) 

1.46 1.26 1.25 1.27 1.24 1.43 1.24 
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Figure 4.13. Vickers microhardness profile along the surface of Alloy1 Co0.5 Cr Cu0.5 

Fe Ni1.5 Al1Ti0.4 

Figure 4.14. Vickers microhardness profile along the surface of Alloy2_ Co Cr Fe Ni 

Al0.25 Ti0.75 

4.2.3 Alloy 3 

Figure 4.15 presents the Vickers microhardness profile of the surface of as-cast Ti 

Nb Cr Co Al conventional alloy. The averaged hardness value is about 364 ± 23 HV. The 

maximum value is 400 HV. Whereas, the minimum value is 300. This can be attributed to 

the distribution of elements within the alloy due to the differences in their melting points. 

It was reported that the microhardness of CoCrCuFeNb reaches 350 HV. They attributed 

the reason behind that to the large atomic radius (145 pm) of Nb, which leads to lattice 

distortion, which in turn enhances the strength of the alloy [24]. Moreover, it was stated 
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that Nb lowers the oxygen solubility in the alloy. Hence, it constrained the internal 

oxidation of the alloy [25]. In addition, da Rocha et al.[26] reported that the Vickers 

microhardness of Ti-6Al-4V was 340 ± 6 HV before the heat treatment processes. The 

alloy showed a high ductility, and this was stated by da Rocha et al. as well. 

Figure 4.15. Vickers micro-hardness profile of Ti Nb Cr Co Al conventional alloy 3 

4.2.4 Alloy 4 

Figure 4.16 shows the Vickers microhardness profile of Alloy 4_ Ti Nb Cr V Al. The 

alloy consists of almost equiatomic elements as listed in Table 4.8. The alloy has single 

BCC solid solution. It possesses a good Vickers hardness around 560 ± 9 HV. The high 

hardness value can be attributed to the Al, which is a good stabilizer of BCC crystal 

structure [27]. The alloy has  mechanical properties close to those of Al Nb Ti V, which 

had a Vickers hardness of 4315 MPa (440 HV) [9]. Al effect on mechanical properties 

was studied on alloys AlMo0.5NbTa0.5TiZr andAl0.5NbTa0.8Ti1.5V0.2Zr, which have 

approximate structure to alloy 4. The Al-containing alloy exhibited a higher strength at 
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ambient temperature than alloys with no Al content [28].The alloy has poor ductility, and 

this can be attributed to the Al content, which proved to increase the strength as well as 

reduce the ductility of Al-containing alloys [9]. 

Figure 4.16. Vickers micro-hardness profile of Ti Nb Cr V Al high entropy alloy 4. 

Table 4.8. Presents atomic radii of elements used alloy 4. 

element Ti Nb Cr Al V 

Atomic 

radius(Å) 

1.46 1.45 1.27 1.43 1.34 

4.2.5 Alloys 5 and 6 

Figures 4.17 and 4.18 show the Vickers microhardness profiles of as-cast alloys Alloy 

5_Al0.3CoCrFeNi and Alloy 6_Al0.3CoCrFeNi2. The averaged Vickers microhardness 

values for alloy 5 and 6 are about 131±2 HV and 140±5, respectively. They have crystal 
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structure with no compositional segregation [13]. L12 nanoparticles were revealed within 

matrix for alloy 5 [13]. Both alloys are composed of elements with approximately the same 

atomic size except Al, which has greater atomic size as shown in Table 4.9. The crystal 

structure of both alloys is single FCC solid solution, which possesses a lower hardness 

and strength than BCC crystal structures because of the following reasons [19]: 

1. The slip along the {111} planes in FCC structures is easier than that along {110}

planes in BCC structures, which are denser and do not allow for dislocation

motions.

2. In BCC phases, there is a combination among strong binding elements such as Al

with high melting points, ones such as Cr and Ti, which lead to an increase in the

elastic modulus of the phase.

3. In BCC phases, the nano-spaced spinodal structures that result from the spinodal

decomposition may contribute to nano-composite strengthening effects.

