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ABSTRACT OF DISSERTATION 
 
 

COMBINATORIAL SCREENING APPROACH IN DEVELOPING NON-
EQUIATOMIC HIGH ENTROPY ALLOYS 

 

High entropy alloys (HEA) are a relatively new group of alloys first introduced 
in 2004. They usually contain 5 to 6 different principle elements. Each of these 
elements comprise 5-35 at. % of the chemical composition of the alloy. There is a 
growing interest in the research community about the development of these alloys as 
well as their engineering applications. Some HEAs have interesting properties that 
have made them well suited for higher temperature applications, particularly refractory 
uses, while some have been shown to maintain their mechanical properties even at 
cryogenic temperatures.   

Initially, the HEA research was focused on developing alloys with equiatomic 
compositions as it was believed that the single phase HEA would only form at such 
composition ratios. However, further research have found multiple HEAs with non-
equiatomic chemical compositions. A major question that needs to be answered at this 
point is how to identify these non-equiatomic single phase alloy systems. Unlike the 
conventional alloys, the HEAs do not have a base element as a solvent, which 
complicates the identification of new alloy systems via conventional development 
techniques. To find a potential HEA, alloy development techniques of both 
exploratory and computational natures are being conducted within the community. 
Even though multiple HEAs have been successfully identified and fabricated by these 
techniques, in most cases they require extensive experimental data and are relatively 
time consuming and expensive. This study proposes a thin film combinatorial 
approach as a more efficient experimental method in developing new HEA alloy 
systems.  

In order to study HEA systems with different crystal structures, nominal HEA 
compositions were selected, including: CoFeMnNiCu in order to achieve face centered 
cubic (FCC) HEA, OsRuWMoRe to obtain hexagonal closed packed (HCP) and 
VNbMoTaW in an attempt to form a body centered cubic (BCC) crystal structure. 
Thin film samples were fabricated by simultaneous magnetron sputtering of the 
elements onto silicon wafer substrates. The arrangement of the sputtering targets 
yielded a chemical composition gradient in the films which ultimately resulted in the 
formation of various phases. Some of these phases exhibited the desired single-phase 
HEA, albeit with non-equiatomic chemical compositions. Bulk samples of the 
identified HEA compositions were prepared by arc melting mixtures of the metals. 



Microstructure of both thin film samples and bulk samples were characterized via 
scanning electron microscopy (SEM), focused ion beam (FIB) and energy dispersive 
x-ray spectroscopy (EDX). The crystal structures of the samples were studied by X-
ray diffraction (XRD) and electron backscattered diffraction (EBSD) technique. 
Applying nano-indentation technique, the mechanical properties of some of the 
samples were screened over the composition gradient as well.   

By applying this combinatorial thin film approach, single-phase FCC, HCP 
and BCC HEAs were detected and successfully produced in bulk form. Additionally, 
screening the properties of the compositionally gradient thin films, as well as their 
chemical composition and crystal structure, provided a thorough understanding of the 
phase space. This experimental approach proved to be more efficient in identifying 
new alloy systems than conventional exploratory development methods. 
 

KEYWORDS: Alloy development, multi principle element alloys, characterization  
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Chapter 1: Introduction 

 

High entropy alloys (HEAs) are a relatively new group of alloys introduced by 

two different research groups at different universities in 20046,12. The HEAs usually 

contain 5 to 6 principle elements. The chemical composition of each component lies in 

the range of 5-35 at. %. They have been also defined as alloys with configurational 

entropy of 1.5R or higher, where R is the gas constant2. However, the definition of this 

group of alloys is still a topic of conversation among the research community. Yeh, et 

al. defined them as high entropy alloys based on the higher entropy of mixing in these 

alloys6, whereas Cantor, et al. differentiate these alloys from the conventional alloys 

by categorizing them as multiprinciple elements alloys12. The HEA terminology has 

been popularized in the literature, but the debate on the definition of these alloys 

remains13–16.  No matter how we chose to define them, there is a growing interest in 

the field of HEA research in both theoretical alloy development aspect and 

engineering applications of them17.  

 

HEAs have shown interesting properties in many different applications. 

Sencov, et al. introduced the first refractory HEA in 201018. This group of HEA has 

shown to maintain their mechanical properties at elevated temperatures which makes 

them ideal candidates for refractory applications18–20. This has also initiated an 

ongoing research in development of high entropy super alloys which have the 

potential to reduce the cost of raw materials in the fabrication of turbine blades and 

related uses21. Interestingly, HEAs have displayed lower temperature applications as 
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well22,23.  Gludovatz, et al. have found that some HEAs show exceptional damage 

tolerance and higher fracture toughness at cryogenic temperatures24. The research in 

the HEA field has grown in many other directions including light HEA25 and high 

entropy bulk metallic glasses26. Figure 1.1. represent an illustration of all these various 

branches of the HEA research.  

 

Figure 1.1. Materials hypertetrahedron for high entropy alloys. This figure 
categorizes the research areas in the high entropy alloy field1.  
 

Initially HEA research was focused on developing alloys with equiatomic 

compositions as it was believed that a single phase HEA would only form at such 

composition ratio1,27–30. However, further research found multiple HEAs with non-

equiatomic chemical compositions. A major question that needs to be answered at this 

point is how to identify these non-equiatomic single phase alloy systems. Unlike the 
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conventional alloys, the HEAs do not have a base element as a solvent, which 

complicates the identification of new alloy systems via conventional development 

techniques.  

 

Literature suggests successful HEA developments by approaches of an 

exploratory nature2,17,21,31. Designing computational models is the other popular 

approach within the research community. These models are developed to predict the 

phase space of a potential HEA system17,32,33. Even though multiple HEAs have been 

successfully identified and fabricated by these techniques, in most cases they require 

extensive experimental data and are relatively time consuming and expensive. 

 

In this study a more efficient experimental approach in developing new HEA 

systems is proposed. A 2D gradient of composition is created over a relatively large 

area. Different phases form within each unit of area on this gradient due to the 

variations in the chemical composition. Each of these phases exhibits a different 

crystal structure. Therefore screening crystal structure over this wide gradient enables 

us to predict which phases will form given a certain chemical composition. A 

thorough understanding of the phase space will be achieved by this combinatorial 

screening approach as illustrated in Figure 1.2.  

 

The present work starts with a background on the field of HEAs and a 

summary of the ongoing research. The materials and methods chapter introduces the 

alloy systems studied in this project and discusses the experimental procedures. The 
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following chapters present the results and discussion on the development of HEAs 

with face centered cubic (FCC), hexagonal closed packed (HCP) and body centered 

cubic (BCC) crystal structures, respectively. This project concludes in the last chapter 

with a summary of the research and prospects for the future work. 

 

 
Figure 1.2. Schematic of the 2D gradient thin film; each unit of area on 
this film has a different chemical composition, hence a different crystal 

structure and properties. 
 

  

Crystal structure            

Chemical composition                   

Physical and mechanical 
properties 
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Chapter 2: Background  

 

In this chapter the discovery process for, and importance of, high entropy 

alloys (HEAs) is discussed. This chapter starts with the reasoning behind the phrase 

“entropy” in the terminology as introduced in the initial steps of HEA discovery. 

Following sections present the other aspects of these alloys which have made them of 

interest to the research community, including the thermodynamics of HEA formation 

and the attractive properties which make them well suited for a variety of the 

applications.   

 

2.1. Thermodynamics of HEA 

 

Historically, conventional alloys usually contain 1 or 2 principle elements, 

whereas HEAs have 5 or more. With most alloys, alloying elements are added to 

modify and/or improve their properties, but they are usually limited to a few at. %. 

However, in case of the HEAs, each component element comprises 5-30 at. % of the 

chemical composition. Conventionally for development of binary or ternary alloys, 

phase diagrams have been used successfully in the past. However additional 

components to a system, such as HEAs, complicate the phase diagram to a point that it 

is no longer the most efficient method for phase space predictions. Notably, the phase 

space becomes more complicated further away from the corners of phase diagrams 

(higher at. % ratios) which may results in formation of intermetallic or other 

undesirable phases. However, many of the known HEAs are single phase solid 
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solutions, even though they usually contain five or more components. The literature 

tries to explain this by introducing four core effects:  high entropy effect, sluggish 

diffusion effect, severe lattice distortion effect and cocktail effect2,34.  

 

2.1.1. The High Entropy Effect  

 

The high entropy effects, first introduced by Yeh, et al. in 2004, is the main 

reason for today’s terminology in this field. Yeh suggests that the single phase in these 

multicomponent alloys is due to their higher entropy of the mixing6. The explanation 

is based on the thermodynamics of phase formation in alloys. This section discusses 

these concepts to better clarify the effect of the entropy in HEAs.  

 

Based on Gibbs phase rule, the number of phases (P) at constant pressure and 

equilibrium condition is obtained by:  

P = C – F + 1 

in which C is the number of components and F is the degree of freedom35. Therefore, 

in case of a 6-component alloy we would expect the maximum number of 7 phases at 

a certain temperature and a constant pressure. However, in case of a single phase HEA 

only one of these phases is formed in a form of a solid solution. It should be noted that 

by definition a solid solution contains a base element, solvent, and minor addition of 

solutes. Whereas in this case, it will be difficult to distinguish one of the components 

as the solvent because the composition of the different components is usually very 

close.  
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Thermodynamics of alloys can help us investigate the formation of a solid 

solution with 5 or more elements in an HEA system. Configurational entropy of 

mixing is calculated by  

S = k ln W 

Where k is the Boltzmann constant and W is the number of possible microstates of a 

system at certain macroscopic state35. For a random solid solution with N components 

the configurational entropy of mixing can be calculated with 

ΔSmix = -R Σci ln ci 

where ci concentration of the ith element of a N-component system35. The term ΔSmix 

will be maximized when all concentrations have the same value. Which means equi-

atomic concentration results in the maximum entropy value based on this equation 

(ΔSmix = R lnN). This concept is called maximum entropy production principle 

(MEPP)2.  

