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Abstract 

Strength-ductility trade-off in high entropy alloys (HEAs) remains a critical area of 

research. BCC-structured HEAs typically exhibit high yield strength but limited plasticity, 

whereas FCC-structured HEAs display lower yield strength with enhanced ductility.  This 

research investigated the properties of dual-phase HEAs where BCC is the predominant 

phase, aiming to optimize their performance in high-strength applications such as surface 

enhancement. This study is divided into two phases, (I) synthesis of equiatomic and non-

equiatomic AlCoCrFeNix (atomic ratio, x = 0, 1, 2.1) HEAs through mechanical alloying 

(MA) and (II) subsequent deposition of these particles using cold spray (CS) technique. 

Phase I analyzed the effect of milling parameters during the production of AlCoCrFeNix 

(x = 0, 1, 2.1) feedstock, the role Ni content in phase evolution of AlCoCrFeNix particles, 

and the effectiveness of MA in achieving the desired properties. Results indicate that the 

addition of Ni extends the milling time for producing AlCoCrFeNix HEAs and influences 

phase evolution, with increased FCC phase fractions. Phase I successfully synthesized 

dual-phase (BCC + FCC) AlCoCrFeNix HEAs, indicating the effectivity of MA to tailor 

desired properties of HEA particles. 

Phase II then focused on the influence of substrate and spray parameters on AlCoCrFeNix 

deposition, and the resulting microstructure and mechanical properties of the deposits. The 

use of helium (He) as a propellant gas resulted in better deposition efficiency due to higher 

particle velocities compared to nitrogen (N2). While N2 led to metallurgical bonds 

accompanied by empty craters, He facilitated effective particle flattening and bonding.  

Key findings reveal that Ni content, substrate type, and CS conditions significantly affect 

deposition characteristics and the resulting properties of AlCoCrFeNix HEA particles. 
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Higher Ni levels correlated with increased particle density and hardness but negatively 

impacted particle velocity and BCC phase presence.  

Overall, this research successfully produced and deposited medium entropy alloy, 

AlCoCrFe, high entropy alloy, AlCoCrFeNi and eutectic high entropy alloy, 

AlCoCrFeNi2.1 using MA and CS, respectively. The presence of BCC and FCC phases in 

the HEA particles showed the strength and ductility balance in these materials. 

Consequently, the microstructure and mechanical properties of HEA particles influence the 

particle-substrate interaction during impact.  

  



 

iv 

Dedication 

This is dedicated to my parents, Aileen and Sanito Custodio, and my sisters Asleen Joy 

and Aiseel Mae, with all my love and gratitude. 

 

  



 

v 

Acknowledgements 

When they said, ñIt takes a community to raise a kidò, it is the same thing to produce a PhD 

graduate. My successful completion of this research work is not possible without the 

support of many individuals and organizations.  

First and foremost, I am profoundly grateful to my supervisors, Dr Clodualdo Aranas Jr. 

and Dr. Gobinda Saha, whose unwavering guidance and encouragement sustained me 

throughout. I am also deeply thankful for my laboratory mates-turned-friends from the 

Alloy Design and Testing Lab and NCM Lab, who were both my academic allies and 

support system. My second family - Marissa and Marielle, my weekend buddies ï Joel, 

Marvin, and Hanna, and my churchmates all kept me grounded and uplifted during this 

journey. 

I would also want to extend my heartfelt thanks to Dr. Dennis, Dr. Steve, Dr. Venn, and 

Dr. Mas for invaluable guidance during the testing phases and to Tony for his assistance in 

preparing my substrates. My collaborators, Dr. Aleksandra Nastic and Dr. Bertrand Jodoin, 

played a crucial role in the cold spray process of my developed HEA feedstock, and I am 

truly grateful for their expertise and dedication. 

To my thesis review committee, thank you for your time, insightful feedback and support.  

Above all, I offer my deepest gratitude to God, to Whom I owe all that I have accomplished. 

 

  



 

vi 

Table of Contents 

Abstract ............................................................................................................................... ii  

Dedication .......................................................................................................................... iv 

Acknowledgements ............................................................................................................. v 

Table of Contents ............................................................................................................... vi 

List of Tables .................................................................................................................... xii  

List of Figures .................................................................................................................. xiv 

List of Abbreviations ....................................................................................................... xxi 

1. Introduction ...................................................................................................................... 1 

1.1 Motivation ............................................................................................................... 4 

1.2 Research Scope ....................................................................................................... 5 

1.3 Research Problem ................................................................................................... 5 

1.4 Objective and Research Questions.......................................................................... 6 

1.5 Thesis Structure ...................................................................................................... 7 

2. Literature Review .......................................................................................................... 10 

2.1 High-entropy alloy ................................................................................................... 10 

2.1.1 Four core effects of HEAs ................................................................................. 12 

2.1.2 Alloy design and phase selection rules in HEA ................................................. 16 

2.1.2.1 Composition and structure of HEAs ............................................................ 17 



 

vii  

2.1.2.2 Prediction of phase stability in HEAs .......................................................... 19 

2.1.3 Influence of processing route on HEA synthesis ............................................... 24 

2.1.3.1 Liquid-State Processing ............................................................................... 24 

2.1.3.2 Solid-State Processing.................................................................................. 25 

2.1.3.3 Deposition Techniques ................................................................................. 25 

2.2 HEA synthesis using mechanical alloying ............................................................ 26 

2.2.1 Effect of milling parameters .............................................................................. 27 

2.2.2 Effect of process control agent (PCA) ............................................................... 28 

2.2.3 Influence of elemental interaction...................................................................... 29 

2.3 HEA deposition via cold spray ................................................................................ 31 

2.3.1 Effect of cold spray parameters ......................................................................... 32 

2.3.2 Influence of feedstock particle size and properties ............................................ 33 

2.3.3 Influence of substrate properties ........................................................................ 34 

3. Mechanical Alloying of AlCoCrFe and AlCoCrFeNi: Design and Experimental 

Exploration of Medium- and High-Entropy Alloys ....................................................... 36 

3. 1 Abstract ................................................................................................................... 36 

3.2 Introduction .............................................................................................................. 37 

3.3 Experimental Methods ............................................................................................. 40 

3.3.1 Materials............................................................................................................. 40 

3.3.2 Methods .............................................................................................................. 41 



 

viii  

3.3.3 Material Characterization ................................................................................... 44 

3.4 Results ...................................................................................................................... 45 

3.4.1 Properties of As-received Elemental Powders ................................................... 45 

3.4.2 Properties of Milled AlCoCrFe and AlCoCrFeNi Particles in Conventional 

Regime ..................................................................................................................... 47 

3.4.2.1 AlCoCrFe medium-entropy alloy ................................................................ 48 

3.4.2.2 AlCoCrFeNi high-entropy alloy .................................................................. 51 

3.4.3 Properties of Sequentially Milled FeNiCoCrAl feedstock ................................ 55 

3.5 Discussion ................................................................................................................ 57 

3.5.1 Influence of Thermodynamics Parameters in Phase Formation ........................ 57 

3.5.2 Influence of Elemental Composition and Milling Time on Phase Evolution .... 61 

3.5.3 Influence of Milling Regime on the Final Microstructure ................................. 64 

3.5.4 Characteristics of AlCoCrFe, AlCoCrFeNi, and FeNiCoCrAl Particles ........... 70 

3.6 Conclusion ............................................................................................................... 72 

3.7 References ................................................................................................................ 73 

4. Investigating the nanoscale hardness/strength properties of high-entropy alloy particles 

using the nanoindentation technique.............................................................................. 78 