Moreover, it can be seen that alloy(Ni2) is slightly harder than alloy(Ni), which can be 

attributed to the higher nickel content in alloy 6 (Ni2), which proved to increase the 

hardness and strength of high entropy alloys [20]. 
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Figure 4.17. Vickers micro-hardness profile of alloy 5- Al0.3CoCrFeNi 

Figure 4.18. Vickers micro-hardness profile of alloy 6- Al0.3CoCrFeNi2 

Table 4.9. Atomic radii of the elements employed in the alloys 5 and 6 [23]. 

Element Fe Co Cr Cu Al Ni 

Atomic 

radius(Å) 

1.26 1.25 1.27 1.24 1.43 1.24 
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4.3 Tribological Behavior 

The HEAs samples were tested for tribological performance using the 

aforementioned Pin-On-Disk sliding tribometer under 50 gram normal load and room 

temperature, 100°C, or 300°C conditions. A schematic of the sliding interface is shown in 

Figure 4.19. At least two replicate tests were conducted for each alloy. Each replicate test 

was set to run 200 m sliding distance and to terminate if the coefficient of friction 

(COF)=F/L reached a value of 3.5. All tests were run at a constant linear speed of 0.85 

cm/s. A typical friction curve showing possible transitions is shown in Figure 4.20. 

Figure 4.19. Schematic illustration of pin sliding on surface and the transfer (third 

body) material in the contact area [29]. 
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Figure 4.20. Typical plot of friction coefficient versus sliding distance [30]. 

4.3.1 Friction Behavior at room temperature (RT) 

Figure 4.21 shows the friction curves of alloys 5 and 6. It can be observed that the 

alloys went through very smooth performance. The averaged coefficient of friction (µ) 

is approximately 0.8. Both tests underwent almost the same friction behavior in terms 

of steady state µ values and initial µ >0.6 during run-in period. These values of µ >0.6 

during run-in and µ ~0.8 during steady-state are very high friction values that are 

consistent with Si3N4 sliding on bearing steels, e.g., 440C.  The high friction behavior 

for alloys 5 and 6 is due to the FCC solid solution being soft.  However, the friction 

behavior for alloys 3 and 4 were different compared to alloys 5 and 6. Conventional 
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Ti-rich Alloy 3, as shown in the first test in Figure 4.22, the running in stage started 

with very low µ of about 0.2, but after that it behaved differently and went through 

transition states until it reached a steady state of 0.4. On the contrary, the second test 

started with high friction coefficient of 0.6, then went through transition and reached a 

steady state µ of approximately 0.55, which is slightly higher than in test one. These 

differences in friction values amongst the tests can be affected by numerous 

contributors, such as nascent oxides or wear debris that gets in the sliding contact.  In 

contrast, the friction behavior for alloy 4 was more consistent and smoother than that 

of alloy 3. The steady state µ was around 0.4, and both tests underwent nearly the 

same performance. Both Alloys 3 and 4, in particular Alloy 4, exhibited much lower µ 

values than Alloys 5 and 6 since they are more BCC/B2 ordered phases with much 

higher hardness values.  In addition, HEA 4 exhibits higher hardness than 

conventional alloy 3 due to B2 ordered microstructure.  Figure 4.23 depicts the friction 

behavior of alloys 1 and 2. As in the case of alloys 3 and 4, both alloys exhibit low 

noise with µ values. Alloy 1 in the first test reached a steady state µ of about 0.5. 

While, in the second test it reached a µ of 0.6. On the other hand, alloy 2 underwent 

a friction behavior of the same steady state µ of approximately 0.6. Therefore, based 

on RT sliding friction behavior, alloy 4 exhibited the lowest steady-state µ of ~0.4 

followed by Alloys 1 and 2 with µ~0.55-0.6, then Alloy 3 with µ~0.6 and highest µ~0.8 

for Alloys 5 and 6. 
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(A) Alloy 5, left is the first test and right is the second test. 

(B) Alloy 6, left is the first test and right is the second test. 

Figure 4.21. Friction curve of alloys 5 and 6 at RT. 
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(C) Alloy 3, left is the first test and right is the second test. 

(D) Alloy 4, left is the first test and right is the second test. 

Figure 4.22. Friction curve of alloys 3 and 4 at RT 
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(E) Alloy 1, left is the first test and right is the second test.