 

Based on the definition of the Gibbs free energy the ΔGmix at the temperature T 

is calculated as: 

ΔGmix = ΔHmix - TΔSmix 

where ΔHmix is the enthalpy and ΔSmix entropy of mixing35. The configurational 

entropy is one of the contributing components in the ΔSmix. Based on the MEPP, ΔSmix 

is maximized in equiatomic compositions. Consequently, the ΔGmix is minimized for 

an equiatomic solid solution. Lower Gibbs free energy in the case of multicomponent 

solid solution makes them the preferred phase comparing to the other phases such as 
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the intermetallic which have lower configurational entropy due to their ordered 

structures. 

 Figure 2.1. Illustration of entropy of mixing for a ternary alloy system2 
 

Based on MEPP, the initial HEA research was focused on developing alloys 

with equiatomic compositions as it was believed that the single phase HEA would 

only form at such composition ratio. However, further research found multiple HEAs 

with non equiatomic chemical compositions. The literature suggests the other 3 core 

effects as the reasoning behind this. 
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2.1.2. Sluggish Diffusion Effect  

 

It has been observed that the diffusion rate in HEAs is much slower than that 

of conventional alloys such as stainless steels36.  This phenomenon is named the 

sluggish diffusion effect and has significant effect on the properties of HEAs. For 

instance, the dislocation movement within the material is hindered by the lower 

diffusion rate and consequently the slip systems and the deformation mechanism of 

the material is affected. The result is an improvement in the strength of the alloy as the 

mechanical properties highly depend on deformation mechanisms in crystalline 

materials.  

 
Figure 2.2. Difusion coefficient of N in different FCC elements and alloys 

as a function of (a) inverse absolute temperature and (b) normalized 
inverse absolute temperature3  

 
 

However more recent research has suggested that the diffusion rate might not 

be as significant of an effect3 in HEAs. As shown in Figure 2.2. the diffusion rate 

measurements of certain HEAs were compared to that of Ni in different FCC elements 
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and alloys. Based on these measurements, Ni diffusion rate in the CoCrFeMn0.5Ni 

HEA falls in the range of other FCC alloys3. Furthermore, measuring diffusion rates is 

rather challenging and the reported data usually have a large error window. 

Considering the wide range of measured diffusion coefficient, it was concluded that 

the diffusion rates are not significantly different in FCC HEA compared to other FCC 

alloys.  

 

 
Figure 2.3. Schematic diagram showing large lattice distortion in a muti-

component BCC lattice4  
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2.1.3. Severe Lattice Distortion Effect  

 

In a high entropy alloy solid solution, each atom can sit in any of the lattice 

positions with no preferred order. Therefore, the resulted lattice is more distorted in 

comparison to an ordered structure due to the atomic size differences. Figure 2.3.  

schematically describes this effect. The lattice distortion in HEAs can be observed in 

the x-ray diffraction (XRD) patterns of these alloys. The severe distortion of the lattice 

planes affects the diffraction of the x-rays. As a result the width of the XRD peaks are 

widen over the diffraction angles. (Figure 2.4.) Similar to the sluggish diffusion, the 

severe lattice distortion can also affect the mechanical properties of the alloy due to its 

effects on the dislocation movement.  

 

2.1.4. Cocktail Effect  

 

The cocktail effect first introduce by Ranganathan  implies that the properties 

of the alloy can be modified by its chemical composition1. Addition of any alloying 

element can significantly affect the chemistry and structure of the base metal. 

Subsequently, the properties of the resulted alloy is rather different from each of the 

contributing components.  A good example of this effect is the addition of Al in 

CoCrCuNiAlx which results in the transformation of the crystal structure from FCC to 

BCC6. (Figure 2.5.)   
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Figure 2.4. Schematic illustrating the effect of lattice distortion on x-ray 

diffraction data5  
 

 

Jones, et al.  in their 2016 review paper argue that cocktail effect is not unique 

to HEAs and should not be considered a core effect in the formation and 

thermodynamics of high entropy alloys 34. They agree with Yeh, et al. that HEA 
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unique properties are due to the complex composition of these alloys. However based 

on Jones et al argument, the cocktail effect applies to all alloy systems and is the main 

reason for addition of alloy elements to any engineering material. They argue that the 

cocktail effect should be dismissed.  

 

 
Figure 2.5. Changes of hardness values as a result of FCC to BCC phase 

transformation in the CoNiCrAlxFe alloy system6  
 

 

2.2. Alloy Development Techniques in HEA Research   

 

Whereas most alloys have a base element as a solvent, HEAs contain multiple 

principle elements. This complicates the identification of new HEAs via conventional 

alloy development techniques. Literature suggests successful HEA developments by 

approaches of an exploratory nature37–39. For instance, alloy design methods based on 
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the atomic size difference (δ) and enthalpy and entropy of mixing ratio (Ω) have been 

extensively explored17,31,40. Based on this approach, the multi component solid 

solutions will form at lower δ and higher Ω where the entropy of mixing is maximized 

and enthalpy is minimized to achieve lower ΔGmix
7. (Figure 2.6.) 

 

 
Figure 2.6. Phase formation diagram based on δ and Ω; solid solutions 

form at δ <6.6% and Ω >1.17.  
 

Designing computational models is the other popular approach within the 

research community. These models are developed to predict the phase space of a 

potential HEA system32,41–45. Even though multiple HEAs have been successfully 

identified and fabricated by these techniques, in most cases they require extensive 

experimental data to verify the models which are relatively time consuming and 

expensive. 
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Figure 2.7. Schematic of the sputtering set up; (a) the sputtering targets 
arrangement results in a (b) chemical composition gradient in the thin 

films. 
 

2.3. Thin Film Combinatorial Approach  

In this study a more efficient experimental approach in developing new HEA 

systems is proposed. As schematically shown in the Figure 2.7., a 2D gradient of 

composition is created over a relatively large area. Different phases form within each 

unit of area on this gradient due to the variations in the chemical composition. Each of 

these phases exhibits a different crystal structure. Screening crystal structure over this 

wide gradient enables us to predict which phases will form given a certain chemical 

composition. The physical and mechanical properties of the material can be screened 

in a similar manner in this combinatorial approach which potentially may influence 

the material selection in certain applications. The screening process provides a phase 

Si substrate 

Si substrate  

Compositionally Gradient film 

Sputtering targets 

(a) (b) 
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formation guide map in the 2D compositional gradient and therefore a thorough 

understanding of the phase space will be achieved. Based on the results of this through 

screening, potential HEA systems can be identified for further analysis and fabrication 

in bulk form.  
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Chapter 3: Materials and Methods  

 

In this chapter, the materials studied in this project are introduced. Several 

different alloy systems with different crystal structures were chosen for this study: 

hexagonal closed packed (HCP), face centered cubic (FCC) and body centered cubic 

(BCC). The wide variety of materials enabled us to have a more thorough 

investigation on the thin film combinatorial approach in alloy development. 

 

As described in the introduction chapter, we applied the combinatorial thin 

film approach to find potential single-phase high entropy alloys (HEAs). Gradient thin 

films in this method provide a compositional map to identify potential HEAs. The 

candidate chemical compositions were later casted in bulk form to be analyzed for the 

crystal structure and properties. 

 

This chapter also proposes the research plan and the implementation of it. It 

starts with an introduction on the fabrication method of the thin film samples and the 

bulk samples. Next, the details of the fabrication methods are described. The following 

sections focus on the characterization techniques utilized to study the samples.  

 

3.1. Materials  

 

Several alloy systems were chosen to investigate in this project to thoroughly 

study the applicability of thin film combinatorial approach in alloy development. With 
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a focus on high entropy alloys, several potential systems were chosen, each with a 

different crystal structure.  

 

The most common crystal structures in metals and alloys are face centered 

cubic (FCC), body centered cubic (BCC) and hexagonal closed packed (HCP). 

Therefore candidates of all these system were carefully chosen to cover all these 

crystal structures. MnFeNiCoCu, OsRuWMoRe and VNbMoTaW alloy systems 

represent a wide variety of the intrinsic metals in the periodic table. (Figure 3.1.) This 

will provide a better understanding of applicability of combinatorial thin film 

approach in development of alloy systems with different natures. In the following 

chapters, the details on development of each of these alloy systems are presented.  

 

 
 

Figure 3.1. Periodic table marked with the 3 alloy system discussed in this 
study 
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3.2. Thin film fabrication  

 

There are different deposition technologies available to fabricate films. 

Depending on the application, price and film thickness one may choose a different 

method. In this project, magnetron sputtering (ORION system, AJA International) was 

used to fabricate gradient thin films of the alloy system. This versatile system has been 

extensively used in Dr. Balk’s research group in multiple projects. (Figure 3.2.a) In the 

magnetron sputtering technique, a gaseous plasma, in our case Ar, is generated in a 

high vacuum chamber (~10-8 Torr). The material to be deposited is loaded in the 

system in form of a round disk and it’s called the target. The high-energy ions of the 

plasma, erode the surface of the target, and consequently liberate the atoms from the 

target material. These atoms deposit onto a substrate, through the vacuum 

environment, to form the film. By changing the sputtering power and the duration we 

can control the film thickness. 