4.1 Abstract .................................................................................................................... 78 

4.2 Introduction .............................................................................................................. 79 

4.3 Materials and Methodology ..................................................................................... 83 



 

ix 

4.3.1 Powder preparation ............................................................................................ 83 

4.3.2 Powder characterization ..................................................................................... 85 

4.3.3 Nanoindentation of particles .............................................................................. 85 

4.3.3.1 Sample preparation ...................................................................................... 85 

4.3.3.2 Nanoindentation test .................................................................................... 86 

4.3.3.3 Oliver-Pharr method .................................................................................... 87 

4.3.3.4 Statistical analysis ........................................................................................ 89 

4.3.3.5 Corrected hardness computation .................................................................. 89 

4.4 Results and Discussion............................................................................................. 91 

4.4.1 Particle size distribution and phase determination ............................................. 91 

4.4.2 Influence of feedstock processing parameters on hardness .......................... 96 

4.4.2.1 Milling time.................................................................................................. 96 

4.4.2.2 Ni content ..................................................................................................... 98 

4.4.3 Influence of indentation parameters on hardness ............................................... 99 

4.4.3.1 Mounting resin ............................................................................................. 99 

4.4.3.2 Indentation depth........................................................................................ 103 

4.4.3.3 Indentation load.......................................................................................... 109 

4.5 Conclusions ......................................................................................................... 112 

4.6 References ........................................................................................................... 114 



 

x 

5. Propelling gas influence on the deposition of AlCoCrFeNi high-entropy alloy particles 

on a steel substrate using cold spray ............................................................................ 120 

5.1 Abstract .................................................................................................................. 120 

5.2 Introduction ............................................................................................................ 121 

5.3 Experimental Methods ........................................................................................... 125 

5.4 Results and Discussion........................................................................................... 127 

5.4.1 Influence of propelling gas type on particle velocity ....................................... 127 

5.4.2 Influence of particle and substrate properties on critical velocity ................... 131 

5.4.3 Microstructural properties of AlCoCrFeNi HEA deposit ................................ 138 

5.5 Conclusions ............................................................................................................ 142 

5.6 References .............................................................................................................. 143 

6. From particle to deposit: high-velocity interaction of AlCoCrFe and AlCoCrFeNi2.1 

particles with titanium and steel substrates.................................................................. 148 

6.1 Abstract .................................................................................................................. 148 

6.2 Introduction ............................................................................................................ 149 

6.3 Experimental Method ............................................................................................. 152 

6.3.1 Feedstock Powder ............................................................................................ 152 

6.3.2 Substrate material ............................................................................................. 153 

6.3.3 Cold spray deposition....................................................................................... 154 

6.3.4 Characterization ............................................................................................... 155 



 

xi 

6.3.5 Calculations ...................................................................................................... 156 

6.4 Results and Discussion........................................................................................... 157 

6.4.1 Properties of milled AlCoCrFe and AlCoCrFeNi2.1 ........................................ 157 

6.4.2 Thermal stability of feedstock .......................................................................... 158 

6.4.3 Probability of impact of HEA particles during CS deposition......................... 160 

6.4.3.1 Single particle deposition ........................................................................... 160 

6.4.3.2 Thin film deposition ................................................................................... 165 

6.4.4 Deformation of HEA particles during a high-velocity impact ......................... 167 

6.4.5 Properties of AlCoCrFe and AlCoCrFeNi2.1 deposits ...................................... 177 

6.5 Conclusion ............................................................................................................. 182 

6.6 Reference: .............................................................................................................. 184 

7. Summary, Conclusions, and Future Works ................................................................. 189 

7.1 Summary and conclusions ..................................................................................... 189 

7.2 Future works .......................................................................................................... 193 

Thesis Contribution ......................................................................................................... 194 

References ....................................................................................................................... 196 

Curriculum Vitae 

 

 



 

xii  

List of Tables 

Table 2.1. Comparisons of,  ЎὛὧέὲὪ, and ЎὋάὭὼ for elemental phases, intermetallics, and 

random solid solutions with strong bonding between constituent elements ..................... 14 

Table 2.2. ὌὍὮάὭὼ , enthalpy of mixing (kJ/mol) for all binary pairs using Miedemaôs 

model [50] ......................................................................................................................... 20 

Table 2.3. Thermodynamic properties of medium- and high-entropy alloys ................... 23 

Table 3.1. Composition (in wt.%) of the studied HEAsééééééééééééé41 

Table 3.2. HE-MA design-of-experiment (DoE) with primary milling parameters and alloy 

design ................................................................................................................................ 42 

Table 3.3. Comparison of BCC and FCC lattice parameters of AlCoCrFe alloy ............ 51 

Table 3.4. Comparison of the BCC and FCC lattice parameters of AlCoCrFeNi alloy .. 54 

Table 3.5. Comparison of BCC and FCC lattice parameters of AlCoCrFeNi alloy ........ 56 

Table 3.6. ὌὍὮάὭὼ , enthalpy of mixing (kJ/mol) for all binary pairs using Miedemaôs 

model [37] ......................................................................................................................... 59 

Table 3.7. Calculated thermodynamic parameters for AlCoCrFe/Ni systems ................. 61 

Table 3.8. Properties of equiatomic AlCoCrFe and AlCoCrFeNi after HE-MA ............. 63 

Table 3.9. Calculated thermodynamic parameters for sequential FeNiCoCrAl .............. 67 

Table 3.10. BCC volume phase fraction, crystallite size, microstrain, and dislocation 

density of conventionally milled AlCoCrFeNi and sequentially milled FeNiCoCrAl ..... 70 

Table 3.11. Feedstock characteristics before and after milling ........................................ 71 



 

xiii  

Table 4.1. Design of experiment for the preparation of AlCoCrFeNix (x = 0, 1, 2.1)éé84 

Table 4.2. Parameters used for the iterative calculation of the corrected hardness ......... 90 

Table 5.1. Cold spray process parameters used in depositing AlCoCrFeNi on 300M steel 

substrateéééééééééééééééééééééééééééééé... 126 

Table 5.2. Calculated velocity of propelling gas and particle velocity of 5 Аm and 100 Аm 

particle size range ........................................................................................................... 131 

Table 6.1. Design of experiment for AlCoCrFeNix (x = 0, 2.1) and substrates used é..154 

Table 6.2. Cold spray process parameters used in depositing AlCoCrFeNix (x = 0, 2.1) on 

Ti-64 and maraging steel substrates ................................................................................ 154 

Table 6.3. Properties of AlCoCrFe and AlCoCrFeNi2.1 after MA ................................. 158 

Table 6.4. Flattening ratio of AlCoCrFeNix (x = 0, 2.1) on Ti-64 substrates and maraging 

steel ................................................................................................................................. 174 

Table 6.5. Material properties of feedstock and substrates ............................................ 175 

Table 6.6. R-values (material property-based impact ratio) AlCoCrFeNix (x = 0, 2.1) on 

maraging steel and Ti-64 substrates ................................................................................ 176 

Table 6.7. Phase volume fractions and hardness of AlCoCrFe and AlCoCrFeNi2.1 when 

deposited onto Ti-64 and maraging steel substrates ....................................................... 177 

Table 6.8. Calculated thermodynamic parameters for AlCoCrFe and AlCoCrFeNi2.1 alloy 

systems ............................................................................................................................ 179 

 



 

xiv 

List of Figures 

Figure 1.1: Thesis Structure ............................................................................................... 9 