(F) Alloy 2, left is the first test and right is the second test.

Figure 4.23. Friction curve of alloys 3 and 4 at RT. 
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4.3.2 Friction Behavior at 100°C 

Figure 4.24 shows the friction behavior of alloys 5 and 6. For alloy 5, the first friction 

test started with µ of 0.6, and afterward it reached a steady state µ of 0.4. Whereas, the 

second test started with low friction of 0.4 and then passed through transition states until 

it reached steady state µ of about 0.72 accompanied with high level of noise. On the other 

hand, alloy 6 started with friction of 0.4 and then transitioned until it reached a steady 

state µ of about 0.6 in the first test, while the second test went through numerous 

transitions with an average of µ 0.7. 

Figure 4.25 presents the friction behavior of alloys 3 and 4. The alloy friction is 

higher than that at ambient temperature. In addition, the friction exhibits high noise. For 

alloy 3, the friction started with 0.6 until it reached the steady state at µ approximately 0.8. 

On the contrary, alloy 4 started with 0.8 and then the friction went down until reaching the 

steady state µ of 0.6, but it underwent many transitions. 

Figure 4.26 demonstrates the friction behavior of alloys 1 and 2. For alloy 1, it can 

be noticed that the friction is almost steady at an average µ of around 0.65. It can be 

observed that this alloy kept the same behavior like that at room temperature. On the 

other hand, alloy 2 behaved differently; it started with very low friction coefficient of 0.2 

then climbed up until it reached the steady µ of about 0.8.  The low µ value is likely due 

to a nascent, thin metal oxide on the surface that wore away early in sliding. 

It can be concluded that the alloys behaved differently in terms of higher µ values 

with increased noise at 100°C, except alloy 1. The higher µ values suggest that the alloys 

soften at higher temperature and µ values increase. While there are no reports on 

elevated temperature sliding of HEAs, these findings are consistent with reports in the 
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literature for conventional alloys. Peterson et al. [31] reported that at high temperatures 

the alloy softens and the friction coefficient goes up. Moreover, a thin broken (non-

continuous) oxide layer was generated, which in turn contributed to the rise in the friction 

coefficient at lower temperatures [32]. In addition, Juan Pereira et al. [33] reported that 

the behavior of CoNiCrAlY coating was different than that at room temperature. They 

stated that the plowing and adhesion phenomena are obvious on the surface of the 

coating at high temperature, and the friction coefficient increased from 0.4 (RT) to 1.0 

(HT). Likewise, T.W. Scharf et al. stated that the steady state friction coefficient of Co-

based alloys at 170°C increased from 0.45 at RT up to 1.1 at high temperature. They 

attributed the reason to the lack of protective oxide glaze and thermal softening; therefore, 

the friction coefficient increased [34]. Higher coefficients of friction can be noticed if the 

surface layers are removed and if the sliding takes places at higher temperatures [35].  

Therefore, based on 100°C sliding friction behavior, alloys 1 and 4 exhibited the lowest 

steady-state µ of ~0.55-0.6 followed by Alloys 5 and 6 with µ~0.7-0.8, then Alloys 2 and 

3 with µ~0.8-0.9. 
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(A) Alloy 5, left is the first test and right is the second test. 

(B) Alloy 6, left is the first test and right is the second test. 

Figure 4.24. Friction curve of alloys 5 and 6 at 100 C. 
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(C) Alloy 3, left is the first test and right is the second test. 

(D) Alloy 4, left is the first test and right is the second test. 

Figure 4.25. Friction curve of alloys 3 and 4 at 100 C. 
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(E) Alloy 1, left is the first test and right is the second test. 

(F) Alloy 2, left is the first test and right is the second test. 

Figure 4.26. Friction curve of alloys 1 and 2 at 100 C. 
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4.3.3 Friction Behavior at 300°C 

Figure 4.27 presents the friction behavior of alloys 5 and 6. It should be noted that 

the steady state µ for both alloys is around 0.6 and they behaved similarly. Moreover, it 

can be observed that the friction coefficient is slightly lower than that at 100°C. Also, it 

can be seen that friction behavior of alloys 3 and 4, shown in Figure 4.28, is different than 

that at 100°C. For alloy 3 (conventional alloy), the steady state µ is approximately 0.6, 

and there are transition periods especially in the second test, where the friction went up 

to 0.8 and then dropped down to its original state of 0.6, while alloy 4 demonstrates a 

different performance. In the first test, the steady stae µ was about 0.55. Whereas, in the 

second one, the µ was approximately 0.4. It can clearly be observed that both alloys 3 

and 4 have lower friction coefficient than at 100°C. 