 

The magnetron sputtering system available in our research group is equipped 

with 6 chimneys. This enables us to sputter from 6 different targets. These chimneys 

are oriented with an angle towards the substrate. Therefore, if the substrate is kept still, 

the resulting film would have a gradient in composition. Figure 3.2.b shows a photo of 

5 of the sputtering targets in this arrangement.  
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Figure 3.2 (a) Magnetron sputtering system in Dr Balk’s research group at 
the University of Kentucky; (b) Targets, sputtering simultaneously; the 
unique plasma color in each target is due to each sputtering material’s 

individual properties. 
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3.3. Fabrication of the Bulk Samples 

  

Casting is one of the oldest methods for fabrication of metals and alloys. To 

answer the industry’s need for more specialized fabrication methods, several different 

casting techniques have been invented over the years.  Arc-melting is one of these 

casting methods, which nowadays is widely used in both industry and research scale.  

The heat, in this technique, is generated by an electric arc between a W electrode and 

the material. Arc-melting is well suited for metals and alloys with higher melting 

points due to the higher temperature provided by the arc and the controlled atmosphere 

(vacuum or Ar).  In this project, mini arc melting (MAM) system by Imteck was used 

to make the identified HEA compositions in bulk form. Figure 3.3. presents a photo of 

this lab-scale arc-melting system.  

 

3.4. Characterization Techniques  

 

In this project we used scanning electron microscope (SEM) with energy 

dispersive spectroscopy (EDS) capabilities to screen the chemical composition of the 

samples, both in thin film and bulk form. In order to study the crystal structure of the 

materials as well, X-ray diffraction technique (XRD) and electron backscattered 

diffraction (EBSD) was used. A dual beam SEM with a focused ion beam (FIB) and 

scanning transmission electron microscopy (STEM) capabilities was used in order to 

further characterize the thin film structure.   
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Figure 3.3. Mini arc-melting (MAM) system by Imteck, available at Dr 

Balk’s research group at the University of Kentucky  
 

3.4.1. Scanning Electron Microscopy  

 

Electron microscopy is a powerful technique to characterize materials of 

different nature. SEMs can provide imaging in nm and µm scale with minimal sample 

preparation. Additionally, depending on the available detectors on the system, 

compositional and structural data can be collected from the samples. Electron 

microscopy is founded based on the interaction of an electron beam (high energy 
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accelerated electrons) with electrons of the sample material. Various signals are made 

as a result of these interactions. The detectors collect and interpret these signals to 

images and data.  

 

Different SEMs with various capabilities are available at the University of 

Kentucky’s electron microscopy center (EMC). They were used in this project based 

on the instruments availability to analyze both thin film and bulk samples.   

 

FEI Helios NanoLab 660 is a dual beam SEM/FIB system available at the 

EMC. (Figure 3.4.) Most of the electron images in this study were taken using this 

system. Secondary and backscattered electron images as well as the STEM images 

were provided by this equipment. Each of these imaging modes contain different 

detailed information of the sample materials.  Helios is also equipped with EDS and 

EBSD detectors which were used in this project as well. 

 

FIB capabilities on the Helios can be used for both imaging and milling the 

materials. Thin lamellas, with electron beam transparency, can be made using the FIB 

milling. This method, known as the lift-out technique, was used in this project to 

fabricate lamellas for high resolution STEM imaging. Figure 3.5. summarizes the lift 

out steps:  

• Depositing a protective layer on the area of interest usually Pt or W 

• Milling both sides of the lamella using the ion beam  
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• Attaching the nano-manipulator to the lamella by welding and cutting 

the last attached part 

• Lifting out and welding the lamella to a Cu grid 

• Reducing the thickness even further to achieve electron beam 

transparency for STEM imaging or transmission electron microscopy 

(TEM) 

 
  

Figure 3.4. FEI Helios NanoLab 660; most of the characterization work in 
this project was performed using this dual beam (SEM/FIB) system. This 
instrument is equipped with multiple detectors including EDS, EBSD and 

STEM. 
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Figure 3.5. Lift out technique: (a) both sides of the area of interest is 
milled; (b) the nano-manipulator is attached and then lifted out; the 
lamella (c) close to the Cu grid, (d), (e) welded to a Cu grid and (f) 

further thinning down 
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3.4.2. Energy Dispersive Spectroscopy  

 

EDS is an efficient technique to analyze atomic composition of the materials 

with a reasonable precision for alloy development purposes (~1 at. %). The EDS 

detector is usually installed on an electron microscope. It collects the X-ray signal 

generated from the electron beam interaction with the sample material. Due to the 

nature of X-rays, they carry atomic information of their source. EDS detector and 

computing set up translate this information into atomic composition data which is 

accessible through a software interface.  

 

In order to screen the chemical composition of the films across the gradient, 

each fabricated specimen was cut into smaller pieces of about 10 mm in size to have a 

more localized composition measurement. In case of the bulk samples, they were cut 

in half and properly prepared after several steps including: mounting in epoxy, 

grinding with SiC papers, polishing with fine diamond solutions and ultra-fine 

polishing with the Buhler Vibromet. Imaging and EDS data were collected from each 

of the fabricated bulk samples to confirm their chemical composition.  

 

3.4.3. X-ray Diffraction Technique  

 

XRD is a well-established technique to investigate the crystal structure of 

materials base on the diffraction of the x-rays from the crystal planes of the sample 
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material. This technique can provide a precise identification of the crystal structure in 

the sample. In this study XRD (Siemens D500) was used to analyze the crystal 

structure of the thin film and bulk samples.  

 

 
Figure 3.6. Siemens D500 XRD 

 

3.4.4. Electron Backscatter Diffraction Technique 

  

The X-ray window of the XRD equipment is about 2x2 cm, therefore for a 

higher resolution structural analysis of the samples, EBSD technique was proposed. 

EBSD detector on the SEM provides highly localized crystallographic information 

about the sample based on the electron diffraction rather than the x-ray diffraction in 

XRD. The diffracted electrons of the electron beam are generated from a nm-scale 

volume of the sample surface. The signal forms a unique pattern named Kikuchi after 

the scientist who discover it. This pattern is a characteristic of the crystal structure and 
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its orientation and therefore makes EBSD a useful technique to determine the crystal 

structure of materials. Using the Oxford EBSD detector on the Helios (Figure 3.7.), we 

were able to resolve the crystal structure of the bulk samples in µm-scale. The 

collected EBSD data is usually post processed to reduce the noise and convert it to 

more informative illustrations. In this project we used the Channel 5 software package 

to post process the EBSD data.   

 
 

Figure 3.7. Illustration of the EBSD detector set-up8  
 

3.4.5. Transmission Electron Microscopy  

 

Transmission electron microscopy (TEM) is an advance characterization 

technique that can provide high resolution imaging, compositional and structural data 

from materials. In TEM, similar to SEM, the data is collected from the interactions of 
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the electron beam and the sample material. However, unlike SEM, in TEM the 

electron beam passes through the sample. Therefore, the sample has to be transparent 

to the electron beam. In this study, all the TEM samples were prepared by the lift out 

technique using the Helios. TEM can provide order of magnitudes higher resolution 

compared to SEM, therefore in many materials science studies TEM analysis is a 

necessity, even though sample preparation for TEM is time consuming and expensive. 

The TEM analysis is this project was performed at the FEI research lab using their 

Talos TEM. (Figure 3.8.)  

   . 
Figure 3.8. FEI Talos TEM9  
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3.5. Sputtering Rate Measurement 

 

As mentioned earlier, in magnetron sputtering the geometry of the target and 

substrate placement affects the chemical composition and the thickness of the 

fabricated film. The power, duration, pressure and the sputtering material are defining 

factors as well. The rate of the deposition can be measured and changed accordingly 

by changing any of these parameters. In order to control the composition of the 

fabricated films, rate measurement experiments are usually necessary.  

 

 
 

Figure 3.9. FIB cross sectional image of a multilayer thin film sample 
fabricated for deposition rate measurements  

 

 One method to measure the deposition rate for at a certain power is to deposit a 

film during a fixed period of time and measure the thickness afterwards. Figure 3.9. 

shoes a FIB cross sectional image of a multilayer film of Nb, Ti, Ta, V, Zr, and Hf that 
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was deposited at 100 Watts for 10 mins for each element on a Si wafer. Based on the 

thickness of these layers, the sputtering rate of each element was calculated. However, 

during the film fabrication process, we observed that simultaneous deposition of the 

multiple elements significantly affects the deposition rate. Therefore, the sputtering 

rate measurement of individual elements would no longer be applicable. This 

difference in sputtering rate is most probably due to the interaction of the different 

atoms in the sputtering plasma. Therefore, for most of the film fabrication in this 

project, the manipulation of the chemical composition was based on the experimental 

approach rather than sputtering rate measurements.  

 

3.6. Nanoindentation 

 

Nanoindentation testing was developed in the 1970s46 to study the mechanical 

behavior of materials in small scale. This technique, as the name suggest, is based on 

the indentation of an indenter into the surface of the material similar to other 

indentation methods such as microhardness testing, however in much smaller scale. In 

this method, the applied load and the depth of the indentation is measured and based 

on the size of the area of contact, the hardness is calculated. Other information on the 

mechanical behavior such as modulus and yield strength of the specimen can be 

studied from the load-displacement curve recorded during the loading and unloading 

process. In this project we use the iNano system from Nano Science Instruments to 

measure the hardness of the thin film samples as well as the bulk samples.  
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Figure 3.10. iNano nanoindentation instrument10  
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Chapter 4: Thin Film Combinatorial Approach in Development of a 

Face Centered Cubic High Entropy Alloy 

 

4.1. Introduction  

 

High entropy alloys (HEAs) with the face centered cubic (FCC) crystal 

structure were among the first group of these alloys introduced in 200412. FCC HEAs 

have been shown to have many different applications due to their unique properties. 

For instance some FCC HEAs are able to maintain their ductility and strength at 

cryogenic temperatures47–49. In addition to their interesting mechanical properties, 

their corrosion resistivity makes them ideal candidates for structural applications in 

more severe settings such as marine environments50–53. They usually contain five or 

six different principle elements of the first row of intrinsic metals in the periodic table, 

with chemical composition of each component in the range of 5-35 at. %. 