Figure 2.1. Schematic illustration of BCC crystal structure of a.) perfect lattice, b.) one  

principal element alloy design, and c.) multiple principal element design (HEA) [39]é11 

Figure 2.2. Annual publication trends for HEAs, HEAs as coatings, and country-wise 

distribution of publications (as of 2023) ........................................................................... 12 

Figure 2.3. Frequency of alloying elements in studied HEA [45] ................................... 18 

Figure 2.4. Relationship of thermodynamic parameter ‏ and mixing enthalpy, ὌάὭὼ 

[19] .................................................................................................................................... 21 

Figure 2.5. Relationship of parameter ᷈ and mixing enthalpy, (ÍÉØ   [27] ............... 22 

Figure 2.6. Hardness of AlCoCrFeNi HEAas annealing temperature increased [37] ..... 25 

Figure 2.7. EBSD images of a.) a single HEA particle and b.) CS HEA [16] ................. 26 

Figure 2.8. Volume phase fraction of HEA mechanically alloyed in sequence [38] ....... 30 

Figure 2.9. Parameters that influence the adhesion strength in CS [70] .......................... 32 

Figure 2.10. a.) Schematic diagram of CSAM process, and b.) relationship of spray 

parameters to deposition efficiency [16] ........................................................................... 32 

Figure 3.1. As-received (a) Al, (b) Co, (c) Cr, (d) Fe, and (e) Ni elemental powders, 

including (f) their PSD (in µm)éééééééééééééééééééééé..46 

Figure 3.2. (a) Cumulative PSD of as-received Al, Co, Cr, Fe, and Ni powders; and (b) 

Dv10, Dv50, Dv90 for Cr, Co, Al, Ni, and Fe particles. .................................................... 46 



 

xv 

Figure 3.3. SEM images of AlCoCrFe composition (c) before milling; and (d) after 24-

hour milling. ...................................................................................................................... 47 

Figure 3.4. EDS maps showing elemental distribution in conventionally milled 

AlCoCrFe product with corresponding SEM images: (a) C-Ni0-4; (b) C-Ni0-12; and (c) 

C-Ni0-24. .......................................................................................................................... 48 

Figure 3.5. AlCoCrFe medium-entropy alloy particle size distribution after 4, 12, and 24 

hours of conventional mechanical alloying. ..................................................................... 49 

Figure 3.6. XRD patterns of (a) equiatomic AlCoCrFe alloy after 24 hours of mechanical 

alloying; (b) enlarged (111) peak from 0 h to 12 h of milling; and (c) enlarged (111) and 

(011) peaks from 12 h to 24 h milling. ............................................................................. 50 

Figure 3.7. EDS maps showing elemental distribution in milled AlCoCrFeNi product 

with corresponding SEM images: (a) C-Ni1-4; (b) C-Ni1-12; and (c) C-Ni1-24. ........... 52 

Figure 3.8. AlCoCrFeNi high-entropy alloy particle size distribution after 4, 12 and 24 

hours of conventional mechanical alloying. ..................................................................... 52 

Figure 3.9. XRD patterns of (a) equiatomic AlCoCrFeNi alloy after 24 hours of 

mechanical alloying and (b) enlarged (111) and (011) peaks from 0 h to 4 h of milling. 53 

Figure 3.10. XRD patterns of (a) sequentially milled equiatomic FeNiCoCrAl HEA (b) 

enlarged peaks (011) and (002), and enlarged peaks (022, 113, and 112) showing the 

dissolution of phases with milling time. ........................................................................... 56 

Figure 3.11. Phase volume diagram of FCC and BCC in conventionally milled (a) 

AlCoCrFe, and (b) AlCoCrFeNi feedstock. ..................................................................... 62 



 

xvi 

Figure 3.12. EBSD images of AlCoCrFe (a-b) and AlCoCrFeNi (c-d) after 4 hours (a and 

c), and 24 hours (b and d) of mechanical alloying. The grain sizes were measured to be 

(a) 1.529 mm, (b) 1.639 mm, (c) 0.369 mm, and (d) 0.471 mm, respectively..................... 63 

Figure 3.13. Phase volume diagram of FCC and BCC in (a) AlCoCrFeNi during 

conventional milling, and (b) FeNiCoCrAl during sequential milling. ............................ 66 

Figure 3.14. EBSD of (a) FeNi, (b)FeNiCo, (c) FeNiCoCr, and (d) FeNiCoCrAl after 

sequential alloying. The grain sizes were measured to be 0.848 mm, 0.579 mm, 0.439 mm, 

and 0.382 mm, respectively. .............................................................................................. 68 

Figure 3.15. Crystallite size and microstrain as a function of milling time of (a) 

conventionally milled AlCoCrFeNi and (b) sequentially milled FeNiCoCrAl ................ 69 

Figure 4.1. Schematic diagram for the mechanical alloying of Al, Co, Cr, Fe, and Ni to 

produce AlCoCrFeNix (x = 0, 1, 2.1). 84 

Figure 4.2. Particle size distribution of (a)-(b) as received Al, Co, Cr, Fe, Ni powders, 

and  (c)-(d) milled AlCoCrFeNix(x=0, 1, 2.1) after 24 hours of mechanical alloying. .... 93 

Figure 4.3. XRD results of AlCoCrFeNix (x = 0, 1, 2.1) after 4, 12, and 24 hours of 

mechanical alloying. ......................................................................................................... 94 

Figure 4.4. BCC phase volume fraction of AlCoCrFeNix (x = 0, 1, 2.1) after 4, 12, and 

24 hours of mechanical alloying. ...................................................................................... 96 

Figure 4.5. Hardness of AlCoCrFeNix (x=0, 1, 2.1) after 4, 12, and 24 hours of 

mechanical alloying. ......................................................................................................... 97 



 

xvii  

Figure 4.6. SEM images of (a)-(c) AlCoCrFe, (d) ï (f) AlCoCrFeNi, (g) ï (i) 

AlCoCrFeNi2.1 feedstock particles after 4, 12 and 24 hours of mechanical alloying. ...... 99 

 Figure 4.7. Influence of mounting method on the hardness of AlCoCrFeNix (x = 1). . 100 

Figure 4.8. Corrected hardness values for the HM and CM AlCoCrFeNix (x=1) particles.

......................................................................................................................................... 103 

Figure 4.9. (a) Influence of indentation depth on nano-scale hardness of AlCoCrFeNix 

(x=1), and (b) particle micrograph with increasing indentation contact area as a function 

of indentation depth. ....................................................................................................... 105 

Figure 4.10. Schematic diagram of GNDs generation during the indentation process. . 106 

Figure 4.11. Hardness results of AlCoCrFeNi feedstock particles in comparison to 

AlCoCrFeNi as coating and casted HEA ........................................................................ 109 

Figure 4.12. Influence of indentation load on the nano-scale hardness of AlCoCrFeNix 

(a) for x=0, 1, 2.1 from 50 to 500 mN; and (b) for x=1 from 50 to 1000 mN. ............... 111 

Figure 4.13. (a) Micrograph of a particle with increasing indentation contact area as a 

function of indentation load, and (b) average loading and unloading curves for 

AlCoCrFeNi mechanically alloyed feedstock powders at varying indentation loads. ... 112 

Figure 5.1. Quality of feedstock shown in the (a) SEM image and elemental maps of 

mechanically alloyed AlCoCrFeNi HEA particle, (b) phases present from XRD pattern, (c) 

irregular to semi-spherical morphologies of the particles, (d) particle size distribution after 

milling ééééééééééééééééééééééééééééééé..126 

Figure 5.2. SEM micrographs showing AlCoCrFeNi particles deposited onto 300M low-

alloy steel substrate using (a) N2 and (b) He as propelling gases. .................................. 129 



 

xviii  

Figure 5.3. (a) Optical and (b) SEM images of nano-indentation on AlCoCrFeNi particle.

