
 
 

 
 

 

 

 

 

University of Nevada Reno 

 

 

 

 

Heuristic Screening Database for the Development of High 

Entropy Alloys 

 

 

 

A thesis submitted in partial fulfillment of the 

requirements for the degree of Master of Science in 

Materials Science and Engineering 

 

 

 

 

By 

Nathan Lannoy 

 

Dr. Jeffrey LaCombe/Thesis Advisor 

 

 

May, 2018



 
 

 
 

 

 

 

 
We recommend that the thesis 

prepared under our supervision by 

 

NATHAN LANNOY 

 

Entitled 

 

Heuristic Screening Database For The Development Of High Entropy Alloys 

 

 

be accepted in partial fulfillment of the  

requirements for the degree of 

 

MASTER OF SCIENCE 

 

Jeffrey LaCombe, Ph.D., Advisor 

 

 

Dev Chidambaram, Ph.D., Committee Member 

 

 

Eric Wang, Ph.D., Graduate School Representative 

 

 

David W. Zeh, Ph.D., Dean, Graduate School 

 

May, 2018 

 

THE GRADUATE SCHOOL 



i 
 

 
 

Abstract 

 
The ability to rapidly and efficiently identify interesting high entropy alloys is of 

utmost importance in making optimal use of alloys in a wide range of modern 

technologies.  High entropy alloys represent a massive, essentially infinite, alloy 

composition space to explore for a specific set of physical and mechanical properties.  

This thesis advances the study and application of HEAs by creating a heuristically-

generated database of possible high entropy alloy systems, screening conceivable HEAs 

from the broader palette of multicomponent systems using several metrics proposed in 

the literature.  This database enables researchers to quickly screen candidate alloy 

systems based on their potential to form a single-phase alloy, as well as their melting 

temperature, density, Youngs Modulus and several other properties, for further 

experimental and computational study.  The resulting database includes over 84 million 

examined alloy combinations, which are evaluated using the heuristic models to arrive at 

a reduced set of candidate HEAs.  For example, the model of Ye et al, with a critical ϕ 

value of 18, identifies over 310,529 candidate HEAs in 5-component systems of which 

there are 87,057 unique alloy systems.  The value of such a database is the ability to 

quickly identify likely alloys that will form a single phase solid solution with the 

additional ability to further screen alloys based on a variety of physical properties.  Using 

ϕ = 18 as the screening threshold eliminates 90% of the false positives, but will 

(however) miss 49% of the experimentally-observed HEAs (i.e., 49% false negatives). 

  



ii 
 

 
 

Acknowledgements 

 
I would first like to thank Dr. Jeffrey LaCombe for his time and input on this 

thesis.  I would particularly like to thank Dr. LaCombe for always having a minute to 

discuss my research or writing.  Additionally, I would like to thank Dr. Dev 

Chidambaram and Dr. Eric Wang for taking time to participate in my graduate 

committee. 

A big thanks to Zachary Karmiol for his time instructing me on many of the 

fundamental hands on techniques required for some of the initial experiments I 

performed.  Additionally, I would like to thank him for the time spent on the SEM.  Zach 

has been a wonderful resource for all things materials and has often been integral in 

understanding the small and intricate details of my research. 

Lastly, I would like to thank my family. Cindy, thank you for putting up with my 

long and stressful days and sometimes sour attitude.  Thank you to my brother and sister 

for housing and feeding Cindy and I while we have been in school, this would not have 

gone as smoothly without you two.  I would like to thank my grandfather for his support 

and encouragement.  And finally, thank you mom and dad. 

  



iii 
 

 
 

Contents 

1 Introduction………….……………….….….……….………1 

 1.1 Summary of Completed Work.…...................……………....9 

 

2 Background………….……………….….….……….………4 

 2.1 Current State of High Entropy Alloys…….……...................4 

 2.2 Current Research Approaches.…...................……………....9 

  2.2.1 Experimental Techniques and Properties………...................10 

   2.2.1.1 3d Transition alloys…………..….……………...10 

   2.2.1.2 Refractory alloys……………...………….…......14 

   2.2.1.3 Low Density and Other alloys………….…..…...16 

   2.2.1.4 Additional Properties………………………...….18 

  2.2.2 Theory..………………….....................................................26 

 

3 Methodology…………...……..…….….….….…….……...42 

 

4 Results and Analysis.…….………………………..……….46 

 

5 Discussion………..……………………….……….….……61 

 5.1 Other – Experimental Considerations…….……...................63 

 

6 Future Work……………...……………………..….…..…..64 

 

A Matlab Files……………...……………………..….…..…..79 

 A.1 Generate Full Alloy Database……….…...…..…........79 



iv 
 

 
 

 A.2 Analyze and Parse Alloy Database………….....….....90 

A.3 Sample of Code Used to Generate “Heat” Maps of 

Alloy Properties…………..….…........................…..116 

 

B Copyright Permission…………..….…........................…..122 

  



v 
 

 
 

List of Tables 

 

1     Property summary of 3d-transition family MPCAs ................................................... 21 

2     Property summary of refractory family MPCAs ....................................................... 24 

3     Summary of equations and variables used in database .............................................. 45 

4     Summary of the number of 3-, 4-, 5-component alloys ............................................. 49 

5     Summary of the number of times each element appears in 5, 4, and 3-component 

systems for all compositions, equiatomic composition, enriched composition, and 

depleted compositions ............................................................................................... 58 

  



vi 
 

 
 

List of Figures 

 

1     Hardness of HEAs and conventional alloys [1-3]...................................................... 1 

2     The number of times each phase is found in the 648 microstructures.  If a phase 

occurs more than once in each microstructure it is counted for each occurrence.  

Phases with fewer than 4 occurrences are not shown [23] ........................................ 7 

3     The vertical axis represents the percentage of microstructures with that phase type or 

number of phases.  a) Classification by phase type with sub-classification by number 

of phases and b) classification by number of phases with sub-classification by phase 

types [23] ................................................................................................................... 8 

4     Tensile data of 3d transition metal CCAs: a) yield strength, b) ultimate strength, c) 

tensile ductility [23] ................................................................................................... 13 

5     Temperature dependence of compressive yield strength for various MPCAs and two 

commercial superalloys [23] ...................................................................................... 16 

6     Enthalpy of mixing for IM and SS phases as calculated by the Miedema Model [23]

 ................................................................................................................................... 29 

7     Total molar entropies of binary liquid alloys, SLiquid, including all terms in Equation 

7.  The dashed lines are linear averages of the elemental vibrational entropies.  (b, c) 

SLiquid, after subtracting the vibrational entropy of the pure elements, these two 

figures better illustrate the magnitude of the excess entropy terms relative to the ideal 

entropy.  Note, the negative entropies are an artifact of having subtracted the large 



vii 
 

 
 

vibrational entropy of the pure elements, the total entropies are always positive (see 

the change in scale for (a)) [23] ................................................................................. 32 

8     a) The ϕ value of roughly 250 experimental MPCAs has been plotted for each alloy.  

The x-axis has no real meaning; it is just an arbitrary listing of the experimental 

alloys.  b) Percentage of alloys with a larger φ, for example 92% of single phase 

alloys have a ϕ larger than 5 (the bottom most bar on the graph).  There is a clear 

delineation at ϕ=20, above which less than 10% of multiphase MCPAs appear ...... 35 

9     a) Monte Carlo Acceptance rates (ratio of accepted to attempted species swaps) for 

each species pair vs. temperature.  b) Partial radial distribution function at T=300K 

for N=128 atoms.  Inset T=1800K [32] ..................................................................... 39 

10    Partial radial distribution correlation functions for a) Al1.3CoCrCuFeNi and b) 

HfNbTaTiZr, these are only shown for Al-X and Hf-X but are representative of the 

other distributions [31] .............................................................................................. 40 

11   Distribution of all ϕ values for the 83,949,264.  The subset shows the distribution for 

310,529 alloys with a ϕ value larger than 18 ............................................................. 47 

12   Distribution of alloy subsystems with critical ϕ values ............................................. 50 

13   A plot of the average critical ϕ value for 5-component alloys versus the number of 

times an element appears in an alloy with a critical ϕ value ..................................... 51 

14  Counts of the number of critical ϕ alloys each element (for Ag-Na) is present in.  

Note:  Arsenic appears in 109 alloys and beryllium appears in 130 ......................... 52 

 



viii 
 

 
 

15   Counts of the number of critical ϕ alloys each element (for Nb-Zr) is present in.  

Note:  Silicon appears in 21 alloys ............................................................................ 53 

16   In both scatter plots, the points are colored based on the ϕ value, the scale is located 

to the right a) Scatter plot of δ vs Ω for ϕ values for 10-5000.  b) Scatter of ΔHmix vs 

δ, for ϕ values of 10-5000.  This is only for 5-component alloys .............................. 54 

17   The color of the points in the scatter plot are based on the ϕ value, the scale is located 

to the right.  The figure is a scatter plot of the melting temperature vs density for all 

“likely MPCA” 5 component alloys with a ϕ value between 18 and 5000 ............... 55 

18  The color of the points in the scatter plot are based on the ϕ value, the scale is located 

to the right.  The figure is a scatter plot of the melting temperature vs Young’s 

modulus for all “likely MPCA” 5 component alloys with a ϕ value between 18 and 

5000 ........................................................................................................................... 56 

19  The color of the points in the scatter plot are based on the ϕ value, the scale is located 

to the right.  The figure is a scatter plot of the density vs. Young’s modulus for all 5 

component alloys with a ϕ value between 18 and 5000 ............................................ 57 

20  a) heat map of cost ($/g) vs. melting temperature (°C), b) heat map of cost ($/g) vs. 

density (g/cm3), c) heat map of cost ($/g) vs. Youngs modulus (GPa) ..................... 62 

 

  



ix 
 

 
 

Nomenclature: 

HEA:  High Entropy Alloy 

MPCA:  Multi-Principal Component Alloy 

CCA:  Complex Concentrated Alloy 

MGI:  Materials Genome Initiative 

DFT:  Density Functional Theory 

CALPHAD:  CALculation of PHAse Diagrams 

MD:  Molecular Dynamics 

MC:  Monte Carlo 

SS:  Solid Solution 

IM:  Intermetallic 

FCC:  Face Centered Cubic 

BCC:  Body Centered Cubic 

  



1 
 

 
 

1 Introduction 

High Entropy Alloys (HEAs), or more generally, Multi-Principal Component 

Alloys, MPCAs are an emerging class of alloy systems where there is not a single 

principal component in the alloy.  Instead, each of the 5+ components has nearly 

equiatomic compositions, but with the alloys consisting of a simple, single-phase.  The 

reasons for the largely unexpected stability of these single-phase systems are presently an 

area of active research.  Research and interest in HEAs has grown in recent years.  These 

alloys represent a vast and largely unexplored composition space. They have been shown 

to have mechanical properties that can be superior to that of conventional alloys and 

because these properties are often obtained in the as-cast state, these alloys require 

significantly simpler processing than many conventional alloys.   

The interest in high entropy alloys has been spurred on by the promising 

properties that many systems have shown so far.  Many HEAs have high-temperature 

strength and high hardness.  

For example, 

AlCoCr2FeMo0.5Ni and 

Al0.2Co1.5CrFeNi1.5Ti are 

two examples with 

uncommonly high hardness 

[1-3]. Figure 1 shows the 

hot hardness of these two 

HEAs compared to current 

Figure 1:  Hardness of HEAs and conventional alloys [1-3]. 
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superalloys (common in aerospace applications).  Additionally, some HEAs 

(CoCrFeMnNi) have been shown to have excellent strength, ductility and toughness that 

improve at cryogenic temperatures [4].   

It has been shown that elements in high entropy alloys often diffuse slower than in 

conventional alloys [5].  Slow diffusion leads to slow kinetics (i.e. slow phase 

transformations, slow grain growth, etc.) and has led to the investigation of HEAs as 

diffusion barriers [6-8].  It is also expected that the sluggish diffusion will lead to good 

creep resistance, which is a relatively new avenue of HEA research [9, 10]. The slow 

diffusion likely contributes to the high strength of these materials at high temperatures.  

Sluggish diffusion leads to slow grain growth and precipitation growth kinetics; this in 

turn leads to small grains and small precipitates that result in increased strength.  Studies 

of grain growth have indeed shown higher activation energies for grain growth compared 

to conventional alloys [11, 12].  The kinetics of precipitation growth has not been as 

conclusive.   Many studies of precipitation strengthened HEAs have been conducted, but 

often the studies only focus on the precipitates effect on material strength [13-15].  To my 

knowledge there have not been any studies comparing the rate of precipitate growth 

between HEAs and conventional alloys.  One study claims the existence of nanoscale 

precipitates in the as-cast state as counter evidence to the sluggish diffusion; however, the 

authors did not compare precipitate sizes after aging [15].  Other studies have used the 

existence of nanoscale precipitates after aging for 1000 hours as evidence that sluggish 

diffusion is present [13, 14].  Clearly more focused studies are required to elucidate the 

nature of diffusion in HEAs.  
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The promising properties of the relatively few high entropy alloys studied thus far 

are enticing, and indicate the ability to fit into a wide range of applications, such as those 

in the energy, transportation, and space industries.  The number of potential alloys is 

incredible, for purely equiatomic compositions there are 80,730 possible 5 component 

alloys chosen from just 27 of the more common elements used in metallic alloys.  To 

experimentally explore all of these systems is infeasible, which has led to the motivation 

to develop heuristic “governing principles” [16-18].  These heuristics may not be 

universal as it is not known if they are applicable to the entire range of potential alloy 

systems.  To date the vast majority of alloys studied have been based on 3d transition 

elements (as will be discussed in further detail in the background section), comparatively 

few alloys using refractory elements or very light elements have been studied.  It is 

possible that the heuristics have been biased because of this concentration on a specific 

family of alloys.  Exploring these heuristic rules and what they can tell us is the main 

thrust of this work.   

In high entropy alloys, it is difficult (if not impossible) to identify a true 

solvent/solute relationship amongst the alloying elements.  As a result, conventional solid 

solution formation rules and strengthening mechanisms are not necessarily applicable, 

and a vast amount of work is needed to explain the complex interplay of nanostructure, 

microstructure, and mechanical properties.  The study of HEAs presents a tremendous 

scientific endeavor, one that will require integrated computational, experimental, and data 

informatics tools.  The Materials Genome Initiative (MGI) seeks to create an 

infrastructure that will facilitate this endeavor [19].   
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The present work provides a data informatics tool that can be used to quickly and 

efficiently identify potential alloys for more intensive study – a potentially useful 

contribution to the MGI infrastructure.  It advances the study and application of HEAs by 

identifying a heuristically-generated database of possible high entropy alloy systems, 

screening conceivable HEAs from the broader palette of multicomponent systems based 

on the various metrics proposed in the literature.  This will help to enable researchers to 

quickly screen candidate alloy systems for further experimental and computational study.  

It is envisioned that with further development, this heuristic database will be coupled 

with more powerful (but more effort-intensive) computational methods such as DFT 

(density functional theory), CALPHAD (CALculation of PHAse Diagrams), molecular 

dynamic and Monte Carlo simulations, as well as high throughput experimental methods.  

Each of these methods will be discussed in detail further on. 

1.1 Summary of Completed Work 

The work completed in this thesis was performed to guide the study of high 

entropy alloys.  High entropy alloys present a daunting challenge because of the sheer 

number of potential alloys.  This work has helped to drastically scale the problem down.  

Previous research in the field has focused on developing heuristics and experimentally 

studying specific alloys.  This work is unique because it thoroughly explores the vast 

number of potential high entropy alloys instead of focusing on only a small group of 

alloys.   
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2 Background 

2.1 Current State of HEA’s 

 High entropy alloys were initially proposed in 1995, but the term “high entropy 

alloy” was not coined until 2005 by Yeh and co-workers [20, 21].  In the literature, it is 

common to see reference to four “core effects” of mixing multiple elements together.  

These four core effects are summarized: 

Core Effects [22]: 

1) high entropy effect,  

2) severe lattice distortion,  

3) sluggish diffusion,  

4) the cocktail effect.   

These hypotheses are commonly used to explain the unique properties of many HEAs.  

The high entropy effect refers to the stabilization of the solid solution phase due to high 

configuration entropy (this will be discussed in more detail below).  The severe lattice 

distortion effect refers to the fact that atoms of different sizes are being mixed together.  

This causes a non-uniform crystal lattice to form where each lattice site is moved from its 

equilibrium position to reduce the internal strain; it is often assumed that this distortion is 

more severe in HEAs than in conventional alloys.  The sluggish diffusion effect has been 

suggested because of the slow phase transformation kinetics evident in HEAs, although, 

as will be discussed later, few studies have been performed on diffusion on HEAs and is 

it not clear whether diffusion is sluggish.  The cocktail effect refers to the idea the 

properties of HEAs come from the properties of the constituent elements and the 
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interactions between the constituent elements [22].  Very few studies have focused 

specifically on these core effects, often they are mentioned as a brief reason for the 

unique properties exhibited by many HEAs.  The assumptions underlying these core 

effects will be revisited in the following background section. 

In a recent review, Senkov and Miracle proposed a nomenclature to describe the 

various terms that have begun to emerge to describe high entropy alloy research [23].  

The theme underpinning many initial HEA studies was to develop multi-component 

alloys of a solid solution single-phase; however, some research has turned to exploring 

the large hyper-dimensional composition space presented by these alloys without strictly 

searching for single-phase alloys.  Terms such as multi-principal element alloys or multi-

principal component alloys (MPEAs or MPCAs) and complex concentrated alloys 

(CCAs) have begun to emerge.  Senkov and Miracle use the term HEA do denote 

research striving to develop solid solution single-phase alloys, while MPCA or CCA is 

reserved for research that seeks to explore the center of a multicomponent phase space 

[23].  Throughout the present work, MPCA, CCA and HEA will be used interchangeably 

to refer to the broad field, unless the context connotes a specific meaning.  Keeping in 

mind that the aim of the heuristic database developed in this work is to help screen for 

potential HEAs, not to explore the center of multicomponent phase space. 

In their review, Miracle and Senkov cover over 400 alloys that have been 

developed and studied since mid-2015, these alloys can be classified under seven 

families: 3d transition metal alloys, refractory metal alloys, light metal alloys, lanthanide 

metal alloys, brass and bronze alloys, precious metal alloys, and interstitial compound 

(boride, carbide, and nitride) alloys [23].  Of the alloys reviewed, the vast majority 
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(roughly 85%) were from the 3d transition element family.  This family is essentially an 

extension of austenitic steels and Ni superalloys.  In the review, only 37 of 72 “feasible” 

elements were found to have been used in HEA research (the 72 elements do not consider 

radioactive elements, halogens or noble gases).  The 3d transition family of HEAs 

consists largely of the following 9 elements: Al, Co, Cr, Cu, Fe, Mn, Ni, Ti, and V. Of 

these, Co, Cr, Fe, and Ni appear in over 70% of the CCAs covered.  Refractory CCAs are 

the next most common family and represent only 7% (29 alloys) of the alloys covered in 

the review.  The most common branches in the refractory family are MoNbTaW, 

HfNbTaZr, CrMoNbTa, and CrNbVZr [23].  Other families include low density 

structural alloys, lanthanide alloys, brasses and bronzes, and precious metals.   

Of the alloys reviewed, 648 unique microstructures were counted by Senkov and 

Miracle, giving equal 

weight to all reports 

regardless of processing 

conditions (e.g. as cast vs. 

annealed), and without 

concern for alloys that may 

belong to the same phase 

field.  “For example, do 

CoCrFeNi and 

CoCrFeMnNi belong to 

the same FCC phase 

field?” [23].  MPCAs may have solid solution phases (SS), intermetallic phases (IM), or a 

Figure 2:  The number of times each phase is found in the 648 

microstructures.  If a phase occurs more than once in each 

microstructure it is counted for each occurrence.  Phases with fewer 

than 4 occurrences are not shown [23]. 
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combination of both (SS+IM), and additionally some may exhibit an amorphous 

structure.  SS phases commonly have an FCC, BCC or HCP atomic packing scheme, 

whereas IM phases are typically represented by common AxBy notation.  As shown in 

Figure 2, the FCC crystal structure (465 identifications) is the most common crystal 

structure found, closely followed by the BCC structure (357 identifications).  The B2 or 

CsCl structure (177 identifications) is the most common IM phase, followed by the σ 

phase (60 identifications).  Solid solution microstructures are the most common (48% of 

alloys) and SS+IM microstructures are close behind appearing in 42% of alloys, while 

IM-only microstructures appear in only 10% of the covered alloys.  Solid solution 

microstructures are most often single-phase; however, two and three-phase solid 

solutions are also seen.  Of the SS+IM microstructures 2 phase systems are the most 

common.  A summary of the types of phases and number of phases can be found in 

Figure 3a and 3b [23]. Figure 3a shows the percentage of total microstructures for SS, IM 

Figure 3:  The vertical axis represents the percentage of microstructures with that phase type or 

number of phases.  a) Classification by phase type with sub-classification by number of phases and b) 

classification by number of phases with sub-classification by phase types [23]. 
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and SS+IM phases with insets showing the number of phases.  Figure 3b shows the 

percentage of single-phase, two-phase, and 3+ phase microstructures with insets showing 

the percentage of SS and IM phases.  For example, 48% of the microstructures are SS,  

but only 33% of all microstructures are single-phase solid solutions (i.e. true HEAs).  

These results appear encouraging to research focused on finding HEAs (single-phase 

solid solution phases), however, this data is heavily biased as will be discussed shortly.  

All but one single-phase FCC SS alloy belongs to the 3d transition metal MPCA family, 

and 55% of the single-phase BCC alloys belong to the 3d transition family.  The other 

45% of the single-phase BCC alloys belong to the refractory alloy family.  Senkov and 

Miracle show that these results; namely that most HEA SS phases have simple crystal 

structures, should not be that surprising using a simple “structure in – structure out” 

correlation.  Of the 37 elements used in the 408 alloys analyzed, 33 have BCC, FCC, or 

HCP structures at their melting point.  Simply by analyzing the number of times BCC, 

FCC, and HCP elements are used, Senkov and Miracle calculate very similar percentages 

of BCC, FCC, and HCP phases in SS alloys.  They predict that 50% of observed SS 

phases will be BCC (43% experimentally), 49% FCC (56% experimentally, and 1% HCP 

(1% experimentally) [23].  This simple model does not speak to why there are still a 

relatively large percentage of single-phase SS alloys, but it points to the relatively narrow 

scope of current HEA research.  Thus far, there has not been a large concerted effort to 

discover truly novel and unique alloys with element combinations never tried before 

whether they be HEAs (single-phase solid solution alloys) or MPCAs (exploration of the 

center of phase diagrams).  This thesis is focused on applying published heuristic models 

for HEA/MPCA prediction to develop a database enabling directed searches for novel 
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alloys that will be single-phase SS and possess unique and useful properties.  The 

primary heuristic used to create the HEA screening database is Yeh’s single-parameter 

thermodynamic rule, ϕ [18].  Before describing the screening database developed here 

current research methods (both experimental and computational) will be discussed, 

followed by a summary of the properties of various HEA families.   

 

2.2 Current Research Approaches 

 Research into HEAs has been performed with many different goals in mind.  

Much experimental work has been focused on tweaking existing conventional alloys 

(austenitic steels, Ni superalloys, etc.) by shifting compositions to the center of phase 

fields and adding additional elements.  Much of the current research has focused on 

studying the mechanical properties, microstructure, and phase stability [24-26] of these 

alloys.  Other experimental research has focused on finding HEAs to fit specific 

applications, such as low density structural materials or high temperature structural 

materials [27, 28].  Theoretical or computational research efforts have focused on how to 

use CALPHAD and Hume-Rothery type heuristics to guide the search for new and novel 

alloys [29-32].  Additional computational research has focused on how to apply 

molecular dynamics, Monte Carlo, and DFT simulations to MPCA research [32-34].   

 

2.2.1 Experimental Techniques and Properties of HEAs 

2.2.1.1  3d Transition Family 
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As discussed earlier, the vast majority of studied MPCAs have been in the 3d 

transition family.  One of the first single-phase solid solution HEAs discovered was 

CoCrFeMnNi (sometimes referred to as the Cantor alloy) which could be considered an 

equiatomic austenitic stainless steel and would later be shown to have cryogenic 

toughness exceeding that of all pure metals and metallic alloys [4, 35] .  Many HEAs in 

the 3d transition family are a derivative of this alloy, with new alloys developed by 

substituting in new elements from the 3d transition family.  Initial experimental research 

into HEAs focused on characterizing the alloy’s microstructure and measuring some 

basic physical properties such as hardness or compressive strength.  Often, papers 

published on HEAs will focus on one alloy or a group of alloys where one element’s 

effect on microstructure and physical properties is studied.  Typically, single sample 

alloys are prepared via vacuum arc furnace melting; however, mechanical alloying (ball 

milling), plasma arc sputtering, and induction melting are also reportedly used.    

HEA research has followed a general pattern where a single-phase solid solution 

alloy is discovered, and then further research proceeds to tweak the alloy elemental 

composition. For example a single-phase solid solution HEA that has been the 

springboard for a huge number of derivative HEAs was discovered in 2007 by Zhou et al.  

The AlCoCrFeNiTi0.5 alloy they discovered has a yield strength, fracture strength, and 

plastic strain of 2.26 GPa, 3.14 GPa, and 23.3%, respectively [36].  The surprisingly good 

properties of this alloy spurred significant interest and subsequent research into its 

derivatives.  This alloy is representative of the typical experimental HEA research 

approach; namely researchers have explored these alloys and phase spaces by doing one 

or more of the following: 1) vary elemental composition, typically by varying the atomic 
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ratio of 1 or more element from 0 – 2, 2) by subtracting an element from a previously 

studied HEA, 3) adding an element to a previously studied HEA, or finally 4) substituting 

an element in a previously studied HEA.  In 2008, Shun et al studied the effect of Al 

content on the 5 component HEA AlCoCrFeNi, but the properties were not nearly as 

promising as the AlCoCrFeNiTi0.5 alloy; yield strength of 175 MPa, fracture strength of 

525 MPa, and a ultimate elongation of 58% [37].  Research into this alloy group and the 

development of derivative groups has explored varying Al content in AlCoCrFeNi [10], 

varying Fe in AlCoCrFeNi [38].   Additional research has studied the effect of V to make 

AlCoCrFeNiV producing an alloy with properties surpassing Zhou’s AlCoCrFeNiTi 

alloy (compressive strength of 3.3GPa and 26.8% plastic strain) [39].  Further alterations 

have included adding Zr to make AlCoCrFeNiZr [40]. Other common alloying branches 

include AlCoCrCuFe, which have been “alloyed” with Ti, Ni, and V [24], and Zn [41].  

Alloys without aluminum have included CoCrFeNi “alloyed” with V and Mn [42], and 

Nb [43].   

Table 1 (adapted from Senkov and Miracle’s review) summarizes the properties 

and microstructures of over 50 3d transition HEAs, while this table is not exhaustive, it 

presents a good example of the properties and microstructures that can be found in this 

HEA family [23].  Unfortunately, many of the alloys do not have properties superior to 

conventional austenitic steels or nickel superalloys, as shown in Figure 4.  While the 

properties  are comparable to currently available commercial alloys, there is little to no 

improvement.  However, this may not be a fair comparision, as these commercial alloys 

have been heavily researched and many years have been spent improving and fine tuning 

their mechanical properties, whereas for the HEAs/MPCAs, very little research has been 
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conducted on the effects of precipitation strengthening, grain refinement, work 

hardening, and annealing. The primary interest in HEAs is the vast potential for alloying 

ability.  There exists a very large compositional and elemental phase space that has not 

been explored heavily.  In addition, strengthening mechanisms in MPCAs are not 

understood, and it is not clear if conventional strengthening techniques will work.  

Neither is it clear how MPCAs deform, although these areas are becoming a more active 

area of research.  Researchers have begun looking at slip nucleation [44], formation and 

behavior of twins [45, 46], stacking fault energies [47], ageing in HEAs [48], and the 

Figure 4:  Tensile data of 3d transition metal CCAs: a) yield strength, b) ultimate strength, c) tensile ductility 

[23]. 

 



14 
 

 
 

effects of hot and cold work [46, 49-51].  These are important areas of research for the 

improvement of HEA properties, however, there still exists a massive library of alloys 

that have not been studied that may have suprising properties, with or without subsequent 

processing for desired properties. 

While many of the discovered 3d transition metals have not shown properties 

superior to current commercial alloys, some alloys have.  For example, AlCoCrFeNi is a 

BCC single-phase solid solution alloy with a compressive fracture strength of 2.67 GPa, 

furthermore, a small addition of Zr (0.008 at%) creates a secondary Laves phase and 

increases the compressive fracture strength to 3.5GPa (a 30% increase) with an increase 

in ductility from 22.5% to 29.5%  [40].  While the behavior in tension may be different, 

the alloy should still maintain strengths higher than many high strength steels.  For 

example, dual-phase steels have tensile strengths of 500-1200 MPa with elongations of 

12-31%, complex phase steels have tensile strengths of 590-1000 MPa with elongations 

of 15-28%, and press-hardened steels can have tensile strengths up to 1500 MPa with 

elongations <6% [52-54].  These advanced high strength steels are currently an active 

area of research and in some forms are already being included in applications such as 

auto bodies.  These alloys have complicated and time-consuming processing steps that 

must be precisely controlled to arrive at these highly desirable properties.  The HEA 

AlCoCrFeNi represents a significant increase in strength in the as-cast state, and would 

not require any further processing—and the increased strength does not appear to come 

with an appreciable decrease in ductility.  A two-phase MPCA AlCrFeNiMo0.8 has a 

Vickers hardness of 850HV, which is comparable to high speed tool steels [55].  It is 
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clear that some 3d transition MPCAs do have properties that are superior to those of 

some commercial steels.   

 

2.2.1.2  Refractory 

The refractory family of MPCAs has been researched in a similar manner to the 

3d transition family, however there were no appropriate commercial alloys to serve as a 

starting point, instead they have been developed to achieve high temperature, high 

strength alloys.  The first paper published on refractory HEAs was in 2010 by Senkov et 

al. [56].  The two alloys studied were MoNbTaW and MoNbTaVW.   Both HEAs had a 

SS single-phase BCC structure with Vickers hardness of 454 and 535, respectively.  The 

hardness of both HEAs is greater than any of the pure elements (reflecting the cocktail 

effect), suggesting a significant solid-solution strengthening mechanism at work [56].  