 

Cantor alloys12 and other FCC HEAs have been of interest within the research 

community since their discovery due to the extensive prior research on similar alloy 

systems such as super alloys2,17,22,54. FCC HEAs usually contain either 5 or 6 of the 

elements Mn, Fe, Ni, Co, Cu and Cr. Addition of other alloying elements such as Al or 

deviation of the equiatomic composition has been explored as well 55–57. The variety of 

crystal structures can be achieved by such minor changes to the chemical 

compositions.  Kao et al and others have studied the FCC to body centered cubic 

(BCC) crystal transformation by minor additions of Al to FeNiCoCr which proved to 
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change the mechanical properties of the alloy significantly58,59. Furthermore, relatively 

few studies have explored the addition of Cu to this family of alloys4,17. This study 

focuses on the MnFeNiCoCu alloy system in order to screen for potential non-

equiatomic single phase HEAs.  

 

As previously mentioned in Chapter 2, unlike conventional alloys, the HEAs 

do not have a base element as a solvent, which complicates the application of 

conventional development techniques to HEAs. To find potential alloy systems, one 

approach is to apply development techniques of an exploratory nature60,61. The other 

popular approach within the research community is to develop computational models 

to predict the formation of the single phase HEA41,42,62. However, such techniques 

require extensive experimental data and are relatively time consuming and expensive. 

 

The alloy development process proposed in this project is a more efficient 

experimental approach in developing new HEA systems.  The idea is to create a 2D 

gradient of composition in a relatively large area. Each unit of area on this gradient 

has a different composition, hence a different phase (or phases) which might have a 

different crystal structure. Therefore, by screening crystal structure over this wide 

range, one would be able to predict which phases would form at a certain chemical 

composition. By screening the properties in a similar manner, a thorough 

understanding of the composition-phase-property relations will be achieved. 
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4.2. Experimental Methods  

 

In the present work, magnetron sputtering (ORION system, AJA International) 

was used to fabricate gradient thin films of the MnFeCoNiCu as a potential alloy 

system on single crystal Si wafers. The gradient in composition was achieved by 

depositing from different sputtering targets orientated at different angles towards the 

substrate as shown in Figure 4.1.  For the deposition of the films, pure Mn, Fe and Co 

targets were used. However Cu/Ni target was pre-alloyed (50 at. % of each) via 

powder metallurgy technique in our lab.  DC power supplies was used with 80, 110, 

80 and 160 Watts for the Mn, Fe, Co and Cu/Ni targets respectively for 20 mins. The 

power was adjusted to achieve an equiatomic composition in the center of the 

substrate.   

 
 

Figure 4.1. Target arrangement in the sputtering set-up for fabrication of 
the thin film samples 

Si substrate 

Sputtering targets 

Ni/Cu 

Fe Co 

Mn 
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Each fabricated specimen was cut into smaller pieces of about 10 x10 mm in 

size. The chemical composition of each sample was studied by an Oxford X-MaxN 

energy dispersive X-ray spectroscopy (EDS) detector on a FEI Helios dual-beam 

NanoLab 660 (SEM/FIB) at 20 kV electron beam voltage and 0.4 nA current. In order 

to investigate the crystal structure of each sample, X-ray diffraction (XRD) technique 

was used (Siemens D500). 

 

For further investigation of the thin film structure, a thin lamella of some of the 

spots were made by applying the lift-out technique, using the focused ion beam (FIB) 

capabilities on the Helios. High resolution scanning transmission electron microscopy 

(STEM) images were taken from the lamella in order to observe the structure of the 

sample in nm scale at 30 kV.  

 

The identified single phase compositions were cast in bulk form via Edmund 

Buhler compact arc-melter MAM-1. The raw material with ~99.9 purity was weighted 

to make a 5 g alloy sample. In order to attain a more uniform sample, the as-cast piece 

was flipped inside the arc-melter and remelted several times.  

 

The fabricated bulk samples were then rolled down to 50% of the original 

thickness. In order to anneal the samples, they were transferred to a furnace with 

Ar95H5 atmosphere. The temperature was raised with a rate of 5 °C/min to 900 °C and 

the samples were held at that temperature for 1 hour. Then with the rate of 10 °C/min 
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the temperature was raised to 1000 °C and the samples were held for another hour. 

Finally they were cooled down to room temperature while still in the furnace.   

 

The bulk samples, before and after thermomechanical processing, were cut in 

half and studied with the Helios, after sample preparation steps including: mounting in 

epoxy, grinding with SiC papers, polishing with fine diamond solutions and ultra-fine 

polishing with Buehler Vibromet. The chemical composition of the samples were 

confirmed with the EDS technique. For further analysis of the structure of the samples, 

electron backscatter diffraction (EBSD) data was collected from the samples using the 

Oxford NordlysMax2 detector on the Helios. The EBSD data was post-processed using 

the Channel 5 software package. Using Tango software, about 20% noise reduction 

was applied to the collected data. In order to have a more accurate grain size 

measurement the grain boundary was defined as 10º of misorientation.  

 

Both the thin film samples and the bulk samples were further studied using the 

iNano nanoindentation system. The hardness value of the samples were measured over 

3x3 array of spots, each 20 µm apart. The final reported hardness is an average of 

these measured values.  

  

4.3. Results and Discussion  

 

The XRD and EDS data were collected from each 10x10 mm sample of the 

thin film. Based on the EDS data from 9 different spots on the film in Table 4.1., the 
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chemical composition of each element on the substrate varied around 15 at. % across 

the Si wafer diameter (76 mm). Figure 4.2. summarizes the data collected from these 9 

different spots on the thin film over the area of around 40 mm diameter in the center of 

the Si wafer. Each unit has a different chemical composition and therefore different 

phases may have formed. The unique X-ray diffraction pattern of each spot confirms 

the formation of different phases with different crystal structure within that 

composition. Spot 4 with the chemical composition of Mn30Fe20Co22Ni14Cu14 (at. %) 

exhibits a single-phase FCC structure in the corresponding indexed XRD. This is a 

promising potential HEA for further investigation.  

 
Table 4.1. The chemical composition (at. %) of the elements across the 

thin film sample 
  

Spot Mn Fe Co Ni Cu 

1 20 29 16 17 18 

2 26 30 17 14 14 

3 30 24 19 13 14 

4 30 20 22 14 14 

5 26 16 23 17 16 

6 19 16 22 21 23 

7 16 20 19 22 24 

8 17 27 16 20 21 

9 23 21 2 18 19 

 

For a better understanding of the film structure, STEM images of the thin 

lamella of spot 4 is presented in Figure 4.3. The top layer is the protective Pt film and 



39 
 

the sputtered film in observed right below that. The images suggest a columnar grain 

structure within the film, with grains of about 10 nm width. Such columnar structures 

is not uncommon in as-deposited thin films, fabricated via physical vapor deposition 

techniques63.  

 
 

Figure 4.2. XRD data collected from 9 different spots on the fabricated 
thin film sample; the approximate location of the spots on the Si wafer are 
marked in the schematic. Spot 4 on this sample exhibit a single phase FCC 

structure.  
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Figure 4.3. STEM image of the spot 4 on the thin film sample; the lamella, 
fabricated by FIB, is presented in top right corner. The higher 

magnification STEM image shows a columnar grain structure in spot 4 on 
the thin film sample. 

 

As the EDS and XRD results from the thin films show, based on the chemical 

composition different phases may develop in bulk form of this alloy family.  In this 

study we chose spot 4 as it formed a single phase FCC in the film, whereas the XRD 

results from the other spots suggested the formation of more than one phase. In 

addition to the single phase XRD pattern, the observed grain structure in the STEM 

images of the spot 4 made it an ideal candidate for the bulk fabrication.  The chemical 

composition of spot 4 was cast in bulk form.   
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Figure 4.4. (a) The SEM micrograph of the as-cast bulk sample showing 
the dendritic structure. (b) The EDS maps of another region on the same 

sample exhibits the segregation of the elements.   
 

The EDS technique was used to confirm the overall composition of the sample 

to be Mn30Fe20Co20Ni15Cu15 (at. %). Considering the standard error inherent to EDS 

quantification (±1 at. %), the chemical composition is equivalent to that of spot 4 on 

the film. Figure 4.4. presents the SEM micrograph of the as-cast sample after proper 

metallographic sample preparations. Both the SEM image and the EDS maps confirm 
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a dendritic structure. The dendrites seem to be richer in Cu, whereas the inter-dendritic 

phase is more Fe/Co rich. Mn and Ni seem to have a more uniform distribution within 

the as-cast material and did not segregate as much. As extensively discussed in the 

literature35, the dendritic structure is most probably due to the different melting points 

and diffusion rates of the elements within the alloy system. It should also be noted that 

due to the nature of the arc-melting fabrication process, the as-cast sample has a 

porous microstructure.   

 

The as-cast samples went through a series of thermomechanical processing, as 

described above in the experimental methods section. This was done in order to 

achieve a similar grain structure to what we observed in the thin film sample. Figure 

4.5. presents the SEM image of the same bulk sample post processing and 

metallographic preparation steps. The applied thermomechanical course successfully 

resulted in the equiaxed grain structure as observed all over the sample. However, 

some relatively large pores are still observed within the structure as well. Further 

thermomechanical processing or modifications to the casting process is required to 

reduce the size and number of the porous in this alloy.  

 

The EBSD maps from the sample are presented in Figure 4.6. The data is 

collected from an area with no pores.  The phase map confirms the single phase FCC 

equiaxed grain structure. Based on this EBSD data, the average grain size is ~71 µm. 