......................................................................................................................................... 130 

Figure 5.4. Cross-section showing particle geometry (a) after and (b) before impact 

where ύ = 29.07 µm and h = 8.14 µm............................................................................ 133 

Figure 5.5. (a) Top view, (b) tilted view, and (c) SEM cross-section with (d) EDS map of 

different particles demonstrating mechanical bonding processes into the substrate. The 

crater, a, is highlighted including the substrate petalling observed under phenomenon II.

......................................................................................................................................... 134 

Figure 5.6. Deposition of AlCoCrFeNi on 300M steel substrate highlighting the critical 

velocities in relation to particle size and particle flattening upon impact. Particle in-flight 

velocities obtained using N2 and He are also provided. .................................................. 137 

Figure 5.7. SEM cross-section and EDS images of AlCoCrFeNi HEA deposited onto 

300M steel substrate. ...................................................................................................... 140 

Figure 5.8. (a) Cross-section of HEA particle, (b) weight % composition of different 

cross-sectioned particles after milling, (c) EBSD image of particlesô cross-section 

showing crystalline structure and grain size of 0.5 ‘ά, and (d) the phases present before 

and after CS deposition. .................................................................................................. 141 

Figure 6.1. Particle morphology and particle size distribution of (a-b) AlCoCrFe, and (c-

d) AlCoCrFeNi2.1ééééééééééééééééééééééééééé.153 

Figure 6.2. Cold spray of HEA particles showing particle and film deposition. ........... 155 



 

xix 

Figure 6.3. The results of the thermal analyses conducted on the AlCoCrFeNix feedstock: 

(a) thermogram from differential scanning calorimetry (DSC), and (b) % weight loss 

from thermogravimetric analysis (TGA). ....................................................................... 160 

Figure 6.4. Particle velocities of AlCoCrFeNix (x = 0, 2.1) as a function of particle size

......................................................................................................................................... 162 

Figure 6.5. Low magnification scanning electron micrographs (secondary electron mode) 

of the wipe test sample of AlCoCrFeNix (x = 0, 2.1) on polished (a-b) Ti-64 and (c-d) 

substrates. ........................................................................................................................ 164 

Figure 6.6. Scanning electron micrographs (secondary electron mode) of single-pass 

coating sample of AlCoCrFeNix (x = 0, 2.1) on Ti-64 and maraging steel substrates ... 166 

Figure 6.7. Schematic diagram of particle-substrate impact during cold spray ............. 167 

Figure 6.8. Scanning electron micrographs (secondary electron mode) and EDS map of 

(a) AlCoCrFe and (b) AlCoCrFeNi2.1 particles on Ti-64 substrate ................................ 168 

Figure 6.9. Scanning electron micrographs (secondary electron mode) of wipe test 

samples of (a) AlCoCrFe and (b) AlCoCrFeNi2.1 on maraging steel substrate .............. 169 

Figure 6.10. Relationship between particle/substrate property on impact mode and extent 

of bonding ....................................................................................................................... 170 

Figure 6.11. BSE cross-sectional micrographs of AlCoCrFeNix (x = 0, 2.1) HEA single-

particle impact on Ti-64 substrate ................................................................................... 171 

Figure 6.12. BSE cross-sectional micrographs of AlCoCrFeNix (x = 0, 2.1) HEA single-

particle impact on maraging steel substrate .................................................................... 172 



 

xx 

Figure 6.13. XRD patterns of AlCoCrFeNix (x = 0, 2.1) in feedstock condition and when 

deposited onto (a-c) Ti-64 and (b-d) maraging steel substrates. ..................................... 181 

 

  



 

xxi 

List of Abbreviations 

ASI: Adiabatic Shear Instability 

BCC: Body-Centered Cubic 

CCA: Compositionally Complex alloys 

CS: Cold Spray 

EHEA: Eutectic High Entropy Alloy 

FCC: Face-Centered Cubic 

HCP: Hexagonal Close-Packed 

HEA: High Entropy Alloy 

HIP: Hot Isostatic Pressing 

MA: Mechanically Alloying 

MEA: Medium Entropy Alloy 

MCA: Multicomponent Alloys 

PSD: Particle Size Distribution 

 



 

1 

1. Introduction 

For decades, materials were designed based on a single-principal element approach since 

it was perceived that the alloys manufactured with multiple principal elements would 

inevitably form intermetallic compounds and complex microstructures [1]. However, in 

2004, researchers discovered that alloys with multiple principal elements could be 

engineered to form stable and relatively simple structures [1,2]. In traditional alloys, where 

a single principal element dominates, strength and ductility are primarily influenced by that 

major element, with minor alloying elements added to enhance specific properties, such as 

corrosion resistance. In contrast, high entropy alloys (HEAs), comprising five or more 

principal elements [2], derive their unique properties from the contribution of each 

constituent, resulting in distinct microstructures and morphologies that can be tailored 

during processing. BCC-structured HEAs generally exhibit high yield strengths and limited 

plasticity, while FCC-structured HEAs tend to have lower yield strengths but higher 

plasticity [3ï5]. 

The microstructure and properties of HEAs are influenced by four core effects: high 

entropy, severe lattice distortion, sluggish diffusion, and the cocktail effect [6]. The high 

entropy effect favors the formation of solid solutions, simplifying the microstructure 

beyond initial expectations, while the sluggish diffusion effect can slow down phase 

transformations, impacting stability. Additionally, in HEAs, each atom is surrounded by 

different atomic species, creating lattice strain due to atomic size differences. This severe 

lattice distortion results in significant solid solution strengthening, effectively enhancing 

hardness and strength. The cocktail effect further enhances HEA properties, as they arise 

not only from the inherent characteristics of individual elements but also from complex 
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interactions among them, leading to properties that exceed those predicted by conventional 

mixture rules. 

Among these, the high entropy effect is considered the most critical, although recent studies 

suggest that high configurational entropy alone is insufficient to dictate simple phase solid 

solution formation in HEAs. For instance, the well-known Cantor alloy, CoCrFeMnNi, 

exhibits a stable FCC structure [7]. However, substituting Mn with Al in AlCoCrFeNi 

transforms the stable crystal structure to BCC, resulting in increased tensile strength. The 

predictability of such phase transition is found to be related to the thermodynamic 

characteristics of constituent elements, including atomic size differences, chemical 

compatibility, electronegativity, and enthalpy of mixing. To optimize HEA properties, such 

as hardness, wear resistance, corrosion resistance, oxidation resistance, and thermal 

stability, extensive research is underway on ideal elemental combinations and alloying 

strategies [8ï16]. 

Various processing routes have been developed for synthesizing HEAs, including melting 

and casting, powder metallurgy, and deposition techniques. Among melting techniques, 

vacuum arc melting is widely used, though it poses challenges in compositional control 

due to the potential evaporation of low-boiling elements during alloy preparation. In 

contrast, powder metallurgy, specifically through mechanical alloying (MA) followed by 

sintering, has become a key solid-state method for producing homogeneous, high-quality 

HEAs. Mechanical alloying is especially advantageous when constituent elements have 

vastly different densities and melting points [17]. As a room-temperature solid-state 

process, MA can produce homogeneous HEA particles, forming solid solutions with 

extended milling times. By carefully optimizing milling parameters, it is possible to 
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achieve HEAs with tailored phase compositions, enabling precise control over 

microstructure and desired properties.  