Shortly after this discovery, several more refractory HEAs were discovered and research 

followed the same pattern as 3d transition metals where elements were subtracted, added, 

and substituted to explore the composition space.  Table 2 (adapted from Senkov and 

Miracle’s review), below shows a representative sampling of refractory MPCAs 

researched thus far.  Some of the common refractory branches include HfNbTa/Ti, 

MoNbTa/Ti/W, and CrMoNb/TaTi.  Aluminum has been alloyed with many of these 

branches to reduce density and create small precipitates to increase strength.  Refractory 

MPCAs have a wide range of high temperature properties with melting temperatures of 

1855-3422°C, densities of 4.5-19.4 g/cm3, elastic moduli of 68-411 GPa, Vickers 

hardness of 261-630, and compressive strengths of 1.25-4.40 GPa [23]. The highest 

hardness refractory MPCA to date is the three-phase (BCC, Laves, and Zr2Al 
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precipitates) Al1.5NbTiVZr with a hardness of 620HV, which increased to 630HV after 

annealing at 1200°C [57].  The single-phase BCC structured Mo0.7NbTiVZr has the 

highest compressive fracture strength of any MPCA at 4.4GPa with plastic elongation of 

36% after being annealed at 1000°C [58].  Al0.2NbTiTaV has a compressive fracture 

strength of 3.6GPa and an elongation of >50% in the as-cast state [59].  Refractory 

MPCAs have superior high temperature strengths compared to commercial superalloys 

such as Inconel 718 and Mar-M 247 as shown in Figure 5 [23].  This research has shown 

that it is possible to search for HEAs based on specific property criteria, without having 

any previous alloy families to start from.  Senkov et al. were among the first to propose 

novel HEA families with an application in mind, as opposed to extending existing 

conventional alloys into the MPCA realm.   

Recent research has begun to explore combining 3d transition and refractory 

elements.  These alloys typically use Al, Cr, Ti, and Fe from the 3d transition family and 

combine them with Mo, Nb, 

W, and Zr [60-64].  These 

mixed MPCAs alloys tend 

to be multiphase.  For 

example, CoCrMoNb/Ti 

contains a BCC phase and 

Laves phase; CrFeMoNiW 

contains BCC and FCC 

phases, while 

Cr5Fe15Ti35V35Zr5, AlCrMoNbTi, and Al0.5CrNbTi2V0.5 are all BCC only [61-64].  The 

Figure 5:  Temperature dependence of compressive yield strength 

for various MPCAs and two commercial superalloys [23]. 
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CoCrMoNbTi MPCA is incredibly hard, 960HV, generally decreasing with Ti content 

[63].  The Al0.5CrNbTi2V0.5 has the highest compressive fracture strength of 1.7GPa with 

an elongation of 18% in the as-cast state [61].  

 

2.2.1.3  Low Density/Other Families 

Comparatively little research has thus far been performed on lightweight HEA 

systems.  Very few single-phase low density HEAs have been identified, although 

Youssef et al. have shown Al20Li20Mg10Sc20Ti30 to be a single-phase fcc structure with a 

very-low density of only 2.67 g cm-3 [27].  Youssef et al. demonstrated that the strength-

to-weight ratio of Al20Li20Mg10Sc20Ti30 is significantly higher than other metal alloys and 

is comparable to many ceramics.  AlNbTiV,  a second single-phase low density 

refractory HEA was discovered by Stephanov et al. [65].  The AlCuMgMnZn alloy 

system studied by Li et al. had an HCP phase and some intermetallic compounds, with 

densities ranging from 2.2 to 4.29 g cm-3, hardness of 178-429HV, compression fracture 

strengths of 400 to 500 MPa, and low elongations of 3.29 to 4.83% [66].  A similar set of 

alloys was studied by Yang et al., including AlLiMgZnSn, AlLi0.5MgZn0.5Cu0.2, and 

AlLi0.5MgZn0.5Sn0.2. These have very complex multiphase microstructures, densities in 

the range of 3.05-4.23 g cm-3, compressive fracture strengths of 546-615 MPa and very 

low ductility [67].   

Beryllium-containing alloys have been studied for light weight and corrosion 

resistance.  One such alloy developed by Fazakas, AlBeGaTi, is a multiphase MPCA 

with good corrosion resistance, density of 3.64 g cm-3, and hardness of 490HV [68].  

Tseng et al. studied AlBeFe0.5Si0.75Ti1.75 a multiphase MPCA, with a density of 3.91 g 
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cm-3, hardness of 911HV (higher than quartz), and excellent oxidation resistance at 700 

and 900°C [69].   

Despite the low density of these alloys and the promising properties, they still 

have not gained much traction.  This may be because of the practical difficulties and 

safety precautions required when working with Li and Be.   

Other MPCA families and systems that have been studied include rare earth metal 

HEAs [70-72], noble (precious) metals [73-75], and brasses [76].  The rare-earth metal 

systems were researched primarily because of their promising heuristic parameters.  I.e., 

these systems were projected to have small mixing enthalpies and small misfit 

parameters, and were therefore candidates for forming HEAs.  The alloys DyGdLuTbY 

and DyGdLuTbTm were studied by Takeuchi et al. and DyGdHoTbY was studied by 

Feuerbacher et al.  These are examples of rare earth HEAs that have a single-phase HCP 

microstructure [70, 72].  The noble metal systems were studied for the same reason as the 

rare-earth metals.  Sohn et al. studied several noble metal MPCAs and only identified one 

HEA, CuIrNiPdPtRh, which forms a single-phase FCC microstructure [73].  The HEA 

brasses have not been studied heavily; however, the objective of the research was to find 

systems with properties superior to current brasses.  Laws et al. explored several different 

variations of brasses including; AlCuMnNi, CuMnNiSn, CuMnNiZn, AlCuMnNiSn, 

AlCuMnNiZn, and CuMnNiSnZn.  A few of these alloys were determined to have single-

phase microstructures, and the strength, hardness, and ductility of many of the alloys 

were found to be improvements over current commercial brasses [76]. 

 

2.2.1.4  Additional Physical Properties 
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In addition to hardness and strength, the corrosion resistance of a selection of 

HEAs has been studied [77-81].  The studies have considered several different HEAs and 

in varying concentrations of sulfuric acid and NaCl solutions.  Additionally, several 

studies have looked at using HEAs as coatings applied to various steels.  One of the 

earliest corrosion studies was performed on AlxCrFe1.5MnNi0.5 (x=0, 0.3, 0.5) in sulfuric 

acid and NaCl.  The authors showed that the HEA performed worse than 304 stainless 

steel in 0.5M H2SO4, and that the HEA performance worsened as the Al content was 

increased [77].  The HEA CuCrFeNiMn system’s corrosion resistance was studied in 1M 

sulfuric acid, and the Cu content and microstructure were found to have significant 

impacts on the corrosion resistance.  As the Cu content and segregation increased, the 

corrosion resistance suffered. The Cu2CrFe2NiMn2 showed the worst corrosion 

resistance, but was still comparable to 304 SS, while the CuCr2Fe2Ni2Mn2 alloy showed 

corrosion resistance superior to that of 304 SS [78].  The corrosion properties of the HEA 

AlCoCrFeNi coatings deposited on AISI 1045 steel were studied.  The coatings were 

deposited by Electrospark and the effectiveness of various coating thicknesses was 

studied.  The as-cast (i.e. not deposited) performed the best; the more deposition passes 

used the better the corrosion resistance of the coating.  The corrosion resistance of the 

coating was superior to that of the bare 1045 steel [79].  The corrosion properties of 

HEAs are an active area of research and are gaining more attention.  The microstructure 

and elements that were used heavily influenced the corrosion resistance, and some alloys 

have been found to be superior to some stainless steels but this performance is not 

universal. 
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While sluggish diffusion in HEAs is described as one of the four “core effects” it 

has not been heavily studied.  As discussed earlier in the introduction, the evidence for 

sluggish diffusion has primarily been slow phase transformation kinetics.  Tsai et al.’s 

study of CoCrFeMnNi in a quasi-binary diffusion couple showed that indeed, the 

elements in HEAs diffuse slower than those same elements do in conventional alloys [5].  

Recently, Vaidya et al. also found that Ni diffuses slower in CoCrFeNi and CoCrFeMnNi 

than in pure Ni and binary alloys.  However, they also found that at higher temperatures 

Ni diffusion is slower in CoCrFeNi than in CoCrFeMnNi, thus they concluded that 

simply increasing the configuration entropy is not enough to produce slow diffusion and 

other atomistic factors must contribute [82].  Tsai et al. and Vaidya et al.’s studies are the 

only ones identified in this review that directly probed diffusion behavior in HEAs.  

Despite the lack of extensive evidence (or understanding), the use of HEAs as diffusion 

barriers has been proposed and studied, although it has primarily been limited to two 

HEAs; AlCrTaTixN (x=Ni, Zr, Ru) and AlMoNBSiTaTiVZr [6, 7, 83-85].  It is still 

unclear if the limited diffusion kinetics of these alloys is unique to these HEAs or if it a 

more universal property. 

As has been discussed above, the field of high entropy alloy research shows great 

potential for finding new alloy systems with unique and useful properties.  There are a 

wide variety of potential applications, including as structural materials, at both cryogenic 

and high temperature, diffusion barriers, and wear resistant components.  Additionally, 

MPCAs are being investigated for their corrosion properties and potential use in nuclear 

applications due to their ability to resist damage from irradiation [86].  Although over 

500 alloys have been studied, there remains a vast array of potential alloys that remain to 
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be explored.  The bulk of the range of currently studied alloy systems stems from closely-

related branches, and to date, only a small amount of effort has been made in finding and 

studying truly novel MPCA systems.   
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Table 1: Property summary of 3d-transition family MPCAs 

Alloy Anneal Phases/Microstructure Vickers Hardness 

Compressive Fracture 

Strength (MPa) 

Compressive 

Elongation UTS (MPa) Tensile Elongation Ref. 

As-cast Annealed As-cast Annealed As-cast Annealed  Annealed As-cast Annealed As-cast Annealed 

Al0.3CoCrFeNi 
700C/ 

900C 
FCC+L12   FCC+B2             340 525/560 58% 

45% / 

45% 
[37] 

Al0.0CoCrFeNi 900C FCC FCC 100                  [10] 

Al0.3CoCrFeNi 900C   FCC 100                  [10] 

Al0.5CoCrFeNi 900C   FCC+BCC 175                  [10] 

Al0.7CoCrFeNi 900C   FCC+BCC 275                  [10] 

Al0.9CoCrFeNi 900C   FCC+BCC 450                  [10] 

Al1.2CoCrFeNi 900C   BCC 450                  [10] 

Al1.5CoCrFeNi 900C   BCC 450                  [10] 

AlCoCrFeNiTi0   BCC              2830 26.9     [36] 

AlCoCrFeNiTi0.5   BCC              3140 23.3     [36] 

AlCoCrFeNiTi1   BCC              2580 8.8     [36] 

AlCoCrFeNiTi1.5   
BCC+Laves 

Phases 
             2720 5.3     [36] 

AlCoCrFeNiZr0   BCC              2670   22.5   [40] 

AlCoCrFeNiZr0.008   
BCC+Laves 

Phases 
             3513   29.5   [40] 

AlCoCrFeNiZr0.05   
BCC+Laves 

Phases 
                     [40] 

AlCoCrFeNiZr0.1   
BCC+Laves 

Phases 
             2450       [40] 

AlCoCrFeNiZr0.2   
BCC+Laves 

Phases 
                     [40] 

AlCoCrFeNiZr0.3   
BCC+Laves 

Phases 
             2250       [40] 

AlCoCrFeNiZr0.5   
BCC+Laves 

Phases 
             2250       [40] 
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Table 1 Continued:  Property summary of 3d-transition family HEAs 

Alloy Anneal Phases/Microstructure Vickers Hardness 

Compressive Fracture 

Strength (MPa) 

Compressive 

Elongation UTS (MPa) Tensile Elongation Ref. 

As-cast Annealed As-cast Annealed As-cast Annealed As-cast Annealed As-cast Annealed As-cast Annealed 

AlCoCuFeNi   FCC+BCC   540                   [87] 

AlCoCuFeNiSi   FCC+BCC   680                   [87] 

AlCoCrCuFeNi   FCC+BCC   475                   [87] 

AlCoCuFeNiTi   FCC+BCC   625                   [87] 

AlCoCuFeNiZr   IM   480                   [87] 

AlCoCuFeNdNi   IM   580                   [87] 

AlCoCuNiZn   FCC                       [88] 

CoCrFeMnNi   FCC   300                   [35] 

AlCrFeNi   
BCC1+ 

BCC2 
  472.4   2926.5   28.5           [55] 

Al10Cr18Fe36Mn21Ni15   BCC+B2       >1800   >50   880   8   [89] 

AlCrFeNiMo0.2   
BCC1+ 

BCC2 
  548.5   3222   28.7           [55] 

AlCrFeNiMo0.5   
BCC1+ 

BCC2 
  621.5   2643.5   12.6           [55] 

AlCrFeNiMo0.8   BCC+σ   853.8   1512.5   0           [55] 

AlCoCrCuFeNi   BCC+FCC       2081   24           [24] 

AlCoCrCuFeMnNi   
BCC+FCC+ 

Unknown 
      1480   15   

      
  [24] 

AlCoCrCuFeNiTi   
BCC1+ 

BCC2+ FCC 
      1356   9   

      
  [24] 

AlCoCrCuFeNiV   BCC+FCC       1970   16           [24] 

AlCoCrMnFe       670                   [90] 

AlCoCrCuFeNi 960C BCC+FCC               790 44 0.2 77 [49] 

AlCoCrCuFeZn0.5   FCC+BCC                       [41] 

AlCoCrCuFeZn   FCC                       [41] 

AlCoCrCuFeZn1.5   FCC                       [41] 

AlCoCrCuFeZn2.0   FCC                       [41] 
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Table 1 Continued:  Property summary of 3d-transition family MPCAs 

Alloy Anneal 
Phases/Microstructure Vickers Hardness 

Compressive Fracture 

Strength (MPa) 

Compressive 

Elongation UTS (MPa) Tensile Elongation 
Ref. 

As-cast Annealed 
As-
cast 

Annealed As-cast Annealed 
As-
cast 

Annealed As-cast Annealed As-cast Annealed 

CoCrFeNi 1000C FCC   160 134         488 458 83 87 [42] 

CoCrFeNiV 1000C FCC+σ   524 587         311 330 Brittle Fracture [42] 

CoCrFeMnNi 1000C FCC   170 135         491 443 71 68 [42] 

CoCrFeMnNiV 1000C FCC+σ   650 636         90 62 Brittle Fracture [42] 

CoCrFeMnNi 1000C FCC   144 135   1600   >75         [91] 

CoCrFeMnNiV0.25 1000C FCC   151 144   1400   >75         [91] 

CoCrFeMnNiV0.50 1000C FCC+Tetr.   186 275   1400   >75         [91] 

CoCrFeMnNiV0.75 1000C FCC+Tetr.   342 380   1325   7.8         [91] 

CoCrFeMnNiV 1000C FCC+Tetr.   650 636   1845   0.5         [91] 

CoCrFeMn0.5NiTi0.5   BCC                       [92] 

CoCrFeNi   FCC               413   48   [43] 

CoCrFeNiNb0.1   
FCC+ 

Unknown 
              622   19.2   [43] 

CoCrFeNiNb0.15   FCC+Laves               744   23.3   [43] 

CoCrFeNiNb0.2   FCC+Laves               807   8.6   [43] 

CoCrFeNiNb0.3   FCC+Laves               879   3.5   [43] 

CoCrFeNiNb0.4   FCC+Laves               1004   1.3   [43] 

CoCuFeMnNi 1100C FCC1+FCC2 
FCC1+ 

FCC2+L12 
                    [75] 
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Table 2:  Property summary of refractory family MPCAs 

Alloy Anneal Phases/Microstructure Vickers Hardness Compressive Fracture Strength (MPa) 
Compressive 
Elongation Ref. 

As-cast Annealed As-cast Ann. As-cast Annealed As-cast Annealed 

NbTaTiV   BCC       3500   >50   [59] 

Al0.2NbTaTiV   BCC       3600   >50   [59] 

Al0.5NbTaTiV   BCC       3125   >50   [59] 

AlNbTaTiV   BCC       3250   >50   [59] 

AlNb1.5Ta0.5Ti1.5Zr05   BCC   408   1367       [93] 

Al0.3NbTaTi1.4Zr1.3   BCC1+BCC2   489   2054       [93] 

Al0.3NbTa0.8Ti1.4V0.2Zr1.3   BCC   500   2061       [93] 

Al0.5NbTa0.8Ti1.5V0.2Zr   BCC1+BCC2   530   2105       [93] 

AlMo0.5NbTa0.5TiZr Hardness Test at:  

800C/1000C/1200C 

BCC1+BCC2   591   
As-cast 

2368/1597/745/250  
As-cast 

10/11/>50/>50 
[94] 

Al0.4Hf0.6NbTaTiZr BCC   500   2269/834/455/135 10/>50/>50/>50 [94] 

NbTiVZr 1200C BCC+Laves  BCC 380 460   1470   4.2 [57] 

Al0.5NbTiVZr 1200C BCC+Laves BCC+Laves+Zr2Al 470 500   1100   4 [57] 

AlNbTiVZr 1200C BCC+Laves BCC+Laves+Zr2Al 540 550   1210   2.3 [57] 

Al1.5NbTiVZr 1200C BCC+Laves BCC+Laves+Zr2Al 620 630   1310   0 [57] 

AlNbTiV 1200C   BCC   444   1318   5 [65] 

NbTiVZr 1200C BCC   336           [95] 

NbTiV2Zr 1200C 3 BCC phases    305   2990       [95] 

CrNbTiZr 1200C BCC+Laves   418    4100       [95] 

CrNbTiVZr 1200C BCC+Laves    481   4720       [95] 

Al0.5CrNbTi2V0.5 1200C BCC BCC+Laves     1240 (yield) 1700 >50% 18.5 [61] 

NbScTiZr 1000C HCP+BCC HCP+BCC 418 202 1250 670 8.2 20 [96] 

HfScTiZr   HCP+HCP2   261 292 1802 1780 24 26 [97] 

MoNbTaV   BCC   505   2400   25   [98] 

MoNbTaW 
Phys. Prop Test at: 

23C/600C/800C/1000C/ 
1200C/1400C/1600C 

Anneal: 900C 

BCC BCC     
Annealed  1211/-/-/1008/803/467/600 

 
Annealed 

1.5/16/12/9/27 
[28] 

MoNbTaVW BCC BCC     1270/1597/1536/1454/943/707/479 
0.5/13/16/14/4.2/1.6/

1.0 
[28] 
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Table 2 Continued:  Property summary of refractory family MPCAs 

Alloy Anneal 
Phases/Microstructure Vickers Hardness Compressive Fracture Strength (MPa) Compressive Elongation 

Ref. 
As-cast Annealed As-cast Annealed As-cast Annealed As-cast Annealed 

MoNbTaTiW 
Compression Tests at: 

25C/600C/800C 

/1000C/1200C 
Anneal: 1200C 

BCC BCC 499 511 2005/1681/1618/1426/586 14.1/35.4/46.6/35.5/10.2 [99] 

MoNbTaTiVW BCC BCC 510 522 2135/1590/1180/1105/699 2.6/>20/>20/>20/>20 [99] 

Cr20Mo10Nb20Ta10Ti20

Zr20 HIP 1450C 

HIP 1200C 

BCC1+BCC2+FCC 
BCC1+BCC2

+FCC 
539   2046     

HfNbTaTiZr BCC   388   2250     

CrHfNbTiZr 

Phys. Prop Test at: 

23C/300C/500C/ 700C/900C 
Anneal: 900C 

BCC+2 Laves BCC+2 Laves 464 
466/479/

489/459 

Annealed 

2130/1885/1908/1726/
1884 

Annealed 

2.8/4.2/2.2/1.4/4.5 
[100]   [101] 

HfNbTiVZr HIP 1200C BCC+unknown BCC+Laves 388 
393/390/

394/389 

1463/1376/1393/1463/

1468 
29.6/30/38/30/40 [100]   [102] 

HfMoNbTiZr 
Phys. Prop Test at: 
800C/900C/1000C/ 

1100C/1200C 

1300C 

BCC       
As-Cast 

1803/1095/938/ 654/ 399/194 
As-Cast 

10/>60/>60/>60/>60/>60 
[103] 

HfNbTiZr BCC BCC       969 (Tensile)   

HfNbTaZr 1800C BCC  365 570 1800 3200 34 

HfNbTaTiZr 1200C BCC       14.9 (Tensile) [104] 

Hf8Nb30.8Ta30.8Ti17.7Z

r12.7 
    FCC           6 [105] 

Hf0.5Nb0.5Ta0.5Ti1.5Zr     BCC 301   990 (Tensile)   18.8 (Tensile)  [102] 

HfNbTaTiVZr  BCC  559       [106] 

NbVZrTi 1000C BCC BCC       4300     [107] 

Mo0.3NbTiVZr 1000C BCC BCC       3200    [108] 

Mo0.5NbTiVZr 1000C BCC BCC       3300   60 [58] 

Mo0.7NbTiVZr 1000C BCC BCC       4400   44 [58] 

MoNbTiVZr 1000C BCC BCC       4200   40 [58] 

Mo1.5NbTiVZr 1000C BCC BCC       3200   36 [58] 

Mo2.0NbTiVZr 1000C BCC BCC       2800   36 [58] 

NbTiV0.3Zr 1000C BCC BCC       2625   24 [58] 

Mo0.1NbTiV0.3Zr 1000C BCC BCC       2750   16 [58] 

Mo0.5NbTiV0.3Zr 1000C BCC BCC       3450   50 [58] 

Mo1.5NbTiV0.3Zr 1000C BCC BCC       2100   50 [58] 

MoNbTaTiZr  BCC1+BCC2  500  1600  6 52 [58] 
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2.2.2 Theory 

 In addition to experiments, there have been efforts made at researching HEAs 

through computational methods.  The research has been conducted through two primary 

avenues; the first has focused on finding and predicting HEAs through the use of simple 

heuristics and CALPHAD modeling.  The second avenue has focused on predicting and 

confirming favorable crystal structures and phases found in experimental work through 

the use of molecular dynamics (MD), and ab-initio calculations such as density functional 

theory (DFT). 

The initial heuristic or “rule of thumb” approach has largely been based around 

modifying the Hume Rothery rules for solid solution formation: 

 

 

Conventional Alloys High Entropy Alloys 

 𝛿 = (
𝑟𝑠𝑜𝑙𝑢𝑡𝑒−𝑟𝑠𝑜𝑙𝑣𝑒𝑛𝑡

𝑟𝑠𝑜𝑙𝑢𝑡𝑒
) ≤ 0.15 

 𝛿 = √∑ 𝑐𝑖 (1 −
𝑟𝑖

𝑟̅
)

2
𝑛
𝑖                     [109] 

 

 

 Crystal Structures must match 

 

 

 Similar number of valence electrons  Valence Electron Concentration (VEC) 

∆𝑉𝐸𝐶 =  √∑ 𝑐𝑖 (1 −
𝑉𝐸𝐶𝑖

𝑉𝐸𝐶̅̅ ̅̅ ̅̅
)

2
𝑛
𝑖           [31] 

 

 

 Similar electronegativity  Similar electronegativity 

∆𝜒 =  √∑ 𝑐𝑖(𝜒𝑖 − 𝜒̅)2𝑛
𝑖                    [29] 

 

 

 Additional thermodynamic parameters 

(∆Hmix, ∆Smix, Ω, ϕ) as covered below 
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In the above equations, δ is a misfit parameter, ci is the molar concentration of ith 

element, ri is the atomic radius of the ith element, and r̅ is the average atomic radius of the 

elements in the alloy.  ΔVEC provides an indication of how similar the number of valence 

electrons are for a specific alloy, where VECi is the valence electron concentration of the 

ith element and 𝑉𝐸𝐶̅̅ ̅̅ ̅̅  is the average valence electron concentration of the ith element.  

Similarly the Δχ addresses the electronegativity for an HEA, where χi is the 

electronegativity of the ith element and 𝜒̅ is the average electronegativity for the alloy.  

The first attempts at forming similar heuristics were made by Zhang et al in 2008, where 

the authors developed an atomic radii difference criterion, referred to as the misfit 

parameter δ, as well as formulating constraints on ∆Hmix [109].  The mixing enthalpy of a 

solid solution ∆Hmix was determined as:  

 

∆𝐻𝑚𝑖𝑥 = ∑ 𝛺𝑖𝑗𝑐𝑖𝑐𝑗
𝑛
𝑖=1,𝑖≠𝑗         (1) 

𝛺𝑖𝑗 = 4∆𝐻𝐴𝐵
𝑚𝑖𝑥         (2) 

 

Where Ωij is the regular solution interaction parameter between the ith and jth elements, 

and ∆𝐻𝐴𝐵
𝑚𝑖𝑥 is the mixing enthalpy of binary liquid alloys following the Miedema Model.  

Values for ∆𝐻𝑚𝑖𝑥 were obtained from Takeuchi’s classification of bulk metallic glasses 

[110].  The concept behind using ∆𝐻𝑚𝑖𝑥 was that a “Goldilocks” value should exist 

where the mixing enthalpy is not so negative that metallic compounds are formed and not 

so positive such that the elements are immiscible and do not want to form a solution.  
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From Zhang et al, ∆𝐻𝑚𝑖𝑥 should be in the range of -15 to 5 kJ mol-1, δ < 6.5%, and ∆𝑆𝑚𝑖𝑥  

should be in the range of 12 to 17.5 J K-1 mol-1 [109].   

Following the Hume-Rothery rules, Guo et al. set out to elucidate the effect of 

valence electron concentration (VEC).  Their results indicate that VEC does not predict 

phase formation (be it solid solutions or compounds), however, it does appear to suggest 

which crystal structure will form (BCC or FCC).  Guo et al. suggest that for VEC > 8, 

FCC will be the primary crystal structure, from 6.87 < VEC < 8, BCC and FCC will be 

equally likely, while for  VEC < 6.87, BCC will be the dominant structure [31].   

 In order to invoke a more thermodynamic-based approach, Yang and Zhang 

proposed a parameter Ω to predict solid solution formation, Ω is given by the following 

equation [30]:  

 

𝛺 =
𝑇𝑚∆𝑆𝑚𝑖𝑥

|∆𝐻𝑚𝑖𝑥|
 .         (3) 

 

Here, Tm is the melting temperature estimated from the rule of mixtures for the alloy in 

question, ∆Hmix is calculated as above in equation 1, and ∆Smix is the ideal entropy of 

mixing (given by the following equation:   

 

∆𝑆𝑚𝑖𝑥 =  −𝑅 ∑ 𝑐𝑖 ln 𝑐𝑖
𝑛
𝑖=1 .        (4) 
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Here, R is the ideal gas constant, and ci is the atomic fraction of the ith component. The 

objective of the parameter is to represent a ratio of the two terms in the Gibbs free energy 

of mixing: 

 

∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥       (5) 

 

The phase that will form at equilibrium is the phase with the lowest Gibbs free energy.  

Thus, a phase that has high entropy of mixing (the right term) and low absolute value 

enthalpy of mixing (left term) will form at equilibrium.  Often, intermetallic compounds 

have very negative ∆Hmix values; hence, for a single-phase solid solution to form and 

“outcompete” the intermetallic compounds it must have a high entropy mixing term.  A 

histogram of calculated mixing enthalpies (Miedema [23]) for both solid solutions and 

intermetallic compounds is shown in Figure 6. It can be seen that generally the IM 

mixing enthalpies are more negative. Thus, a high Ω value should favorably lead to the 

formation of solid solution single-

phases because the entropy term is 

larger than the enthalpy term.  From 

Yang and Zhang’s work, they were 

able to show that most solid solution 

single-phases form when Ω ≥ 1.1 and 

δ < 6.6% [30].   

 In 2014, Nong et al. explored 

the inclusion of an electronegativity 

Figure 6:  Enthalpy of mixing for IM and SS 

phases as calculated by the Miedema model [23]. 
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difference (∆χ), but their results showed that it was not a reliable predictor of phase 

stability [111].  Other researchers have looked at using the enthalpy of fusion (rather than 

mixing) and met with some success, but it was unable to predict single-phase solid 

solutions for most low density HEAs and many refractory HEAs. Additionally, binary 

heat of fusion data is missing for many systems of interest [16].   

 A more recent single parameter heuristic was proposed in 2015 by Ye et al. that 

incorporates excess entropies (i.e. non-idealities) [18].  This parameter is given by 

 

𝜙 =
𝑆𝑐−𝑆𝐻

|𝑆𝐸|
 ,         (6) 

 

where SH is defined as the complementary entropy (|∆𝐻𝑚𝑖𝑥|/𝑇𝑚), Sc is the ideal entropy 

of mixing (equation 4), and SE is the excess entropy.   

 The motivation behind this parameter was the observation that the configuration 

entropy does not capture some of the “core effects” of HEAs discussed earlier [18, 23].  