Figure 4.29 shows the friction curve of alloys 1 and 2. It can noted that the friction 

behavior for this alloy is different that that at 100°C. For alloy 1, the steady state µ is 

around 0.15, which is much lower than that at 100°C. Likewise, the friction behavior for 

alloy 2 is different as well. It can be observed that the steady state µ is approximately 0.57 

in the first test. Whereas, it was 0.5 for the second test, which is an indicator that the 

alloys behaved in different fashions than the previous test at 100°C. Also, both alloys 1 

and 2 friction curves exhibit low noise. 

A conclusion can be drawn that all alloys displayed lower friction behavior than at 

100°C.  The findings are consistent with what was presented in the literature. Two 

interpretations were proposed to elucidate the lower friction performace at higher 

temperatures. Firstly, at some temperatures, the friction coefficient drops down due to the 
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generation of continous and ductile oxide layer which smears over the wear surface and 

makes a complete film, which in turn eleminates the direct contact between the pin and 

the disk [31]. Korashy et al. pointed out that at temperatures greater than 200°C, the 

friction coefficient is reduced due to the establishment of protective oxide layer, which 

minimizes the adhesion between the two contacting surfaces [32]. In addition, it was 

reported that the NiCoCrAlY coefficient of friction drops slightly at higher temperatures 

descending down from 0.49 (RT) to 0.45 (H). The reason was attributed to the formation 

of oxides that reduce the attrition between the mating surfaces [33]. Secondly, at higher 

temperature, solid and hard glazes are formed. When the temperature becomes greater 

than 150°C, the sintering rates increase, which leads to the formation of glazes that can 

supply prolonged protection against friction and reduce the friction coefficient [36]. In 

addition, T.W. Scharf  et al. stated that the low friction coefficient for Co-based alloys at 

temperature greater than 200°C can be attributed to the formation of thermally stable 

oxide glazes on the pin surface, which cause low friction and wear [34]. 
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S (A) Alloy 5, left is the first test and right is the second test. 

(B) Alloy 6, left is the first test and right is the second test. 

Figure 4.27. Friction curve of alloys 5 and 6 at 300 C. 
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(C) Alloy 3, left is the first test and right is the second test.

(D) Alloy 4, left is the first test and right is the second test.

Figure 4.28. Friction curve of alloys 3 and 4 at 300 C.
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 (E) Alloy 1, left is the first test and right is the second test. 

 (F) Alloy 2, left is the first test and right is the second test. 

Figure 4.29. Friction curve of alloys 1 and 2 at 300 C. 
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4.4 Wear Mechanism 

4.4.1 Analysis of SEM Images of Worn Surfaces with Corresponding Pin 

By visual observation, wear debris can be observed on the trailing edges of the 

Si3N4 balls sliding on the alloy surfaces. In addition, there is considerable wear on the 

Si3N4 surface and the flattened contact area diameters are relatively large. 

The investigation of the wear scars indicates complicated wear mechanisms on 

the sliding surfaces of the samples. SEM micrographs of alloys 5 and 6 worn surfaces 

shown in Figure 4.30 reveal details of the wear mechanisms. Wear mechanisms such as 

abrasion, delamination, and adhesion were noted to co-exist on the wear surfaces. Wear 

mechanisms of the specimens rely on the surface composition and its mechanical 

properties. The wear scars of typical metallic alloys such as Aluminum-based alloys 

usually comprise of large delaminated regions and traces of grooves. Surface 

morphologies are changed gradually as applied conditions are increased and grooves 

become visible parallel to the direction of sliding [37]. 

The morphologies given in Figure 4.31 show that the alloys 3 and 4 exhibit severe 

abrasive wear demonstrated by obvious plastic deformation and plowing grooves. 