HEAs, distinguished by their multi-element compositions and simple crystal structures, are 

a novel class of materials with remarkable properties such as high hardness, wear 

resistance, and thermal stability. These unique attributes make HEAs particularly suited 

for applications demanding durability and resistance to harsh environments, such as 

protective coatings for aerospace, automotive, and marine industries. Among various 

coating techniques, cold spray technology has gained significant attention as an ideal 

method for applying HEA coatings. Unlike conventional thermal spray methods, cold spray 

operates in a solid-state regime, avoiding high temperatures that could otherwise 

compromise the structure and properties of HEAs. The particleôs solid characteristics are 

retained during the spray since the deposition temperature is below the materialôs melting 

temperature [18,19]. 

The performance of cold-sprayed HEA coatings, however, is highly dependent on the 

characteristics of the feedstock particles, including size, shape, composition, and 

microstructure. Mechanical alloying, a high-energy ball milling technique, has proven to 

be an effective method for producing homogeneous, fine-grained HEA particles tailored 

for cold spray applications. This process enables precise control over particle composition 

and structure, allowing for the synthesis of HEA feedstocks that meet the stringent 

requirements of cold spray deposition, including high deposition efficiency, strong 

interparticle bonding, and desirable coating properties. 

This thesis focuses on the design and synthesis of mechanically alloyed HEA particles for 

cold spray applications. It provides an overview of the unique requirements of HEA 
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feedstock for cold spray, the principles and advantages of mechanical alloying in producing 

these particles, and the specific parameters that influence particle characteristics. By 

exploring these aspects, this work aims to present the current state of research in 

mechanically alloyed HEAs for cold spray, highlighting both the challenges and 

opportunities in advancing HEA coating technology through optimized feedstock design. 

1.1 Motivation  

The total number of possible alloys A that can be created with ὲ number of elements, when 

each alloy differs in composition by x%, can be written as ὃ  [20]. For example, 

if 60 different elements are available and each alloy differs in composition by just 1%, the 

total number of possible alloy combinations reaches 1099. Comparatively, the number of 

known materials is less than 1011, covering all possible ternary combinations.  

Despite the astronomical number of potential alloys, achieving a balance between strength 

and ductility remains a core challenge in material design [5,21]. Enhancing tensile strength 

often comes at the cost of reduced ductility, a trade-off that limits performance in many 

industrial applications. Thus, industries seek metallic materials with an optimal balance of 

strength and ductility to ensure good wear and corrosion resistance, extending cycle life in 

demanding environments. High entropy alloys, composed of five or more principal 

elements, are promising candidates for this purpose due to their unexpected formation of 

single-phase solid solutions and their exceptional mechanical properties. Compared to 

traditional alloys, HEAs exhibit superior hardness, wear resistance, corrosion resistance, 

oxidation resistance, and thermal stability [21ï30]. Investigating their use as coatings could 

significantly improve the surface properties of metals widely used in the aerospace and 
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marine industries, providing enhanced durability and performance under extreme 

conditions. 

1.2 Research Scope 

The strength and ductility of a material are strongly influenced by its microstructure. This 

study seeks to enhance the mechanical properties of powder feedstock by stabilizing 

desired phases and analyzing structural evolution during MA and subsequent processes 

like cold spray (CS). Most cold-sprayed coatings utilize FCC-phase feedstocks, such as the 

well-known Cantor alloy (CoCrFeMnNi), which offers good ductility. However, BCC-

phase HEAs are essential for high-strength applications, as they provide superior yield and 

tensile strength compared to FCC-phase HEAs. This research, therefore, focuses on 

investigating the feedstock and coating properties of dual-phase high entropy alloys where 

the BCC phase structure predominates (>50%). The study aims to optimize their 

performance in high-strength applications while considering a BCC to FCC phase fraction 

ratio of approximately 3:2, which demonstrated ductility and notably enhanced corrosion 

resistance. 

1.3 Research Problem 

The AlCoCrFeNi alloy system is among the most widely studied BCC HEAs due to its 

exceptional properties, such as high-temperature tensile strength, hardness, and wear 

resistance [31ï38]. Derived from the extensively researched CoCrFeMnNi, also known as 

the Cantor alloy, AlCoCrFeNi incorporates Al  in place of Mn to promote a BCC structure. 

This BCC configuration is desirable in high-strength applications, as it typically exhibits 

greater yield and tensile strength compared to FCC HEAs. However, achieving some level 

of ductility is essential in CS deposition to ensure effective particle deformation upon 
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impact, which typically requires an FCC phase. In this context, the AlCoCrFeNi HEA, 

compared to the medium-entropy AlCoCrFe alloy, incorporates Ni to introduce some 

ductile FCC structure [36].  

Although studies are being conducted for medium- and high-entropy alloys as bulk 

materials with single- and dual-phase structures, little exploration has been done on 

tailoring the mechanical properties of particle feedstock through phase stability 

adjustments. This work aims to evaluate the effects of Ni addition on the equiatomic 

AlCoCrFe system, resulting in equiatomic AlCoCrFeNi and non-equiatomic 

AlCoCrFeNi2.1(eutectic HEA). By controlling phase proportions in particle structures, an 

optimal strength-ductility balance will be achieved, enhancing their performance as 

feedstock in the CS process. 

1.4 Objective and Research Questions 

The objectives of this study are to (a) design and synthesize equiatomic and non-equiatomic 

AlCoCrFeNix (with varying atomic ratio of Ni, x = 0, 1, 2.1) particles using the mechanical 

alloying method, (b) assess phase evolution, morphology changes, and particle size 

distribution of AlCoCrFeNix (x = 0, 1, 2.1) particles relative to milling time and Ni content, 

(c) deposit these particles onto selected substrates (low-carbon steel, maraging steel, and 

Ti-6Al-4V alloy) via cold spraying, and (d) evaluate phase transformations, interfacial 

bonding strength, and mechanical properties of the resulting AlCoCrFeNix HEA coatings. 

This study addresses the following research questions: How do milling parameters affect 

the production of AlCoCrFeNix (x = 0, 1, 2.1) feedstock? What role does Ni content play 

in phase evolution of AlCoCrFeNix particles? How effective is mechanical alloying in 

achieving the desired properties in AlCoCrFeNix particles? What influence do substrate 
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characteristics and spray parameters have on AlCoCrFeNix deposition? And finally, what 

are the resulting microstructure and mechanical properties of the AlCoCrFeNix coatings? 

1.5 Thesis Structure 

The thesis structure is outlined in Fig. 1.1, which highlights the two main phases of this 

study: (I) the production of AlCoCrFeNix (x = 0, 1, 2.1) HEA feedstock via MA and (II) 

the deposition of this alloyed feedstock through CS. The references for Chapters 1, 2, and 

7 are found at the end of the manuscript after the section titled ñThesis Contributionò. For 

the convenience of the reader, references cited in every publication presented in Chapters 

3 to 6 are provided at the end of the corresponding chapter. 

Chapter 2 provides a detailed literature review covering the study's three core concepts: 

high-entropy alloys, mechanical alloying, and cold spray. This chapter explores HEA phase 

formation, including empirical and parametric methods for predicting solid solubility, the 

impact of MA milling parameters on particle properties, and the influence of substrate and 

spray conditions on particle bonding during CS deposition. 