Two of the core effects, severe lattice distortion and the so-called “cocktail” effect 

(discussed more below), call for a more sophisticated accounting of entropy.  The severe 

lattice distortion effect is a result of the different atomic radii sizes in MPCAs; larger 

atoms tend to push atoms away, while smaller atoms will have extra space nearby and 

tend to pull the neighboring atoms towards them.  The “cocktail” effect is simply the idea 

that the whole is more than the sum of the parts.  HEA properties are more than the 

average of the elements and should therefore include effects of excess quantities 

(entropies and enthalpies) produced by differing bond strengths and characteristics 
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(covalent vs. metallic) between elements [1].  The total molar entropy of a phase φ is 

given by: 

 

𝑆𝜑 = 𝑆𝜑,𝑖𝑑𝑒𝑎𝑙 + 𝑆𝜑,𝑐𝑜𝑛𝑓 + 𝑆𝜑,𝑣𝑖𝑏 + 𝑆𝜑,𝑒𝑙𝑒𝑐 + 𝑆𝜑,𝑚𝑎𝑔.   (7) 

 

The total entropy term includes the ideal entropy of mixing and terms for the various 

sources of excess entropy.  The Sφ,conf is an excess configuration entropy that may result 

from short range order (SRO) or from atomic size differences; SRO will decrease total 

entropy while atomic size differences should increase entropy because of increased 

uncertainty in atomic position.  Atomic vibrations can also result in an excess entropy, 

Sφ,vib, because differing bond strengths between different atoms will lead to different 

vibrational energies.  Additional excess entropies result from magnetic moments (Sφ,mag) 

and electronic effects (Sφ,elec) [23].  HEA research is focused on finding solid solution 

single-phases and hence the equation of interest is the component entropy differences 

between solid solution phase and the competing intermetallic phase: 

 

∆𝑆𝑆𝑆−𝐼𝑀 = (𝑆𝑆𝑆,𝑖𝑑𝑒𝑎𝑙 − 𝑆𝐼𝑀,𝑖𝑑𝑒𝑎𝑙) + (𝑆𝑆𝑆,𝑐𝑜𝑛𝑓 − 𝑆𝐼𝑀,𝑐𝑜𝑛𝑓) + (𝑆𝑆𝑆,𝑣𝑖𝑏 −

𝑆𝐼𝑀,𝑣𝑖𝑏) + (𝑆𝑆𝑆,𝑒𝑙𝑒𝑐 − 𝑆𝐼𝑀,𝑒𝑙𝑒𝑐) + (𝑆𝑆𝑆,𝑚𝑎𝑔 − 𝑆𝐼𝑀,𝑚𝑎𝑔).   (8) 
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Miracle and Senkov have used total entropy curves of binary liquids to provide a 

comparison of the various entropy terms using data compiled by Franke et al. [23, 112].  

The total molar entropies of binary liquid alloys are plotted in Figure 7.  The largest 

contributing term is the vibrational entropy of constituent elements and hence is 

subtracted from the total liquid entropy in Figure 7b.  As can be seen, the excess 

entropies are on the same order as the Sφ,ideal and can be larger (Ni-Pd) or smaller (Au-Zr) 

Figure 7:  a) Total molar entropies of binary liquid alloys, SLiquid, including all terms in Equation 7.  The 

dashed lines are linear averages of the elemental vibrational entropies.  (b, c) SLiquid, after subtracting the 

vibrational entropy of the pure elements, these two figures better illustrate the magnitude of the excess 

entropy terms relative to the ideal entropy.  Note, the negative entropies are an artifact of having subtracted 

the large vibrational entropy of the pure elements, the total entropies are always positive (see the change in 

scale for (a)) [23]. 
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than the ideal entropy.  While some entropies appear to be negative, this is not the case, it 

is a result of having subtracted the vibrational entropies.  The key conclusion of Miracle 

and Senkov’s analysis is that the excess entropy can make important contributions to the 

total entropy in competition between phases. 

The argument put forth by Miracle and Senkov supports the concept of the ϕ 

parameter proposed by Ye.  However, Ye’s parameter still does not include electronic, 

magnetic or vibrational excess entropies.  However, a study has shown that SSS,vib- SIM,vib 

generally is close to zero [113].  The excess entropy SE in Ye’s ϕ parameter is adapted 

from an equation of state proposed for the mixing of hard spheres developed by Mansoori 

et al. [18, 114].  The equation of state (EoS) for hard spheres developed by Mansoori 

incorporated an earlier equation of state resulting from Lebowitz’s solution to Percus-

Yevick integral equation for the radial distribution function for a mixture of hard spheres 

in conjunction with Carnahan and Starlings compressibility for pure spheres [114-116].  

The equation of state for Z (the compressibility), is a function of the atomic packing 

factor ξ, the atomic diameter di, the mole fraction ci, and the number density ρ.  The 

subscripts i and j represent the ith and jth element, noting that some equations specify that 

i cannot equal j.  Z is given by the following equations [114]: 

𝑍 = [(1 + ξ + ξ2) − 3ξ(𝑦1 + 𝑦2ξ) − ξ3𝑦3](1 − ξ)−3,    (9) 

in which: 

𝑦1 = ∑ ∆𝑖𝑗(𝑑𝑖 + 𝑑𝑗)𝑛
𝑗>𝑖=1 (𝑑𝑖𝑑𝑗)

−1/2
 ,      (10) 

𝑦2 = ∑ ∆𝑖𝑗 ∑ (
ξ𝑘

ξ
)𝑛

𝑘=1
𝑛
𝑗>𝑖=1

(𝑑𝑖𝑑𝑗)
1/2

𝑑𝑘
,       (11) 
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𝑦3 = [∑ (
ξ𝑖

ξ
)

2/3

𝑐𝑖
1/3𝑛

𝑖=1 ]
3

,        (12) 

∆𝑖𝑗=
(ξ𝑖ξ𝑗)

1/2

ξ
[

(𝑑𝑖−𝑑𝑗)
2

𝑑𝑖𝑑𝑗
] (𝑐𝑖𝑐𝑗)

1/2
,       (13) 

ξ = ∑ ξ𝑖
𝑛
𝑖=1 ,          (14) 

ξ𝑖 =
1

6
𝜋𝜌𝑑𝑖

3𝑐𝑖,         (15) 

From the compressibility, Z, the excess entropy can be expressed as: 

𝑆𝐸

𝑘𝐵
=

(𝐹−𝐹𝑖𝑑)

𝑘𝐵𝑇
− ln 𝑍 − (3 − 2ξ)(1 − ξ)−2 + 3 + ln[(1 + ξ + ξ2 − ξ3)(1 − ξ)−3], (16) 

in which: 

(𝐹−𝐹𝑖𝑑)

𝑘𝐵𝑇
= −

2

3
(1 − 𝑦1 + 𝑦2 + 𝑦3) + (3𝑦2 + 2𝑦3)(1 − ξ)−1 +

3

2
(1 − 𝑦1 − 𝑦2 −

1

3
𝑦3) (1 − ξ)−2 + (𝑦3 − 1) ln(1 − ξ).      (17) 

 

As the real packing fraction is not known, and most MPCAs are FCC or BCC (keeping in 

mind the biased data, mentioned above), Ye et al. calculate SE using the atomic packing 

fraction (ξ) for both BCC (0.68) and FCC (0.74) and average the results to use in the ϕ 

calculation.   

The ϕ value for 300 MPCAs was calculated using the following procedure.  First 

the parameters y1, y2, y3, and Δij, are calculated from equations 10-13, for both FCC and 

BCC using the appropriate atomic diameters and packing factors.  Then the 

compressibility (Z) is calculated from equation 9, followed by the 
(𝐹−𝐹𝑖𝑑)

𝑘𝐵𝑇
 term from 

equation 17.  Once Z and 
(𝐹−𝐹𝑖𝑑)

𝑘𝐵𝑇
 have been found the excess entropy can calculated using 
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equation 16.  The excess entropy (SE), configuration entropy (SC), and complementary 

entropy (SH) are then used to calculate ϕ from equation 6.  Figure 8, below shows the 

calculated ϕ value, for 250 MPCAs that have been experimentally studied and 

characterized through SEM or XRD.  The triangular data points are MPCAs that are 

single-phase while the circles are multiphase alloys.  There is a clear delineation in the 

data at approximately ϕ = 20, above which there are progressively fewer multiphase 

MPCAs.  These experimentally-validated MPCAs with ϕ ≥ 20 are principally from two 

alloy systems (with varying compositions): CrCuFeNiMn and AlCoCrCuFeNiV.  These 

two systems have microstructures that are a mixture of BCC and FCC phases and do not 

contain any intermetallic phases.  It should also be noted that there are many single-phase 

MPCAs below ϕ = 20 (“false negatives”), but as a screening tool, it is most useful to use 
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Figure 8:  a) The φ value of roughly 250 experimental MPCAs has been plotted for each alloy.  The x-axis has no real 

meaning, it is just an arbitrary listing of the experimental alloys.  b) Percentage of alloys with a larger φ, for example 

92% of single phase alloys have a φ larger than 5 (the bottom most bar on the graph).  There is a clear delineation at 

ϕ=20, above which less than 10% of multiphase MCPAs appear.   
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a ϕ value that eliminates “false positives” from the screening.  The distribution in Figure 

8b shows the percentage of those experimental HEAS that meet the criteria of a specific ϕ 

value, for example, if a ϕ value of 5 is chosen (lowest bar on the graph) then 92% of the 

single phase alloys would remain while only 69% of the multiphase alloys would remain.  

For a ϕ value of 18, 51% of single phase alloys have a larger ϕ value but only 10% of the 

multiphase alloys have a larger ϕ.  Using ϕ = 18 as the screening threshold eliminates 

90% of the false positives, but will (however) miss 49% of the experimentally-observed 

HEAs (i.e., 49% false negatives).  It is with the general success of eliminating 90% of 

false positives when using the threshold value of ϕ > 18 that it was decided to pursue the 

task of using the approach of Ye et al. [18] to produce a database of all potential 5 

component alloys as the focus of the present work.  The development of this database 

will be discussed in the section on methodology.   

 A second route to predicting phase formation and stability has been pursued 

through the use of computational thermodynamics, i.e., CALPHAD.  Several papers have 

shown success in using CALPHAD to predict and confirm experimental phases in MPCA 

alloys in both as-cast and annealed states [32, 117, 118].  However, other papers have not 

been successful in confirming CALPHAD predicted phases with experimentation [119, 

120].  The CALPHAD method, as it applies to HEA research, involves extrapolation of 

data from the available lower-order systems, i.e. binary and ternary phase diagram data.  

The databases available for CALPHAD were typically developed for specific alloy 

families and therefore have data limited to elements typically used in that family.  Thus, 

these predictions are approximate and subject to change as more data is collected on more 

lower-order systems.  The CALPHAD simulations that are able to show agreement 
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between experiment and models, studied alloys whose constituent elements appeared in 

multiple available databases.  The experiments that could not fully connect experimental 

results and modeling results tended to study alloys whose constituent element data was 

not as well-developed.  Based on the available databases, several authors were able to 

predict phase stability and formation for HEAs and thus have shown that the method can 

be successful.  But first, an assessment of the available data for HEAs should be 

considered.  Senkov et al. have developed a screening method based on CALPHAD 

similar to what is proposed here.  Their method involves screening alloys based on rule-

of-mixtures melting temperatures and densities; however, they also use CALPHAD to 

screen systems for likely SS single-phases.  In addition to being able to screen alloys 

based on properties, Senkov et al. also apply a criterion based on the credibility of the 

CALPHAD model.  This criterion is based on the number of available binary and ternary 

systems assessed in a given database.  For example, PanAl is an aluminum database with 

21 elements and has assessed 21 binary systems, and 15 ternary systems, this database is 

representative of other available databases, but is very limited and only includes Al-X 

binary systems [29].  While this screening method shows promise, it presently limits the 

available number of elements that can be considered (based on available thermodynamic 

data), and it requires the access to these databases (which generally are available as 

commercial products for a fee).  This contrasts with the screening method of Ye et al. 

[18] (further developed and applied in the present work), which will be shown to have the 

benefit that all of the information required is freely available, and covers all (or at least 

most) realistically-useable elements.   
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 Atomistic modeling of HEAs is a growing area of research and is largely directed 

at discovering the lowest energy, most stable, phase.  These modeling techniques are 

most often used to confirm experimental results by identifying stable phases.  These 

methods are typically computationally-expensive and time consuming.  They often 

require hundreds of individual DFT simulations.  For example, Widom et al. developed a 

hybrid Monte Carlo/Molecular Dynamics simulation method that required an exhaustive 

ground state search of 60 to 100 structures per binary to find the lowest energy structure 

for each binary [33].  Rogal et al. performed DFT calculations for a refractory HEA with 

some prior knowledge of the crystal structure (from experimentation) and still required 

over 100 separate DFT simulations where the atom species at each node in the simulation 

cell was randomly selected for each of the 100 simulations [97].  Other DFT strategies 

have been employed, but it is not clear how many simulations were performed or how the 

variability in the atomic position was accounted for [32, 121].   

The hybrid Monte Carlo/Molecular Dynamics (MC/MD) method employed by 

Widom performed 10 MD steps in between each MC step.  Monte Carlo simulations 

calculate a probability that a particular atomic swap will occur, based on the energy 

difference between the swapped state and initial state.  Molecular dynamics is used to 

calculate the forces acting on each atom.  The authors start with a 16 atom 2x2x2 BCC 

supercell and annealed it under MC/MD, then successively added supercells together to 

create larger and larger cells up to 128-atoms, with appropriate annealing between each 

size increase.  The authors obtained MC acceptance rates and partial radial distribution 

functions, shown here in Figure 9 [33].   The results show that swaps with the greatest 

size difference occur most infrequently, see Figure 9a.  This makes logical sense because 
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swapping atoms of different sizes should lead to the largest change in energy compared to 

swapping atoms of similar sizes, and lead the authors to conclude that the system behaves 

like a pseudo binary system Nb-Ta as one species and W-Mo as the other.  Additionally, 

the radial distribution function shows the dominant nearest neighbor correlations are 

between these two species, i.e. Ta-W, Ta-Mo, Nb-W, and Nb-Mo.  These pairs of 

dominant nearest neighbors also correspond to the highest binary enthalpies of formation 

[33].  The most dominant nearest neighbor correlation is for Ta-Mo which has the largest 

enthalpy of fusion, thus the system is trying to maximize the number of Ta-Mo bonds.  

These results indicate that long range order should be observed in this system, however, 

there is no experimental evidence for multiple phases in this system [28].  However, 

Widom et al. show that long range order disappears when they simulate annealing the 

alloy at 1800K.  The lack of long range order is reflected in the similarity of the partial 

radial distribution functions at 1800K (see the inset of Figure 9b).   It is difficult to know 

if the experimental annealing performed was long enough to establish equilibrium phases 

which are the phases calculated in MD/MC simulation.  Widom et al. were able to 
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demonstrate the feasibility of using a hybrid MC/MD simulation from a first principles 

perspective.  This method could be used to study HEAs from a purely computational 

method to find systems lacking long range order.   

 Ab-initio molecular dynamics (AIMD) has also been used to predict chemical 

interactions and atomic diffusivities to support the search for SS single-phase HEAs [32].  

Gao and Alman used AIMD with cubic supercells of 200 atoms to study 

Al1.3CoCrCuFeNi,  HfNbTaTiZr, and CuNiPPdPt.  These alloys were chosen because 

they have multi-phase, SS single-phase, and amorphous microstructures respectively 

[32].  It is not clear how the authors set up their supercell to account for atomic position 

variation or if multiple simulations were performed on multiple supercells.  Partial radial 

distribution correlation functions were calculated for these alloys, a representative figure 

for Al1.3CoCrCuFeNi and HfNbTaTiZr are shown in Figure 10.  In Figure 10a there is 

apparent preferred correlation for the nearest neighbor, here Al-Ni is the most prevalent.  

This result suggests the existence of short-range ordering of Al-Ni, which has been 

confirmed experimentally as B2-NiAl [32, 122].  In contrast to this alloy, the partial 

a) b) 

Figure 10:  Partial radial distribution correlation functions for a) Al1.3CoCrCuFeNi and b) HfNbTaTiZr, 

these are only shown for Al-X and Hf-X but are representative of the other distributions [32]. 

 

Figure 9:  a) Monte Carlo Acceptance rates (ratio of accepted to attempted species swaps) for each species 

pair vs. temperature.  b) Partial radial distribution function at T=300K for N=128 atoms.  Inset T=1800K 

Reprinted from [33] with permission from Springer. 

 

a) b) 
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radial distribution correlation for HfNbTaTiZr shows no preferred nearest neighbor and 

thus suggests no existence of short-range ordering which is also supported by 

experimental evidence [108].  Gao and Alman successfully demonstrated that AIMD 

could be used to predict preferences in short-range ordering and that this is suggestive of 

the potential to form multiple phases.   

Density functional theory has also successfully been used to predict mechanical 

properties of HEAs.  Rogal et al. used a statistical analysis of over 100 DFT simulations 

to determine the elastic coefficients and thus an estimate of the Young’s modulus of 

HfScTiZr.  The authors used a 2x2x3 supercell in order to get a multiple of 4 nodes.  

Then the authors assigned atomic species to the nodes randomly with periodic boundary 

conditions.  This exercise was repeated 100 times to generate 100 unique structures to 

capture variability in atomic position within in a lattice [97].  The authors were able to 

calculate an average elastic constant of 136 GPa which is in good agreement with the 

measured Young’s Modulus of 150 GPa [97].  A real crystal is not perfectly aligned with 

the deformation axis and experimental samples mostly have multiple grains, thus an 

experimental Young’s modulus is the average of the elastic constants for a cubic system.   

Another area of important application of DFT is in the calculation of binary heats 

of formation.  Troparevsky et. al. have developed a high-throughput computational 

method that uses enthalpies of formation to predict HEAs [16, 17].  The calculation of 

enthalpies of formation via DFT is a computationally intense method requiring tens of 

thousands of calculations.  The calculations involve simulations for different 

compositions, lattices, and elemental decorations within each lattice type.  Troparevsky et 

al. use the results to predict HEAs based on the following relation; 
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-TannealΔSmix < ΔHf < ΔHf,max       (18) 

in which Tanneal is the annealing temperature used in an experimental setting or estimated 

as 0.6Tmelt, ΔHf is the binary enthalpy of formation, and the upper limit is (ΔHf,max) the 

largest value for which the alloy does not phase separate due to the immiscibility of any 

part of elements [17].  The model has had success in predicting the formation of HEAs; 

however the ΔHf values for many elements and compounds are not available yet.  The 

DFT calculation of enthalpies of formation is a very important contribution to the 

development of heuristics for HEA prediction.   

Both experimentation and modeling have been successfully used to find and 

explore MPCAs.  Several hundred alloys have been discovered or confirmed 

experimentally with a broad spectrum of properties and microstructures.  Some research 

has focused on studying the elemental effect of various species on the properties of these 

alloys, while other research has focused on the elemental effect on phase stability.  

Computational methods have been developed to assist in the discovery of HEAs. 

However, they are often computationally expensive.  Attempts have been made to create 

heuristics as guiding rules of thumb to rapidly screen potential HEA systems, however, 

no thorough exploration of all possible alloys has yet been performed based on these 

heuristics.  In addition, these heuristics have rarely been used to explore and develop 

truly novel HEAs.  The following chapters will discuss a methodology for employing the 

ϕ parameter and basic elemental data to rapidly screen potential HEA systems for SS 

single-phase formation and specific physical properties.  Then the results of this 

methodology will be discussed and analyzed. 
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3 Methodology 

As has been shown, HEA research is an expanding field with ample opportunity 

for meaningful and impactful research.  While several hundred alloys have already been 

discovered, the vast majority of the research has focused on a small subset of 

commercially-relevant alloys.  The most intriguing aspect of multi-principal component 

alloys is the vast number of possible alloys.  The true scale of this alloy space is realized 

if 72 “practical” elements (avoiding halogens, noble gasses, and unstable elements) are 

considered, there are a total of 13,991,544 possible 5-component equiatomic alloys.  This 

number is impossible to fully explore through experimentation and even the above-

discussed computational methods, and does not even consider non-equiatomic alloy 

possibilities.  The need for a guiding heuristic is imperative in order to efficiently and 

quickly focus research onto alloys of interest.  The objective of this work has been to 

create a database that will serve as an initial screening tool for HEAs for further 

experimentation and modeling work.   

With this objective in mind, an initial database of 13,991,544 unique 5-element 

equiatomic alloy combinations was created using a Matlab script.  This expanded to ~84 

million combinations when non-equiatomic compositions were included.  The Matlab 

script to generate the unanalyzed “raw” data is included in appendix A.  Additionally, 

several scripts that process and analyze the data are included.  To generate the necessary 

data, required our workstation to run continuously for 12 hours, however, these scripts 
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were not optimized for parallelization.  The raw file of all 84 million alloys is roughly 

41GB.  However, a file containing only the critical ϕ alloys is 158MB and can be 

searched in Excel.  Currently, the raw output files contain both text (element 

abbreviations) and numerical data.  If it is required, it would be possible to convert the 

element abbreviations to atomic number in order to have all numerical data.  Unless 

studying general trends, the data sets can be subdivided into smaller ranges of interest to 

make analyzing and manipulating the data with common desktop computing resources 

significantly easier.     

For each alloy, the necessary heuristic tools were calculated:  ϕ (following Ye’s 

method), ∆Hmix, VEC, ∆VEC, ∆χ, Ω, Sconf, SE, and δ.  In addition, several physical 

properties and other descriptors were calculated via the rule of mixtures (based on 

available elemental data), these include:  melting temperature, density, young’s modulus, 

bulk modulus, room temperature lattice constants, enthalpy of fusion (only available for 

roughly 25 elements), thermal expansion coefficient, heat capacity, ionization energy, 

photo electric work function, and “pragmatic” properties were estimated such as material 

cost, and a hazard value based on the National Fire Protection Association diamond.  The 

parameters calculated and the equations used are summarized in Table 3.      

With the methodology established, it was decided to broaden the composition 

space (beyond equiatomic alloys) to a total of 83,949,264 5-element alloys.  This was 

done in order to study the effect of enriching the alloy in 1 component, moving the 

composition from the center of a multi-dimensional phase diagram towards one of its 

corners.  Thus, a total of six compositions were surveyed for each alloy; equiatomic and 

five enriched compositions where one element’s atomic percentage was increased to 40% 
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and the remaining four elements were decreased to 15%.  The end result is a database that 

is searchable across over 20 variables.  To keep notation consistent, alloys are listed in 

alphabetical order (using standard element abbreviations) with each element appearing 

alphabetically within the alloy name.  

 

 

Table 3:  Summary of equations and variables used in database 

ϕ ∆Hmix VEC ΔVEC ∆χ 

𝑆𝑐 − 𝑆𝐻

|𝑆𝐸|
 ∑ 𝛺𝑖𝑗𝑐𝑖𝑐𝑗

𝑛

𝑖=1,𝑖≠𝑗

 R.O.M √∑ 𝑐𝑖 (1 −
𝑉𝐸𝐶𝑖

𝑉𝐸𝐶̅̅ ̅̅ ̅̅
)

2𝑛

𝑖

 √∑ 𝑐𝑖(𝜒𝑖 − 𝜒̅)2

𝑛

𝑖

 

Equation 6 Equation 1    

     

Ω Sconf SE δ  

𝑇𝑚∆𝑆𝑚𝑖𝑥

|∆𝐻𝑚𝑖𝑥|
 −𝑅 ∑ 𝑐𝑖 ln 𝑐𝑖

𝑛

𝑖=1

  √∑ 𝑐𝑖 (1 −
𝑟𝑖

𝑟̅
)

2
𝑛

𝑖

  

Equation 3 Equation 4 Equation 16   

     

TM ρ E B Lattice Constants 

R.O.M R.O.M R.O.M R.O.M R.O.M 

     

∆Hfusion α Cp IE Work Function 

R.O.M R.O.M R.O.M R.O.M R.O.M 

     

Cost Hazard R.O.M   

R.O.M R.O.M 𝑃 =  ∑ 𝑐𝑖 ∗ 𝑃

𝑛

𝑖

 

  

  

NOTES: Rule of Mixtures (R.O.M), TM (melting temperature), ρ (density), E (Young's 

modulus), B (bulk modulus), α (thermal expansion coeff.), Cp (heat capacity), IE (ionization 

energy), P (property of interest) 
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4 Results/Analysis 

Data for 83,949,264 alloys from 72 elements (excluding halogens, noble gases, 

and unstable elements) and six different compositions was calculated.  Each element will 

appear in 194,327 unique 5-component alloy systems, in this collection of 72 elements, 

there are 2,556 binary groups (i.e. combination of two elements), and 59,640 ternary 

groups.   

Based on the experimental HEAs studied in Figure 8, a critical ϕ value of 18 was 

chosen as the screening criterion.  Ye et al. identified a value of 20, above which very 

few multiphase HEAs should form, the value here has been lowered because a significant 

number of SS single-phase HEAs still exist below ϕ = 20, and 18 was an arbitrary 

compromise of including those low ϕ SS single-phase HEAs without including too many 

multiphase HEAs.  Of the 84 million alloys, only 310,529 alloys have a calculated ϕ 

value above 18, this is less than 0.5% of the total alloys surveyed.  The 310,529 alloys 

contain some instances of double counting of alloy components because an alloy system 

could have a critical ϕ value (i.e. ϕ > 18) for multiple compositions.  Of those 310,529 

critical ϕ alloys there are only 87,057 alloy systems (i.e. unique elemental combinations), 

which represent 0.62% (87,057/13,991,544) of the total alloy systems surveyed.  The 

compositional breakdown is as follows, 48,800 are equiatomic alloys (52 alloys have a 

critical value for only the equiatomic composition) and 261,729 alloys are enriched in 

one element (20,105 alloys only have a critical value when enriched in one of the 
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constituent elements).  To further parse these numbers, of the 87,057 alloy systems with a 

critical ϕ value, there are 20,924 alloys (24.03% of critical ϕ alloy systems) that are 

“compositionally robust” in that they have a critical ϕ value for all 6 studied 

compositions.  These “compositionally robust” screened alloys should be promising 

systems to explore in further detail because of the seemingly large SS single-phase space.   

A histogram of all 84 million alloys (Figure 11) shows that the critical ϕ alloys are 

a very small tail of the total distribution.  The full distribution is slightly skewed right, 

with a mean ϕ value of -0.99, a median of -0.52, a minimum ϕ value of -2449 and a 

maximum value of 6210.  The ϕ values can grow very large because of very small excess 

entropies which are also reflected in a very small misfit parameter.  For example, 

AlBiNbTaU enriched in Nb has the largest calculated ϕ value and has an SE of 0.0019 

Jmol-1K-1 and a misfit 

parameter of 0.257.  

The majority of alloys 

(87.5%) have ϕ values 

between -5 and 5 

indicating that the 

ideal Gibbs free 

energy (Sc - ∆Hmix/Tm) 

is the same order of 

magnitude as that of 

SE, further 

corroborating Senkov 

Figure 11:  Distribution of all ϕ values for the 83,949,264.  The subset 

shows the distribution for 310,529 alloys with a ϕ value larger than 18.   
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et al.’s supposition that only using ideal thermodynamic properties is not enough to 

accurately predict HEA single-phase solid solution formation.   

A similar analysis was performed for 3-component and 4-component systems.  

For 3-component systems there are a possible 238,560 alloys, which includes 59,640 

examined alloy systems, each surveyed across four compositions; the equiatomic 

composition and an enriched composition where one element is enriched to 40% and the 

remaining two elements are 30%.  Of the 238,560 alloys, 5,456 alloys have a critical ϕ 

value (2.29% of all 3-component alloys).  Of these 5,456 alloys 1,358 are equiatomic 

alloys (1 alloy, AgRhV, has a critical value for the equiatomic composition only) and 

4,098 are enriched alloys (141 alloys only have a critical value when enriched in one of 

the constituent elements).  There are 1,556 three-component critical ϕ alloys systems, of 

these 1,158 occur for all four compositions (74.42% of the 3-component critical ϕ alloy 

systems).   

For 4-component systems there are a possible 5,143,950 alloys, which includes 

1,028,790 examined alloy systems, each surveyed across four compositions; the 

equiatomic composition and an enriched composition where one element is enriched to 

40% and the remaining three elements are 20%.  Of the 5,143,950 alloys, 45,723 alloys 

have a critical ϕ value (0.89% of all 4-component alloys).  Of these 45,723 alloys 8,920 

are equiatomic alloys (8 alloys have a critical value for the equiatomic composition only) 

and 27,228 are enriched alloys (2,328 alloys only have a critical value when enriched in 

one of the constituent elements).  There are 12,790 4-component critical ϕ alloy systems, 

of these 5,466 occur for all five compositions (42.47% of 4-component critical ϕ alloy 

systems).  The results for the number of 3-, 4-, and 5-component alloys with critical ϕ 
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values are summarized in Table 4.  While the number alloys with a critical ϕ value 

increases as the number of components increase, this is only because there are is a larger 

number of possible alloys.  As a percentage of total alloys, the number of critical ϕ alloys 

decreases as the number of components increase.   

In this survey, I also looked at how often a 5-component alloy’s sub-systems 

appeared with a critical ϕ value.  Potentially the subsystems may represent alloys of 

interest but the thought is that if the sub-systems all have critical ϕ values then further 

additions of alloying elements should not disrupt the stability of the solid solution.  

Additionally, a detailed study of an HEA with a significant number of critical ϕ 

subsystems compared to an HEA with only a few subsystems may elucidate some of the 

HEA “core effects”.  In other words, if you have five elements and none of the 3- or 4- 

component alloys have a single-phase SS but suddenly upon adding a fifth element, a 

single-phase solid solution forms, it may be of use in confirming or rejecting the 

underlying HEA hypotheses.  In the survey, a 5-component system has: six possible 5-

component alloys, 25 possible 4-component branches, and 40 possible 3-component 
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branches.  In the survey 1,513 alloy systems had the maximum possible number of 

branches with critical ϕ values.  Figure 12 shows the distribution of alloys versus the 

percentage of sub-systems with critical ϕ values.  For example, there are roughly 13,500 

alloys (note: this is not the number of alloy systems, but the total number of alloys i.e. a 

single alloy system could show up 6 times) where 95% or more of their sub-systems (i.e. 

3 and 4-component systems) also have critical ϕ values.  Additional data on the 

appearances of specific elements in critical ϕ alloys was collected in the survey.  This 

information would be useful in designing and refining HEAs as discussed further on.  

The information collected details the number of times an element appears in a critical ϕ 

alloy for 3-, 4-, and 5-component systems, in addition, for each component system the 

number of times an alloy appears in the equiatomic compositi on, enriched composition 

and low or depleted composition is also counted.  For example, tungsten appears the 

most, and is found in 77,352 critical ϕ alloys, 68,488 are 5-component alloys, 8,203 are 

4-component systems, and 661 are 

3-component systems.  Of the 5-

component systems 11,313 are 

equiatomic alloys, 15,437 are alloys 

enriched in tungsten, and 41,737 

occur when the atomic percent of 

tungsten is among the depleted 

minority components (15%) of the 

alloy composition.  It would appear 

that tungsten appears the most when in the depleted composition, however, this is due to 
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the fact that there are 4-times more depleted alloys than either enriched or equiatomic (six 

total compositions) and thus if you divide by 4 the number, 10,434, is less than the 

equiatomic and enriched compositions.  In addition to counting the number of times each 

element appears in a critical ϕ alloy, the average ϕ of each of those alloys was calculated.   