Material loss in alloy 3 appears to have taken place mainly by oxidational wear with plastic 

deformation formed by the hard asperities of the Si3N4 counterface and hardened wear 

debris. However, micro-cutting induced by the oxide particles might also contribute to the 

volume loss. Moreover, adhesive wear took place, which as evident by material transfer 

with the generation of oxide patches and craters due to delamination. According to the 

adhesive theory [30], [38], asperities of the mating surfaces adhere to one another when 
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two contacting surfaces are slid against each other. During sliding, the worn particles will 

transfer in between the surface. In the softer material, the break off often takes place. 

Because the hardness of the Si3N4 counterface is higher than that of alloy 3, it can be 

expected that material is primarily transferred from alloy 3 specimen to the Si3N4 ball. The 

existence of oxides at the worn surface is demonstrated by surface oxidation of reactive 

Ti [39].The worn scar morphology of alloy 4 high entropy alloy reveals that test took place 

in the mild wear regime for the wear conditions employed. The main mass removal 

mechanisms are slight adhesive, oxidation, and spalling of the adhered material. Because 

alloy 4 high entropy alloy is softer than the Si3N4 counterface, it can be presumed that 

volume is transferred from the alloy 4 specimen to the Si3N4 counterface during the sliding 

wear test [39]. The visual observation of less wear of alloy 4 compared to alloys 3, 5 and 

6 is consistent with its higher hardness and lower friction coefficient at 100°C. 

On the contrary, manifestation of micro-ploughing and plastic deformation is 

difficult to detect on the wear surfaces of alloys 1 and 2 shown in Figure 4.32. This 

difference in the wear behavior is due to the higher hardness of those samples as 

compared to other alloys, which leads to higher resistance to scratching and plastic 

deformation by wear debris, oxide particles, and the Si3N4 counterface [39]. The good 

high thermal stability in alloys 1 and 2 plays a vital role in resisting adhesive and abrasive 

wear. Moreover, the strong chemical bonding between the dense dendrites and the matrix 

contributes great resistance against attrition during dry sliding wear [40]. Furthermore, the 

worn surfaces of the alloys 1 and 2 specimens are quite smooth. The dendritic 

morphologies are obviously observed on the worn surface. Not only do the dense 

dendrites enhance the structure, but also they mitigate scratching during wear, leading to 
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lower material loss. The development of the wear resistance in alloy 1 is primarily 

attributed to the relatively ductile and tough BCC solid solutions which aid in preventing 

material loss by brittle fracture mechanism. However, the presence of brittle intermetallic 

compounds (σ and χ phases) in alloy 2 contribute to the brittle fracture, as shown in Figure 

4.33. According to the wear theory in brittle solids, the development of the cracks was 

explained as the primary cause for the formation of wear fragments in brittle solids. 

Moreover, it was reported that the brittle fracture behavior is the main reason for high 

wear and high friction coefficient in brittle materials [41]. It is clear that the brittle fracture 

mechanism in alloy 2 leads to high wear,  which gives rise to higher friction coefficient 

[41]. 
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Figure 4.30. SEM (left) wear track images of alloy 5 (top) and alloy 6 (bottom) with the 

corresponding Si3N4 pin surface optical images on the right at 100 °C. 
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Figure 4.31. SEM (left) wear track images of alloy 3 (top) and alloy 4 (bottom) with the 

corresponding Si3N4 pin surface optical images on the right at 100 °C. 
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Figure 4.32. SEM (left) wear track images of alloy 1 (top) and alloy 2 (bottom) with the 

corresponding Si3N4 pin surface optical images on the right at 100 °C. 

85



Figure 4.33. Optical microscope images reveal the cracks in the surface of alloy 2. 