No significant preferential orientation or texture is observed in the orientation map, 

which is presented in this figure as well. This indicates that the thermomechanical 
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processing steps involving recrystallization and grain growth were successful in 

achieving a uniform microstructure. 

 

 
 

Figure 4.5. The SEM micrographs of the bulk sample after the 
thermomechanical processing. The uniaxial grain structure of the sample 

can be observed in (a) low and (b) high magnifications.  
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The nanoindentation results of the 9 spots of the thin film sample is presented 

in Table 4.2. The hardness value of the spot 4 is the lowest. We speculate that higher 

hardness values on the other spots are due to the formation of intermetallic phases on 

those areas of the film. The mechanical properties of ceramics, and intermetallics in 

particular, have been well studied in the literature26. They are known to have higher 

hardness and lower ductility compared to metallic materials and solid solutions. These 

phases usually have very complicated crystal structures with low angle x-ray 

diffractions. Some of the peaks that are observed at the lower angles of the XRD 

patterns support the speculation that intermetallic phases exist in these samples.  

(Figure 4.2.) 

 

Table 4.2. Hardness values from the nanoindentation of the 9 spots on the 
thin film sample 

 
Spot Hardness (GPa) 

1 6.7 ± 0.2 

2 6.1 ± 0.1 

3 5.76 ± 0.08 

4 5.80 ± 0.07 

5 6.77 ± 0.06 

6 8.1 ± 0.1 

7 7.95 ± 0.08 

8 7.64 ± 0.08 

9 6.6 ± 0.1 
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Figure 4.6. The EBSD (a) phase and (b) orientation maps of the bulk 

sample post thermomechanical processing confirming the single phase 
structure in this sample. 

 

The hardness value of the bulk sample was found to be around 3 GPa. Spot 4 

on the film has much higher hardness compared to the bulk sample even though they 

have almost identical chemical compositions. We hypothesize that there are two main 
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reasons for this difference in hardness values. The internal stresses in the as-deposited 

thin films contribute significantly to their mechanical behavior. The higher hardness 

value observed in spot 4 is most probably due to the residual stresses after the film 

deposition. Secondly, it should be noted that the nanoindentation technique is a rather 

localized method for hardness measurements. Therefore some strengthening 

mechanisms in the bulk sample, such as grain boundary effect, are not observable in 

this measurement particularly with larger grain size. The fabricated bulk sample has 

grains of ~37 µm in size which is much larger than the nanoindentation scale of 

measurement.   

  

Applying the combinatorial thin film, we were able to successfully produce a 

single phase FCC HEA with a non-equiatomic composition with one casting attempt. 

This technique is more effective and efficient compared to more conventional alloy 

development methods. Due to the versatility of thin film fabrication this alloy 

development method can be applied to a variety of alloy combinations.    

  

4.4. Conclusions 

 

By fabricating gradient thin films of MnFeCoNiCu, we were able to study this 

alloy family over a wide compositional range. The composition and crystal structure 

of the film were screened across the substrate, using advanced characterization 

techniques including EDS and XRD. Applying this combinatorial thin film approach, 

a potential single phase FCC HEA composition was identified as 
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Mn30Fe20Co22Ni14Cu14. This composition was casted in bulk form via arc melting 

followed by thermomechanical processing. Characterization results (SEM, EDS and 

EBSD) confirmed the formation of the predicted single phase FCC HEA with 

equiaxed grain structure in the Mn30Fe20Co20Ni15Cu15 alloy system.  

 

This combinatorial thin film approach can potentially be applied to any alloy 

system for a more efficient alloy development process by reducing the casting 

attempts compared to more conventional techniques. This approach may reduce the 

development costs as well by reducing the exploratory steps of identifying new alloy 

systems. Our team has utilized this method for identifying multiple principle element 

alloy systems with different crystal structures. The screening approach may be used to 

study various properties across a wide compositional gradient, such as mechanical 

properties via Nano indentation.  
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Chapter 5: Thin Film Combinatorial Approach in Development of a 

Hexagonal Closed Packed High Entropy Alloy 

 

5.1. Introduction  

 

The research community has been working on identifying single phase high 

entropy alloys (HEAs) in the past few years 40. Most of the discussed alloy systems in 

the literature have either FCC or BCC crystal structures 17. However, there has not 

been as much development in the research on HCP HEAs. Takeuchi et al. and others 

has worked on fabrication of HCP HEAs with high melting points for refractory 

applications such as YGdTbDyLu and GdTbDyTmLu64.  Whereas most of these alloy 

systems contain lanthanide metals, the OsRuWMoRe alloy system studied in this 

chapter is one of the few HCP systems that contain only intrinsic metals.  

 

As previously discussed, whereas most alloys have a base element as a solvent, 

HEAs contain multiple principle elements. This complicates the identification of new 

HEAs via conventional alloy development techniques. Literature suggests successful 

HEA developments by approaches of an exploratory nature19,65,66. Designing 

computational models is the other popular approach within the research community. 

These models are developed to predict the phase space of a potential HEA system32. 

Even though multiple HEAs have been successfully identified and fabricated by these 

techniques, in most cases they require extensive experimental data and are relatively 

time consuming and expensive. 
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In this chapter the efficient combinatorial thin film approach is applied to the 

development of new HCP HEAs. A 2D gradient of composition is created over a 

relatively large area. Different phases form within each unit of area on this gradient 

due to the variations in the chemical composition. Each of these phases exhibits a 

different crystal structure. Screening crystal structure over this wide gradient enables 

us to predict which phases will form given a certain chemical composition. A 

thorough understanding of the phase space will be achieved by this combinatorial 

screening approach.  

 

5.2. Experimental Methods  

 

To investigate the applicability of the thin film method to HCP alloys, the 

OsRuWMoRe alloy system was chosen as a potential HCP HEA based on the 

previous work of our research group on OsRuW alloys67. 

 

To fabricate the gradient thin films of the potential alloy systems, Magnetron 

sputtering (ORION system, AJA International) was used on single crystal Si wafers as 

substrates. Depositing from multiple sputtering targets oriented at different angles 

towards the immobile substrate (as shown in Figure 5.1.) results in compositional 

gradients in the films. A pure W target was used, whereas the Os/Ru and Mo/Re 

targets were pre-alloyed for convenience. The films were deposited during 20 mins of 



50 
 

sputtering using DC power supplies for W and Os/Ru targets at 60 Watts and a RF 

power supply for Mo/Re at 100 Watts.   

 

 
 

Figure 5.1. (a) Schematic of the target arrangement set up and (b) the 
sputtering targets flowing with the plasma 

 

Smaller pieces of about 10 x10 mm in size were cut from each fabricated 

sample. The chemical composition of each unit sample was studied by an Oxford X-

MaxN energy dispersive x-ray spectroscopy (EDS) detector on a FEI Helios NanoLab 

660. Additionally x-ray diffraction (XRD) technique was used to investigate the 

crystal structure of each unit sample (Siemens D500). 

  

The focused ion beam (FIB) capability on the Helios was used to make thin 

lamellas of some of the spots on the films.  Applying the lift-out technique enabled 

further investigation of the thin film structure and higher resolution scanning 

transmission electron microscopy (STEM) imaging. 
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Based on the results of the thin film approach, a chemical composition with 

single phase crystal structure was identified. This composition was casted in bulk form 

via Edmund Buhler compact arc-melter MAM-1. Several remelting steps were 

performed in order to attain a more chemically uniform sample. 

 

The bulk sample was cut in half and studied with the scanning electron 

microscope (SEM), after sample preparation steps including: mounting in epoxy, 

grinding with SiC papers, polishing with fine diamond solutions and ultra-fine 

polishing with Buehler Vibromet. EDS technique was used to confirm the chemical 

composition of the sample. Electron backscatter diffraction (EBSD) data was collected 

from the sample using the Oxford NordlysMax2 detector for a more thorough analysis 

of the crystal structure. The EBSD data was post-processed using the Channel 5 

software package. Tango software applied about 20% noise reduction to the collected 

data and the grain boundary was defined as 10º of misorientation.  

 

5.3. Results and Discussion 

 

XRD and EDS data is collected from each unit sample of the film. Based on 

the EDS data map, the composition of each element varies through the 76 mm (3 in) 

diameter of the Si substrate (~10 at. %). Figure 5.2. summarizes the data collected 

from 9 different spots on the film over the area of around 40 mm diameter in the 

center of the Si wafer. Each unit has a different chemical composition and therefore 

different phases may be formed. The unique X-ray diffraction pattern of each spot 
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confirms the formation of different phases with different crystal structure within each 

unit. Spot 1 with the chemical composition of Os24Ru14W25Mo23Re14 (at. %) exhibits a 

single phase HCP structure in the indexed XRD. This is a promising potential alloy for 

further investigation.   

 

 
 
Figure 5.2. The XRD patterns and 
EDS data collected from 9 different 
spots on the thin film sample and 
their approximate location on the Si 
wafer  
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Figure 5.3. (a) FIB cross section and (b) fabricated lamella of the spot 1 
on the thin film sample; (c) and (d) STEM images of film in higher 

magnification, taken from the same lamella, exhibiting the columnar grain 
structure in this spot of the film 

 

In order to better study the structure of the thin film, a FIB lamella was made 

of spot 1. A FIB cross sectional image of the spot is presented in Figure 5.3.(a). The 

top layer is the Pt protective film and the bottom layer is the Si substrate. The 

sputtered film in the middle of the Pt and Si suggests a columnar grain structure, 

which is not uncommon in thin films fabricated via physical vapor deposition 

techniques63. The columnar grain structure and the single phase identification via 

XRD suggest that this composition is an ideal candidate for bulk fabrication. The 
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STEM image on the lamella, made from the same region, confirms the observation of 

the grain structure in higher magnifications as seen Figure 5.3.(b). 