The element with the highest average critical ϕ value based on 5-component critical ϕ 

alloys is palladium, with an average critical ϕ value of 66.6.  Despite having the highest 

average critical ϕ value, palladium only appears in half as many alloys as tungsten, which 

has the 5th highest average critical ϕ value.  However, in general as the average critical ϕ 

value increases, the number of alloys the element appears in increases, as shown in 

Figure 13.  The data for 68 elements (not all of the 72 elements used appeared in critical 

ϕ alloys) is summarized in Table 5.  The data is also presented as a bar chart in Figures 

14 and 15. 

 The surveyed 5-component alloys’ calculated ϕ values were compared to the 

previous heuristic parameters 

(ΔHmix, Ω, and δ).  Using a heat 

map, various heuristic 

parameters were plotted against 

each other, with color 

representing the ϕ value.  For ϕ 

values from 10-5000, there is a 

strong
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Figure 14:  Counts of the number of critical ϕ alloys each element (for Ag-Na) is present in.  Note:  Arsenic appears in 109 alloys and 

beryllium appears in 130.   
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Figure 15:  Counts of the number of critical ϕ alloys each element (for Nb-Zr) is present in.  Note:  Silicon appears in 21 alloys.   
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correspondence between Ω, δ, and ϕ.  The highest ϕ values are found for low (δ<3) misfit 

parameters (Figure 16a is a plot of δ vs. Ω).  Recall, that Zhang et al. found Ω ≥ 1.1 and δ 

< 6.6% were indicative of MPCAs; this is reflected in the figure, where even for a ϕ value 

of 10 the largest δ is less than 5 [30].  Figure 14b shows ΔHmix vs. δ.  Recalling Zhang et 

al., ∆Hmix should be -15 to 5 kJ mol-1. The ϕ value in Figure 16b corresponds to a slightly 

wider range of -20 to 20 kJ mol-1 [109].  This agreement between previous heuristics and 

Ye’s single ϕ value, suggests that the ϕ value should be at least as successful as the other 

parameters in screening MPCAs.  

The critical ϕ alloys surveyed have a wide range of physical properties.  For the 

310,529 screened 5-component alloys, the following property ranges were calculated by 

the rule of mixture: the melting temperature range is 137-3148°C, the density range is 

2.30-21.66 g/cm3, the young’s modulus range is 17-507 GPa, and the cost factor is 0.05-

107.60 $/g.  Several scatter plots with the points colored based on the ϕ value for physical 

properties were generated for temperature, density, and Young’s modulus.  A scatter plot 

Figure 16:  In both scatter plots, the points are colored based on the ϕ value, the scale is located to the right a) 

Scatter plot of δ vs Ω for ϕ values for 10-5000.  b) Scatter of ΔHmix vs δ, for ϕ values of 10-5000.  This is only 

for 5-component alloys.   



56 
 

 
 

of melting temperature vs. density is presented in Figure 17, for comparison the 

properties of aluminum (Al), titanium (Ti), Inconel, tungsten carbide (WC), and stainless 

steels (SS) have been included in the plot.  For the critical ϕ alloys, based on the rule of 

mixtures, there are no comparable MPCA alloys to titanium or tungsten carbide (i.e., 

these comparison alloys fall outside of the general envelop of MPCAs).  However, for 

stainless steels and Inconel there are many predicted MPCA alloys with similar (or 

higher) melting temperatures but lower density.  Similarly, there are surrounding alloys 

with similar densities but improved melting temperatures.  Similar plots were prepared 

for melting temperature vs. Young’s modulus (Figure 18), and for density vs. Young’s 

modulus (Figure 19).  While the Young’s modulus is not a perfect proxy for the strength 
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of a metal, it serves as an early comparison tool to judge which alloys are promising in 

this regard.  In both Figures 18 and Figure 19, WC still has no comparable critical ϕ 

alloys, however, there are some comparisons to Ti (lower right hand side of Figure 18, 

and lower left side of Figure 19).  In the following section, the uses of the information 

and figures presented in results will be discussed.  

Figure 17:  The color of the points in the scatter plot are based on the ϕ value, the scale is located 

to the right.  The figure is a scatter plot of the melting temperature vs density for all “likely 

MPCA” 5 component alloys with a ϕ value between 18 and 5000 
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Figure 18:  The color of the points in the scatter plot are based on the ϕ value, the scale is located to the right.  

The figure is a scatter plot of the melting temperature vs Young’s modulus for all “likely MPCA” 5 component 

alloys with a ϕ value between 18 and 5000 
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Figure 19:  The color of the points in the scatter plot are based on the ϕ value, the scale is located to the right.  

The figure is a scatter plot of the density vs. Young’s modulus for all 5 component alloys with a ϕ value between 

18 and 5000 
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Table 5:  Summary of the number of times each element appears in 5, 4, and 3-component systems for all compositions, equiatomic composition, enriched 
composition and depleted compositions. 

  5-Component 4-Component 3-Component 

  
All 

Compositions 

Equi-

atomic 
Enriched Depleted All Compositions 

Equi-

atomic 
Enriched Depleted 

All 

Compositions 

Equi-

atomic 
Enriched Depleted 

Element Mean ϕ Count Count Count Count Mean ϕ Count Count Count Count Count Count Count Count 

Ag 40.8 51241 8158 8435 34648 57.0 5489 1129 1052 3308 360 94 88 178 

Al 44.1 32176 5079 3379 23718 163.3 3404 672 501 2231 231 57 52 122 

As 22.2 109 7   102 21.6 14 1   13 7 2 2 3 

Au 40.4 39630 6437 5792 27401 54.2 4113 808 775 2530 316 78 73 165 

Ba - - - - - 20.3 5 1 1 3 5 1 1 3 

Be 22.2 130 10 - 120 20.6 31 6 - 25 7 2 2 3 

Bi 45.9 52200 8567 8076 35556 130.0 5412 1083 980 3349 395 98 91 206 

Ca 21.5 1163 63 - 1100 20.3 17 1 1 15 9 2 2 5 

Cd 26.4 6358 841 312 5205 34.2 594 109 55 430 44 10 11 23 

Ce 49.5 10954 1574 1862 7518 96.4 1697 332 355 1010 208 50 52 106 

Co 27.7 26081 4015 2643 19423 37.7 2957 574 513 1870 242 62 52 128 

Cr 26.9 25441 3981 2114 19345 39.5 2527 484 336 1707 137 34 33 70 

Cu 31.9 43649 7160 6782 29706 34.0 5056 1002 932 3122 400 101 97 202 

Dy 49.0 15167 2175 3086 9906 97.1 2357 447 525 1385 342 87 92 163 

Er 44.2 16225 2357 3436 10432 73.9 2554 476 602 1476 355 89 93 173 

Eu 20.4 489 8 - 481 20.3 5 1 1 3 12 3 3 6 

Fe 26.3 23062 3494 2080 17488 39.2 2416 489 316 1611 143 37 30 76 

Ga 53.8 43411 7117 6179 30115 70.9 4896 982 857 3057 383 97 88 198 

Gd 52.6 13272 1896 2529 8847 134.3 2025 382 433 1210 283 67 78 138 

Ge 25.9 9860 1196 44 8620 49.1 639 107 15 517 26 5 3 18 

Hf 29.1 9987 1146 1932 6909 43.6 986 172 263 551 115 28 30 57 

Hg 28.1 2604 233 8 2363 30.7 221 18 10 193 34 8 8 18 

Ho 46.9 15659 2249 3244 10166 86.4 2442 461 546 1435 347 88 92 167 
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Table 5: Continued. 

  5-Component 4-Component 3-Component 

  
All 

Compositions 

Equi-

atomic 
Enriched Depleted 

All 

Compositions 

Equi-

atomic 
Enriched Depleted 

All 

Compositions 

Equi-

atomic 
Enriched Depleted 

Element Mean ϕ Count Count Count Count Mean ϕ Count Count Count Count Count Count Count Count 

In 29.8 4304 547 22 3735 33.0 391 69 16 306 52 12 11 29 

Ir 65.3 49057 8111 9070 31876 125.8 5743 1134 1209 3400 495 127 127 241 

La 37.4 6904 944 1043 4917 47.8 1147 175 156 816 180 45 45 90 

Li 25.4 20853 3312 1778 15763 27.1 1522 275 206 1041 65 15 16 34 

Lu 39.2 17003 2534 3737 10732 54.3 2729 517 649 1563 375 91 95 189 

Mg 28.5 12742 1825 1767 9150 43.9 1474 253 270 951 166 41 41 84 

Mn 59.3 52650 8636 10191 33823 100.5 6445 1277 1399 3769 568 143 145 280 

Mo 60.6 63397 10446 14212 38739 104.3 7529 1506 1827 4196 603 151 161 291 

Na 31.1 7163 932 947 5284 31.3 520 73 173 274 11 2 5 4 

Nb 43.6 36638 5742 5772 25124 155.0 3866 750 757 2359 315 78 80 157 

Nd 30.4 13881 2020 2343 9518 40.9 2224 420 440 1364 284 70 65 149 

Ni 27.1 23178 3512 2109 17557 39.0 2552 503 380 1669 176 45 40 91 

Os 61.6 59741 9782 12947 37012 109.6 7270 1455 1688 4127 574 142 147 285 

P - - - - - - - - - - 4 1 1 2 

Pb 32.3 2043 173 8 1862 39.8 144 16 8 120 25 6 6 13 

Pd 66.6 39781 6480 5612 27689 116.1 4592 907 846 2839 376 94 95 187 

Pm 30.0 13378 1969 2142 9267 42.0 2075 398 380 1297 244 60 55 129 

Pr 30.7 14372 2090 2557 9725 39.8 2365 474 473 1418 327 80 80 167 

Pt 58.6 35207 5649 4317 25240 85.4 3914 750 655 2509 335 84 83 168 

Re 60.2 66920 11008 15200 40712 96.2 7996 1607 1961 4428 611 153 163 295 

Rh 60.8 47081 7726 8183 31172 105.3 5561 1097 1136 3328 485 121 126 238 

Ru 54.5 53516 8722 10715 34079 81.6 6522 1305 1434 3783 551 138 146 267 

Sb 51.0 52947 8721 10137 34089 68.1 6491 1297 1381 3813 542 136 130 276 

Sc 30.1 14876 2202 2840 9834 41.1 2245 416 458 1371 278 69 63 146 
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Table 5: Continued. 

  5-Component 4-Component 3-Component 

  
All 

Compositions 

Equi-

atomic 
Enriched Depleted 

All 

Compositions 

Equi-

atomic 
Enriched Depleted 

All 

Compositions 

Equi-

atomic 
Enriched Depleted 

Element Mean ϕ Count Count Count Count Mean ϕ Count Count Count Count Count Count Count Count 

Si 20.3 21 - - 21 129.7 1908 368 400 1140 3 1 - 2 

Sm 52.4 12302 1765 2209 8328 32.9 137 17 13 107 250 62 65 123 

Sn 28.6 1500 128 29 1343 20.3 5 1 1 3 33 8 8 17 

Sr - - - - - - - - - - 9 2 3 4 

Ta 43.2 38195 5979 6328 25888 149.8 4070 793 812 2465 325 81 84 160 

Tb 50.7 14700 2117 2980 9603 107.6 2268 421 502 1345 332 83 88 161 

Tc 64.2 56972 9348 11907 35717 119.7 6853 1365 1550 3938 541 134 144 263 

Th 51.3 13956 2039 2926 8991 132.1 2030 389 459 1182 264 65 70 129 

Ti 34.5 21908 3179 2437 16292 44.6 2180 400 355 1425 163 40 40 83 

Tl 31.0 4948 649 15 4284 30.9 431 74 18 339 39 10 8 21 

Tm 26.2 9872 1217 1017 7638 38.1 906 158 161 587 104 24 25 55 

U 45.1 30672 4729 3620 22323 75.4 3122 599 502 2021 238 59 55 124 

V 39.5 41816 6859 6385 28572 43.2 4852 973 882 2997 370 93 86 191 

W 61.2 68488 11313 15437 41737 103.6 8203 1651 2014 4538 661 167 178 316 

Y 52.2 13442 1913 2618 8911 132.7 2041 388 441 1212 285 69 78 138 

Yb 31.1 14450 1991 2742 9717 33.1 1679 324 242 1113 107 25 14 68 

Zn 53.0 51580 8467 9531 33582 70.7 5965 1182 1254 3529 499 123 127 249 

Zr 29.6 11328 1461 1966 7901 47.9 1068 166 226 676 102 24 26 52 
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5 Discussion 

 Using the ϕ parameter allows for a quick reduction in the number of potential 

alloys for further research.  Use of ϕ = 18 (for example) as the screening threshold in 

identifying candidate HEAs eliminates ~90% of the false positives, but Figure 8 shows that it 

will (however) miss ~50% of HEAs (i.e., 50% false negatives).  It is the general success 

of eliminating 90% of false positives that makes the use of the model of Ye et al. [18] a 

valuable and efficient (but imperfect) screening tool for HEAs, and was therefore applied 

here in the development of an extensive database of candidate 5-component HEAs. The 

database created allows for fast and efficient preliminary identification of promising high 

entropy alloys.  The alloys can be screened and sorted based on specific properties such 

as melting temperature, density or Young’s modulus.  A series of criteria can be specified 

to identify a set of alloys for use in specific applications.  For example, for high 

temperature and high strength alloys, one can readily identify a CrMnMoWx (x= Al, Cr, 

Cu, Fe, Nb, Ni, Ta, Ti, V) family of alloys with melting temperatures from 1924°C to 

2443°C, densities of 9.73g/cm3 to 12.69g/cm3, and Young’s modulus of 257GPA to 

283GPA.  This alloy family shows promise as potential MPCAs because the ϕ values 

range from 19-43 and 39% to 94% of the sub-systems are also critical ϕ alloys.   

 In addition to searching for alloys with specific properties, knowledge of the 

tendencies for specific elements to produce alloys with high ϕ (averaged over all alloys 

containing the specific element) can allow the “adjusting” of previously discovered (and 

verified) MPCAs.  Suppose one wanted to increase the melting temperature of the 

verified alloy.  Using Table 4, one could search for another high melting element with a 
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high average ϕ value to increase the chances of finding a high temperature application 

HEA, or alternatively look at all similar alloys and choose the alloy with highest melting 

point.   

The database can also be used to search for alloys with a cost criteria.  Three cost 

comparison plots are presented in Figure 20a, b, c, in each of the plots the cost is 

calculated from the rule of mixture and based on the pure (atleast 99.5%) element cost 

Figure 20: a) heat map of cost ($/g) vs. melting temperature (°C), b) heat map of cost ($/g) vs. density (g/cm3), c) 

heat map of cost ($/g) vs. Youngs modulus (GPa) 
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per gram.  Cost data was not available for all elements and for those alloys no data was 

plotted.   Typically an arc melted button ranges from 5-15g, these plots show a wide cost 

range for potential alloys.  There are many cost effective options for a wide range of 

melting temperatures, densities, and Youngs modulus.  Further uses of the database 

include checking for ease of handling.  Included in the database are the values for the 

National Fire Protection Association hazard identification system.  This can alert 

researchers to alloy systems where the handling of the pure materials needs to be 

considered.  The database includes the sum of each individual value (i.e. the sum of all 

health hazards) as well as the maximum of the elements included, both of these values are 

important.  For example you could have two alloys where the sum of the health hazards is 

the same as is the case for AlLiNbTiZn and MgNdScTiZr (health hazard = 3), however, 

the maximum health hazard is 3 for AlLiNbTiZn because of Li and only 1 for 

MgNdScTiZr.  This data is available as a sorting tool for researchers who want to avoid 

hazardous elements to work with.   

The MATLAB script used to generate the database is included in the appendix.  

Two additional scripts have been included, the first was used to analyze and parse the 

data and the second is an example of scripts used to generate the heat maps of alloy 

properties.  The data will be made available online in the future. 

 

5.1 Other – Experimental Considerations 

The first requirement for bulk MPCA experimental work is to acquire high purity 

elemental source materials (often 4n purity or higher are used, although some work has 

been done with 3n5 purity).  The high purity elements must then be carefully weighed 
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and arc melted, some evaporation will occur and it is possible that several attempts will 

be required to achieve the sought-after composition.  It may also be necessary to use 

master alloys (pre-alloyed) starting materials in order to avoid large disparities in melting 

temperatures, this can help reduce evaporation issues.  After arc melting, samples need to 

be sectioned and prepared for characterization and testing.  At least one section of each 

sample should be annealed.  MPCA’s can require long anneal times, 20 hours or more, at 

high temperatures, 1200 °C or greater, however, these will vary with the MPCA being 

studied.  Samples for optical microscopy and electronic microscopy (SEM) need to be 

polished.  EPMA should be used to provide compositional data on phases formed or on 

segregation from solidification.   Micro-Hardness tests are an easy test to perform to get 

an idea of alloy properties.  Further physical property tests should include 

nanoindentation as well as micro-compression tests performed on pillars that have been 

ion beam milled.  DSC calorimetry can also be performed, however, the supposed slow 

kinetics of HEA’s may make it difficult to capture any phase changes in normal operation 

(i.e. it may take much longer to see evidence of phase changes on heating compared to 

other materials).  These tests will provide a fairly comprehensive examination of the 

phases present in the alloy as well as the physical properties of the alloy. 

 

6 Future Work 

 Future work should focus on extensive study of a specific MCPA or family of 

MCPA’s.  I will propose a few promising families to meet high temperature high strength 

applications as well as potential systems that have low density.   
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 High temperature, high strength alloys are an area of interest for MPCA’s.   

Through use of the database presented here, I have identified the CrMnMoWx (x= Al, Cr, 

Cu, Fe, Nb, Ni, Ta, Ti, V) family of alloys with predicted melting temperatures from 

1924°C to 2443°C, densities of 9.73g/cm3 to 12.69g/cm3, and Young’s modulus of 257 

GPA to 283 GPA.  This alloy family shows promise as potential MPCAs because the ϕ 

values range from 19-43 and 39% to 94% of the sub-systems are also critical ϕ alloys.  

Low density (lower than titanium, 4.5g/cm3) MPCA’s are also present in the 

database, however, they often include fairly exotic and expensive alloys like (Tm, Er, Dy, 

Ho, Pr, Pm) or highly reactive metals like Li and Na.  It may be of interest to study the 

lower-order subsystems (quarternary alloys that don’t include the “exotic” fifth 

component).  Here, I present an alloy system LiMgScSnZr that is similar to Youssef et 

al.’s Al20Li20Mg10Sc20Ti30, the LiMgScSnZr system has melting temperatures from 

614°C to 1133°C, densities of 2.99g/cm3 to 4.49g/cm3, and Young’s modulus of 42 GPA 

to 65 GPA.  While the ϕ values range from 21 to 54, only 24% of the sub-systems are 

also critical ϕ alloys.  There are 890 low density alloys with critical ϕ values, 646 of those 

contain Li.  The remaining alloys contain many exotic elements and either have low 

percentages of sub-systems with critical ϕ values, or only have critical ϕ values for 1 or 2 

compositions in the 5-component regime, making these alloys less promising for HEA 

formation, but still of potential interest as MPCA’s.  The MgNdScTiZr system has two 5 

component alloys with melting temperatures of 1173°C and 1396°C, densities of 

3.82g/cm3 and 4.13g/cm3, and Young’s modulus of 68 GPA and 75 GPA, with ϕ values 

of 23 and 22.   
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In addition to experimental work, modeling and simulation will be an important 

step.  While this work has drastically reduced the scale of potential alloys (from roughly 

84 million alloys to 310,000) there still exists a significant number of critical ϕ alloys to 

study.  DFT can be a useful form of modeling to further inform heuristic based models 

and CALPHAD type models.  The work done by Troparevsky et al. provides significant 

missing thermodynamic information to the HEA and materials communities [17].  The 

method described by Troparevsky calculates heats of formation for binary compounds 

through DFT.  The ϕ parameter by Ye et al can miss a significant portion of HEAs as 

discussed earlier, which is why these other screening approaches like that of Troparevsky 

is of significant interest.  
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Appendix A 