4.4.2 Raman Spectroscopy of Wear Tracks 

According to Raman spectroscopy database from literature[42], [43], [44], [45], 

[46], [47], inside the wear tracks, it can be determined that the very thin wear debris 

contain different metal oxides such as Fe3O4, Nb2O5, NbO2, Cr2O3, Co2O3, CoO, TiO2, 

and NiO as shown in Figures 4.34, 4.35, 4.36, and 4.37. Metal oxides like Cr2O3 and 

Nb2O5 were reported to reduce the friction coefficient, and they have good resistance 

against fracture of alloys.   Based on the Raman spectra for all 6 alloys, the appearance 

of Cr2O3 on wear track of alloys 1 and 2 is likley contributing to lowering of friction 

coefficient and wear rate at RT, while there is not much contribution of this tribochemical 

phase for alloys 5 and 6, thus higher wear rates.  In addition, the preence of Nb2O5 and 

NbO2 in alloy 4 wear track is also responsible for lowering of friction and wear compared 

to conventional alloy 3 that does not have large amount of these tribochemical phases.  
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Figure 4.34. Raman spectroscopy for alloys 5 and 6 wear tracks at room temperature. 

Figure 4.35. Raman spectroscopy for alloy 1 and alloy 2 wear tracks at 100°C and room 

temperature. 
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Figure 4.36. Raman spectroscopy for alloy 3 wear track at room temperature. 

Figure 4.37. Raman spectroscopy for alloy 4 wear tracks at room temperature and 

100°C. 
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4.4.3 Wear Rates 

Table 4.10 summarizes the wear rate calculations of all alloys at room 

temperature.  As can be noticed, when cross-sectional area and depth of the wear track 

are large, the wear factor/rate will be higher. The lower wear rate in units of mm3/N·m, 

gives an indication of larger wear resistance. Also, note that as in the case of µ values, 

the wear rates are also system dependent, e.g. depend on counterface ball material, 

normal load, sliding speed, etc.  Furthermore, the wear rates reported below are relative 

in that there is Si3N4 ball wear that transfers to the wear track thus biasing the wear rates. 

Therefore, the wear rates are likely a lot higher than reported below due to this positive 

wear in the track.  However, for comparisons between the 6 alloys, the wear rate values 

are still important. 

4.4.3.1 Alloys1 and 2 

The wear rates of samples 1 and 2 are 2.73E-8 and 3.93 E-8, respectively. The 

hardness values are 626±10 and 866±22 HV, respectively. They are the harder alloys, 

and thus exhibit lower wear.  However as mentioned above, Alloy 2 is very brittle with 

assumed low fracture toughness. Tang et al. [27] reported that nitrided Al0.5CoCrCuFeNi 

alloy exhibited a higher friction coefficient of about 0.9 and lower wear rate of 3.69 E-5. 

whereas, the unnitrided Al0.5CoCrCuFeNi alloy exhibited a lower friction coefficient of 

about 0.6 with higher wear rate of 6.38 E-4. They attributed that to the surface hardness 

of the nitrided alloy of about 1300 HV, which is much higher than that 890 HV of the 

unnitrided one, which increases frictional stresses. 
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4.4.3.2 Alloys 3 and 4 

The wear rate of samples 3 and 4 are 1.12E-07 and 5.55 E-08, respectively. The 

hardness values are 365 and 572±12, respectively. So, their hardness is intermediate 

(i.e., they are less than alloys 1 and 2, but higher than alloys 5 and 6). The wear debris 

can be generated intermittently. Therefore, the wear track is deep in the case of 

conventional alloy 3 with has a much higher wear rate than the HEAs.  However, Alloy 4 

which has the lowest friction coefficient at RT has slightly higher wear rate than Alloys 1 

and 2.  This is likely due to its slightly lower hardness.  

4.4.3.3 Alloys 5 and 6 

The wear rates of alloys 5 and 6 are close to each other: 9.08 E-08 and 7.45 E-08, 

respectively. The hardness of those samples is around 135±2 and 140±2 HV, 

respectively. These are the softer alloys which contribute to higher wear rates and as 

explained with friction behavior they have high friction FCC phase.  
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Table 4.10. Summary of averaged wear track depth, cross-sectional wear area removed, 

and wear rate for all alloys at room temperature. 