  
Table 5.1. Chemical composition and crystal structure of the 2 phases 

observed in the bulk sample 
 

Composition (at. %) Crystal Structure 

Phases Os Ru W Mo Re  a [Ȧ] b [Ȧ] c [Ȧ] 

Dendrites 26 13 26 19 16 HCP 2.8 2.8 4.5 

Inter-dendrites 19 11 30 27 13 Orthorhombic 7.3 25.3 3.8 

 

 
 

Figure 5.4. Microstructure of the as-cast bulk sample, exhibiting a 
dendritic structure  
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Figure 5.5. Indexed XRD patterns of (a) spot 1 on the thin film sample and 
(b) the as-cast bulk sample; the peaks marked with arrows represent the 

second phase in the bulk sample. 
 

 

(a) 

(b) 
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Based on the results from the thin film samples, the chemical composition of 

spot 1 was casted in bulk form via arc melting.  The EDS technique was used to 

confirm the overall chemical composition of the sample to be Os23Ru13W27Mo23Re14 

(at. %). Considering the precision of the EDS technique, this is similar to the chemical 

composition of the film. Figure 5.4. presents the SEM micrograph of the as-cast 

sample after proper metallography sample preparation steps. Even though the samples 

were not etched, we observed a dendritic structure with the atomic number contrast 

with indicates lack of chemical uniformity within this sample. Using the spot analysis 

mode in the EDS software, the chemical compositions of the two phases were 

analyzed, the results of which are presented in Table 5.1. It must be noted that, the X-

ray signal is generated from a larger area than what appears in the 2D SEM image. 

Therefore, the EDS spot analysis values might vary from the true chemical 

composition of these two phases. Due to the dendrites’ thickness, the x-ray signal 

might have been generated from a greater depth within the samples. Nevertheless, the 

2 phases observed in this bulk sample have different chemical composition.  

 

Figure 5.5. compares the XRD patterns of the spot 1 on the thin film and the 

corresponding bulk sample. A similar HCP phase was identified and indexed in both 

the thin film and the bulk sample. However, we also observe a second phase in the 

bulk sample, which we speculate to be the inter-dendritic phase.  Further analysis of 

the crystal structure of the bulk sample was found to be necessary as we were unable 

to index the second phase peaks in the XRD pattern. Therefore EBSD data was 

collected from the 2 phases. Based these results, the dendrites are in fact the HCP 
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phase with lattice parameters a= 2.8 Ȧ and c= 4.5 Ȧ. These crystal structure 

parameters are the same as the ones calculated from the XRD data. The inter-dendritic 

region, however, exhibits an orthorhombic crystal structure. (Figure 5.6.) The un-

indexed peaks in the XRD pattern are due to the x-ray diffraction crystal planes of the 

secondary orthorhombic phase. Table 5.1. summarizes the chemical composition and 

structural information of the existing phases in the bulk sample.   

 

 
Figure 5.6. EBSD phase map of the as-cast bulk sample showing the multi-

phase nature of this sample  
 

In order to achieve a single-phase structure, further processing is needed in 

most as-cast alloys35. However, for this particular alloy, performing heat treatments is 

more challenging. The weighted average melting point of this alloy is around 2981 °C 

based on the melting points of the involved elements. With an assumption that the 

melting point of this alloy mixture is around the average, for annealing this alloy, 

temperatures of at least 1800 °C is required. Providing such high temperatures in 
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controlled atmosphere and over long periods of time was not available in our research 

group facilities.  

 

5.4. Conclusions  

  

By fabricating gradient thin films of OsRuWMoRe, we were able to study this 

alloy family over a wide compositional range. The composition and crystal structure 

of the film were screened across the substrate, using advanced characterization 

techniques including EDS and XRD. The single-phase grain structure of the film was 

confirmed by further characterization if the thin film with the Helios dual beam 

system. The potential single phase HCP HEA composition was identified as 

Os24Ru14W25Mo23Re14. 

 

The bulk sample made with the same composition (Os23Ru13W27Mo23Re14) as 

the thin film sample was made via arc melting. It exhibited a dendritic structure with 

HCP dendrites and orthorhombic inter-dendritic phase. Further thermomechanical 

processing is required to fabricate the predicted single phase HCP HEA in bulk form. 

Unfortunately, such high temperature equipment was not available in our research lab 

at the time and we were not able to fabricate a single phase HCP HEA at this time.   
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Chapter 6: Thin Film Combinatorial Approach in Development of a 

Body Centered Cubic High Entropy Alloy 

 

6.1. Introduction  

 

High entropy alloys (HEAs) with the body centered cubic (BCC) crystal 

structure have been an interest to the research community due to their refractory 

properties17,18. Low ductility of the BCC alloys has been well studied in the 

mechanical behavior research community. However recent literature in the HEA field 

has observed more ductility in some of the HEAs with BCC crystal structure58,68,69. A 

prospective ductile refractory alloy has potential for promising applications I the 

industry.  

 

The BCC HEAs usually contain five or six different principle elements of 

intrinsic metals in the periodic table, with chemical composition of each component in 

the range of 5-35 at. %. This study focuses on the VNbMoTaW alloy system in order 

to screen it for potential single phase BCC HEAs. This alloy system has been 

recognized in the literature by multiple computational researchers 41 to form a single 

phase solid solution in the equiatomic chemical composition. This composition has 

been made successfully in bulk form70. Minor additions of Ti and Al to this alloy have 

been explored by the community as well70. However, the formation of a non-

equiatomic solid solution phase has not been explored, computationally or otherwise. 
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By screening the gradient film of the VNbMoTaW we would be able to identify 

potential HEAs with either equiatomic or non-equiatomic chemical compositions. 

 

As previously mentioned in chapter 2, unlike conventional alloys, the HEAs do 

not have a base element as a solvent, which will complicate the application of 

conventional development techniques to HEAs. Development techniques of both an 

exploratory and computational nature have been used to develop new HEAs7. 

However, such techniques require extensive experimental data and are relatively time 

consuming and expensive. 

 

The combinatorial thin film alloy development process proposed in this project 

was applied in identification of new BCC HEAs. The idea is to create a 2D gradient of 

composition in a relatively large area. Each unit of area on this gradient has a different 

composition, hence a different phase (or phases) which might have a different crystal 

structure. Therefore, by screening crystal structure over this wide range, one would be 

able to predict which phases will form at a certain chemical composition. By screening 

the properties in a similar manner, a thorough understanding of the composition-

phase-property relations will be achieved. 

 

6.2. Experimental Methods  

 

In the present work, magnetron sputtering (ORION system, AJA International) 

was used to fabricate gradient thin films of the VNbMoTaW as a potential alloy 
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system on single crystal Si wafers. The gradient in composition was achieved by 

depositing from different sputtering targets orientated at different angles towards the 

substrate as shown in Figure 6.1.  100, 45, 40, 50 and 100 Watts was used to deposit 

V, Nb, Mo, Ta and W respectively for 15 mins. 

 

 
 

Figure 6.1. Sputtering target arrangement set-up resulting in a 
compositional gradient in the fabricated thin films 

 

Each fabricated specimen was cut into smaller pieces of about 10 x10 mm in 

size. The chemical composition of each sample was studied by an Oxford X-MaxN 

energy dispersive X-ray spectroscopy (EDS) detector on a FEI Helios dual-beam 

NanoLab 660. In order to investigate the crystal structure of each sample, X-ray 

diffraction (XRD) technique was used (Siemens D500). 

 

Si substrate 

Sputtering targets 

Ta Nb 

Mo 

V 

W 
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Two set of bulk samples were cast via Edmund Buhler compact arc-melter 

MAM-1. Each set contain 2 family of alloys: VNbMoTaW and VNbTaW. First set of 

the samples were 5 g each and the second set were 2.5 g. In order to attain a more 

uniform sample, the as-cast pieces were flipped and re-melted several times.  

 

The bulk samples were cut in half and studied with scanning electron 

microscope (SEM), after sample preparation steps including: mounting in epoxy, 

grinding with SiC paper, polishing with fine diamond solutions and ultra-fine 

polishing with Buehler Vibromet. The chemical compositions of the samples were 

confirmed with the EDS technique.  

 

6.3. Results and Discussion  

 

The collected XRD and EDS data from each unit sample of the film is 

summarized in Figure 6.2. The chemical composition of each element varies through 

the 76 mm (3 in) diameter of the Si substrate (~10 at. %). Each unit has a different 

chemical composition and therefore different phases may have been formed. The 

unique X-ray diffraction pattern of each spot confirms the formation of different 

phases with different crystal structure within each unit. Multiple spots on this gradient 

film exhibit a single phase BCC crystal structure in their indexed XRD pattern. It 

should be noted that the [200] peak does not appear in the XRD patterns of the film 

due to the highly textured nature of as-deposited thin films. This preferred crystal 

orientation is also observed in the relative higher intensity of the [110] peak.  
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Figure 6.2. XRD data collected from 9 different spots and their 
approximate location on the thin film sample 

 

For the study of VNbMoTaW alloy system we decided to fabricate a bulk 

sample with chemical composition closer to the equiatomic. The EDS confirmed the 

composition of the as-cast 5 g sample to be V21Nb17Mo22Ta21W19 (at. %).  The 

deviation from equiatomic chemical composition is most probably due to the nature of 

mixing process in arc-melting and unavoidable oxidation. The weighting error should 

not be neglected as well. Figure 6.3. presents the microstructure and the EDS chemical 
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maps collected from the sample. As the SEM micrograph and EDS maps suggest, the 

observed structure is not chemically uniform. Some of the Mo, V and Nb contents of 

the alloy have segregated out of the W-rich phase. V has the lowest melting point 

among these elements and therefore, unsurprisingly, it has segregated the most 

compared to the other components. Ta, however, seems to have a more uniform 

distribution across the sample.  