Matlab Scripts 

A.1  Generate Full Alloy Database

% This script generates a table of 5 component alloys for 6 different 1 
% compositions. The table includes the criteria for all of the 2 
heuristics 3 
% for alloy single phase prediction. 4 
clearvars; 5 
clc; 6 
starttime=datetime('now'); 7 
disp(starttime) 8 
pathlog = strjoin([cellstr(pwd),'/Table_log.txt'],''); 9 
LogID = fopen(pathlog,'wt'); 10 
  11 
fprintf(LogID,'\n     %s \n',char(starttime)); 12 
fprintf('\nStart of program, reading elemental data... \n') 13 
fprintf(LogID,'\nStart of program, reading elemental data... \n'); 14 
  15 
%boltzmann J/k/atom 16 
kb=1.38064852*10^-23; 17 
%gas constant J/K/mol 18 
R=8.3144598; 19 
%avogradro's number 20 
Na=6.0221409*10^23; 21 
  22 
% Import Heat of Mixing data 23 
Hmixtable = 24 
table2array(readtable('HeatofMixing_v2.xlsx','ReadRowNames',true)); 25 
fprintf('Hmix done...working on Hf \n') 26 
fprintf(LogID,'Hmix done...working on Hf \n'); 27 
% Import Heat of Formation data 28 
Hftable = readtable('HeatofFormation.xlsx','ReadRowNames',true); 29 
fprintf('Hf done...working on Atom Properties') 30 
fprintf(LogID,'Hf done...working on Atom Properties'); 31 
% Import Atomic Data (atom number, radii, electronegativity, VEC, tm, 32 
rho) 33 
Atomproptable = 34 
table2array({readtable('AtomProperties_v4.xlsx','ReadVariableNames',fal35 
se)}); 36 
  37 
fprintf('\nLookup tables made...performing calculations \n \n') 38 
fprintf(LogID,'\nLookup tables made...performing calculations \n \n'); 39 
        elements=table2array(Atomproptable(:,1)); 40 
        Arad=table2array(Atomproptable(:,3)); 41 
        Tmelt=table2array(Atomproptable(:,6)); 42 
        Density=table2array(Atomproptable(:,7)); 43 
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        Valence=table2array(Atomproptable(:,5)); 44 
        ElectroNeg=table2array(Atomproptable(:,4)); 45 
        MoleWeight=table2array(Atomproptable(:,8)); 46 
        AlloyCost=table2array(Atomproptable(:,9)); %cost is $/100g 47 
        HealthHaz=table2array(Atomproptable(:,11)); 48 
        FireHaz=table2array(Atomproptable(:,12)); 49 
        StabilityHaz=table2array(Atomproptable(:,13)); 50 
        IonEnergy=table2array(Atomproptable(:,15)); %kJ/mol 51 
        BulkModulus=table2array(Atomproptable(:,18)); %GPa 52 
        YoungsModulus=table2array(Atomproptable(:,19)); %GPa 53 
        LatticeConstA=table2array(Atomproptable(:,21)); %nm 54 
        LatticeConstB=table2array(Atomproptable(:,22)); %nm 55 
        LatticeConstC=table2array(Atomproptable(:,23)); %nm 56 
        ThermalExpansion=table2array(Atomproptable(:,24)); %1/K 57 
        EnthalpyFusion=table2array(Atomproptable(:,25)); %J/mol 58 
        HeatCapacity=table2array(Atomproptable(:,26)); %J/mol/K 59 
        PhotoWorkFunction=table2array(Atomproptable(:,27)); %eV 60 
  61 
  62 
% 72 elements, all elements with data available for delHmix 63 
% No data for O, Pa, Po, S, Se, Te,  64 
% eleT = 65 
{'Ag','Al','As','Au','B','Ba','Be','Bi','C','Ca','Cd','Ce','Co','Cr','C66 
s','Cu','Dy','Er','Eu','Fe','Ga','Gd','Ge','H','Hf','Hg','Ho','In','Ir'67 
,'K','La','Li','Lu','Mg','Mn','Mo','N','Na','Nb','Nd','Ni','Os','P','Pb68 
','Pd','Pm','Pr','Pt','Rb','Re','Rh','Ru','Sb','Sc','Si','Sm','Sn','Sr'69 
,'Ta','Tb','Tc','Th','Ti','Tl','Tm','U','V','W','Y','Yb','Zn','Zr'}; 70 
  71 
%Test array of 10 elements 72 
eleT = {'Al','Co','Cr','Fe','Li','Mg','Mn','Sc','Ti','Zr'}; 73 
%Test array of 25 elements 74 
%eleT = 75 
{'Ag','Al','B','Be','Bi','C','Ca','Co','Cr','Cu','Fe','Ga','Ge','Hf','K76 
','Li','Mg','Mn','Mo','Na','Nb','Ni','P','Pb','Sc'}; 77 
  78 
LeleT=length(eleT);     79 
  80 
celeA=[0.20 0.20 0.20 0.20 0.20;  81 
       0.40 0.15 0.15 0.15 0.15;  82 
       0.15 0.40 0.15 0.15 0.15;  83 
       0.15 0.15 0.40 0.15 0.15; 84 
       0.15 0.15 0.15 0.40 0.15;  85 
       0.15 0.15 0.15 0.15 0.40;]; 86 
[celeAloopnum, foo]=size(celeA); 87 
foo=0; 88 
  89 
%intialize variables 90 
  91 
%variables below are arrays that track values for every alloy 92 
    Numalloys=nchoosek(LeleT,5)*celeAloopnum; aa=0; 93 
    delHmixT=zeros(Numalloys,1);  94 
    TmT=zeros(Numalloys,1);  95 
    RhoT=zeros(Numalloys,1); 96 
    misfitT=zeros(Numalloys,1); 97 
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    delchiT=zeros(Numalloys,1); 98 
    VECT=zeros(Numalloys,1); 99 
    delVECT=zeros(Numalloys,1); 100 
    SconfT=zeros(Numalloys,1); 101 
    SeBCCT=zeros(Numalloys,1); 102 
    SeFCCT=zeros(Numalloys,1); 103 
    omegaT=zeros(Numalloys,1); 104 
    phiBCCT=zeros(Numalloys,1); 105 
    phiFCCT=zeros(Numalloys,1); 106 
    phiavgT=zeros(Numalloys,1);  107 
    AlloyT=cell(Numalloys,1); 108 
    elementsT=cell(Numalloys,5); 109 
    CompT=cell(Numalloys,5); 110 
    CostT=zeros(Numalloys,1); 111 
    HealthT=zeros(Numalloys,1); 112 
    HealthMaxT=zeros(Numalloys,1); 113 
    FireT=zeros(Numalloys,1); 114 
    FireMaxT=zeros(Numalloys,1); 115 
    StabilityT=zeros(Numalloys,1); 116 
    StabilityMaxT=zeros(Numalloys,1); 117 
    IonEnergyT=zeros(Numalloys,1); %kJ/mol 118 
    BulkModulusT=zeros(Numalloys,1); %GPa 119 
    YoungsModulusT=zeros(Numalloys,1); %GPa 120 
    LatticeConstAT=zeros(Numalloys,1); %nm 121 
    LatticeConstBT=zeros(Numalloys,1); %nm 122 
    LatticeConstCT=zeros(Numalloys,1); %nm 123 
    ThermalExpansionT=zeros(Numalloys,1); %1/K 124 
    EnthalpyFusionT=zeros(Numalloys,1); %J/mol 125 
    HeatCapacityT=zeros(Numalloys,1); %J/mol/K 126 
    PhotoWorkFunctionT=zeros(Numalloys,1); %eV 127 
    StdIonEnergyT=zeros(Numalloys,1); %kJ/mol 128 
    StdBulkModulusT=zeros(Numalloys,1); %GPa 129 
    StdYoungsModulusT=zeros(Numalloys,1); %GPa 130 
    StdLatticeConstAT=zeros(Numalloys,1); %nm 131 
    StdLatticeConstBT=zeros(Numalloys,1); %nm 132 
    StdLatticeConstCT=zeros(Numalloys,1); %nm 133 
    StdThermalExpansionT=zeros(Numalloys,1); %1/K 134 
    StdEnthalpyFusionT=zeros(Numalloys,1); %J/mol 135 
    StdHeatCapacityT=zeros(Numalloys,1); %J/mol/K 136 
    StdPhotoWorkFunctionT=zeros(Numalloys,1); %eV 137 
  138 
  139 
  140 
tic; 141 
for compi = 1:celeAloopnum 142 
 cele = celeA(compi,:); 143 
 fprintf('working on composition loop #%d \n', compi) 144 
 fprintf(LogID,'working on composition loop #%d \n', compi); 145 
for ai = 1:length(eleT) 146 
 %eleTai = strjoin(eleT(ai)); 147 
 eleTai = eleT(ai); 148 
 %disp(['working on 1st element loop #: ', num2str(ai)]) 149 
for bi = ai+1:length(eleT) 150 
 %eleTbi = strjoin(eleT(bi)); 151 
 eleTbi = eleT(bi); 152 
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 %disp(['working on 2nd element loop #: ', num2str(bi)]) 153 
for ci = bi+1:length(eleT) 154 
 %eleTci = strjoin(eleT(ci)); 155 
 eleTci = eleT(ci); 156 
for di = ci+1:length(eleT) 157 
 %eleTdi = strjoin(eleT(di)); 158 
 eleTdi = eleT(di); 159 
for ei = di+1:length(eleT) 160 
 %eleTei = strjoin(eleT(ei)); 161 
 eleTei = eleT(ei); 162 
  163 
 ele = 164 
cell2mat({find(strcmp(elements,eleTai)),find(strcmp(elements,eleTbi)),f165 
ind(strcmp(elements,eleTci)),find(strcmp(elements,eleTdi)),find(strcmp(166 
elements,eleTei))}); 167 
 nele = length(ele); 168 
 Alloy = {strjoin([eleTai,eleTbi,eleTci,eleTdi,eleTei],'')}; 169 
  170 
% enter composition in atomic fraction input composition here if you 171 
want 172 
% to suppress composition loop 173 
% cele = [0.20 0.20 0.20 0.20 0.20] 174 
  175 
  176 
  177 
%initialize variables that are reset for each alloy (i.e. avg melting 178 
temp, 179 
%avg density etc.) 180 
 ravg=0; Rho=0; Tm=0; misfit=0; delHmix=0; VEC=0; delVEC=0; delchi=0;   181 
 chiavg=0; Sconf=0; apftemp=0; numdens=zeros(1,2); apfi=zeros(1,2); 182 
 rad=zeros(nele,1); tm=zeros(nele,1); rho=zeros(nele,1); 183 
vec=zeros(nele,1); 184 
 chi=zeros(nele,1); cost=zeros(nele,1); health=zeros(nele,1);  185 
 fire=zeros(nele,1); stability=zeros(nele,1); mw=zeros(nele,1); Cost=0;  186 
 Weight=0; Health=0; Fire=0; Stability=0; IonEavg=0; BulkModavg=0; 187 
 YoungModavg=0; LatAavg=0; LatBavg=0; LatCavg=0; Expanavg=0; 188 
HeatCapavg=0; 189 
 EnthFusionavg=0; WorkFctavg=0; 190 
 StdIonE=0; StdBulkMod=0; StdYoungMod=0; StdLatA=0; StdLatB=0; 191 
StdLatC=0;  192 
 StdExpan=0; StdHeatCap=0; StdEnthFusion=0; StdWorkFct=0; 193 
  194 
%rad = atomic radius (angstrom), tm = melting temp (K), rho = density 195 
(kg/m3) 196 
    for i = 1:nele 197 
        rad(i)=Arad(ele(i)); 198 
        tm(i)=Tmelt(ele(i)); 199 
        rho(i)=Density(ele(i)); 200 
        vec(i)=Valence(ele(i)); 201 
        chi(i)=ElectroNeg(ele(i)); 202 
        mw(i)=MoleWeight(ele(i)); 203 
        cost(i)=AlloyCost(ele(i));  204 
        health(i)=HealthHaz(ele(i)); 205 
        fire(i)=FireHaz(ele(i)); 206 
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        stability(i)=StabilityHaz(ele(i)); 207 
         208 
        %rule of mixture averages 209 
        ravg = rad(i)*cele(i)+ravg; 210 
        chiavg = chi(i)*cele(i)+chiavg; 211 
        Tm = tm(i)*cele(i)+Tm; 212 
        Rho = rho(i)*cele(i)+Rho; 213 
        VEC = vec(i)*cele(i)+VEC; 214 
        Weight = mw(i)*cele(i)+Weight; 215 
        IonEavg = IonEnergy(ele(i))*cele(i)+IonEavg; 216 
        BulkModavg = BulkModulus(ele(i))*cele(i)+BulkModavg; 217 
        YoungModavg = YoungsModulus(ele(i))*cele(i)+YoungModavg; 218 
        LatAavg = LatticeConstA(ele(i))*cele(i)+LatAavg; 219 
        LatBavg = LatticeConstB(ele(i))*cele(i)+LatBavg; 220 
        LatCavg = LatticeConstC(ele(i))*cele(i)+LatCavg; 221 
        Expanavg = ThermalExpansion(ele(i))*cele(i)+Expanavg; 222 
        EnthFusionavg = EnthalpyFusion(ele(i))*cele(i)+EnthFusionavg; 223 
        HeatCapavg = HeatCapacity(ele(i))*cele(i)+HeatCapavg; 224 
        WorkFctavg = PhotoWorkFunction(ele(i))*cele(i)+WorkFctavg; 225 
         226 
        %calc Hazard info 227 
        Health = health(i)+Health; 228 
        Fire = fire(i)+Fire; 229 
        Stability = stability(i)+Stability; 230 
         231 
    end 232 
    i=0; 233 
     234 
    HealthMax = max(health); 235 
    FireMax = max(fire); 236 
    StabilityMax = max(stability); 237 
     238 
    %calc std deviation of some parameters 239 
    StdIonE = std(IonEnergy(ele)'.*cele); 240 
    StdBulkMod = std(BulkModulus(ele)'.*cele); 241 
    StdYoungMod = std(YoungsModulus(ele)'.*cele); 242 
    StdLatA = std(LatticeConstA(ele)'.*cele); 243 
    StdLatB = std(LatticeConstB(ele)'.*cele); 244 
    StdLatC = std(LatticeConstC(ele)'.*cele); 245 
    StdExpan = std(ThermalExpansion(ele)'.*cele); 246 
    StdEnthFusion = std(EnthalpyFusion(ele)'.*cele); 247 
    StdHeatCap = std(HeatCapacity(ele)'.*cele); 248 
    StdWorkFct = std(PhotoWorkFunction(ele)'.*cele); 249 
     250 
    %calc misfit parameter as a percentage 251 
    for i = 1:nele 252 
        misfit = cele(i)*(1-rad(i)/ravg)^2+misfit; 253 
        %from Senkov 2015 254 
        %delchi = cele(i)*(1-chi(i)/chiavg)^2+delchi; 255 
        %from Guo 2011 256 
        delchi = cele(i)*(chi(i)-chiavg)^2+delchi; 257 
        delVEC = cele(i)*(1-vec(i)/VEC)^2+delVEC; 258 
        Cost = cost(i)*cele(i)*mw(i)/Weight+Cost;              259 
    end 260 
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    i=0; 261 
     misfit=sqrt(misfit)*100; 262 
     delchi=sqrt(delchi)*100; 263 
     delVEC=sqrt(delVEC)*100; 264 
     265 
     %deltaHmix in kJ/mol 266 
    for i = 1:nele 267 
        for j = i+1:nele 268 
            delHmix = 269 
Hmixtable(ele(i),ele(j))*cele(i)*cele(j)*4+delHmix; 270 
        end 271 
        j=0; 272 
    end 273 
    i=0; 274 
    j=0; 275 
    276 
    %calculating phi from from Ye-2015-intermetallics based on Mansoori 277 
1971, 278 
  279 
    %configurational entropy 280 
    for i = 1:nele 281 
        Sconf = -kb*cele(i)*log(cele(i)) + Sconf; 282 
    end 283 
     284 
  285 
     286 
    %as of now our understanding of the number density in the Ye-2015-287 
intermetallics paper is not clear,  288 
    %It appears that the overall packing factor was assumed to be 289 
either bcc or fcc  290 
    %the number density has to be back calculated 291 
apfi=1/6*pi*rho*di^3*ci, assuming that the overall 292 
    %atomic packing fraction is for either bcc or fcc, it is needed for 293 
    %calculations of the compressibility 294 
  295 
    %summation of the individual atoms "weighted volume fraction" (from 296 
equation 3F Ye-2015 intermetallics, copied from Mansoori 1971) 297 
    for i = 1:nele 298 
         apftemp = (rad(i)*2)^3*cele(i)+apftemp; 299 
    end 300 
  301 
    %back calculating rho (the number density) for bcc and fcc 302 
    % apf=[0.68 0.74] 303 
    apf=[pi*sqrt(3)/8 pi*sqrt(2)/6];     304 
    numdens(1,1) = apf(1,1)*6/pi/apftemp;      %(1,1) = bcc, (1,2)=fcc 305 
    numdens(1,2) = apf(1,2)*6/pi/apftemp; 306 
  307 
    %calculating the individual packing factors (apfi), this is 308 
equation 3G 309 
    %Ye-2015 copied from Mansoori 1970 310 
     311 
    %following notation from above, all (:,1) indices are bcc and (:,2) 312 
are 313 
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    %for fcc 314 
    for i = 1:nele 315 
        apfi(i,1) = pi/6*numdens(1,1)*(rad(i)*2)^3*cele(i); %(1,1) = 316 
bcc, (1,2)=fcc 317 
        apfi(i,2) = pi/6*numdens(1,2)*(rad(i)*2)^3*cele(i); %(1,1) = 318 
bcc, (1,2)=fcc 319 
    end 320 
  321 
    %compressiblity for hard spheres, Ye-2015-intermetallics, copied 322 
from Mansoori 1971 323 
    delij=zeros(nele,2); y1=zeros(1,2); y2=zeros(1,2); 324 
y2temp=zeros(1,2); y3=zeros(1,2); 325 
    Z=zeros(1,2); temp=zeros(1,2); Se=zeros(1,2); phi=zeros(1,2); 326 
  327 
    for i = 1:nele 328 
        for j = i+1:nele 329 
            delij(1,1) = sqrt(apfi(i,1)*apfi(j,1))/apf(1,1)*(rad(i)-330 
rad(j))^2/rad(i)/rad(j)*sqrt(cele(i)*cele(j)); 331 
            y1(1,1) = 332 
delij(1,1)*(rad(i)+rad(j))/sqrt(rad(i)*rad(j))+y1(1,1); 333 
            delij(1,2) = sqrt(apfi(i,2)*apfi(j,2))/apf(1,2)*(rad(i)-334 
rad(j))^2/rad(i)/rad(j)*sqrt(cele(i)*cele(j)); 335 
            y1(1,2) = 336 
delij(1,2)*(rad(i)+rad(j))/sqrt(rad(i)*rad(j))+y1(1,2);         337 
            for k = 1:nele 338 
               y2temp(1,1) = 339 
apfi(k,1)/apf(1,1)*sqrt(rad(i)*rad(j))/rad(k)+y2temp(1,1); 340 
               y2temp(1,2) = 341 
apfi(k,2)/apf(1,2)*sqrt(rad(i)*rad(j))/rad(k)+y2temp(1,2); 342 
            end 343 
            y2(1,1) = delij(1,1)*y2temp(1,1)+y2(1,1); 344 
            y2(1,2) = delij(1,2)*y2temp(1,2)+y2(1,2); 345 
            y2temp=zeros(1,2); 346 
        end 347 
        y3(1,1) = (apfi(i,1)/apf(1,1))^(2/3)*cele(i)^(1/3)+y3(1,1); 348 
        y3(1,2) = (apfi(i,2)/apf(1,2))^(2/3)*cele(i)^(1/3)+y3(1,2);     349 
    end 350 
    y3(1,1)=y3(1,1)^3; 351 
    y3(1,2)=y3(1,2)^3; 352 
  353 
    Z(1,1)=((1+apf(1,1)+apf(1,1)^2)-354 
3*apf(1,1)*(y1(1,1)+y2(1,1)*apf(1,1))-apf(1,1)^3*y3(1,1))/(1-355 
apf(1,1))^3; 356 
    Z(1,2)=((1+apf(1,2)+apf(1,2)^2)-357 
3*apf(1,2)*(y1(1,2)+y2(1,2)*apf(1,2))-apf(1,2)^3*y3(1,2))/(1-358 
apf(1,2))^3; 359 
     360 
  361 
    %excess entropy, the temp variable is the (F-Fid)/kbT) term in 362 
equation 4B 363 
    %of Ye-2015-intermetallics, copied from Mansoori 1971 364 
    temp(1,1) = -3/2*(1-365 
y1(1,1)+y2(1,1)+y3(1,1))+(3*y2(1,1)+2*y3(1,1))/(1-apf(1,1))+3/2*(1-366 
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y1(1,1)-y2(1,1)-1/3*y3(1,1))/(1-apf(1,1))^2+(y3(1,1)-1)*log(1-367 
apf(1,1)); 368 
    Se(1,1)=temp(1,1)-log(Z(1,1))-(3-2*apf(1,1))/(1-369 
apf(1,1))^2+3+log((1+apf(1,1)+apf(1,1)^2-apf(1,1)^3)/(1-apf(1,1))^3); 370 
  371 
    temp(1,2) = -3/2*(1-372 
y1(1,2)+y2(1,2)+y3(1,2))+(3*y2(1,2)+2*y3(1,2))/(1-apf(1,2))+3/2*(1-373 
y1(1,2)-y2(1,2)-1/3*y3(1,2))/(1-apf(1,2))^2+(y3(1,2)-1)*log(1-374 
apf(1,2)); 375 
    Se(1,2)=temp(1,2)-log(Z(1,2))-(3-2*apf(1,2))/(1-376 
apf(1,2))^2+3+log((1+apf(1,2)+apf(1,2)^2-apf(1,2)^3)/(1-apf(1,2))^3); 377 
  378 
    phi(1,1) = (Sconf/kb-abs(delHmix*1000)/Tm/R)/abs(Se(1,1)); 379 
    phi(1,2) = (Sconf/kb-abs(delHmix*1000)/Tm/R)/abs(Se(1,2)); 380 
     381 
     382 
    % creating arrays for table 383 
    % Calculating Omega from X. Yang, Y. Zhang. Prediction of high-384 
entropy  385 
    % stabilized solid-solution in multi-component alloys, Materials  386 
    % Chemistry and Physics 132 (2012) 233-238. 387 
     388 
    aa=aa+1; 389 
    delHmixT(aa,1) = delHmix*1000; %j/mol 390 
    TmT(aa,1)=Tm; %K 391 
    RhoT(aa,1)=Rho; %kg/m3 392 
    VECT(aa,1)=VEC;  393 
    delVECT(aa,1)=delVEC; 394 
    delchiT(aa,1)=delchi;  395 
    misfitT(aa,1)=misfit;  396 
    SconfT(aa,1)=Sconf/kb*R; %J/mol/K 397 
    omegaT(aa,1)=abs(Sconf/kb*R*Tm/delHmix/1000); %Unitless 398 
    SeBCCT(aa,1)=abs(Se(1,1))*R; %J/mol/K 399 
    SeFCCT(aa,1)=abs(Se(1,2))*R; %J/mol/K 400 
    phiBCCT(aa,1)=phi(1,1); 401 
    phiFCCT(aa,1)=phi(1,2); 402 
    phiavgT(aa,1)=mean(phi); 403 
    AlloyT(aa,1)=Alloy; 404 
    elementsT(aa,:)=[eleTai,eleTbi,eleTci,eleTdi,eleTei]; 405 
    comp={cele(1,1),cele(1,2),cele(1,3),cele(1,4),cele(1,5)}; 406 
    CompT(aa,:)=comp(1,:); 407 
    CostT(aa,:)=Cost/100; %cost is $/g 408 
    HealthT(aa,:)=Health; 409 
    HealthMaxT(aa,:)=HealthMax; 410 
    FireT(aa,:)=Fire; 411 
    FireMaxT(aa,:)=FireMax; 412 
    StabilityT(aa,:)=Stability;    413 
    StabilityMaxT(aa,:)=StabilityMax; 414 
    IonEnergyT(aa,:)=IonEavg; %kJ/mol 415 
    BulkModulusT(aa,:)=BulkModavg; %GPa 416 
    YoungsModulusT(aa,:)=YoungModavg; %GPa 417 
    LatticeConstAT(aa,:)=LatAavg; %nm 418 
    LatticeConstBT(aa,:)=LatBavg; %nm 419 
    LatticeConstCT(aa,:)=LatCavg; %nm 420 
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    ThermalExpansionT(aa,:)=Expanavg; %1/K 421 
    EnthalpyFusionT(aa,:)=EnthFusionavg; %J/mol 422 
    HeatCapacityT(aa,:)=HeatCapavg; %J/mol/K 423 
    PhotoWorkFunctionT(aa,:)=WorkFctavg; %eV 424 
    StdIonEnergyT(aa,:)=StdIonE; %kJ/mol 425 
    StdBulkModulusT(aa,:)=StdBulkMod; %GPa 426 
    StdYoungsModulusT(aa,:)=StdYoungMod; %GPa 427 
    StdLatticeConstAT(aa,:)=StdLatA; %nm 428 
    StdLatticeConstBT(aa,:)=StdLatB; %nm 429 
    StdLatticeConstCT(aa,:)=StdLatC; %nm 430 
    StdThermalExpansionT(aa,:)=StdExpan; %1/K 431 
    StdEnthalpyFusionT(aa,:)=StdEnthFusion; %J/mol 432 
    StdHeatCapacityT(aa,:)=StdHeatCap; %J/mol/K 433 
    StdPhotoWorkFunctionT(aa,:)=StdWorkFct; %eV 434 
     435 
%end loop for 5th ele 436 
end 437 
%end loop for 4th ele 438 
end 439 
%end loop for 3rd ele 440 
end 441 
%end loop for 2nd ele 442 
end 443 
%  TimeSpent=toc 444 
%  Totaltime=Totaltime+TimeSpent; 445 
%end loop for 1st ele  446 
  447 
%clearing intermediate variables and only keeping "results" 448 
clearvars -except LogID kb R Na aa compi ai eleT celeA cele Hmixtable 449 
Hftable Atomproptable celeAloopnum Numalloys elements Arad Tmelt 450 
Density Valence ElectroNeg MoleWeight AlloyCost HealthHaz FireHaz 451 
StabilityHaz IonEnergy BulkModulus YoungsModulus LatticeConstA 452 
LatticeConstB LatticeConstC ThermalExpansion EnthalpyFusion 453 
HeatCapacity PhotoWorkFunction AlloyT elementsT CompT delHmixT TmT RhoT 454 
misfitT VECT delVECT delchiT omegaT SconfT SeBCCT SeFCCT phiBCCT 455 
phiFCCT phiavgT CostT HealthT HealthMaxT FireT FireMaxT StabilityT 456 
StabilityMaxT IonEnergyT StdIonEnergyT BulkModulusT StdBulkModulusT 457 
YoungsModulusT StdYoungsModulusT LatticeConstAT StdLatticeConstAT 458 
LatticeConstBT StdLatticeConstBT LatticeConstCT StdLatticeConstCT 459 
ThermalExpansionT StdThermalExpansionT EnthalpyFusionT 460 
StdEnthalpyFusionT HeatCapacityT StdHeatCapacityT PhotoWorkFunctionT 461 
StdPhotoWorkFunctionT  462 
  463 
  464 
end 465 
%end composition loop 466 
  467 
end 468 
calctime=toc; 469 
fprintf('\n Calculations done, it took %5.2fs.  Creating summary table 470 
\n',calctime) 471 
fprintf(LogID,'\n Calculations done, it took %5.2fs.  Creating summary 472 
table \n',calctime); 473 
  474 
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clearvars -except LogID AlloyT elementsT CompT delHmixT TmT RhoT 475 
misfitT VECT delVECT delchiT omegaT SconfT SeBCCT SeFCCT phiBCCT 476 
phiFCCT phiavgT CostT HealthT HealthMaxT FireT FireMaxT StabilityT 477 
StabilityMaxT IonEnergyT StdIonEnergyT BulkModulusT StdBulkModulusT 478 
YoungsModulusT StdYoungsModulusT LatticeConstAT StdLatticeConstAT 479 
LatticeConstBT StdLatticeConstBT LatticeConstCT StdLatticeConstCT 480 
ThermalExpansionT StdThermalExpansionT EnthalpyFusionT 481 
StdEnthalpyFusionT HeatCapacityT StdHeatCapacityT PhotoWorkFunctionT 482 
StdPhotoWorkFunctionT  483 
  484 
% tic; 485 
% Summary = 486 
[AlloyT,elementsT(:,1),elementsT(:,2),elementsT(:,3),elementsT(:,4),ele487 
mentsT(:,5),CompT(:,1),CompT(:,2),CompT(:,3),CompT(:,4),CompT(:,5),num2488 
cell(delHmixT),num2cell(TmT),num2cell(RhoT),num2cell(misfitT),num2cell(489 
VECT),num2cell(delVECT),num2cell(delchiT),num2cell(omegaT),num2cell(Sco490 
nfT),num2cell(SeBCCT),num2cell(SeFCCT),num2cell(phiBCCT),num2cell(phiFC491 
CT),num2cell(phiavgT),num2cell(CostT),num2cell(HealthT),num2cell(Health492 
MaxT),num2cell(FireT),num2cell(FireMaxT),num2cell(StabilityT),num2cell(493 
StabilityMaxT),num2cell(IonEnergyT),num2cell(StdIonEnergyT),num2cell(Bu494 
lkModulusT),num2cell(StdBulkModulusT),num2cell(YoungsModulusT),num2cell495 
(StdYoungsModulusT),num2cell(LatticeConstAT),num2cell(StdLatticeConstAT496 
),num2cell(LatticeConstBT),num2cell(StdLatticeConstBT),num2cell(Lattice497 
ConstCT),num2cell(StdLatticeConstCT),num2cell(ThermalExpansionT),num2ce498 
ll(StdThermalExpansionT),num2cell(EnthalpyFusionT),num2cell(StdEnthalpy499 
FusionT),num2cell(HeatCapacityT),num2cell(StdHeatCapacityT),num2cell(Ph500 
otoWorkFunctionT),num2cell(StdPhotoWorkFunctionT)];  501 
% clearvars -except Summary 502 
% tablemaking=toc; 503 
  504 
% %Use writetable to create an excel file with headers, but this is 505 
much slower 506 
% Summary = array2table(Summary); 507 
% Summary.Properties.VariableNames = 508 
{'Alloy','Ele1','Ele2','Ele3','Ele4','Ele5','AtomFrac1','AtomFrac2','At509 
omFrac3','AtomFrac4','AtomFrac5','delHmix','Tm','Rho','misfit','VEC','d510 
elVEC','delElectroNeg','Omega','Sconf','SeBCC','SeFCC','phiBCC','phiFCC511 
','phiavg','Cost','Health','HealthMax','Fire','FireMax','Stability','St512 
abilityMax','IonizationEnergyavg','IonizationEnergystd','BulkModulusavg513 
','BulkModulusstd','YoungsModulusavg','YoungsModulusstd','LatticeConstA514 
Tavg','LatticeConstATstd','LatticeConstBTavg','LatticeConstBTstd','Latt515 
iceConstCTavg','LatticeConstCTstd','ThermalExpansionavg','ThermalExpans516 
ionstd','EnthalpyOfFusionavg','EnthalpyOfFusionstd','HeatCapacityavg','517 
HeatCapacitystd','PhotoElectricWorkFctavg','PhotoElectricWorkFctstd'}; 518 
% fprintf('\n Summary table made, it took %3.2fs. Now writing files 519 
\n',tablemaking) 520 
% tic; 521 
% path = strjoin([cellstr(pwd),'\test1.xlsx'],''); 522 
% writetable(Summary,path,'Sheet',1); 523 
% tablewritexlstime=toc; 524 
% fprintf('\n Excel file made, it took %3.2fs. Now writing text file 525 
\n',tablewritexlstime) 526 
  527 
tic; 528 
path = strjoin([cellstr(pwd),'/test10.txt'],''); 529 
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fileID = fopen(path,'w'); 530 
nrows=length(AlloyT); 531 
fmt = ['%s %s %s %s %s %s %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d 532 
%d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d 533 
%d %d %d %d %d %d %d\n']; 534 
for row = 1:nrows 535 
    536 
fprintf(fileID,fmt,cell2mat(AlloyT(row)),cell2mat(elementsT(row,1)),cel537 
l2mat(elementsT(row,2)),cell2mat(elementsT(row,3)),cell2mat(elementsT(r538 
ow,4)),cell2mat(elementsT(row,5)),cell2mat(CompT(row,1)),cell2mat(CompT539 
(row,2)),cell2mat(CompT(row,3)),cell2mat(CompT(row,4)),cell2mat(CompT(r540 
ow,5)),delHmixT(row),TmT(row),RhoT(row),misfitT(row),VECT(row),delVECT(541 
row),delchiT(row),omegaT(row),SconfT(row),SeBCCT(row),SeFCCT(row),phiBC542 
CT(row),phiFCCT(row),phiavgT(row),CostT(row),HealthT(row),HealthMaxT(ro543 
w),FireT(row),FireMaxT(row),StabilityT(row),StabilityMaxT(row),IonEnerg544 
yT(row),StdIonEnergyT(row),BulkModulusT(row),StdBulkModulusT(row),Young545 
sModulusT(row),StdYoungsModulusT(row),LatticeConstAT(row),StdLatticeCon546 
stAT(row),LatticeConstBT(row),StdLatticeConstBT(row),LatticeConstCT(row547 
),StdLatticeConstCT(row),ThermalExpansionT(row),StdThermalExpansionT(ro548 
w),EnthalpyFusionT(row),StdEnthalpyFusionT(row),HeatCapacityT(row),StdH549 
eatCapacityT(row),PhotoWorkFunctionT(row),StdPhotoWorkFunctionT(row)); 550 
end 551 
fclose(fileID); 552 
textfiletime=toc; 553 
fprintf('\n Text file made, it took %5.2fs. \n \n',textfiletime) 554 
  555 
endtime=datetime('now'); 556 
disp(endtime) 557 
fprintf(LogID,'\n     %s',char(endtime)); 558 
fclose(LogID); 559 



91 
 

 
 