Chapters 3 through 6 present the publications resulting from this work. Chapter 3 

discusses the design and experimental approach for MA of AlCoCrFe and AlCoCrFeNi 

alloys, categorized as medium- and high-entropy alloys. It examines key factors such as 

thermodynamic parameters, composition variations, milling duration, and methods, 

focusing on phase transformation to achieve desired proportions of BCC and FCC phases 

and thereby tailor mechanical properties for specific applications. 

Chapter 4 investigates the nanoscale hardness and strength of HEA particles using 

nanoindentation, addressing a critical gap in the mechanical characterization of HEAs in 
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particle form. Accurate assessment of feedstock properties is crucial for optimizing their 

use in CS coatings. 

Chapter 5 explores the effect of propelling gas in CS deposition of AlCoCrFeNi particles 

on steel substrates. This chapter addresses challenges in particle deposition onto hard 

substrates, analyzing how gas type, feedstock, and substrate characteristics influence 

interfacial bonding and post-deposition microstructure. 

Chapter 6 details the CS deposition of medium entropy alloy (MEA) AlCoCrFe and 

eutectic HEA (EHEA) AlCoCrFeNi2.1 on Ti-6Al-4V and maraging steel substrates, with a 

focus on the transition from particle rebound to effective coating. This investigation 

assesses particle impact probability and adhesion on materials commonly used in marine 

and aerospace applications. 

Finally, Chapter 7 summarizes the findings, presents key conclusions, and offers 

recommendations for further research stemming from this thesis. 
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Figure 1.1: Thesis Structure 
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2. Literature Review 

This chapter provides a comprehensive literature review on the three key concepts central 

to this study: high-entropy alloys (HEAs), mechanical alloying (MA), and cold spray (CS). 

It examines the unique requirements of HEA feedstock for cold spray applications, the 

principles and benefits of MA for producing these particles, and the specific parameters 

that impact particle characteristics. By addressing these aspects, the review presents the 

current state of research on mechanically alloyed HEAs for CS, emphasizing both the 

challenges and opportunities in advancing HEA coating technology through optimized 

feedstock design. 

2.1 High-entropy alloy 

The alloying process typically involves adding a minor elemental percentage to one 

principal matrix element (e.g., iron-, copper-, chromium-, aluminum-, and nickel-based 

alloys), increasing lattice constraints, as shown in Fig.2.1, resulting in improved 

mechanical properties of pure metals. In 2004, a new approach to alloy design emerged, 

focusing on creating stable and simple structures using multiple principal elements [1,2]. 

High-entropy alloys, also referred to as compositionally complex alloys (CCAs) or 

multicomponent alloys (MCAs), were introduced, consisting of five or more principal 

elements, each in the range of 5 to 35 atomic percent, often in near-equimolar ratios. Due 

to high mixing entropy, HEAs can form stable, single-phase solid solutions with face-

centered cubic (FCC), body-centered cubic (BCC), or hexagonal close-packed (HCP) 

structures, depending on the elemental composition. 
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Figure 2.1. Schematic illustration of BCC crystal structure of a.) perfect lattice, b.) one 

principal element alloy design, and c.) multiple principal element design (HEA) [39] 

 

Figure 2.2 illustrates the annual number of journal publications related to HEA and their 

applications as coatings, based on keyword searches for ñhigh entropy alloyò and ñhigh 

entropy alloy + coatingò on Scopus (https://www.scopus.com). The figure provides 

insights into the progressive increase in interest surrounding HEAs, especially as their 

unique properties make them attractive for advanced applications in coatings, where 

enhanced durability, corrosion resistance, and mechanical strength are critical. 

The annual increase in publications suggests a steadily growing recognition of HEAs' 

potential. Initially, research on HEAs centered around bulk materials, exploring their 

unique microstructures and phase stability under various conditions. However, as 

understanding deepened, attention shifted toward HEA coatings. These coatings are sought 

for their ability to provide surface protection and wear resistance, which are highly valuable 

in sectors such as aerospace, energy, and manufacturing. 

The distribution of publications by country indicates that HEA research is concentrated 

primarily in countries like China, Russia and India. However, Canada is notably 

underrepresented, with only 1.3% of publications on HEAs, including coatings. This 

underrepresentation highlights a potential gap in Canadian research and development 

https://www.scopus.com/
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(R&D) initiatives, particularly in a field poised to benefit industries crucial to the Canadian 

economy, such as mining, aerospace, and environmental engineering. 

 

Figure 2.2. Annual publication trends for HEAs, HEAs as coatings, and country-wise 

distribution of publications (as of 2023) 

 

2.1.1 Four core effects of HEAs 

The microstructures and properties of HEAs are significantly influenced by the four ñcore 

effectsò: high entropy effect, sluggish diffusion effect, lattice distortion effect, and cocktail 

effect [3,6,40]. The high entropy and sluggish diffusion primarily impact phase 

transformations within the alloy, while the lattice distortion and cocktail effects modify its 

overall properties. 
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The high entropy effect explains why HEAs tend to form simpler phase solid solutions 

rather than complex intermetallic compounds. This tendency is rooted in the 

thermodynamic stabilization provided by configurational entropy. Specifically, the Gibbs 

free energy of mixing (ЎὋ ) given by: 

 ЎὋ  ЎὌ ὝЎὛ       (2.1) 

where ЎὌ , Ὕ, and ЎὛ  are the enthalpy of mixing, temperature and entropy of 

mixing, respectively. In HEAs, increasing the number of elements raises the 

configurational entropy,ЎὛ , which stabilizes the alloy into a single-phase solid 

solution. In contrast, intermetallic phases are usually ordered phases with lower ЎὛ . 

Configurational entropy is one of the four contributors in the total mixing entropy together 

with vibrational, magnetic dipole, and electronic randomness [6]. Configurational entropy 

refers to the number of ways in which the available energy can be mixed or shared among 

the particles of the system and is dominant over the other three contributions. Thus, 

whenever entropy is mentioned in this manuscript, it refers to the configurational entropy, 

ЎὛ . 

Table 2.1 presents the free energy of mixing for various states of materials. The elemental 

phase, typically a solid solution based on one metal element, exhibits low values of both 

ЎὌ , and  ЎὛ . In contrast, intermetallic phases, with their stoichiometric and partially 

ordered structures, also show low ЎὛ  but high ЎὌ . However, random solid 

solutions, characterized by BCC, FCC, or HCP structures that incorporate diverse 

elements, exhibit ЎὌ  values approximately half those of fully ordered states, with high 

ЎὛ  due to the diversity of elements. In such phases, as the number of constituent 
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elements increases, the free energy term ὝЎὛ  becomes increasingly negative, 

particularly at higher temperatures, Ὕ, thus further stabilizing the alloy in a single-phase 

solid solution [6]. 

 

Table 2.1. Comparisons of ЎὌ ,  ЎὛ , and ЎὋ  for elemental phases, intermetallics, 

and random solid solutions with strong bonding between constituent elements 

Phases Ў╗□░● Ў╢╬▫▪█ Ў╖□░● 

Elemental 0 0 0 

Intermetallic Large negative Medium Large negative 

Random Solid 

Solutions 

Medium negative ЎὛ Ὑ ÌÎ ὲ Larger negative 

 

The sluggish diffusion effect is another core effect profoundly influences phase 

transformation in HEAs, contributing to their distinct microstructural properties. In HEAs, 

phase transformations are diffusion-limited due to the cooperative migration required 

among various types of atoms. During diffusion, lattice vacancies are surrounded by atoms 

of different elements, which compete to occupy these sites, creating a high energy barrier 

for atomic movement. This effect is exacerbated by lattice potential energy (LPE) 

fluctuations, where low-LPE sites act as "traps" that hinder atomic mobility. As the number 

of principal elements increases, diffusion slows, leading to a delay in phase 

transformations, which consequently affects the microstructural development, such as 

phase morphology, distribution, and growth [6]. This effect also influences the alloyôs 
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mechanical properties by limiting grain growth, thus enhancing overall strength and 

stability 

The severe lattice distortion effect arises from the varied atomic radii among elements in 

HEAs, which causes significant local strain and increases the alloyôs hardness and strength 

due to solution hardening. Each atom in an HEA lattice is surrounded by neighbors with 

different atomic sizes, resulting in substantial lattice strain and stress, as shown in Fig. 2.1. 