Specimen Name Wear Track 

Depth (µm) 

Wear Area 

(µm2) 

Wear Rate 

(mm3 / N• m) 

Alloy 1_Co0.5 Cr Cu0.5 Fe 

Ni1.5 Al1 Ti0.4 

0.26 78±47 3.35 E-08 

Alloy 2_ Co Cr Fe Ni Al0.25 

Ti0.75 

0.20 96±48 2.73 E-08 

Alloy 3_Ti 13.6Nb 5.1Cr 6Co 

6.5Al 

2.49 248±150 1.12 E-07 

Alloy 4_Ti Nb Cr V Al 0.58 155±77 5.55 E-08 

Alloy 5_Al0.3 Co Cr Fe Ni 0.97 245±75 9.08 E-08 

Alloy 6_Al0.3 Cu Cr Fe Ni2 0.48 195± 94 7.45 E-08 
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CHAPTER 5 

SUMMARY AND CONCLUSION 

5.1 Conclusions 

Sliding wear is a vital phenomenon in many industrial and engineering applications 

and machinery. Most available literature on friction and wear behavior of HEAs is very 

limited and none exists at elevated temperatures.   Therefore, in the present work an 

attempt has been made to study the sliding friction and wear properties of the several 

high entropy alloys at room and elevated temperatures. In addition, mechanical hardness 

was measured as well. Moreover, fundamental mechanisms responsible for such 

behavior were determined by using Scanning Electron Microscopy (SEM), X-Ray 

Diffraction, and Raman spectroscopy outside and inside wear tracks. The evaluation of 

wear mechanisms was introduced in terms of microstructural evolution of the sliding 

surfaces.  Combinations of wear mechanisms were found to take place between the 

sliding surfaces of different alloys used in this study. Moreover, the basic fundamentals 

of the characterization techniques employed to determine the tribological, mechanical, 

and morphological of the high entropy alloys and wear scars are discussed as well. 

Table 5.1 summarizes the microstructural phases, hardness, friction and wear 

properties of the 6 alloys. 
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Table 5.1. Summary of alloy microstructural phases with VEC values, approximate 

average Vickers microhardness, steady-state friction coefficients (µ) at RT, 100°C and 

300°C, and wear rates at RT with comparisons to Si3N4 sliding on 440C bearing steel. 

NA=not available. 

Alloy Phases VEC HV µ 

(RT) 

µ 

(100C) 

µ 

(300C) 

Wear rate 

(mm3/N·m) 

Co0.5 Cr Cu0.5 Fe 

Ni1.5 Al Ti0.4 

Disordered 

BCC/L21 

7.38 626

±5 

0.55±

0.15 

0.6± 

0.15 

0.25± 

0.05 

3.3x10-8 

Co Cr Fe Ni Al0.25 

Ti0.75 

BCC,FCC/ 

σ,χ,L21 

7.35 866

±22 

0.6± 

0.12 

0.8± 

0.15 

0.55± 

0.11 

2.7x10-8 

68Ti,13Nb,5Cr,6Co,

7Al 

BCC 4.34 365

±4 

0.6± 

0.16 

0.9± 

0.16 

0.6± 

0.16 

1.1x10-7 

Equiatomic_Ti V Nb 

Cr Al 

BCC/B2 4.6 572

±12 

0.4± 

0.12 

0.55± 

0.12 

0.45± 

0.10 

5.6x10-8 

Al0.3 Co Cr Fe Ni FCC 7.88 135

±2 

0.8± 

0.15 

0.7± 

0.16 

0.6± 

0.15 

9.1x10-8 

Al0.3 Cu Cr Fe Ni2 FCC 8.6 140

±2 

0.8± 

0.18 

0.8± 

0.18 

0.6± 

0.13 

7.4x10-8 

440C steel BCT 

martensite 

500 0.8 NA NA NA 
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Based on Table 5.1, the following main conclusions can be drawn: 

1. Alloy 1 (Co0.5 Cr Cu0.5 Fe Ni1.5 Al Ti0.4) possesses excellent tribological

properties at RT and balanced with high hardness. The properties are superior to

440C stainless steel which is used as a bearing steel.  Alloy 1 also exhibited the

best performance at 300°C. This can be attributed to the relative ductile body

centered cubic (BCC) solid solutions which have excellent mechanical and

tribological properties, the formation of continuous oxide layer of Cr oxides which

have excellent tribological properties, and its high hardness which leads to lower

wear rate.