A.2  Analyze and Parse Alloy Database

%This program will parse the table of alloys generated from 1 
AlloyTable_vX.m 2 
clear; clc; 3 
  4 
starttime=datetime('now'); 5 
%No data for O, Pa, Po, S, Se, Te,  6 
elements = 7 
{'Ag','Al','As','Au','B','Ba','Be','Bi','C','Ca','Cd','Ce','Co','Cr','C8 
s','Cu','Dy','Er','Eu','Fe','Ga','Gd','Ge','H','Hf','Hg','Ho','In','Ir'9 
,'K','La','Li','Lu','Mg','Mn','Mo','N','Na','Nb','Nd','Ni','Os','P','Pb10 
','Pd','Pm','Pr','Pt','Rb','Re','Rh','Ru','Sb','Sc','Si','Sm','Sn','Sr'11 
,'Ta','Tb','Tc','Th','Ti','Tl','Tm','U','V','W','Y','Yb','Zn','Zr'}; 12 
nele=length(elements); 13 
  14 
%Creates a file to write updates of code progression to. 15 
pathlog = strjoin([cellstr(pwd),'/log.txt'],''); 16 
LogID = fopen(pathlog,'wt'); 17 
     18 
  19 
%Reads table Generated by AlloyTable_v*.m 20 
tic; 21 
disp(starttime) 22 
fprintf(LogID,'\n     %s \n',char(starttime)); 23 
fprintf('If you want to make figures, change makefigures variable to 1, 24 
line 21.\n') 25 
fprintf(LogID,'If you want to make figures, change makefigures variable 26 
to 1, line 21.\n'); 27 
makefigures=0; 28 
  29 
fprintf('\nReading file and generating RawTable...\n') 30 
fprintf(LogID,'\nReading file and generating RawTable...\n'); 31 
RawTable = readtable('72choose5.txt','Delimiter',' 32 
','ReadVariableNames',false); 33 
RawTable.Properties.VariableNames = 34 
{'Alloy','Ele1','Ele2','Ele3','Ele4','Ele5','AtomFrac1','AtomFrac2','At35 
omFrac3','AtomFrac4','AtomFrac5','delHmix','Tmelt','density','misfit','36 
VEC','delVEC','delElectroNeg','Omega','Sconf','SeBCC','SeFCC','phiBCC',37 
'phiFCC','phi','Cost','Health','HealthMax','Fire','FireMax','Stability'38 
,'StabilityMax','IonizationEnergyavg','IonizationEnergystd','BulkModulu39 
savg','BulkModulusstd','YoungsModulusavg','YoungsModulusstd','LatticeCo40 
nstATavg','LatticeConstATstd','LatticeConstBTavg','LatticeConstBTstd','41 
LatticeConstCTavg','LatticeConstCTstd','ThermalExpansionavg','ThermalEx42 
pansionstd','EnthalpyOfFusionavg','EnthalpyOfFusionstd','HeatCapacityav43 
g','HeatCapacitystd','PhotoElectricWorkFctavg','PhotoElectricWorkFctstd44 
'}; 45 
readingwriting=toc; 46 
fprintf('Done reading RawTable...it took %3.2fs \n',readingwriting) 47 
fprintf(LogID,'Done reading RawTable...it took %3.2fs 48 
\n',readingwriting); 49 
  50 
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%the program runs significantly faster by creating these smaller phi 51 
tables 52 
%I assume this is because it takes so long to sort through the entire 53 
table 54 
%of 73choose5 alloys 55 
RawTable(:,26:52)=[]; 56 
RawTable.delHmix = []; 57 
RawTable.misfit=[];RawTable.VEC=[];RawTable.delVEC=[];RawTable.delElect58 
roNeg=[];RawTable.Omega=[];RawTable.Sconf=[];RawTable.SeBCC=[];RawTable59 
.SeFCC=[];RawTable.phiBCC=[];RawTable.phiFCC=[]; 60 
  61 
phiTable=RawTable(RawTable.phi>18,:); 62 
  63 
  64 
%Creates a table of only equiatomic alloys for phi>18 65 
equiphiTable=phiTable(phiTable.AtomFrac1==0.2,:); 66 
  67 
%Creates a table of only equiatomic alloys for all alloys 68 
equiRawTable=RawTable(RawTable.AtomFrac1==0.2,:); 69 
  70 
%Summary Data for All Alloys 71 
meanRawAllAlloys=mean(RawTable.phi); 72 
medianRawAllAlloys=median(RawTable.phi); 73 
minRawAllAlloys=min(RawTable.phi); 74 
maxRawAllAlloys=max(RawTable.phi); 75 
meanRawEquiAlloys=mean(equiRawTable.phi); 76 
medianRawEquiAlloys=median(equiRawTable.phi); 77 
minRawEquiAlloys=min(equiRawTable.phi); 78 
maxRawEquiAlloys=max(equiRawTable.phi); 79 
  80 
%Summary Data for Alloy alloys with phi>18 81 
meanPhiAllAlloys=mean(phiTable.phi); 82 
medianPhiAllAlloys=median(phiTable.phi); 83 
minPhiAllAlloys=min(phiTable.phi); 84 
maxPhiAllAlloys=max(phiTable.phi); 85 
meanPhiEquiAlloys=mean(equiphiTable.phi); 86 
medianPhiEquiAlloys=median(equiphiTable.phi); 87 
minPhiEquiAlloys=min(equiphiTable.phi); 88 
maxPhiEquiAlloys=max(equiphiTable.phi); 89 
  90 
  91 
%Counts number of times each element appears in the alloys 92 
fprintf('\nCounting element appearances... \n') 93 
fprintf(LogID,'\nCounting element appearances... \n'); 94 
i=0;counttemp=0;counttemp=0;meantemp=0;medtemp=0;mintemp=0;maxtemp=0;me95 
anrawtemp=0;medrawtemp=0;minrawtemp=0;maxrawtemp=0; 96 
nEleInAlloy=cell(nele,10);nEleInEquiAlloy=cell(nele,10); 97 
tic; 98 
for i = 1:nele 99 
     100 
    if i==10 101 
        fprintf('10 elements have been counted\n') 102 
        fprintf(LogID,'10 elements have been counted\n'); 103 
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    elseif i==20 104 
        fprintf('20 elements have been counted\n') 105 
        fprintf(LogID,'20 elements have been counted\n'); 106 
    elseif i==30 107 
        fprintf('30 elements have been counted\n') 108 
        fprintf(LogID,'30 elements have been counted\n'); 109 
    elseif i==40 110 
        fprintf('40 elements have been counted\n') 111 
        fprintf(LogID,'40 elements have been counted\n'); 112 
    elseif i==50 113 
        fprintf('50 elements have been counted\n') 114 
        fprintf(LogID,'50 elements have been counted\n'); 115 
    elseif i==60 116 
        fprintf('60 elements have been counted\n') 117 
        fprintf(LogID,'60 elements have been counted\n'); 118 
    end 119 
     120 
    %For Phi > 18 121 
    counttemp = sum(strcmp(phiTable.Ele1,elements(i))); 122 
    counttemp = sum(strcmp(phiTable.Ele2,elements(i)))+counttemp; 123 
    counttemp = sum(strcmp(phiTable.Ele3,elements(i)))+counttemp; 124 
    counttemp = sum(strcmp(phiTable.Ele4,elements(i)))+counttemp; 125 
    counttemp = sum(strcmp(phiTable.Ele5,elements(i)))+counttemp; 126 
    127 
meantemp=mean((phiTable.phi(sum(strcmp(phiTable{:,2:6},elements(i)),2)~128 
=0))); 129 
    130 
medtemp=median((phiTable.phi(sum(strcmp(phiTable{:,2:6},elements(i)),2)131 
~=0))); 132 
    133 
mintemp=min((phiTable.phi(sum(strcmp(phiTable{:,2:6},elements(i)),2)~=0134 
))); 135 
    136 
maxtemp=max((phiTable.phi(sum(strcmp(phiTable{:,2:6},elements(i)),2)~=0137 
))); 138 
     139 
    %Calc mean/med/min/max for ALL alloys (no phi criteria) 140 
    141 
meanrawtemp=mean((RawTable.phi(sum(strcmp(RawTable{:,2:6},elements(i)),142 
2)~=0))); 143 
    144 
medrawtemp=median((RawTable.phi(sum(strcmp(RawTable{:,2:6},elements(i))145 
,2)~=0))); 146 
    147 
minrawtemp=min((RawTable.phi(sum(strcmp(RawTable{:,2:6},elements(i)),2)148 
~=0))); 149 
    150 
maxrawtemp=max((RawTable.phi(sum(strcmp(RawTable{:,2:6},elements(i)),2)151 
~=0)));  152 
     153 
    154 
nEleInAlloy(i,:)={cell2mat(elements(i)),counttemp,meantemp,medtemp,mint155 
emp,maxtemp,meanrawtemp,medrawtemp,minrawtemp,maxrawtemp}; 156 
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    157 
counttemp=0;meantemp=0;medtemp=0;mintemp=0;maxtemp=0;meanrawtemp=0;medr158 
awtemp=0;minrawtemp=0;maxrawtemp=0;   159 
     160 
    %For Phi > 18 and only equiatomic alloys 161 
    counttemp = sum(strcmp(equiphiTable.Ele1,elements(i))); 162 
    counttemp = sum(strcmp(equiphiTable.Ele2,elements(i)))+counttemp; 163 
    counttemp = sum(strcmp(equiphiTable.Ele3,elements(i)))+counttemp; 164 
    counttemp = sum(strcmp(equiphiTable.Ele4,elements(i)))+counttemp; 165 
    counttemp = sum(strcmp(equiphiTable.Ele5,elements(i)))+counttemp; 166 
    167 
meantemp=mean((equiphiTable.phi(sum(strcmp(equiphiTable{:,2:6},elements168 
(i)),2)~=0))); 169 
    170 
medtemp=median((equiphiTable.phi(sum(strcmp(equiphiTable{:,2:6},element171 
s(i)),2)~=0))); 172 
    173 
mintemp=min((equiphiTable.phi(sum(strcmp(equiphiTable{:,2:6},elements(i174 
)),2)~=0))); 175 
    176 
maxtemp=max((equiphiTable.phi(sum(strcmp(equiphiTable{:,2:6},elements(i177 
)),2)~=0)));  178 
     179 
    %Calc mean/med/min/max for ALL alloys (no phi criteria) 180 
    181 
meanrawtemp=mean((equiRawTable.phi(sum(strcmp(equiRawTable{:,2:6},eleme182 
nts(i)),2)~=0))); 183 
    184 
medrawtemp=median((equiRawTable.phi(sum(strcmp(equiRawTable{:,2:6},elem185 
ents(i)),2)~=0))); 186 
    187 
minrawtemp=min((equiRawTable.phi(sum(strcmp(equiRawTable{:,2:6},element188 
s(i)),2)~=0))); 189 
    190 
maxrawtemp=max((equiRawTable.phi(sum(strcmp(equiRawTable{:,2:6},element191 
s(i)),2)~=0)));  192 
     193 
    194 
nEleInEquiAlloy(i,:)={cell2mat(elements(i)),counttemp,meantemp,medtemp,195 
mintemp,maxtemp,meanrawtemp,medrawtemp,minrawtemp,maxrawtemp}; 196 
    197 
counttemp=0;meantemp=0;medtemp=0;mintemp=0;maxtemp=0;meanrawtemp=0;medr198 
awtemp=0;minrawtemp=0;maxrawtemp=0;       199 
     200 
end 201 
eleapprtime=toc; 202 
fprintf('Done counting element appearances.  It took %3.2fs 203 
\n',eleapprtime) 204 
fprintf(LogID,'Done counting element appearances.  It took %3.2fs 205 
\n',eleapprtime); 206 
%There is no need to count the number of appearances of elements in All 207 
%alloys, without applying the phi criteria the number of apperances 208 
will be 209 
%the same for all elements 210 
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  211 
  212 
%generate binary/ternary families 213 
fprintf('\nCalculating binary/ternary/quaternary occurrences... \n') 214 
fprintf(LogID,'\nCalculating binary/ternary/quaternary occurrences... 215 
\n'); 216 
tic; 217 
i=0; 218 
j=0; 219 
k=0; 220 
l=0; 221 
tern=1; 222 
binary=1; 223 
quat=1; 224 
%The calculations for the mean/med/min/max phi values for 225 
binary/ternary 226 
%groups when considering all alloys (i.e. all phi values) takes far too 227 
%long for the information it provides so I have commented those lines 228 
out 229 
%for now. 230 
  231 
  232 
binaries=cell(nchoosek(nele,2),10); 233 
ternaries=cell(nchoosek(nele,3),11); 234 
% the following lines would be necessary if you were going to calculate 235 
% binaries/ternaries/quaternaries for ALL alloys, not just critical phi 236 
% alloys 237 
% binaries=cell(nchoosek(nele,2),14);  238 
% ternaries=cell(nchoosek(nele,3),15); 239 
%quaternaries=cell(nchoosek(nele,4),16); 240 
tic; 241 
for i = 1:nele 242 
    ele1 = strcmp(phiTable{:,2:6},elements(i)); 243 
    ele1 = sum(ele1(:,:),2); 244 
for j = i+1:nele 245 
    ele2 = strcmp(phiTable{:,2:6},elements(j)); 246 
    ele2 = sum(ele2(:,:),2); 247 
     248 
    temp = ele1 + ele2; 249 
    binaries{binary,4}=length(find(temp(:)>1)); 250 
    binaries{binary,2}=elements(i); 251 
    binaries{binary,3}=elements(j); 252 
    binaries{binary,1}={strjoin([elements(i),elements(j)],'')}; 253 
    temp=0; 254 
    binary=binary+1; 255 
     256 
    if binary==10 257 
        fprintf('10 Binaries Calculated...\n') 258 
        fprintf(LogID,'10 Binaries Calculated...\n'); 259 
    elseif binary==100 260 
        fprintf('100 Binaries Calculated\n') 261 
        fprintf(LogID,'100 Binaries Calculated\n'); 262 
    elseif binary==500 263 
        fprintf('500 Binaries Calculated\n') 264 
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        fprintf(LogID,'500 Binaries Calculated\n'); 265 
    elseif binary==750 266 
        fprintf(LogID,'750 Binaries Calculated\n'); 267 
    elseif binary==1250 268 
        fprintf(LogID,'1250 Binaries Calculated\n'); 269 
    elseif binary==2000 270 
        fprintf(LogID,'2000 Binaries Calculated\n'); 271 
    end 272 
     273 
for k = j+1:nele 274 
    ele3 = strcmp(phiTable{:,2:6},elements(k)); 275 
    ele3 = sum(ele3(:,:),2); 276 
    %ele1, ele2, ele3 are arrays filled with 1 or 0, the 1 indicates 277 
that  278 
    %the element is present in that alloy, 279 
    %temp is then a sum of those three arrays, where a 3 means that the 280 
    %ternary is present in that alloy.   281 
     282 
    temp = ele1 + ele2 + ele3; 283 
    %this line counts the number of times the ternary appears and 284 
assigns 285 
    %it to the current ternary  286 
    ternaries{tern,5}=length(find(temp(:)>2)); 287 
    ternaries{tern,2}=elements(i); 288 
    ternaries{tern,3}=elements(j); 289 
    ternaries{tern,4}=elements(k); 290 
    291 
ternaries{tern,1}={strjoin([elements(i),elements(j),elements(k)],'')}; 292 
    temp=0; 293 
    tern=tern+1; 294 
     295 
    if tern==10 296 
        fprintf('10 Ternaries Calculated...\n') 297 
        fprintf(LogID,'10 Ternaries Calculated...\n'); 298 
    elseif tern==100 299 
        fprintf('100 Ternaries Calculated\n') 300 
        fprintf(LogID,'100 Ternaries Calculated\n'); 301 
    elseif tern==1000 302 
        fprintf('1,000 Ternaries Calculated\n') 303 
        fprintf(LogID,'1,000 Ternaries Calculated\n'); 304 
    elseif tern==5000 305 
        fprintf(LogID,'5,000 Ternaries Calculated\n'); 306 
    elseif tern==10000 307 
        fprintf(LogID,'10,000 Ternaries Calculated\n'); 308 
    elseif tern==25000 309 
        fprintf(LogID,'25,000 Ternaries Calculated\n'); 310 
    elseif tern==50000 311 
        fprintf(LogID,'50,000 Ternaries Calculated\n'); 312 
    elseif tern==60000 313 
        fprintf(LogID,'60,000 Ternaries Calculated\n'); 314 
    end 315 
     316 
for l = k+1:nele 317 
%     ele4 = strcmp(phiTable{:,2:6},elements(l)); 318 
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%     ele4 = sum(ele4(:,:),2); 319 
%      320 
%     temp = ele1 + ele2 + ele3 + ele4; 321 
%     quaternaries{quat,6}=length(find(temp(:)>3)); 322 
%     quaternaries{quat,2}=elements(i); 323 
%     quaternaries{quat,3}=elements(j); 324 
%     quaternaries{quat,4}=elements(k); 325 
%     quaternaries{quat,5}=elements(l); 326 
%     327 
quaternaries{quat,1}={strjoin([elements(i),elements(j),elements(k),elem328 
ents(l)],'')}; 329 
%     temp=0; 330 
%     quat=quat+1; 331 
end 332 
end 333 
end 334 
end 335 
binternquattime=toc; 336 
NonZeroBin=binaries; 337 
NonZeroBin(cell2mat(binaries(:,4))==0,:)=[]; 338 
NonZeroTern=ternaries; 339 
NonZeroTern(cell2mat(ternaries(:,5))==0,:)=[]; 340 
fprintf('Done Calculating Binary/Ternary Occurrences.  It took %3.2fs 341 
\n',binternquattime) 342 
fprintf(LogID,'Done Calculating Binary/Ternary Occurrences.  It took 343 
%3.2fs \n',binternquattime); 344 
% temp=find(cell2mat(quaternaries(:,6))==0); 345 
% NonZeroQuat=quaternaries; 346 
% NonZeroQuat(temp,:)=[]; 347 
clearvars binaries ternaries 348 
  349 
%Counts the number of times elements appear in ternaries 350 
i=0; 351 
counttemp=0; 352 
NonZeroTernary=cell2table(NonZeroTern); 353 
NonZeroBinary=cell2table(NonZeroBin); 354 
fprintf('\nCounting number of times elements appear in binary/ternary 355 
compounds and mean/max etc. \n') 356 
fprintf(LogID,'\nCounting number of times elements appear in 357 
binary/ternary compounds and mean/max etc. \n'); 358 
tic; 359 
nEleInBinary = cell(nele,2); 360 
nEleInTernary = cell(nele,2); 361 
  362 
for i = 1:nele 363 
    counttemp = sum(strcmp(NonZeroBinary{:,2},elements(i))); 364 
    counttemp = sum(strcmp(NonZeroBinary{:,3},elements(i)))+counttemp; 365 
    indices = find(strcmp(NonZeroBinary{:,2},elements(i))~=0); 366 
    nEleInBinary(i,:)={char(elements(i)),counttemp}; 367 
    counttemp=0; 368 
     369 
    counttemp = sum(strcmp(NonZeroTernary{:,2},elements(i))); 370 
    counttemp = sum(strcmp(NonZeroTernary{:,3},elements(i)))+counttemp; 371 
    counttemp = sum(strcmp(NonZeroTernary{:,4},elements(i)))+counttemp; 372 
    nEleInTernary(i,:)={char(elements(i)),counttemp}; 373 
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    counttemp=0; 374 
end 375 
  376 
%calc mean, median, min, max phi for alloy that each binary appears 377 
i=0; 378 
for i = 1:height(NonZeroBinary) 379 
    indices = 380 
strcmp(NonZeroBinary{i,2},phiTable{:,2:6})+strcmp(NonZeroBinary{i,3},ph381 
iTable{:,2:6}); 382 
    indices = sum(indices,2); 383 
    NonZeroBin{i,5}=mean(phiTable.phi(indices==2)); %Phi 384 
    NonZeroBin{i,6}=median(phiTable.phi(indices==2));  385 
    NonZeroBin{i,7}=min(phiTable.phi(indices==2));  386 
    NonZeroBin{i,8}=max(phiTable.phi(indices==2)); 387 
    NonZeroBin{i,9}=mean(phiTable.Tmelt(indices==2)); % Tm, K 388 
    NonZeroBin{i,10}=mean(phiTable.density(indices==2)); %density, 389 
kg/m3 390 
     391 
%     indices = 392 
strcmp(NonZeroBinary{i,2},RawTable{:,2:6})+strcmp(NonZeroBinary{i,3},Ra393 
wTable{:,2:6}); 394 
%     indices = sum(indices,2); 395 
%     NonZeroBin{i,9}=mean(RawTable.phi(indices==2)); %Phi 396 
%     NonZeroBin{i,10}=median(RawTable.phi(indices==2));  397 
%     NonZeroBin{i,11}=min(RawTable.phi(indices==2));  398 
%     NonZeroBin{i,12}=max(RawTable.phi(indices==2)); 399 
     400 
  401 
         402 
end 403 
  404 
i=0; 405 
%calc mean, median, min, max phi for alloy that each ternary appears 406 
for i = 1:height(NonZeroTernary) 407 
    indices = 408 
strcmp(NonZeroTernary{i,2},phiTable{:,2:6})+strcmp(NonZeroTernary{i,3},409 
phiTable{:,2:6})+strcmp(NonZeroTernary{i,4},phiTable{:,2:6}); 410 
    indices = sum(indices,2); 411 
    NonZeroTern{i,6}=mean(phiTable.phi(indices==3)); %Phi 412 
    NonZeroTern{i,7}=median(phiTable.phi(indices==3));  413 
    NonZeroTern{i,8}=min(phiTable.phi(indices==3));  414 
    NonZeroTern{i,9}=max(phiTable.phi(indices==3)); 415 
    NonZeroTern{i,10}=mean(phiTable.Tmelt(indices==3)); % Tm, K 416 
    NonZeroTern{i,11}=mean(phiTable.density(indices==3)); %density, 417 
kg/m3 418 
     419 
     420 
%     indices = 421 
strcmp(NonZeroTernary{i,2},RawTable{:,2:6})+strcmp(NonZeroTernary{i,3},422 
RawTable{:,2:6})+strcmp(NonZeroTernary{i,4},RawTable{:,2:6}); 423 
%     indices = sum(indices,2);     424 
%     NonZeroTern{i,10}=mean(RawTable.phi(indices==3)); %Phi 425 
%     NonZeroTern{i,11}=median(RawTable.phi(indices==3));  426 
%     NonZeroTern{i,12}=min(RawTable.phi(indices==3));  427 
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%     NonZeroTern{i,13}=max(RawTable.phi(indices==3)); 428 
     429 
  430 
         431 
end 432 
element_count_in_bin_tern_time = toc; 433 
fprintf('Done counting and calculating statistics. It took %3.2fs.  Now 434 
making figures... \n',element_count_in_bin_tern_time) 435 
fprintf(LogID,'Done counting and calculating statistics. It took 436 
%3.2fs.  Now making figures... \n',element_count_in_bin_tern_time); 437 
NonZeroTernary=cell2table(NonZeroTern); 438 
NonZeroBinary=cell2table(NonZeroBin); 439 
  440 
%Mean,median,min,max of Mean Phi for binary/ternary groups 441 
meanbinaries = mean(table2array(NonZeroBinary(:,5))); 442 
medianbinaries = median(table2array(NonZeroBinary(:,5))); 443 
minbinaries = min(table2array(NonZeroBinary(:,5))); 444 
maxbinaries = max(table2array(NonZeroBinary(:,5))); 445 
% meanrawbinaries = mean(table2array(NonZeroBinary(:,9))); 446 
% medianrawbinaries = median(table2array(NonZeroBinary(:,9))); 447 
% minrawbinaries = min(table2array(NonZeroBinary(:,9))); 448 
% maxrawbinaries = max(table2array(NonZeroBinary(:,9))); 449 
  450 
meanternaries = mean(table2array(NonZeroTernary(:,6))); 451 
medianternaries = median(table2array(NonZeroTernary(:,6))); 452 
minternaries = min(table2array(NonZeroTernary(:,6))); 453 
maxternaries = max(table2array(NonZeroTernary(:,6))); 454 
% meanrawternaries = mean(table2array(NonZeroTernary(:,10))); 455 
% medianrawternaries = median(table2array(NonZeroTernary(:,10))); 456 
% minrawternaries = min(table2array(NonZeroTernary(:,10))); 457 
% maxrawternaries = max(table2array(NonZeroTernary(:,10))); 458 
  459 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%460 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%461 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 462 
%%%%%%%%%%%%%%%%%%%%%%% WRITE DATA TO FILE 463 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%464 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%465 
%%%%%%%%%%%% 466 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%467 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%468 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 469 
  470 
fprintf('\nFigures done. Writing files... \n \n'); 471 
fprintf(LogID,'\nFigures done. Writing files... \n \n'); 472 
  473 
    %Write data for alloys with Phi > 18 to a file 474 
    path = strjoin([cellstr(pwd),'/test_phi_results.txt'],''); 475 
    fileID = fopen(path,'w'); 476 
    %fmt = ['%s %s %s %s %s %s %d %d %d %d %d %d %d %d %d %d %d %d %d 477 
%d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d %d 478 
%d %d %d %d %d %d %d %d %d\n']; 479 
    fmt = ['%s %s %s %s %s %s %d %d %d %d %d %d %d %d \n']; 480 
    tic; 481 
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    disp('writing phiTable to file') 482 
    row=1; 483 
    for row = 1:size(phiTable,1) 484 
        %First line is for full table 485 
        486 
%fprintf(fileID,fmt,cell2mat(phiTable.Alloy(row)),cell2mat(phiTable.Ele487 
1(row)),cell2mat(phiTable.Ele2(row)),cell2mat(phiTable.Ele3(row)),cell2488 
mat(phiTable.Ele4(row)),cell2mat(phiTable.Ele5(row)),phiTable.AtomFrac1489 
(row),phiTable.AtomFrac2(row),phiTable.AtomFrac3(row),phiTable.AtomFrac490 
4(row),phiTable.AtomFrac5(row),phiTable.delHmix(row),phiTable.Tmelt(row491 
),phiTable.density(row),phiTable.misfit(row),phiTable.VEC(row),phiTable492 
.delVEC(row),phiTable.delElectroNeg(row),phiTable.Omega(row),phiTable.S493 
conf(row),phiTable.SeBCC(row),phiTable.SeFCC(row),phiTable.phiBCC(row),494 
phiTable.phiFCC(row),phiTable.phi(row),phiTable.Cost(row),phiTable.Heal495 
th(row),phiTable.HealthMax(row),phiTable.Fire(row),phiTable.FireMax(row496 
),phiTable.Stability(row),phiTable.StabilityMax(row),phiTable.Ionizatio497 
nEnergyavg(row),phiTable.IonizationEnergystd(row),phiTable.BulkModulusa498 
vg(row),phiTable.BulkModulusstd(row),phiTable.YoungsModulusavg(row),phi499 
Table.YoungsModulusstd(row),phiTable.LatticeConstATavg(row),phiTable.La500 
tticeConstATstd(row),phiTable.LatticeConstBTavg(row),phiTable.LatticeCo501 
nstBTstd(row),phiTable.LatticeConstCTavg(row),phiTable.LatticeConstCTst502 
d(row),phiTable.ThermalExpansionavg(row),phiTable.ThermalExpansionstd(r503 
ow),phiTable.EnthalpyOfFusionavg(row),phiTable.EnthalpyOfFusionstd(row)504 
,phiTable.HeatCapacityavg(row),phiTable.HeatCapacitystd(row),phiTable.P505 
hotoElectricWorkFctavg(row),phiTable.PhotoElectricWorkFctstd(row)); 506 
        %second line only has phi, tmelt, density 507 
        508 
fprintf(fileID,fmt,cell2mat(phiTable.Alloy(row)),cell2mat(phiTable.Ele1509 
(row)),cell2mat(phiTable.Ele2(row)),cell2mat(phiTable.Ele3(row)),cell2m510 
at(phiTable.Ele4(row)),cell2mat(phiTable.Ele5(row)),phiTable.AtomFrac1(511 
row),phiTable.AtomFrac2(row),phiTable.AtomFrac3(row),phiTable.AtomFrac4512 
(row),phiTable.AtomFrac5(row),phiTable.Tmelt(row),phiTable.density(row)513 
,phiTable.phi(row)); 514 
    end 515 
    fclose(fileID); 516 
    textfiletime=toc; 517 
    fprintf('Phi Results text file made, it took %5.2fs. \n 518 
\n',textfiletime) 519 
    fprintf(LogID,'Phi Results text file made, it took %5.2fs. \n 520 
\n',textfiletime); 521 
  522 
    %Print data about the number of times each element appears in an 523 
alloy, 524 
    %along with avg/median/min/max phi values for those alloys    525 
    path = strjoin([cellstr(pwd),'/test_nEleinAlloy_results.txt'],''); 526 
    fileID = fopen(path,'w'); 527 
    fmt = ['%s %d %d %d %d %d %d %d %d %d \n']; 528 
    tic; 529 
    disp('writing nEleInAlloy to file') 530 
    row=1; 531 
    for row = 1:size(nEleInAlloy,1) 532 
        %the variables are: element, count, mean, median, min, max, 533 
mean, 534 
        %median, min, max 535 
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        %the first mean/med/min/max are phi values for alloys with 536 
phi>18, the 537 
        %others are for all alloys that that element appears in 538 
        539 
fprintf(fileID,fmt,cell2mat(nEleInAlloy(row,1)),cell2mat(nEleInAlloy(ro540 
w,2)),cell2mat(nEleInAlloy(row,3)),cell2mat(nEleInAlloy(row,4)),cell2ma541 
t(nEleInAlloy(row,5)),cell2mat(nEleInAlloy(row,6)),cell2mat(nEleInAlloy542 
(row,7)),cell2mat(nEleInAlloy(row,8)),cell2mat(nEleInAlloy(row,9)),cell543 
2mat(nEleInAlloy(row,10))); 544 
    end 545 
    fclose(fileID); 546 
    textfiletime=toc; 547 
    fprintf('Element count text file made, it took %5.2fs. \n 548 
\n',textfiletime) 549 
    fprintf(LogID,'Element count text file made, it took %5.2fs. \n 550 
\n',textfiletime); 551 
  552 
     553 
    %Print data about the number of times each element appears in an 554 
equiatomic alloy, 555 
    %along with avg/median/min/max phi values for those alloys    556 
    path = 557 
strjoin([cellstr(pwd),'/test_nEleinEquiAlloy_results.txt'],''); 558 
    fileID = fopen(path,'w'); 559 
    fmt = ['%s %d %d %d %d %d %d %d %d %d \n']; 560 
    tic; 561 
    disp('writing nEleInEquiAlloy to file') 562 
    row=1; 563 
    for row = 1:size(nEleInEquiAlloy,1) 564 
        %the variables are: element, count, mean, median, min, max, 565 
mean, 566 
        %median, min, max 567 
        %the first mean/med/min/max are phi values for alloys with 568 
phi>18, the 569 
        %others are for all alloys that that element appears in 570 
        571 
fprintf(fileID,fmt,cell2mat(nEleInEquiAlloy(row,1)),cell2mat(nEleInEqui572 
Alloy(row,2)),cell2mat(nEleInEquiAlloy(row,3)),cell2mat(nEleInEquiAlloy573 
(row,4)),cell2mat(nEleInEquiAlloy(row,5)),cell2mat(nEleInEquiAlloy(row,574 
6)),cell2mat(nEleInEquiAlloy(row,7)),cell2mat(nEleInEquiAlloy(row,8)),c575 
ell2mat(nEleInEquiAlloy(row,9)),cell2mat(nEleInEquiAlloy(row,10))); 576 
    end 577 
    fclose(fileID); 578 
    textfiletime=toc; 579 
    fprintf('Equiatomic Element count text file made, it took %5.2fs. 580 
\n \n',textfiletime) 581 
    fprintf(LogID,'Equiatomic Element count text file made, it took 582 
%5.2fs. \n \n',textfiletime); 583 
     584 
     585 
    path = strjoin([cellstr(pwd),'/test_Binary_results.txt'],''); 586 
    fileID = fopen(path,'w'); 587 
    %fmt = ['%s %s %s %d %d %d %d %d %d %d %d %d %d %d\n']; 588 
    fmt = ['%s %s %s %d %d %d %d %d %d %d \n']; 589 
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    tic; 590 
    disp('writing NonZeroBinary to file') 591 
    row=1; 592 
    for row = 1:size(NonZeroBinary,1) 593 
        %the variables are: Binary group, element 1, element 2, Count, 594 
mean 595 
        %phi, median, min, max, mean, med, min, max, Average Melting 596 
Temp for 597 
        %the alloys this binary group appears in, Average Density for 598 
hte alloys this 599 
        %binary group appears in 600 
        601 
%fprintf(fileID,fmt,cell2mat(table2array(NonZeroBinary(row,1))),cell2ma602 
t(table2array(NonZeroBinary(row,2))),cell2mat(table2array(NonZeroBinary603 
(row,3))),table2array(NonZeroBinary(row,4)),table2array(NonZeroBinary(r604 
ow,5)),table2array(NonZeroBinary(row,6)),table2array(NonZeroBinary(row,605 
7)),table2array(NonZeroBinary(row,8)),table2array(NonZeroBinary(row,9))606 
,table2array(NonZeroBinary(row,10)),table2array(NonZeroBinary(row,11)),607 
table2array(NonZeroBinary(row,12)),table2array(NonZeroBinary(row,13)),t608 
able2array(NonZeroBinary(row,14))); 609 
        610 
fprintf(fileID,fmt,cell2mat(table2array(NonZeroBinary(row,1))),cell2mat611 
(table2array(NonZeroBinary(row,2))),cell2mat(table2array(NonZeroBinary(612 
row,3))),table2array(NonZeroBinary(row,4)),table2array(NonZeroBinary(ro613 
w,5)),table2array(NonZeroBinary(row,6)),table2array(NonZeroBinary(row,7614 
)),table2array(NonZeroBinary(row,8)),table2array(NonZeroBinary(row,9)),615 
table2array(NonZeroBinary(row,10))); 616 
  617 
    end 618 
    fclose(fileID); 619 
    textfiletime=toc; 620 
    fprintf('Binary text file made, it took %5.2fs. \n 621 
\n',textfiletime) 622 
    fprintf(LogID,'Binary text file made, it took %5.2fs. \n 623 
\n',textfiletime); 624 
  625 
    %Print Ternary group data 626 
    path = strjoin([cellstr(pwd),'/test_Ternary_results.txt'],''); 627 
    fileID = fopen(path,'w'); 628 
    %fmt = ['%s %s %s %s %d %d %d %d %d %d %d %d %d %d %d\n']; 629 
    fmt = ['%s %s %s %s %d %d %d %d %d %d %d \n']; 630 
    tic; 631 
    disp('writing NonZeroTernary to file') 632 
    row=1; 633 
    for row = 1:size(NonZeroTernary,1) 634 
        %the variables are: Binary group, element 1, element 2, element 635 
3, Count, mean 636 
        %phi, median, min, max, mean, med, min, max, Average Melting 637 
Temp for 638 
        %the alloys this binary group appears in, Average Density for 639 
hte alloys this 640 
        %binary group appears in 641 
        642 
%fprintf(fileID,fmt,cell2mat(table2array(NonZeroTernary(row,1))),cell2m643 
at(table2array(NonZeroTernary(row,2))),cell2mat(table2array(NonZeroTern644 
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ary(row,3))),cell2mat(table2array(NonZeroTernary(row,4))),table2array(N645 
onZeroTernary(row,5)),table2array(NonZeroTernary(row,6)),table2array(No646 
nZeroTernary(row,7)),table2array(NonZeroTernary(row,8)),table2array(Non647 
ZeroTernary(row,9)),table2array(NonZeroTernary(row,10)),table2array(Non648 
ZeroTernary(row,11)),table2array(NonZeroTernary(row,12)),table2array(No649 
nZeroTernary(row,13)),table2array(NonZeroTernary(row,14)),table2array(N650 
onZeroTernary(row,15))); 651 
        652 
fprintf(fileID,fmt,cell2mat(table2array(NonZeroTernary(row,1))),cell2ma653 
t(table2array(NonZeroTernary(row,2))),cell2mat(table2array(NonZeroTerna654 
ry(row,3))),cell2mat(table2array(NonZeroTernary(row,4))),table2array(No655 
nZeroTernary(row,5)),table2array(NonZeroTernary(row,6)),table2array(Non656 
ZeroTernary(row,7)),table2array(NonZeroTernary(row,8)),table2array(NonZ657 
eroTernary(row,9)),table2array(NonZeroTernary(row,10)),table2array(NonZ658 
eroTernary(row,11))); 659 
  660 
    end 661 
    fclose(fileID); 662 
    textfiletime=toc; 663 
    fprintf('Ternary text file made, it took %5.2fs. \n 664 
\n',textfiletime) 665 
    fprintf(LogID,'Ternary text file made, it took %5.2fs. \n 666 
\n',textfiletime); 667 
  668 
%print mean, median, min, max data to file 669 
    path = strjoin([cellstr(pwd),'/mean_med_min_max_data.txt'],''); 670 
    fileID = fopen(path,'w'); 671 
     672 
    fprintf(fileID,'         All Phi Values      \n'); 673 
    fprintf(fileID,'Mean Phi All Alloys All Phis = %f 674 
\n',meanRawAllAlloys); 675 
    fprintf(fileID,'Median Phi All Alloys All Phis = %f 676 
\n',medianRawAllAlloys); 677 
    fprintf(fileID,'Minimum Phi All Alloys All Phis = %f 678 
\n',minRawAllAlloys); 679 
    fprintf(fileID,'Maximum Phi All Alloys All Phis = %f 680 
\n',maxRawAllAlloys); 681 
    fprintf(fileID,'Mean Phi Equiatomic Alloys All Phis = %f 682 
\n',meanRawEquiAlloys); 683 
    fprintf(fileID,'Median Phi Equiatomic Alloys All Phis = %f 684 
\n',medianRawEquiAlloys); 685 
    fprintf(fileID,'Minimum Phi Equiatomic Alloys All Phis = %f 686 
\n',minRawEquiAlloys); 687 
    fprintf(fileID,'Maximum Phi Equiatomic Alloys All Phis = %f 688 
\n\n\n',maxRawEquiAlloys); 689 
     690 
    fprintf(fileID,'         Phi Values > 18      \n'); 691 
    fprintf(fileID,'Mean Phi All Alloys Phi > 18 = %f 692 
\n',meanPhiAllAlloys); 693 
    fprintf(fileID,'Median Phi All Alloys Phi > 18 = %f 694 
\n',medianPhiAllAlloys); 695 
    fprintf(fileID,'Minimum Phi All Alloys Phi > 18 = %f 696 
\n',minPhiAllAlloys); 697 
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    fprintf(fileID,'Maximum Phi All Alloys Phi > 18 = %f 698 
\n',maxPhiAllAlloys); 699 
    fprintf(fileID,'Mean Phi Equiatomic Alloys Phi > 18 = %f 700 
\n',meanPhiEquiAlloys); 701 
    fprintf(fileID,'Median Phi Equiatomic Alloys Phi > 18 = %f 702 
\n',medianPhiEquiAlloys); 703 
    fprintf(fileID,'Minimum Phi Equiatomic Alloys Phi > 18 = %f 704 
\n',minPhiEquiAlloys); 705 
    fprintf(fileID,'Maximum Phi Equiatomic Alloys Phi > 18 = %f 706 
\n\n\n',maxPhiEquiAlloys); 707 
        708 
    fprintf(fileID,'         Binary Data      \n'); 709 
%     fprintf(fileID,'Mean Phi For Binary Compounds For All Phi = %f 710 
\n',meanrawbinaries); 711 
%     fprintf(fileID,'Median Phi For Binary Compounds For All Phi = %f 712 
\n',medianrawbinaries); 713 
%     fprintf(fileID,'Minimum Phi For Binary Compounds For All Phi = %f 714 