Studies suggest that HEAs with a predominant BCC phase generally exhibit higher 

hardness compared to those with an FCC structure. This is attributed to the BCC structureôs 

fewer nearest neighbors (8 compared to FCCôs 12), which creates greater lattice distortion 

and solution hardening [26,41,42]. Due to these characteristics, BCC-structured HEAs are 

particularly suitable for high-strength applications. 

The cocktail effect in HEA enhances their overall properties through complex interactions 

among constituent elements, in addition to lattice distortion. Initially, properties such as 

hardness, corrosion resistance, and phase stability may be predicted by the rule of mixture; 

however, these properties can be further optimized by element-element interactions within 

the alloy. Studies have shown, for example, that adding molybdenum (Mo) to 

FeCoNiCrMnx (x= 0.25, 0.6, 0.8, 1) HEA promotes a transformation from a single FCC 

phase to a mixed FCC-BCC phase, thereby improving hardness by 41% and reducing 

friction by 40% [41]. Similarly, 10% Mo additions in AlCoCrNi alloys have been found to 

increase corrosion resistance [43]. In AlxCoCrCuFeNi (x = 0, 0.1, 0.2 and 0.3) and 

Al xCoCr3Fe5Ni (x = 0.5, 1.5, 2.5 and 4) HEAs, increasing Al  content raises hardness and 

tensile strength by enhancing the volume fraction of the BCC phase and inducing distortion 

in the crystalline lattice [25,26,42]. However, increasing Fe content in AlCoCrFexNi (x = 
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42.5at.%, 44.9at.%, 47.5at.%, 50.4at.%) to reduce costs can compromise hardness from 

470HV to 279 HV and increase creep deformation due to a shift from BCC to a dominant 

FCC phase [27]. Additionally, raising Cu content in Al0.8CrFeCoNiCux HEA coatings 

leads to a phase shift that reduces hardness and wear resistance as more FCC phases appear 

[10]. Thus, carefully optimizing element composition is essential to leverage the positive 

impacts of the cocktail effect in HEAs. 

The unique properties of HEAs arise from the interplay of high entropy, sluggish diffusion, 

lattice distortion, and cocktail effects, each contributing to the alloyôs phase stability and 

overall performance. By tailoring element composition and understanding these core 

effects, HEAs can be engineered for applications demanding high strength, durability, and 

thermal stability. 

2.1.2 Alloy design and phase selection rules in HEA 

Yeh introduced a classification of alloys based on configurational entropy (ЎὛ ), 

dividing them into low-, medium-, and high-entropy alloys [6]. The configurational 

entropy, derived using Boltzmannôs equation: 

ЎὛ Ὧ ὰὲύ       (2.2) 

where Ὧ is the Boltzmannôs constant and ύ is the number of ways in which the available 

energy can be mixed or shared among the particles of the system. For equiatomic alloys 

(where each element is present in equal atomic proportions), the ideal configurational 

entropy is given by [44]: 

 ЎὛ Ὑ ÌÎ ὲ      (2.3) 
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where Ὑ is the gas constant, 8.314 JÅmol-1ÅK-1, and ὲ is the number of elements in the 

system. This model provides a framework for categorizing alloys based on ЎὛ : low-

entropy alloys (LEAs) or traditional alloys have ЎὛ ρὙ, medium-entropy alloys 

(MEAs) have ρὙ ЎὛ ρȢυὙ 1R, and HEAs, which is the focus of this study, exhibit 

ЎὛ ρȢυὙ  [3].  

Increasing the number of elements in an alloy raises ЎὛ , influencing the phases, phase 

formation kinetics, lattice strain, and overall properties [6]. The high configurational 

entropy, ЎὛ  reduces the free energy of formation of solid solutions, ЎὋ  in 

accordance with the Gibbs free energy of mixing, ЎὋ  (Equation 2.1) and thus stabilizes 

the solid solutions especially at high temperatures, Ὕ. 

2.1.2.1 Composition and structure of HEAs 

The most used elements in the study of HEAs are transition metals such as Fe, Ni, Cr, Co, 

Al, Ti, Cu, and Mn, listed in decreasing order of frequency of use in Fig. 2.3 [45]. 

AlCoCrFeNi is a notable HEA composed of these frequently studied elements. It is one of 

the many derivatives of the first HEA, known as Cantor alloy, which consists of Co, Cr, 

Fe, Mn, Ni and was found to have FCC single phase structure [2,7]. Substituting Mn with 

Al in the Cantor alloy can drive a phase transition from FCC to BCC, highlighting the role 

of specific elements as phase stabilizers. 

For instance, in AlxCoCrFeNi alloys with an aluminum content x > 0.8, the material 

transitions to a single BCC phase, with Al acting as a BCC stabilizer [37]. In this 

configuration, Al promotes an ordered BCC structure when alloyed with Ni, Co, and Fe, 

resulting in notable mechanical properties [26,37,46,47]. While elements such as Al and 
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Cr are BCC stabilizers, Co and Ni are associated with stabilizing FCC phases. This 

interplay between element types and their stabilizing effects on alloy structure underpins 

the ability to fine-tune HEAs for specific performance needs, such as enhanced strength, 

wear resistance, and thermal stability.  

 

Figure 2.3. Frequency of alloying elements in studied HEA [45] 

 

Although HEA received its name from its high configurational entropy, merely increasing 

the number of alloying elements may not be sufficient to stabilize the HEAs into single 

solid solution phases. Adding the right element is critical for phase stability. Due to the 

limited availability in studying phase formation in HEA due to the lack of phase diagrams, 

researchers rely on thermodynamic properties to predict solubility and phase formation 

[39,48,49]. These properties include the entropy and enthalpy of mixing, atomic size and 

electronegativity differences, valence electron concentration (VEC), and the number of 

itinerant electrons per atom (e/a). 
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2.1.2.2 Prediction of phase stability in HEAs 

Traditionally, the Hume-Rothery rules have been used to predict solid-solution formation 

in binary alloys, focusing on factors such as atomic size, electronegativity, and electron 

concentration. Researchers have adapted these rules for HEAs by using parameters that 

reflect the complexity of multicomponent systems. Researchers initially employed two key 

factors: inter-elemental atomic size difference and chemical compatibility among elements, 

which involves electronegativity difference or the enthalpy of mixing [39].  

The atomic size difference parameter ‏ describes the overall effect of the atomic size 

difference of components and is calculated as follows: 

‏ В ὧρ
Ӷ

     (2.4) 

where N is the number of elements in the HEA system, ci is the atomic percentage of the 

ith component, r i is the atomic radius of the component, and ὶӶ is the average atomic 

radius using: 

ὶӶ В ὧὶ      (2.5) 

A low ‏ value generally promotes the formation of single-phase solid solutions, while 

higher values indicate a likelihood of multiple phases, as large atomic size mismatches 

create lattice distortions that disrupt homogeneity. 