 
 
 

Table 6.1. The chemical composition (at. %) of 9 different spots on the 
thin film sample 

 
Spot V Nb Mo Ta W 

1 15 14 20 23 28 

2 15 17 15 29 24 

3 17 16 15 31 20 

4 20 14 16 33 17 

5 21 11 20 29 19 

6 21 9 25 23 23 

7 19 10 25 21 26 

8 16 11 23 19 31 

9 18 13 20 26 24 
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Figure 6.3. (a) Low, (b) high magnification micrograph of the VNbMoTaW 

bulk sample and the EDS maps of the same region  
 

In order to decrease the cooling rate during the solidification process, the 

second set of samples were made in a smaller scale. The smaller bulk sample of 

VNbMoTaW weighted around half of the first sample (2.5 g). Figure 6.4. presents the 

SEM micrographs of this sample at low and high magnifications. The samples were 

not chemically or otherwise etched, however a grain looking structure is observed 

across the sample. It should be noted that there are some contamination on the surface 

of the sample due to the insufficient sample cleaning set. Long ultrasonic bath in 

ethanol is suggested to avoid such contaminations from the lab environment in the 

future.  
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Figure 6.4. (a) Low and (b) high magnification micrographs of the 2.5 g 

VNbMoTaW bulk sample after hot rolling 
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Figure 6.5. XRD data collected from (a) 5 g as-cast and (b) 2.5 g 
VNbMoTaW samples  

 

The XRD pattern of both of the bulk samples is presented in Figure 5.5. Even 

before indexing, an experienced eye would recognize the existence of multiple phases 

in the XRD pattern of the 5 g as-cast sample. One BCC phase was identified and 

indexed as seen in the figure. Due to the low angle peaks of the secondary phase, it 

might be an intermetallic or an oxide phase. The XRD pattern (b) (the 2.5 g sample), 

in the other hand, confirms the existence of a BCC phase in the sample. There is no 

evidence of a secondary phase in this XRD pattern in this angle range.    

 

EDS maps were collected from the 2.5 g VNbMoTaW bulk sample. (Figure 

6.6.) Even though the XRD data confirmed the formation of a single phase BCC alloy, 

the EDS maps shows lack of chemical homogeneity. Similar to the 5 g sample, 



68 
 

chemical segregation is observed in this sample. V, Nb and Mo are segregating in the 

grain boundary areas. In order to achieve a chemically uniform structure for this alloy, 

further thermomechanical processing or modification to the casting process is 

recommended.  

 

 
 

Figure 6.6. EDS maps of the 2.5 g VNbMoTaW bulk sample  
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 The VNbTaW alloy system was studied in this project as well. We fabricated a 

bulk sample with no Mo and twice Nb compared to the VNbMoTaW samples. A 

similar crystal structure is expected in these alloys as we speculate that the Nb atoms 

would replace the Mo atoms in the crystal structure. The EDS confirmed the chemical 

composition of both of the fabricated bulk samples (5 and 2.5 g) as V21Nb40Ta20W19.  

 

 
Figure 6.7. EDS maps of the as-cast 5 g VNbTaW sample 

 

 The EDS map of the as-cast 5 g bulk sample show a dendritic structure with an 

inhomogeneous chemical composition. (Figure 6.7.) On other hand, the 2.5 g sample 

shows a single phase BCC crystal structure in both the XRD and the SEM images in 

Figure 6.83 and 6.9. However, similar to the 5 component sample, EDS maps show 

segregation of the atoms close to the grain boundaries.  
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Figure 6.8. Micrographs of the VNbTaW sample post thermomechanical 
processing  
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Figure 6.9. XRD data collected from (a) 5 g as-cast and (b) 2.5 g VNbTaW 
samples  

 

6.4. Conclusions  

 

By applying the combinatorial thin film approach to the VNbMoTaW alloy 

system, multiple non-equiatomic potential BCC HEAs were identified. Bulk samples 

of V21Nb17Mo22Ta21W19 and V21Nb40Ta20W19 were fabricated via arc-melting. Even 

though a single phase BCC was observed via XRD in both alloys, further processing 

of the fabricated V21Nb17Mo22Ta21W19 and V21Nb40Ta20W19 alloy systems is necessary 

to achieve a homogenous uniaxial grain structure. Heat treatments that involve 

isotactic pressure at high temperatures are recommended. Ongoing research in Dr. 

Balk’s research group will attempt this step for this group of alloys as well as other 

alloy systems with high melting point elements.  
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Chapter 7: Multilayer Thin Film Approach in Development of a Face 

Centered Cubic Alloys 

 

7.1. Introduction  

 

Magnetron sputtering is a physical vapor deposition (PVD) technique that is 

commonly used to fabricate metallic thin films63. However, such film fabrication set 

ups usually have only a few number of target placements form which the alloying 

components are sputtered. This limited number of sputtering targets introduces 

challenges in sputtering multicomponent alloy films and in particular high entropy 

alloys (HEAs), which usually contain 5 or more alloying elements.  

 

This chapter suggests the multilayer fabrication technique as a promising 

solution to the challenges of sputtering alloys with higher numbers of components. In 

this method, each element is individually sputtered as a layer onto the substrate, 

followed by high temperature annealing of the layered film. The goal is to achieve a 

uniform alloy across the film thickness. The higher temperatures and appropriate 

annealing times provide an ideal diffusion space for the atoms of the elements to form 

an alloyed film35,63.  

 

A CrFeCoCuNi alloy system is a promising candidate for application of the 

multilayer alloy technique. For this project, Cu, Co, Fe and Cr were deposited on a Ni 

substrate in that order. This order of deposition was decided based on the binary phase 
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diagrams of the elements. Cu and Ni form a single-phase solid solution over a wide 

compositional range.  Co and Fe tend to form a solid solution as well. Cr was chosen 

to be the top surface later due to its better oxidation resistivity. This multilayer thin 

film technique applied to CrFeCoCuNi alloy system may result in identification of 

HEAs with both equiatomic and non-equiatomic chemical composition.  

 

7.2. Experimental Methods  

 

The thin films were fabricated by Magnetron sputtering (ORION AJA 

International) from pure elemental targets of Cr, Fe, Co and Cu on a Ni substrate. The 

base pressure was around 10-6 Pa and the sputtering was done over Ar flow of around 

0.3 Pa. In the first set of the samples, in order to achieve the layered structure, we 

sputtered about 15 to 20 min from each elemental target with 100 Watts power for 

each target. For annealing, some of the samples were kept in the high vacuum and the 

temperature was raised to 500 °C at the rate of 50 °C/min. After 2 hours of annealing, 

the temperature was decreased to room temperature with the same rate. During both 

the deposition and the annealing processes the substrate was rotating in order to 

maintain the uniformity. For the second set of the samples Fe, Co, Ni and Cu 

sputtering targets were used at 100 Watts power to fabricate the samples. In this series 

of samples, multiple layers were deposited from each target on to Si wafers as 

substrate. Base on the previously measured sputtering rates, the sputtering time for 

each layer was adjusted to have 20 nm thick layers in the first set and 100 nm thick 
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layers in the second set. Table 7.1. summarized the deposition steps for these samples. 

The sputtering was followed by the same annealing processes.    

 

Table 7.1. Order of deposition in the second set or the thin film samples 
   

In order of deposition 

 
Cu Ni Co Fe  

First set of layers 1’ 30” 3’ 45” 2’ 3’ 45” Repeated 3 times 

Second set of layers 7’ 30” 18’ 10” 10’ 18’ 10”  

 

Both sets of the samples were then cut into 10x10 mm pieces for further 

analysis with the FEI Helios NanoLab 660 before and after annealing. Using the 

focused ion beam (FIB) capabilities on the system, a protective Pt layer was deposited, 

followed by a cross sectional cut into the sample to expose the layered film. For the 

annealed films, the other side of the Pt-protected area was milled as well. Using the 

micro-manipulator, the fabricated lamella was lifted out and reattached to a Cu grid by 

Pt welding. After performing some low voltage cleaning steps with the FIB, more 

images and energy dispersive spectroscopy (EDS) data was collected from the lamella 

using the Oxford X-MaxN detector. 

 

The lamella was further milled using the FIB to a thickness transparent to the 

electron beam. The sample was sent to the FEI research center to be characterized by 

FEI Talos transmission electron microscopy (TEM). Bright field (BF) and dark field 
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(DF) images as well as a diffraction pattern and EDS maps was collected from the 

sample.  

 

7.3. Results and Discussion: 

 

Figure 7.1. presents an electron image of the FIB cross section of the first set 

of the thin film samples. The top 2 layer in the figure are the protective Pt deposited in 

the Helios with electron beam and the ion beam. The 4 deposited layers of Cr, Fe, Co 

and Cu are clearly distinguishable on the Ni substrate. The thickness of each layer is 

around 200 nm.   

 

 

Figure 7.1. The FIB cross section of the as-deposited layered thin film.  
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An identical sample was annealed at 500 °C in the vacuum. As a result it 

formed 3 new layers as shown in Figure 7.2. In this figure 2 different contrast of the 

sample is presented collected with electron beam and the ion beam. In both of the 

images, a clear grain structure is observed in all the layers which suggest formation of 

new alloy systems as a result of annealing processing of the deposited layers.  

 

 

 
 

Figure 7.2. FIB cross sectional images of the post annealing sample via 
(a) electron beam and (b) ion beam 
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A thin lamella of the same region was fabricated using the FIB. EDS data was 

collected from the lamella. The collected x-rays from the lamella are generated from a 

much smaller volume compared to the bulk sample. By collecting the EDS from a 

lamella rather than the bulk, we were able to increase the special resolution of the 

technique through reducing the size of the electron beam interaction volume with the 

sample material.  