\n',minrawbinaries); 715 
%     fprintf(fileID,'Maximum Phi For Binary Compounds For All Phi = %f 716 
\n',maxrawbinaries); 717 
    fprintf(fileID,'Mean Phi For Binary Compounds For Phi > 18 = %f 718 
\n',meanbinaries); 719 
    fprintf(fileID,'Median Phi For Binary Compounds For Phi > 18 = %f 720 
\n',medianbinaries); 721 
    fprintf(fileID,'Minimum Phi For Binary Compounds For Phi > 18 = %f 722 
\n',minbinaries); 723 
    fprintf(fileID,'Maximum Phi For Binary Compounds For Phi > 18 = %f 724 
\n\n\n',maxbinaries); 725 
     726 
    fprintf(fileID,'         Ternary Data      \n'); 727 
%     fprintf(fileID,'Mean Phi For Ternary Compounds For All Phi = %f 728 
\n',meanrawternaries); 729 
%     fprintf(fileID,'Median Phi For Ternary Compounds For All Phi = %f 730 
\n',medianrawternaries); 731 
%     fprintf(fileID,'Minimum Phi For Ternary Compounds For All Phi = 732 
%f \n',minrawternaries); 733 
%     fprintf(fileID,'Maximum Phi For Ternary Compounds For All Phi = 734 
%f \n',maxrawternaries); 735 
    fprintf(fileID,'Mean Phi For Ternary Compounds For Phi > 18 = %f 736 
\n',meanternaries); 737 
    fprintf(fileID,'Median Phi For Ternary Compounds For Phi > 18 = %f 738 
\n',medianternaries); 739 
    fprintf(fileID,'Minimum Phi For Ternary Compounds For Phi > 18 = %f 740 
\n',minternaries); 741 
    fprintf(fileID,'Maximum Phi For Ternary Compounds For Phi > 18 = %f 742 
\n\n\n',maxternaries); 743 
     744 
    fclose(fileID); 745 
    746 
  747 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%748 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%749 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 750 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% Figures 751 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%752 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%753 
%%%%%%%%%%%%%%% 754 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%755 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%756 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 757 
  758 
%change makefigures value to 1 to print figures 759 
  760 
if makefigures==1 761 
  762 
%Creates histograms/bar plots of all alloys  763 
bar(RawTable.phi); 764 
xlabel('5-Component Alloy (# is arb.)') 765 
ylabel('Phi Value') 766 
title('Bar Chart of All Alloys for All Phi Values') 767 
mnlbl=sprintf('Mean --%3.2f',meanRawAllAlloys);  768 
mdlbl=sprintf('Median --%3.2f',medianRawAllAlloys);  769 
minlbl=sprintf('Min --%3.f',minRawAllAlloys);  770 
maxlbl=sprintf('Max --%3.f',maxRawAllAlloys); 771 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 772 
annotation('textbox',[0.65 0.75 0.1 773 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 774 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart All Alloys All 775 
Compositions.fig'],''),'fig'); 776 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart All Alloys All 777 
Compositions.png'],'')); 778 
close(gcf) 779 
  780 
bar(RawTable.phi); 781 
xlabel('5-Component Alloy (# is arb.)') 782 
ylabel('Phi Value') 783 
title('Bar Chart of All Alloys for All Phi Values') 784 
mnlbl=sprintf('Mean --%3.2f',meanRawAllAlloys);  785 
mdlbl=sprintf('Median --%3.2f',medianRawAllAlloys);  786 
minlbl=sprintf('Min --%3.f',minRawAllAlloys);  787 
maxlbl=sprintf('Max --%3.f',maxRawAllAlloys); 788 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 789 
%annotation('textbox',[0.65 0.75 0.1 790 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 791 
ylim([-20 200]) 792 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart All Alloys All 793 
Compositions-2.fig'],''),'fig'); 794 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart All Alloys All 795 
Compositions-2.png'],'')); 796 
close(gcf) 797 
  798 
histogram(RawTable.phi); 799 
xlabel('Phi Value') 800 
ylabel('# of Alloys') 801 
xlim([-20 200]) 802 
title('Histogram of All Alloys for All Phi Values') 803 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 804 
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annotation('textbox',[0.65 0.75 0.1 805 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 806 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Histogram All Alloys All 807 
Compositions.fig'],''),'fig'); 808 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Histogram All Alloys All 809 
Compositions.png'],'')); 810 
close(gcf) 811 
  812 
%Creates Bar plot of all alloys at different composition ranges  813 
  814 
num=height(RawTable(RawTable{:,7}==0.2,1)); 815 
  816 
%%%%%%%%%%%%%%%%%%%%%%Equiatomic 817 
bar(RawTable.phi(1:num)); 818 
xlabel('5-Component Alloy (# is arb.)') 819 
ylabel('Phi Value') 820 
ylim([-200 1600]) 821 
title('Bar Chart of Alloys with Equiatomic Alloys for All Phi Values') 822 
mnlbl=sprintf('Mean --%3.2f',mean(RawTable.phi(1:num)));  823 
mdlbl=sprintf('Median --%3.2f',median(RawTable.phi(1:num)));  824 
minlbl=sprintf('Min --%3.f',min(RawTable.phi(1:num)));  825 
maxlbl=sprintf('Max --%3.f',max(RawTable.phi(1:num))); 826 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 827 
annotation('textbox',[0.65 0.75 0.1 828 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 829 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Equiatomic Alloys 830 
All Phi Values.fig'],''),'fig'); 831 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Equiatomic Alloys 832 
All Phi Values.png'],'')); 833 
close(gcf) 834 
  835 
bar(RawTable.phi(1:num)); 836 
xlabel('5-Component Alloy (# is arb.)') 837 
ylabel('Phi Value') 838 
ylim([-20 100]) 839 
title('Bar Chart of Alloys with Equiatomic Alloys for All Phi Values') 840 
mnlbl=sprintf('Mean --%3.2f',mean(RawTable.phi(1:num)));  841 
mdlbl=sprintf('Median --%3.2f',median(RawTable.phi(1:num)));  842 
minlbl=sprintf('Min --%3.f',min(RawTable.phi(1:num)));  843 
maxlbl=sprintf('Max --%3.f',max(RawTable.phi(1:num))); 844 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 845 
%annotation('textbox',[0.65 0.75 0.1 846 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 847 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Equiatomic Alloys 848 
All Phi Values-2.fig'],''),'fig'); 849 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Equiatomic Alloys 850 
All Phi Values-2.png'],'')); 851 
close(gcf) 852 
  853 
%%%%%%%%%%%%%%%%%%%%%%Composition 1 [0.4 0.15 0.15 0.15 0.15] 854 
bar(RawTable.phi(num+1:2*num)); 855 
xlabel('5-Component Alloy (# is arb.)') 856 
ylabel('Phi Value') 857 
ylim([-200 1600]) 858 
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title('Bar Chart of Alloys with Composition 1 for All Phi Values') 859 
mnlbl=sprintf('Mean --%3.2f',mean(RawTable.phi(num+1:2*num)));  860 
mdlbl=sprintf('Median --%3.2f',median(RawTable.phi(num+1:2*num)));  861 
minlbl=sprintf('Min --%3.f',min(RawTable.phi(num+1:2*num)));  862 
maxlbl=sprintf('Max --%3.f',max(RawTable.phi(num+1:2*num))); 863 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 864 
annotation('textbox',[0.65 0.75 0.1 865 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 866 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Composition 1 All 867 
Phi Values.fig'],''),'fig'); 868 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Composition 1 All 869 
Phi Values.png'],'')); 870 
close(gcf) 871 
  872 
bar(RawTable.phi(num+1:2*num)); 873 
xlabel('5-Component Alloy (# is arb.)') 874 
ylabel('Phi Value') 875 
ylim([-20 100]) 876 
title('Bar Chart of Alloys with Composition 1 for All Phi Values') 877 
mnlbl=sprintf('Mean --%3.2f',mean(RawTable.phi(num+1:2*num)));  878 
mdlbl=sprintf('Median --%3.2f',median(RawTable.phi(num+1:2*num)));  879 
minlbl=sprintf('Min --%3.f',min(RawTable.phi(num+1:2*num)));  880 
maxlbl=sprintf('Max --%3.f',max(RawTable.phi(num+1:2*num))); 881 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 882 
%annotation('textbox',[0.65 0.75 0.1 883 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}) 884 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Composition 1 All 885 
Phi Values-2.fig'],''),'fig'); 886 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Composition 1 All 887 
Phi Values-2.png'],'')); 888 
close(gcf) 889 
  890 
%%%%%%%%%%%%%%%%%%%%%%Composition 2 [0.15 0.40 0.15 0.15 0.15] 891 
bar(RawTable.phi(2*num+1:3*num)); 892 
xlabel('5-Component Alloy (# is arb.)') 893 
ylabel('Phi Value') 894 
ylim([-200 1600]) 895 
title('Bar Chart of Alloys with Composition 2 for All Phi Values') 896 
mnlbl=sprintf('Mean --%3.2f',mean(RawTable.phi(2*num+1:3*num)));  897 
mdlbl=sprintf('Median --%3.2f',median(RawTable.phi(2*num+1:3*num)));  898 
minlbl=sprintf('Min --%3.f',min(RawTable.phi(2*num+1:3*num)));  899 
maxlbl=sprintf('Max --%3.f',max(RawTable.phi(2*num+1:3*num))); 900 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 901 
annotation('textbox',[0.65 0.75 0.1 902 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 903 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Composition 2 All 904 
Phi Values.fig'],''),'fig'); 905 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Composition 2 All 906 
Phi Values.png'],'')); 907 
close(gcf) 908 
  909 
bar(RawTable.phi(2*num+1:3*num)); 910 
xlabel('5-Component Alloy (# is arb.)') 911 
ylabel('Phi Value') 912 
ylim([-20 100]) 913 
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title('Bar Chart of Alloys with Composition 2 for All Phi Values') 914 
mnlbl=sprintf('Mean --%3.2f',mean(RawTable.phi(2*num+1:3*num)));  915 
mdlbl=sprintf('Median --%3.2f',median(RawTable.phi(2*num+1:3*num)));  916 
minlbl=sprintf('Min --%3.f',min(RawTable.phi(2*num+1:3*num)));  917 
maxlbl=sprintf('Max --%3.f',max(RawTable.phi(2*num+1:3*num))); 918 
%annotation('textbox',[0.65 0.75 0.1 919 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 920 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 921 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Composition 2 All 922 
Phi Values-2.fig'],''),'fig'); 923 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Composition 2 All 924 
Phi Values-2.png'],'')); 925 
close(gcf) 926 
  927 
%%%%%%%%%%%%%%%%%%%%%%Composition 3 [0.15 0.15 0.40 0.15 0.15] 928 
bar(RawTable.phi(3*num+1:4*num)); 929 
xlabel('5-Component Alloy (# is arb.)') 930 
ylabel('Phi Value') 931 
ylim([-200 1600]) 932 
title('Bar Chart of Alloys with Composition 3 for All Phi Values') 933 
mnlbl=sprintf('Mean --%3.2f',mean(RawTable.phi(3*num+1:4*num)));  934 
mdlbl=sprintf('Median --%3.2f',median(RawTable.phi(3*num+1:4*num)));  935 
minlbl=sprintf('Min --%3.f',min(RawTable.phi(3*num+1:4*num)));  936 
maxlbl=sprintf('Max --%3.f',max(RawTable.phi(3*num+1:4*num))); 937 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 938 
annotation('textbox',[0.65 0.75 0.1 939 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 940 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Composition 3 All 941 
Phi Values.fig'],''),'fig'); 942 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Composition 3 All 943 
Phi Values.png'],'')); 944 
close(gcf) 945 
  946 
bar(RawTable.phi(3*num+1:4*num)); 947 
xlabel('5-Component Alloy (# is arb.)') 948 
ylabel('Phi Value') 949 
ylim([-20 100]) 950 
title('Bar Chart of Alloys with Composition 3 for All Phi Values') 951 
mnlbl=sprintf('Mean --%3.2f',mean(RawTable.phi(3*num+1:4*num)));  952 
mdlbl=sprintf('Median --%3.2f',median(RawTable.phi(3*num+1:4*num)));  953 
minlbl=sprintf('Min --%3.f',min(RawTable.phi(3*num+1:4*num)));  954 
maxlbl=sprintf('Max --%3.f',max(RawTable.phi(3*num+1:4*num))); 955 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 956 
%annotation('textbox',[0.65 0.75 0.1 957 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 958 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Composition 3 All 959 
Phi Values.fig'],''),'fig'); 960 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Composition 3 All 961 
Phi Values.png'],'')); 962 
close(gcf) 963 
  964 
%%%%%%%%%%%%%%%%%%%%%%Composition 4 [0.15 0.15 0.15 0.40 0.15] 965 
bar(RawTable.phi(4*num+1:5*num)); 966 
xlabel('5-Component Alloy (# is arb.)') 967 
ylabel('Phi Value') 968 
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ylim([-200 1600]) 969 
title('Bar Chart of Alloys with Composition 4 for All Phi Values') 970 
mnlbl=sprintf('Mean --%3.2f',mean(RawTable.phi(4*num+1:5*num)));  971 
mdlbl=sprintf('Median --%3.2f',median(RawTable.phi(4*num+1:5*num)));  972 
minlbl=sprintf('Min --%3.f',min(RawTable.phi(4*num+1:5*num)));  973 
maxlbl=sprintf('Max --%3.f',max(RawTable.phi(4*num+1:5*num))); 974 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 975 
annotation('textbox',[0.65 0.75 0.1 976 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 977 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Composition 4 All 978 
Phi Values.fig'],''),'fig'); 979 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Composition 4 All 980 
Phi Values.png'],'')); 981 
close(gcf) 982 
  983 
bar(RawTable.phi(4*num+1:5*num)); 984 
xlabel('5-Component Alloy (# is arb.)') 985 
ylabel('Phi Value') 986 
ylim([-20 100]) 987 
title('Bar Chart of Alloys with Composition 4 for All Phi Values') 988 
mnlbl=sprintf('Mean --%3.2f',mean(RawTable.phi(4*num+1:5*num)));  989 
mdlbl=sprintf('Median --%3.2f',median(RawTable.phi(4*num+1:5*num)));  990 
minlbl=sprintf('Min --%3.f',min(RawTable.phi(4*num+1:5*num)));  991 
maxlbl=sprintf('Max --%3.f',max(RawTable.phi(4*num+1:5*num))); 992 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 993 
%annotation('textbox',[0.65 0.75 0.1 994 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 995 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Composition 4 All 996 
Phi Values.fig'],''),'fig'); 997 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Composition 4 All 998 
Phi Values.png'],'')); 999 
close(gcf) 1000 
  1001 
%%%%%%%%%%%%%%%%%%%%%%Composition 5 [0.15 0.15 0.15 0.15 0.40] 1002 
bar(RawTable.phi(5*num+1:6*num)); 1003 
xlabel('5-Component Alloy (# is arb.)') 1004 
ylabel('Phi Value') 1005 
ylim([-200 1600]) 1006 
title('Bar Chart of Alloys with Composition 5 for All Phi Values') 1007 
mnlbl=sprintf('Mean --%3.2f',mean(RawTable.phi(5*num+1:6*num)));  1008 
mdlbl=sprintf('Median --%3.2f',median(RawTable.phi(5*num+1:6*num)));  1009 
minlbl=sprintf('Min --%3.f',min(RawTable.phi(5*num+1:6*num)));  1010 
maxlbl=sprintf('Max --%3.f',max(RawTable.phi(5*num+1:6*num))); 1011 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 1012 
annotation('textbox',[0.65 0.75 0.1 1013 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 1014 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Composition 5 All 1015 
Phi Values.fig'],''),'fig'); 1016 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Composition 5 All 1017 
Phi Values.png'],'')); 1018 
close(gcf) 1019 
  1020 
bar(RawTable.phi(5*num+1:6*num)); 1021 
xlabel('5-Component Alloy (# is arb.)') 1022 
ylabel('Phi Value') 1023 
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ylim([-20 100]) 1024 
title('Bar Chart of Alloys with Composition 5 for All Phi Values') 1025 
mnlbl=sprintf('Mean --%3.2f',mean(RawTable.phi(5*num+1:6*num)));  1026 
mdlbl=sprintf('Median --%3.2f',median(RawTable.phi(5*num+1:6*num)));  1027 
minlbl=sprintf('Min --%3.f',min(RawTable.phi(5*num+1:6*num)));  1028 
maxlbl=sprintf('Max --%3.f',max(RawTable.phi(5*num+1:6*num))); 1029 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 1030 
%annotation('textbox',[0.65 0.75 0.1 1031 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 1032 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Composition 5 All 1033 
Phi Values.fig'],''),'fig'); 1034 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Composition 5 All 1035 
Phi Values.png'],'')); 1036 
close(gcf) 1037 
  1038 
%%%%%%%%%%%%%%%Makes a bar plot of nEleInAlloy, i.e. number of time 1039 
each element appears 1040 
%%%%%%%%%%%%%%%in the alloys with phi > 18 1041 
nElePlot=nEleInAlloy; 1042 
nElePlot(cell2mat(nEleInAlloy(:,2))==0,:)=[]; 1043 
names=nElePlot(:,1); 1044 
bar(cell2mat(nElePlot(:,2))); 1045 
xlabel('Element') 1046 
ylabel('Count of Appearances in Alloys') 1047 
title('Count of How Many Alloys each Element Appears for Alloys with 1048 
Phi Values > 18 for all compositions') 1049 
set(gca,'xtick',1:length(nElePlot),'xticklabel',names); 1050 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 1051 
text(1:1:size(nElePlot,1),cell2mat(nElePlot(:,2)),num2str(cell2mat(nEle1052 
Plot(:,3)),'%2.2f'),'HorizontalAlignment','center','VerticalAlignment',1053 
'bottom') 1054 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Elements in Alloys greater 1055 
18phi.fig'],''),'fig'); 1056 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Elements in Alloys greater 1057 
18phi.png'],'')); 1058 
close(gcf) 1059 
  1060 
nElePlot=nEleInAlloy; 1061 
nElePlot(cell2mat(nEleInAlloy(:,2))==0,:)=[]; 1062 
names=nElePlot(:,1); 1063 
bar(cell2mat(nElePlot(:,3))); 1064 
xlabel('Element') 1065 
ylabel('Average Phi Value') 1066 
title('Average Phi Value of the All Alloys Each Element Appears In') 1067 
set(gca,'xtick',1:length(nElePlot),'xticklabel',names); 1068 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 1069 
text(1:1:size(nElePlot,1),cell2mat(nElePlot(:,3)),num2str(cell2mat(nEle1070 
Plot(:,2)),'%2.0f'),'HorizontalAlignment','center','VerticalAlignment',1071 
'bottom') 1072 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Elements in Alloys greater 1073 
18phi-2.fig'],''),'fig'); 1074 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Elements in Alloys greater 1075 
18phi-2.png'],'')); 1076 
close(gcf) 1077 
  1078 
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%bar plot of number of time each element appears in alloys with phi>18 1079 
but 1080 
%only equiatomic compositions 1081 
nElePlot=nEleInEquiAlloy; 1082 
nElePlot(cell2mat(nEleInEquiAlloy(:,2))==0,:)=[]; 1083 
names=nElePlot(:,1); 1084 
bar(cell2mat(nElePlot(:,2))); 1085 
xlabel('Element') 1086 
ylabel('Count of Appearances in Alloys') 1087 
title('Count of How Many Alloys each Element Appears for Equiatomic 1088 
Alloys with Phi Values > 18') 1089 
set(gca,'xtick',1:length(nElePlot),'xticklabel',names); 1090 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 1091 
text(1:1:size(nElePlot,1),cell2mat(nElePlot(:,2)),num2str(cell2mat(nEle1092 
Plot(:,3)),'%2.2f'),'HorizontalAlignment','center','VerticalAlignment',1093 
'bottom') 1094 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Elements in Equiatomic 1095 
Alloys Greater 18phi.fig'],''),'fig'); 1096 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Elements in Equiatomic 1097 
Alloys Greater 18phi.png'],'')); 1098 
close(gcf) 1099 
  1100 
nElePlot=nEleInEquiAlloy; 1101 
nElePlot(cell2mat(nEleInEquiAlloy(:,2))==0,:)=[]; 1102 
names=nElePlot(:,1); 1103 
bar(cell2mat(nElePlot(:,3))); 1104 
xlabel('Element') 1105 
ylabel('Average Phi Value') 1106 
title('Average Phi Value of the Equiatomic Alloys Each Element Appears 1107 
In') 1108 
set(gca,'xtick',1:length(nElePlot),'xticklabel',names); 1109 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 1110 
text(1:1:size(nElePlot,1),cell2mat(nElePlot(:,3)),num2str(cell2mat(nEle1111 
Plot(:,2)),'%2.0f'),'HorizontalAlignment','center','VerticalAlignment',1112 
'bottom') 1113 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Elements in Equiatomic 1114 
Alloys Greater 18phi-2.fig'],''),'fig'); 1115 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Elements in Equiatomic 1116 
Alloys Greater 18phi-2.png'],'')); 1117 
close(gcf) 1118 
  1119 
%%%%%%%%%%%%%%%%%%%%%%Creates histograms/bar plots of alloys with phi 1120 
>18 1121 
bar(phiTable.phi); 1122 
xlabel('5-Component Alloy (# is arb.)') 1123 
ylabel('Phi Value') 1124 
title('Bar Chart of All Alloys for Phi Values > 18') 1125 
mnlbl=sprintf('Mean --%3.2f',meanPhiAllAlloys);  1126 
mdlbl=sprintf('Median --%3.2f',medianPhiAllAlloys);  1127 
minlbl=sprintf('Min --%3.f',minPhiAllAlloys);  1128 
maxlbl=sprintf('Max --%3.f',maxPhiAllAlloys); 1129 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 1130 
annotation('textbox',[0.65 0.75 0.1 1131 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 1132 
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saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Phi Values grtr 18 1133 
All Compositions.fig'],''),'fig'); 1134 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Phi Values grtr 18 1135 
All Compositions.png'],'')); 1136 
close(gcf) 1137 
  1138 
histogram(phiTable.phi,350); 1139 
xlabel('Phi Value') 1140 
ylabel('# of Alloys') 1141 
xlim([0 200]) 1142 
title('Count of How Many Alloys each Element Appears for Equiatomic 1143 
Alloys with Phi Values > 18') 1144 
annotation('textbox',[0.65 0.75 0.1 1145 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 1146 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 1147 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Histogram Phi Values grtr 18 1148 
All Compositions.fig'],''),'fig'); 1149 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Histogram Phi Values grtr 18 1150 
All Compositions.png'],'')); 1151 
close(gcf) 1152 
  1153 
%%%%%%%%%%%%%%%%%%%%%%%Creates histograms/bar plots of all equiatomic 1154 
alloys  1155 
bar(equiRawTable.phi); 1156 
xlabel('5-Component Alloy (# is arb.)') 1157 
ylabel('Phi Value') 1158 
title('Bar Chart of Equiatomic Alloys for All Phi Values') 1159 
mnlbl=sprintf('Mean --%3.2f',meanRawEquiAlloys);  1160 
mdlbl=sprintf('Median --%3.2f',medianRawEquiAlloys);  1161 
minlbl=sprintf('Min --%3.f',minRawEquiAlloys);  1162 
maxlbl=sprintf('Max --%3.f',maxRawEquiAlloys); 1163 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 1164 
annotation('textbox',[0.65 0.75 0.1 1165 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 1166 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart All Equiatomic 1167 
Alloys.fig'],''),'fig'); 1168 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart All Equiatomic 1169 
Alloys.png'],'')); 1170 
close(gcf) 1171 
  1172 
histogram(equiRawTable.phi); 1173 
xlabel('Phi Value') 1174 
ylabel('# of Alloys') 1175 
xlim([-20 20]) 1176 
title('Histogram of Equiatomic Alloys for All Phi Values') 1177 
annotation('textbox',[0.65 0.75 0.1 1178 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 1179 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Histogram All Equiatomic 1180 
Alloys.fig'],''),'fig'); 1181 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Histogram All Equiatomic 1182 
Alloys.png'],'')); 1183 
close(gcf) 1184 
  1185 
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%%%%%%%%%%%%%%%%%%%%%%%Creates histograms/bar plots of all equiatomic 1186 
alloys with phi >18 1187 
bar(equiphiTable.phi); 1188 
xlabel('5-Component Alloy (# is arb.)') 1189 
ylabel('Phi Value') 1190 
title('Bar Chart of Equiatomic Alloys for Phi Values > 18') 1191 
mnlbl=sprintf('Mean --%3.2f',meanPhiEquiAlloys);  1192 
mdlbl=sprintf('Median --%3.2f',medianPhiEquiAlloys);  1193 
minlbl=sprintf('Min --%3.f',minPhiEquiAlloys);  1194 
maxlbl=sprintf('Max --%3.f',maxPhiEquiAlloys); 1195 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 1196 
annotation('textbox',[0.65 0.75 0.1 1197 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 1198 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Equiatomic Alloys 1199 
Phi Values grtr 18.fig'],''),'fig'); 1200 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Equiatomic Alloys 1201 
Phi Values grtr 18.png'],'')); 1202 
close(gcf) 1203 
  1204 
histogram(equiphiTable.phi,250); 1205 
xlabel('Phi Value') 1206 
ylabel('# of Alloys') 1207 
xlim([0 200]) 1208 
title('Histogram of Equiatomic Alloys for Phi Values > 18') 1209 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 1210 
annotation('textbox',[0.65 0.75 0.1 1211 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 1212 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Histogram Equiatomic Alloys 1213 
Phi Values grtr 18.fig'],''),'fig'); 1214 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Histogram Equiatomic Alloys 1215 
Phi Values grtr 18.png'],'')); 1216 
close(gcf) 1217 
  1218 
%%%%%%%%%%%%%%%%%%%%%%%Creates histograms/bar plots of binaries for all 1219 
alloys with phi >18 1220 
bar(table2array(NonZeroBinary(:,5))); 1221 
xlabel('Binary (# is arb.)') 1222 
ylabel('Phi Value') 1223 
title('Bar Chart of Average Phi for Binary Groups for Alloys with Phi 1224 
Values > 18') 1225 
mnlbl=sprintf('Mean --%3.2f',meanbinaries);  1226 
mdlbl=sprintf('Median --%3.f',medianbinaries);  1227 
minlbl=sprintf('Min --%3.f',minbinaries);  1228 
maxlbl=sprintf('Max --%3.f',maxbinaries); 1229 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 1230 
annotation('textbox',[0.65 0.75 0.1 1231 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 1232 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Binary Groups for 1233 
alloys with Phi grtr 18.fig'],''),'fig'); 1234 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Binary Groups for 1235 
alloys with Phi grtr 18.png'],'')); 1236 
close(gcf) 1237 
  1238 
histogram(table2array(NonZeroBinary(:,5)),40); 1239 
xlabel('Phi Value') 1240 
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ylabel('# of Binary Groups') 1241 
title('Histogram of Average Phi for Binary Groups for Alloys with Phi 1242 
Values > 18') 1243 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 1244 
annotation('textbox',[0.65 0.75 0.1 1245 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 1246 
%xlim([0 250]) 1247 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Histogram Binary Groups for 1248 
all Alloys Phi Values grtr 18.fig'],''),'fig'); 1249 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Histogram Binary Groups for 1250 
all Alloys Phi Values grtr 18.png'],'')); 1251 
close(gcf) 1252 
  1253 
%%%%%%%%%%%%%%%%%%%%%%Creates histograms/bar plots of ternaries for all 1254 
alloys with phi >18 1255 
bar(table2array(NonZeroTernary(:,6))); 1256 
xlabel('Ternary (# is arb.)') 1257 
ylabel('Phi Value') 1258 
title('Bar Chart of Average Phi for Ternary Groups for Alloys with Phi 1259 
Values > 18') 1260 
mnlbl=sprintf('Mean --%3.2f',meanternaries);  1261 
mdlbl=sprintf('Median --%3.f',medianternaries);  1262 
minlbl=sprintf('Min --%3.f',minternaries);  1263 
maxlbl=sprintf('Max --%3.f',maxternaries); 1264 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 1265 
annotation('textbox',[0.65 0.75 0.1 1266 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 1267 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Ternary Groups for 1268 
alloys with Phi grtr 18.fig'],''),'fig'); 1269 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Ternary Groups for 1270 
alloys with Phi grtr 18.png'],'')); 1271 
close(gcf) 1272 
  1273 
histogram(table2array(NonZeroTernary(:,6)),100); 1274 
xlabel('Phi Value') 1275 
ylabel('# of Ternary Groups') 1276 
title('Histogram of Average Phi for Ternary Groups for Alloys with Phi 1277 
Values > 18') 1278 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 1279 
annotation('textbox',[0.65 0.75 0.1 1280 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 1281 
xlim([0 110]) 1282 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Histogram Ternary Groups for 1283 
all Alloys Phi Values grtr 18.fig'],''),'fig'); 1284 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Histogram Ternary Groups for 1285 
all Alloys Phi Values grtr 18.png'],'')); 1286 
close(gcf) 1287 
  1288 
%%%%%%%%%%%%%%%%%%%%%%Makes a bar plot of nEleInBinary 1289 
nElePlot=nEleInBinary; 1290 
nElePlot(cell2mat(nEleInBinary(:,2))==0,:)=[]; 1291 
names=nElePlot(:,1); 1292 
bar(cell2mat(nElePlot(:,2))); 1293 
xlabel('Element') 1294 
ylabel('# of Binaries'); 1295 
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title('Number of Binary Groups Each Element Appears in for Alloys with 1296 
Phi > 18') 1297 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 1298 
set(gca,'xtick',1:length(nElePlot),'xticklabel',names); 1299 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Elements in Binaries greater 1300 
18phi.fig'],''),'fig'); 1301 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Elements in Binaries greater 1302 
18phi.png'],'')); 1303 
close(gcf) 1304 
%%%%%%%%%%%%%%%%%%%%%%Makes a bar plot of nEleInTernary 1305 
nElePlot=nEleInTernary; 1306 
nElePlot(cell2mat(nEleInTernary(:,2))==0,:)=[]; 1307 
names=nElePlot(:,1); 1308 
bar(cell2mat(nElePlot(:,2))); 1309 
xlabel('Element') 1310 
ylabel('# of Ternaries'); 1311 
title('Number of Ternary Groups Each Element Appears in for Alloys with 1312 
Phi > 18') 1313 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 16 12]) 1314 
set(gca,'xtick',1:length(nElePlot),'xticklabel',names); 1315 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Elements in Ternaries 1316 
greater 18phi.fig'],''),'fig'); 1317 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Elements in Ternaries 1318 
greater 18phi.png'],'')); 1319 
close(gcf) 1320 
  1321 
% %Histogrm/bar for ALL phi values for binary 1322 
% bar(table2array(NonZeroBinary(:,9))); 1323 
% xlabel('Binary (# is arb.)') 1324 
% ylabel('Phi Value') 1325 
% title('Bar Chart of Average Phi for Binary Groups for Alloys') 1326 
% mnlbl=sprintf('Mean --%3.2f',meanrawbinaries);  1327 
% mdlbl=sprintf('Median --%3.f',medianrawbinaries);  1328 
% minlbl=sprintf('Min --%3.f',minrawbinaries);  1329 
% maxlbl=sprintf('Max --%3.f',maxrawbinaries); 1330 
% annotation('textbox',[0.65 0.75 0.1 1331 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 1332 
% saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Binary Groups 1333 
for All Alloys.fig'],''),'fig'); 1334 
% saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Binary Groups 1335 
for All Alloys.png'],'')); 1336 
% close(gcf) 1337 
%  1338 
% histogram(table2array(NonZeroBinary(:,9)),40); 1339 
% xlabel('Phi Value') 1340 
% ylabel('# of Binary Groups') 1341 
% title('Histogram of Average Phi for Binary Groups for All Alloys') 1342 
% annotation('textbox',[0.65 0.75 0.1 1343 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 1344 
% saveas(gcf,strjoin([cellstr(pwd),'/figures/Histogram Binary Groups 1345 
for All Alloys.fig'],''),'fig'); 1346 
% saveas(gcf,strjoin([cellstr(pwd),'/figures/Histogram Binary Groups 1347 
for All Alloys.png'],'')); 1348 
% close(gcf) 1349 
  1350 
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  1351 
  1352 
% %Histogrm/bar for ALL phi values for binary 1353 
% bar(table2array(NonZeroTernary(:,10))); 1354 
% xlabel('Binary (# is arb.)') 1355 
% ylabel('Phi Value') 1356 
% title('Bar Chart of Average Phi for Ternary Groups for Alloys') 1357 
% mnlbl=sprintf('Mean --%3.2f',meanrawternaries);  1358 
% mdlbl=sprintf('Median --%3.f',medianrawternaries);  1359 
% minlbl=sprintf('Min --%3.f',minrawternaries);  1360 
% maxlbl=sprintf('Max --%3.f',maxrawternaries); 1361 
% annotation('textbox',[0.65 0.75 0.1 1362 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 1363 
% saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Ternary Groups 1364 
for All Alloys.fig'],''),'fig'); 1365 
% saveas(gcf,strjoin([cellstr(pwd),'/figures/Bar Chart Ternary Groups 1366 
for All Alloys.png'],'')); 1367 
% close(gcf) 1368 
%  1369 
% histogram(table2array(NonZeroTernary(:,10)),40); 1370 
% xlabel('Phi Value') 1371 
% ylabel('# of Ternary Groups') 1372 
% title('Histogram of Average Phi for Ternary Groups for All Alloys') 1373 
% annotation('textbox',[0.65 0.75 0.1 1374 
0.1],'String',{mnlbl,mdlbl,minlbl,maxlbl}); 1375 
% saveas(gcf,strjoin([cellstr(pwd),'/figures/Histogram Ternary Groups 1376 
for All Alloys.fig'],''),'fig'); 1377 
% saveas(gcf,strjoin([cellstr(pwd),'/figures/Histogram Ternary Groups 1378 
for All Alloys.png'],'')); 1379 
% close(gcf) 1380 
  1381 
end 1382 
  1383 
  1384 
  1385 
endtime=datetime('now'); 1386 
disp(endtime) 1387 
fprintf(LogID,'\n     %s',char(endtime)); 1388 
fclose(LogID); 1389 
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A.3  Sample of Code Used to Generate “Heat” Maps of Alloy 