2. Alloy 2 (Co Cr Fe Ni Al0.25 Ti0.75) possesses a very high Vickers microhardness

of about 866±22 HV with a low wear rate.  However, it exhibits very high µ values

at room and elevated temperatures due to mixed FCC and L21 ordered phases as

well as σ and χ intermetallic phases. Based on these intermetallic phases, it

exhibits a brittle structure, which makes its tribological properties less attractive.

3. Alloy 3 (68.03Ti,13.46Nb, 5.39 Cr ,5.71Co ,7.41Al) is a conventional alloy, and it

has Vickers hardness of 365 HV. Moreover, its wear rate is 1.12E -07 at room

temperature, which is the highest rate of all the alloys. Combined with higher

friction, it exhibits the poorest tribological properties.

4. Alloy 4 (Ti V Nb Cr Al) possesses excellent overall tribological properties at room

and elevated temperatures due to its relative ductile BCC solid solution and B2

ordered phase, and the development of continuous Nb oxides tribochemical film

between the sliding surfaces, which help reduce the friction coefficient. Moreover,

it exhibited a low wear rate of 5.55 E-08 at room temperature in part due to its
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higher Vickers hardness of 572±12 HV, which makes it better than conventional 

alloy 3.  

5. Alloy 5 (Al0.3 Co Cr Fe Ni) and alloy 6 (Al0.3 Cu Cr Fe Ni2)  have Vickers hardness

of 135 HV and 140 HV, respectively, which makes them very soft and ductile alloys.

Moreover, they have wear rates of 9.08 E-08 and 7.45 E-08, respectively, at room

temperature. In addition, they have similar poor tribological properties and low

hardness due to their FCC solid solution when compared with BCC structures.

In addition, there is a general trend amongst the alloys that the friction coefficients

increase from room temperature to 100°C then decrease when tested at 300°C.  It is 

likely that at 100°C the oxide softens, which should be measured in the future with 

Vickers hardness, and a thin spotty (non-continuous) oxide layer is generated, which 

cannot provide full protection, thus as a result of these two factors the friction 

increases at 100°C. Whereas, at 300°C, the alloy continues to soften but the friction 

coefficient drops down due to the generation of a more continous and ductile oxide 

layer which smears over the wear surface and provides protection. 
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5.2 Potential Applications of High Entropy Alloys 1 and 4 

Alloys 1 and 4 exhibited the best overall tribological properties coupled with high 

hardness. Moreover, they possess a relative ductile structure, which refutes the 

misconception that the HEAs have brittle structures. Therefore, they can be potentially 

used as alternatives for: 

1. Engine materials: Because high entropy alloys 1 and 4 likely possess higher

elevated-temperature strength, oxidation resistance, and creep resistance, they

can be used as engine materials.

2. Tool and hard-facing materials: Because alloys 1 and 4 have improved room- and

elevated-temperature strength and toughness, wear resistance, impact strength,

low friction, and oxidation resistance, they can be used as tool and hard-facing

materials.

3. Heat-resistant frames for multi-floor buildings: Because alloys 1 and 4 have higher

elevated-temperature strength, they can withstand incidences of fire. Therefore,

they can be used as heat-resistant frames.
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CHAPTER 6 

RECOMMENDATIONS FOR FUTURE WORK 

Further studies and investigations into the high-entropy alloys can be as follows: 

1. More relevant mechanical properties, such as ductility and fracture toughness,

yield stress, and elastic modulus should be measured to determine if they affect

wear rates.

2. More chemical spectroscopy and TEM need to be performed on the wear tracks

to determine friction-induced structural and chemical changes evolving during

wear testing. For example, the wear surfaces at 300°C need to be evaluated,

especially in the case of Alloy 1 at 300°C where friction coefficients were very low.

3. Increasing the applied load above 100 grams and high temperature sliding tests

above 400°C (e.g., up to 700°C) to determine how lubricious the wear debris can

be at higher temperatures, e.g., are protective oxide glazes formed.

4. More extensive TEM investigations should be conducted on alloy 2 to characterize

the hidden details about the existed intermetallic compounds to determine their

effects on hardness and wear resistance.

5. Humidity dependent wear test can be performed to determine the oxidational

wear resistance of the HEAs for practical applications.

6. The effect of precipitation heat treatment of alloys 5 and 6 on the tribological

properties, which results in increased hardness due to the precipitation of L12

phase.
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