 

 
Figure 7.3. Thin lamella of the annealed film and the EDS map collected 

by the Helios 
 

Based on the EDS results from the Helios in Figure 7.3. the top Cr layer did 

not diffuse within the film after the annealing process. However, the other 2 layers, 

which formed post annealing, show signs of significant diffusion. Even by collecting 

the EDS data from the lamella, the special resolution is insufficient to distinguish the 

chemical composition of the alloyed layers with high precision. Therefore further 

investigation with TEM was found to be necessary to have a better understanding of 

the alloying process of the multilayer film.  
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Figure 7.4. Electron image and the EDS map collected from the alloyed 
sample by the Talos TEM 

 

Figure 7.4. presents a more detailed EDS maps collected by the Talos. The top 

Cr layer is observed clearly in this map similar to the map collected by the Helios. 
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However, the non cr-containing layers do not appear to be as well alloyed as 

previously thought.  Due to the higher resolution of these maps, we can observe the 

diffusion of the Fe and Co layer into one another post alloying. The Ni substrate in the 

other hand has not diffused as much in to the deposited layers.   

 

A high resolution BF TEM image and the corresponding selected area 

diffraction pattern (SDP) of the alloyed Fe/Co layer is presented in Figure 7.5. The 

SDP is indexed as [1-11]. Considering the Fe-Co phase diagram and Co solubility in 

BCC Fe over a wide compositional range, we speculate that the crystal structure 

resulting from this mixture is in fact a BCC.  

 

 
 

Figure 7.5. BF TEM image of the post annealing sample and the SDP 
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Figure 7.6. presents the FIB cross sectional images of both as-deposited and 

post annealed samples from the second set of thin film samples. The distinctive layers 

of the deposited film are observed in the images similar to the first set of the samples. 

The deposition time for each layer was reduced which resulted in layers with 

decreased thicknesses. However, by repeating the sputtering multiple times, we were 

able to achieve a similar overall thickness to the first set of the samples.  

 

The diffusion distance for the atoms in these samples are significantly 

decreased as the thickness of each layered is reduced. Therefore, a more homogenous 

structure was expected after annealing. The Figure 7.6. (b) shows the post annealing 

FIB cross sectional image. The grain growth, observed in the top layers of the film, 

makes this annealed film a promising alloy sample. However, it can be observed from 

the figure that the overall thickness of the film has increased. In some areas the film 

has diffused into the substrate and we speculate that some material from the substrate 

has diffused into the film. This unexpected phenomenon can be explained by the Si-

Cu phase diagram. For a relatively wide composition range, Cu and Si form a solid 

solution. This tendency of mixing in Si and Cu has affected the results of this study 

and this film is no longer a FeCoNiCu alloy.  
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Figure 7.6. Multilayer sample (a) before and (b) after annealing  
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7.4. Conclusions 

 

While this multilayer technique failed to achieve a single-phase 

multicomponent alloy, it provided base for investigation of similar layering alloying 

techniques. For instance, depositing thinner individual layers repetitively will provide 

a smaller diffusion distance for the atoms of the involved elements. This would 

potentially enable us to fabricate a well-mixed and relatively more homogenized alloy 

film post annealing.   
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Chapter 8: Conclusions and Continuing Work 

 

This project successfully applied a thin film combinatorial approach as a more 

efficient experimental method to developing new high entropy alloy (HEA) alloy 

systems. In order to study HEA systems with different crystal structures, nominal 

HEA compositions were selected, including: OsRuWMoRe to obtain hexagonal closed 

packed (HCP), CoFeMnNiCu in order to achieve face centered cubic (FCC) HEA and 

VNbMoTaW in an attempt to form a body centered cubic (BCC) crystal structure. 

Thin film samples were fabricated by simultaneous magnetron sputtering of the 

elements onto silicon wafer substrates. This arrangement yielded a chemical 

composition gradient in the films which ultimately resulted in the formation of various 

phases. Some of these phases exhibited the desired single-phase HEA, albeit with non-

equiatomic chemical compositions. Bulk samples of the identified HEA compositions 

were prepared by arc melting mixtures of the metals. Microstructure of both thin film 

samples and bulk samples were characterized via scanning electron microscopy 

(SEM), focused ion beam (FIB) and energy dispersive x-ray spectroscopy (EDX). The 

crystal structures of the samples were studied by X-ray diffraction (XRD) and electron 

backscattered diffraction (EBSD) technique. Applying Nano-indentation technique, 

the mechanical properties of some of the samples were screened over the composition 

gradient as well.   
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Figure 8.1. Illustration summarizing the combinatorial thin film approach 

 

By applying this combinatorial thin film approach to the MnFeNiCoCu alloy 

system, a single-phase FCC HEA was identified as Mn30Fe20Co20Ni15Cu15. The alloy 

was fabricated in bulk form via arc-melting. In order to achieve the desired uniaxial 

grain structure, the casting procedure was followed by thermomechanical processing.  

 

Similarly, a potential HCP HEA was identified from the application of the thin 

film approach to the OsRuWMoRe alloy system. The Os23Ru13W27Mo23Re14 was 

successfully casted in bulk form; however, we were not able to thermomechanically 

processes it due to the higher melting points of its components. Therefore, the ideal 

grain structure was not achieved for this alloy.  
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 After applying the combinatorial thin film approach to the VNbMoTaW alloy 

system, multiple single phase BCC alloys were identified. The V21Nb17Mo22Ta21W19 

and V21Nb40Ta20W19 alloy systems were fabricated in balk form via arc-melting. 

Performing the thermomechanical processing, we were able to achieve a single phase 

BCC structure in both alloys, however, the EDS maps showed chemical segregation. 

Further processing is required to obtain a chemically uniform structure for these 

alloys.  

  

The bulk samples of the identified alloys can be used for further investigation 

of their properties. For instance, dog bone specimens of the fabricated samples can be 

machined to be used in tensile testing set up for a more in depth study of the 

mechanical properties of the alloys. Due to the size of the arc-melted samples, micro 

tensile testing is recommended. Such equipment is available in Dr Balk’s research 

group at the University of Kentucky. (Figure 8.2.) The properties of the materials in 

thin film form may be vary from those of the bulk form due to the size effect. 

Therefore, the collected data from bulk samples are particularly important in 

predicting the material’s behavior in the actual applications. 

 

Multiple HEAs were detected and successfully produced in bulk form applying 

the combinatorial thin film approach.  This experimental approach proved to be more 

efficient in identifying new alloy systems than conventional exploratory development 

methods. The combinatorial thin film approach can potentially be applied in the 

development of alloy systems of various natures. Using this approach, the 
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development process can be modified to be more efficient and reduce the costs of 

research and development in alloy industries. Additionally, by screening the properties 

of the compositionally gradient thin films, more in depth information about the alloy 

candidates can be provided. For instance, the mechanical and/or environmental 

properties can be screened over the chemical composition of the alloy system.  

 

 
 

Figure 8.2. Micro specimen test set-up available in Dr. Balk’s research 
group at the University of Kentucky11  

 

As suggested in chapter 4, Nano indentation is a great tool in screening the 

mechanical properties of materials in thin film form. The environmental properties, 

such as corrosion and oxidation resistance, can be screened as well over the thin film 

gradient by a simple corrosion test. This additional screening step was recommended 
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by Dr Dan Miracle in the U.S. air force laboratory. This complimentary information 

provides a thorough understanding of the relationship between the chemical 

composition, crystal structure and properties of the alloy system, which is very 

valuable in the process of designing materials for specific applications.     
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Appendix A 

 

Muti-component thin film samples fabricated for this project in Dr Balk’s 

Research Group  

 

Alloy with HCP crystal structure: 

OsRuWCo 

OsRuWMoRe 

OsRuWNb 

OsRuWIr 

OsRuMoRe 

 

Alloys with FCC crystal structure: 

CrMnFeCoNi 

CrMnFeCoNi 

CrFeCoNiCu 

MnFeCoNi 

FeCoNiCu 

 

Alloys with BCC crystal structure: 

TiZrNbHfTa 

TiZrNbHfTa 

TiVNbMoTa 
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VNbMoTaW 

VMoTaW 

VNbTaW  
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Appendix B  

 

 

Atomic Number  

(Z) 

Atomic Weight 

(A) 

Crystal 

Structure ρ (g/cm3) Tm (C°) 

V 23 51 BCC 6.11 1910 

Mn 25 55 BCC 7.47 1246 

Fe 26 56 BCC 7.87 1538 

Co 27 59 HCP 8.9 1495 

Ni 28 59 FCC 8.9 1455 

Cu 29 64 FCC 8.96 1084 

Nb 41 93 BCC 8.57 2477 

Mo 42 96 BCC 10.28 2623 

Ru 44 101 HCP 12.45 2334 

Ta 73 181 BCC 16.65 3017 

W 74 184 BCC 19.25 3422 

Re 75 186 HCP 21.2 3182 

Os 76 190 HCP 22.59 3072 
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Appendix C  

 

Screening Work Function across Gradient Thin Film  

 

Work function is defined as the minimum amount of energy needed to remove 

an electron from a solid material in vacuum just outside the surface. It should be noted 

that work function is a physical property of the surface and even though it strongly 

depends on the material, it is not a characteristic of the bulk material.  

  

The Kelvin Probe system can provide precise and localized measurements of 

the work function. The figure presents the system that we have in our research 

lab.  This technique is very surface sensitive, which makes it ideal for thin film 

samples. Considering that it is also very localized, it could potentially screen the work 

function across a compositionally gradient film.  

 

The MnCoFeNiCu thin film gradient was screened across 9 spots using the 

Kelvin Probe. However, no significant changes were observed in the measurements of 

these 9 spots. We speculate that contamination on the film’s surface is the reasoning 

behind these results. Further investigation of work function measurements is outside 

the scope of this project, but is strongly recommended for future work.   
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