Propertie 

 
tic; 1 
fprintf('\nReading file and generating RawTable...\n') 2 
%fprintf(LogID,'\nReading file and generating RawTable...\n'); 3 
RawTable = readtable('72choose5_PhiTable.txt','Delimiter',' 4 
','ReadVariableNames',false); 5 
RawTable.Properties.VariableNames = 6 
{'Alloy','Ele1','Ele2','Ele3','Ele4','Ele5','AtomFrac1','AtomFrac2','At7 
omFrac3','AtomFrac4','AtomFrac5','delHmix','Tmelt','density','misfit','8 
VEC','delVEC','delElectroNeg','Omega','Sconf','SeBCC','SeFCC','phiBCC',9 
'phiFCC','phi','Cost','Health','HealthMax','Fire','FireMax','Stability'10 
,'StabilityMax','IonizationEnergy','IonizationEnergystd','BulkModulus',11 
'BulkModulusstd','YoungsModulus','YoungsModulusstd','LatticeConstA','La12 
tticeConstAstd','LatticeConstB','LatticeConstBstd','LatticeConstC','Lat13 
ticeConstCstd','ThermalExpansion','ThermalExpansionstd','EnthalpyOfFusi14 
on','EnthalpyOfFusionstd','HeatCapacity','HeatCapacitystd','PhotoElectr15 
icWorkFct','PhotoElectricWorkFctstd'}; 16 
readingwriting=toc; 17 
RawTable=sortrows(RawTable,25); 18 
fprintf('Done reading RawTable...it took %3.2fs \n',readingwriting) 19 
%fprintf(LogID,'Done reading RawTable...it took %3.2fs 20 
\n',readingwriting); 21 
  22 
%Omega vs Misfit (delta) 23 
philimit=10; 24 
c=log(RawTable.phi(and(RawTable.phi>philimit,RawTable.Omega<5))); 25 
colormap jet 26 
scatter(RawTable.misfit(and(RawTable.phi>philimit,RawTable.Omega<5)),Ra27 
wTable.Omega(and(RawTable.phi>philimit,RawTable.Omega<5)),100,c,'.'); 28 
box on 29 
ax.Xcolor = 'black'; 30 
ax.Ycolor = 'black'; 31 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 20 16]); 32 
set(gca,'fontsize',32) 33 
ylabel('\Omega') 34 
xlabel('\delta') 35 
%title(['Omega vs misfit for Alloys with Phi > ' num2str(philimit) '']) 36 
colorbar 37 
L = get(colorbar,'Ylim'); 38 
color_labels=exp(linspace(L(1),L(2),10)); 39 
set(colorbar,'YTick',[log(18.1),log(50),log(100),log(250),log(500),log(40 
1000),log(2500),log(5000)],'YTicklabel',[10,50,100,250,500,1000,2500,5041 
00]) 42 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Omega vs misfit, Phi Greater 43 
than ',num2str(philimit),'.fig'],''),'fig'); 44 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Omega vs misfit, Phi Greater 45 
than ',num2str(philimit),'.png'],'')); 46 
close(gcf) 47 
  48 
philimit=10; 49 
c=log(RawTable.phi(and(RawTable.phi>philimit,RawTable.Omega<100))); 50 
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colormap jet 51 
scatter(RawTable.misfit(and(RawTable.phi>philimit,RawTable.Omega<100)),52 
RawTable.Omega(and(RawTable.phi>philimit,RawTable.Omega<100)),100,c,'.'53 
); 54 
box on 55 
ax.Xcolor = 'black'; 56 
ax.Ycolor = 'black'; 57 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 20 16]); 58 
set(gca,'fontsize',32) 59 
ylabel('\Omega') 60 
xlabel('\delta') 61 
%title(['Omega vs misfit for Alloys with Phi > ' num2str(philimit) '']) 62 
colorbar 63 
L = get(colorbar,'Ylim'); 64 
color_labels=exp(linspace(L(1),L(2),10)); 65 
set(colorbar,'YTick',[log(18.1),log(50),log(100),log(250),log(500),log(66 
1000),log(2500),log(5000)],'YTicklabel',[10,50,100,250,500,1000,2500,5067 
00]) 68 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Omega vs misfit, Phi Greater 69 
than ',num2str(philimit),'-2.fig'],''),'fig'); 70 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Omega vs misfit, Phi Greater 71 
than ',num2str(philimit),'-2.png'],'')); 72 
close(gcf) 73 
  74 
%Omege vs deltaH 75 
philimit=10; 76 
c=log(RawTable.phi(RawTable.phi>philimit)); 77 
colormap jet 78 
scatter(RawTable.delHmix(RawTable.phi>philimit)/1000,RawTable.misfit(Ra79 
wTable.phi>philimit),100,c,'.'); 80 
box on 81 
ax.Xcolor = 'black'; 82 
ax.Ycolor = 'black'; 83 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 20 16]); 84 
set(gca,'fontsize',32) 85 
ylabel('\delta') 86 
xlabel('\DeltaH (kJ/mol)') 87 
%title(['Omega vs misfit for Alloys with Phi > ' num2str(philimit) '']) 88 
colorbar 89 
L = get(colorbar,'Ylim'); 90 
color_labels=exp(linspace(L(1),L(2),10)); 91 
set(colorbar,'YTick',[log(18.1),log(50),log(100),log(250),log(500),log(92 
1000),log(2500),log(5000)],'YTicklabel',[10,50,100,250,500,1000,2500,5093 
00]) 94 
saveas(gcf,strjoin([cellstr(pwd),'/figures/delHmix vs misfit, Phi 95 
Greater than ',num2str(philimit),'.fig'],''),'fig'); 96 
saveas(gcf,strjoin([cellstr(pwd),'/figures/delHmix vs misfit, Phi 97 
Greater than ',num2str(philimit),'.png'],'')); 98 
close(gcf) 99 
  100 
%Temp vs Density 101 
philimit=18; 102 
c=log(RawTable.phi(RawTable.phi>philimit)); 103 
colormap jet 104 
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scatter(RawTable.Tmelt(RawTable.phi>philimit)-105 
273,RawTable.density(RawTable.phi>philimit)/1000,100,c,'.'); 106 
box on 107 
ax.Xcolor = 'black'; 108 
ax.Ycolor = 'black'; 109 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 20 16]); 110 
set(gca,'fontsize',32) 111 
xlim([0 3500]) 112 
xlabel('Melting Temperature (\circC)') 113 
ylabel('Density (g/cm^{3})') 114 
% title1=title(['Melting Temperature vs Density for Alloys with Phi > ' 115 
num2str(philimit) '']); 116 
% title(['Melting Temperature vs Density for Alloys with Phi > ' 117 
num2str(philimit) '']) 118 
colorbar 119 
L = get(colorbar,'Ylim'); 120 
set(colorbar,'YTick',[log(18.1),log(50),log(100),log(250),log(500),log(121 
1000),log(2500),log(5000)],'YTicklabel',[18,50,100,250,500,1000,2500,50122 
00]) 123 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Temperature vs Density, Phi 124 
Greater than ',num2str(philimit),'.fig'],''),'fig'); 125 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Temperature vs Density, Phi 126 
Greater than ',num2str(philimit),'.png'],'')); 127 
close(gcf) 128 
  129 
%All data comes from matweb.com 130 
%Aluminum 6061, titanium (grade 5 Ti-6al-4V), Tungsten Carbid is 131 
average of 132 
%W2C and WC (its use as a coating can include both forms) 133 
%314 SS, Inconel 600 134 
Al_temp=670+273; Al_dens=2.712; Al_youngs=69; 135 
Ti_temp=1670+273; Ti_dens=4.430; Ti_youngs=113.8; 136 
Inconel_temp=1413+273; Inconel_dens=8.497; Inconel_youngs=210; 137 
WC_temp=2810+273; WC_dens=15.7; WC_youngs=550; 138 
SS_temp=1420+273; SS_dens=7.8; SS_youngs=200; 139 
  140 
  141 
philimit=18; 142 
c=log(RawTable.phi(RawTable.phi>philimit)); 143 
colormap jet 144 
scatter(RawTable.Tmelt(RawTable.phi>philimit)-145 
273,RawTable.density(RawTable.phi>philimit)/1000,100,c,'.'); 146 
box on 147 
ax.Xcolor = 'black'; 148 
ax.Ycolor = 'black'; 149 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 20 16]); 150 
set(gca,'fontsize',32) 151 
xlim([0 3500]) 152 
xlabel('Melting Temperature (\circC)') 153 
ylabel('Density (g/cm^{3})') 154 
% title1=title(['Melting Temperature vs Density for Alloys with Phi > ' 155 
num2str(philimit) '']); 156 
% title(['Melting Temperature vs Density for Alloys with Phi > ' 157 
num2str(philimit) '']) 158 
colorbar 159 
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L = get(colorbar,'Ylim'); 160 
set(colorbar,'YTick',[log(18.1),log(50),log(100),log(250),log(500),log(161 
1000),log(2500),log(5000)],'YTicklabel',[18,50,100,250,500,1000,2500,50162 
00]) 163 
hold on 164 
p1=scatter(Al_temp,Al_dens,310,'k','o','filled'); 165 
% text(Al_temp*1.04,Al_dens*1.01,'Al','fontweight','bold','Color','k'); 166 
p2=scatter(Ti_temp,Ti_dens,320,[246/255, 216/255, 167 
35/255],'s','filled'); 168 
% text(Ti_temp*1.04,Ti_dens*1.01,'Ti','fontweight','bold','Color','b'); 169 
p3=scatter(Inconel_temp,Inconel_dens,310,'r','d','filled'); 170 
% 171 
text(Inconel_temp*1.04,Inconel_dens*1.01,'Inconel','fontweight','bold',172 
'Color','k'); 173 
p4=scatter(WC_temp,WC_dens,320,'g','h','filled'); 174 
% text(WC_temp*1.04,WC_dens*1.01,'WC','fontweight','bold','Color','r'); 175 
p5=scatter(SS_temp,SS_dens,345,[253/255, 103/255, 2/255],'p','filled'); 176 
% text(SS_temp*1.04,SS_dens*1.01,'SS','fontweight','bold','Color','k'); 177 
legend([p1 p2 p3 p4 p5], 'Al-6061','Ti-6Al-178 
4V','Inconel','WC','314SS','Location','northwest') 179 
hold off 180 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Temperature vs Density, Phi 181 
Greater than ',num2str(philimit),'-comps.fig'],''),'fig'); 182 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Temperature vs Density, Phi 183 
Greater than ',num2str(philimit),'-comps.png'],'')); 184 
close(gcf) 185 
  186 
%Temp vs Youngs Modulus 187 
philimit=18; 188 
c=log(RawTable.phi(RawTable.phi>philimit)); 189 
colormap jet 190 
scatter(RawTable.Tmelt(RawTable.phi>philimit)-191 
273,RawTable.YoungsModulus(RawTable.phi>philimit),100,c,'.'); 192 
box on 193 
ax.Xcolor = 'black'; 194 
ax.Ycolor = 'black'; 195 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 20 16]); 196 
set(gca,'fontsize',32) 197 
xlim([0 3500]) 198 
xlabel('Melting Temperature (\circC)') 199 
ylabel('Youngs Modulus (GPa)') 200 
% title1=title(['Melting Temperature vs Density for Alloys with Phi > ' 201 
num2str(philimit) '']); 202 
% title(['Melting Temperature vs Density for Alloys with Phi > ' 203 
num2str(philimit) '']) 204 
colorbar 205 
L = get(colorbar,'Ylim'); 206 
set(colorbar,'YTick',[log(18.1),log(50),log(100),log(250),log(500),log(207 
1000),log(2500),log(5000)],'YTicklabel',[18,50,100,250,500,1000,2500,50208 
00]) 209 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Temperature vs Youngs 210 
Modulus, Phi Greater than ',num2str(philimit),'.fig'],''),'fig'); 211 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Temperature vs Youngs 212 
Modulus, Phi Greater than ',num2str(philimit),'.png'],'')); 213 
close(gcf) 214 
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  215 
philimit=18; 216 
c=log(RawTable.phi(RawTable.phi>philimit)); 217 
colormap jet 218 
scatter(RawTable.Tmelt(RawTable.phi>philimit)-219 
273,RawTable.YoungsModulus(RawTable.phi>philimit),100,c,'.'); 220 
box on 221 
ax.Xcolor = 'black'; 222 
ax.Ycolor = 'black'; 223 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 20 16]); 224 
set(gca,'fontsize',32) 225 
xlim([0 3500]) 226 
xlabel('Melting Temperature (\circC)') 227 
ylabel('Youngs Modulus (GPa)') 228 
% title1=title(['Melting Temperature vs Density for Alloys with Phi > ' 229 
num2str(philimit) '']); 230 
% title(['Melting Temperature vs Density for Alloys with Phi > ' 231 
num2str(philimit) '']) 232 
colorbar 233 
L = get(colorbar,'Ylim'); 234 
set(colorbar,'YTick',[log(18.1),log(50),log(100),log(250),log(500),log(235 
1000),log(2500),log(5000)],'YTicklabel',[18,50,100,250,500,1000,2500,50236 
00]) 237 
hold on 238 
p1=scatter(Al_temp,Al_youngs,310,'k','o','filled'); 239 
% text(Al_temp*1.04,Al_dens*1.01,'Al','fontweight','bold','Color','k'); 240 
p2=scatter(Ti_temp,Ti_youngs,320,[246/255, 216/255, 241 
35/255],'s','filled'); 242 
% text(Ti_temp*1.04,Ti_dens*1.01,'Ti','fontweight','bold','Color','b'); 243 
p3=scatter(Inconel_temp,Inconel_youngs,310,'r','d','filled'); 244 
% 245 
text(Inconel_temp*1.04,Inconel_dens*1.01,'Inconel','fontweight','bold',246 
'Color','k'); 247 
p4=scatter(WC_temp,WC_youngs,320,'g','h','filled'); 248 
% text(WC_temp*1.04,WC_dens*1.01,'WC','fontweight','bold','Color','r'); 249 
p5=scatter(SS_temp,SS_youngs,345,[253/255, 103/255, 250 
2/255],'p','filled'); 251 
% text(SS_temp*1.04,SS_dens*1.01,'SS','fontweight','bold','Color','k'); 252 
legend([p1 p2 p3 p4 p5], 'Al-6061','Ti-6Al-253 
4V','Inconel','WC','314SS','Location','northwest') 254 
hold off 255 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Temperature vs Youngs 256 
Modulus, Phi Greater than ',num2str(philimit),'-comps.fig'],''),'fig'); 257 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Temperature vs Youngs 258 
Modulus, Phi Greater than ',num2str(philimit),'-comps.png'],'')); 259 
close(gcf) 260 
  261 
%Density vs Youngs Modulus 262 
philimit=18; 263 
c=log(RawTable.phi(RawTable.phi>philimit)); 264 
colormap jet 265 
scatter(RawTable.density(RawTable.phi>philimit)/1000,RawTable.YoungsMod266 
ulus(RawTable.phi>philimit),100,c,'.'); 267 
box on 268 
ax.Xcolor = 'black'; 269 
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ax.Ycolor = 'black'; 270 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 20 16]); 271 
set(gca,'fontsize',32) 272 
xlabel('Density (g/cm^{3})') 273 
ylabel('Youngs Modulus (GPa)') 274 
% title1=title(['Melting Temperature vs Density for Alloys with Phi > ' 275 
num2str(philimit) '']); 276 
% title(['Melting Temperature vs Density for Alloys with Phi > ' 277 
num2str(philimit) '']) 278 
colorbar 279 
L = get(colorbar,'Ylim'); 280 
set(colorbar,'YTick',[log(18.1),log(50),log(100),log(250),log(500),log(281 
1000),log(2500),log(5000)],'YTicklabel',[18,50,100,250,500,1000,2500,50282 
00]) 283 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Density vs Youngs Modulus, 284 
Phi Greater than ',num2str(philimit),'.fig'],''),'fig'); 285 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Density vs Youngs Modulus, 286 
Phi Greater than ',num2str(philimit),'.png'],'')); 287 
close(gcf) 288 
  289 
philimit=18; 290 
c=log(RawTable.phi(RawTable.phi>philimit)); 291 
colormap jet 292 
scatter(RawTable.density(RawTable.phi>philimit)/1000,RawTable.YoungsMod293 
ulus(RawTable.phi>philimit),100,c,'.'); 294 
box on 295 
ax.Xcolor = 'black'; 296 
ax.Ycolor = 'black'; 297 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 20 16]); 298 
set(gca,'fontsize',32) 299 
xlabel('Density (g/cm^{3})') 300 
ylabel('Youngs Modulus (GPa)') 301 
% title1=title(['Melting Temperature vs Density for Alloys with Phi > ' 302 
num2str(philimit) '']); 303 
% title(['Melting Temperature vs Density for Alloys with Phi > ' 304 
num2str(philimit) '']) 305 
colorbar 306 
L = get(colorbar,'Ylim'); 307 
set(colorbar,'YTick',[log(18.1),log(50),log(100),log(250),log(500),log(308 
1000),log(2500),log(5000)],'YTicklabel',[18,50,100,250,500,1000,2500,50309 
00]) 310 
hold on 311 
p1=scatter(Al_dens,Al_youngs,310,'k','o','filled'); 312 
% text(Al_temp*1.04,Al_dens*1.01,'Al','fontweight','bold','Color','k'); 313 
p2=scatter(Ti_dens,Ti_youngs,320,[246/255, 216/255, 314 
35/255],'s','filled'); 315 
% text(Ti_temp*1.04,Ti_dens*1.01,'Ti','fontweight','bold','Color','b'); 316 
p3=scatter(Inconel_dens,Inconel_youngs,310,'r','d','filled'); 317 
% 318 
text(Inconel_temp*1.04,Inconel_dens*1.01,'Inconel','fontweight','bold',319 
'Color','k'); 320 
p4=scatter(WC_dens,WC_youngs,320,'g','h','filled'); 321 
% text(WC_temp*1.04,WC_dens*1.01,'WC','fontweight','bold','Color','r'); 322 
p5=scatter(SS_dens,SS_youngs,345,[253/255, 103/255, 323 
2/255],'p','filled'); 324 
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% text(SS_temp*1.04,SS_dens*1.01,'SS','fontweight','bold','Color','k'); 325 
legend([p1 p2 p3 p4 p5], 'Al-6061','Ti-6Al-326 
4V','Inconel','WC','314SS','Location','northwest') 327 
hold off 328 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Density vs Youngs Modulus, 329 
Phi Greater than ',num2str(philimit),'-comps.fig'],''),'fig'); 330 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Density vs Youngs Modulus, 331 
Phi Greater than ',num2str(philimit),'-comps.png'],'')); 332 
close(gcf) 333 
  334 
%Cost Vs Melting Temperature 335 
philimit=18; 336 
c=log(RawTable.phi(RawTable.phi>philimit)); 337 
colormap jet 338 
scatter(RawTable.Cost(RawTable.phi>philimit),RawTable.Tmelt(RawTable.ph339 
i>philimit),100,c,'.'); 340 
box on 341 
ax.Xcolor = 'black'; 342 
ax.Ycolor = 'black'; 343 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 20 16]); 344 
set(gca,'fontsize',32) 345 
xlabel('Cost ($/g)') 346 
ylabel('Melting Temperature (\circC)') 347 
% title1=title(['Melting Temperature vs Density for Alloys with Phi > ' 348 
num2str(philimit) '']); 349 
% title(['Melting Temperature vs Density for Alloys with Phi > ' 350 
num2str(philimit) '']) 351 
colorbar 352 
L = get(colorbar,'Ylim'); 353 
set(colorbar,'YTick',[log(18.1),log(50),log(100),log(250),log(500),log(354 
1000),log(2500),log(5000)],'YTicklabel',[18,50,100,250,500,1000,2500,50355 
00]) 356 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Cost vs Melting Temperature, 357 
Phi Greater than ',num2str(philimit),'.fig'],''),'fig'); 358 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Cost vs Melting Temperature, 359 
Phi Greater than ',num2str(philimit),'.png'],'')); 360 
close(gcf) 361 
  362 
%Cost Vs Density 363 
philimit=18; 364 
c=log(RawTable.phi(RawTable.phi>philimit)); 365 
colormap jet 366 
scatter(RawTable.Cost(RawTable.phi>philimit),RawTable.density(RawTable.367 
phi>philimit)/1000,100,c,'.'); 368 
box on 369 
ax.Xcolor = 'black'; 370 
ax.Ycolor = 'black'; 371 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 20 16]); 372 
set(gca,'fontsize',32) 373 
xlabel('Cost ($/g)') 374 
ylabel('Density (g/cm^{3})') 375 
% title1=title(['Melting Temperature vs Density for Alloys with Phi > ' 376 
num2str(philimit) '']); 377 
% title(['Melting Temperature vs Density for Alloys with Phi > ' 378 
num2str(philimit) '']) 379 
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colorbar 380 
L = get(colorbar,'Ylim'); 381 
set(colorbar,'YTick',[log(18.1),log(50),log(100),log(250),log(500),log(382 
1000),log(2500),log(5000)],'YTicklabel',[18,50,100,250,500,1000,2500,50383 
00]) 384 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Cost vs Density, Phi Greater 385 
than ',num2str(philimit),'.fig'],''),'fig'); 386 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Cost vs Density, Phi Greater 387 
than ',num2str(philimit),'.png'],'')); 388 
close(gcf) 389 
  390 
%Cost Vs Youngs Modulus 391 
philimit=18; 392 
c=log(RawTable.phi(RawTable.phi>philimit)); 393 
colormap jet 394 
scatter(RawTable.Cost(RawTable.phi>philimit),RawTable.YoungsModulus(Raw395 
Table.phi>philimit),100,c,'.'); 396 
box on 397 
ax.Xcolor = 'black'; 398 
ax.Ycolor = 'black'; 399 
set(gcf,'Paperunits','inches','PaperPosition',[0 0 20 16]); 400 
set(gca,'fontsize',32) 401 
xlabel('Cost ($/g)') 402 
ylabel('Youngs Modulus (GPa)') 403 
% title1=title(['Melting Temperature vs Density for Alloys with Phi > ' 404 
num2str(philimit) '']); 405 
% title(['Melting Temperature vs Density for Alloys with Phi > ' 406 
num2str(philimit) '']) 407 
colorbar 408 
L = get(colorbar,'Ylim'); 409 
set(colorbar,'YTick',[log(18.1),log(50),log(100),log(250),log(500),log(410 
1000),log(2500),log(5000)],'YTicklabel',[18,50,100,250,500,1000,2500,50411 
00]) 412 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Cost vs Youngs Modulus, Phi 413 
Greater than ',num2str(philimit),'.fig'],''),'fig'); 414 
saveas(gcf,strjoin([cellstr(pwd),'/figures/Cost vs Youngs Modulus, Phi 415 
Greater than ',num2str(philimit),'.png'],'')); 416 
close(gcf)417 
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