The parameter which describes the chemical compatibility between components is the 

mixing enthalpy, Ὄ  and determined using: 

Ὄ  В   ὧὧȟ      (2.6) 
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where ɱ  is the regular melt-interaction parameter between ith and jth components and is 

expressed as: 

  τ Ὄ       (2.7) 

 

where Ὄ  is the mixing enthalpy of binary alloy Ὥ and j. Table 2.2 shows Ὄ  

values for common binary pairs, with aluminum exhibiting highly negative values when 

combined with Co, Cr, Fe, and Ni, suggesting strong bonding tendencies with these 

elements. A high negative Ὄ  value typically stabilizes the alloy by reducing the 

likelihood of phase separation. 

Table 2.2. Ὄ  , enthalpy of mixing (kJ/mol) for all binary pairs using Miedemaôs 

model [50] 

Element Al  Co Cr Fe Ni 

Al  0 -19 -10 -11 -22 

Co  0 -4 -1 0 

Cr   0 -1 -7 

Fe    0 -2 

Ni     0 

 

Phase formation and stability are governed by inherent thermodynamic and kinetic factors 

of the system. If ЎὛ of a system is high enough, Gibbs free energy of mixing, ЎὋ  

will be minimized, stabilizing a solid solution over intermediate phases or intermetallic 

compounds, which is known as the high entropy effect. 

The  ᷈- parameter provides further insight into phase stability, specifically distinguishing 

between single-phase solid solutions, multi-phase solid solutions, and intermetallic 

compounds. It is calculated using: [51], [52]. 
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 ᷈       (2.8) 

This parameter was refined by Singh et al. [52] based on criteria proposed by Zhang et al. 

[39] for phase stability. The Zhang criteria shown in Fig.2.4 indicate that single-phase, and 

multiphase solid solution microstructures may be found in πȢυϷ ‏ φȢυϷ and 

ρχȢυὯὐȾάέὰ Ὄ υὯὐȾάέὰ. Higher values of ‏ (above 5%) favor multiphase 

structures due to increased atomic size mismatch.  

 

Figure 2.4. Relationship of thermodynamic parameter ‏ and mixing enthalpy, Ὄ  

[19] 

 

Using Singhôs  ᷈- parameter criteria shown in Fig. 2.5 [52], single-phase solid solution 

microstructures may be found in the region  ᷈ πȢωφ
 Ͻ 
 , multi-phase solid solution 

microstructures are stable in the region πȢςτ
 Ͻ 

 ᷈ πȢωφ
 Ͻ 

, and intermetallic 

compounds are observed in  ᷈ πȢςτ
 Ͻ 

 . 
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Figure 2.5. Relationship of parameter ᷈ and mixing enthalpy, (    [27] 

 

These criteria, shown in Figs. 2.4 and 2.5, provide a thermodynamic framework to guide 

alloy design and predict phase behavior in HEAs based on compositional and atomic 

characteristics. By carefully tuning alloy composition to optimize ‏, Ὄ , and ᷈ , 

researchers can design HEAs with desired microstructures and mechanical properties, 

facilitating the advancement of these materials in engineering applications. 

To predict the phase stability in HEAs, two electronic parameters ï VEC and the number 

of itinerant electrons per atom (e/a) ï are calculated using Equations 2.6 and 2.7. These 

parameters help determine whether the alloy will favor FCC or BCC solid solutions. 

ὠὉὅ В ὧὠὉὅ ὠὉὅ     (2.9) 

В Ⱦ
       (2.10) 

where VECi and ὩȾὥ are the valence electron concentration and the number of itinerant 

electrons per atom of the i th component, respectively [48,53].  
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The VEC is calculated to understand the stability of FCC versus BCC phases in HEAs. It 

considers the valence electron concentration of each element in the alloy system. 

Moreover, the number of itinerant electrons per atom (ὩȾὥ) offers additional insight into 

the electronic nature of the alloy. Based on established criteria of these two parameters, 

FCC solid solutions are stable when VEC > 7 .5 and 1.6 < e/a < 1.8, while BCC solid 

solutions are stable when VEC < 7.5 and 1.8 < e/a < 2.3. 

The available thermodynamic properties to predict solubility and phase formation in HEAs 

are summarized in Table 2.3. 

Table 2.3. Thermodynamic properties of medium- and high-entropy alloys 

Factor Parameter Criteria  

Atomic size 

difference 
‏ В ὧρ

Ӷ
  

Solid solution region:   

πȢυϷ ɿ φȢυϷ  and 

ρχȢυË*ȾÍÏÌ ( υË*Ⱦ
ÍÏÌ 

Chemical 

compatibility 
Ὄ  В   ὧὧȟ   

Atomic size 

difference and 

inherent 

thermodynamics 

(to predict 

presence of 

solid solution or 

intermetallic) 

 ᷈   Single-phase solid solution: 

 ᷈ πȢωφ
 Ͻ 

   

Multi -phase solid solution: 

πȢςτ
 Ͻ 

  ᷈ πȢωφ
 Ͻ 

  

Intermetallic compounds: 

 ᷈ πȢςτ
 Ͻ 

  

Chemical 

compatibility 

(to predict 

phases present) 

ὠὉὅ  В ὧὠὉὅ ὠὉὅ    
FCC solid solutions: VEC > 7 .5 

and 1.6 < e/a < 1.8 

BCC solid solution: VEC < 7.5 

and 1.8 < e/a < 2.3 
В Ⱦ

  

 

 



 

24 

2.1.3 Influence of processing route on HEA synthesis 

In addition to compositional effects, processing methods substantially impact the 

microstructure, phase stability, and properties of HEAs [6]. Common processing 

approaches for HEAs can be broadly categorized into three types: liquid-state processing, 

solid-state processing, and deposition techniques. 

2.1.3.1 Liquid -State Processing 

Bulk HEAs are often synthesized using liquid-state processing techniques, including 

vacuum arc melting [47,54,55], vacuum induction melting, and melt spinning.  

These methods involve melting and alloying elements under controlled conditions to 

achieve homogeneity. Heat treatment within this process is crucial for inducing phase 

transformations that enhance mechanical properties. For example, in the AlCoCrFeNi HEA 

system, an FCC phase initially forms but transitions to a predominant BCC structure at 500 

ÁC, where the BCC phase reaches approximately 96%. The alloyôs hardness also peaks at 

this temperature, achieving values as high as 1124 HV (Fig. 2.6), attributed to grain 

boundary relaxation at early-stage annealing and phase transformation from FCC to BCC 

at elevated temperatures [37]. 

A study on the same alloy noted that for effective homogenization, the temperature should 

exceed 1200 °C, allowing phase dissolution. Upon cooling, two types of precipitates form, 

enhancing compressive strength and reducing thermal contraction [56]. However, liquid-

state processing presents challenges, particularly with controlling composition. Elements 

with low boiling points may partially evaporate during the melting process, complicating 

compositional consistency. 
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Figure 2.6. Hardness of AlCoCrFeNi HEAas annealing temperature increased [37] 

 

2.1.3.2 Solid-State Processing 

For producing particulate HEAs, solid-state processing techniques such as MA are widely 

employed. Mechanical alloying is a cost-effective method where powders of different 

metals are blended and repeatedly deformed, allowing diffusion between particles and 

resulting in a homogeneous alloy [17,57,58]. This technique overcomes alloying 

challenges due to differences in melting points, making it suitable for materials that are 

difficult to alloy through melting.  

Given its advantages, MA will be used in this study to synthesize HEA particles, as detailed 

in Section 2.2. 

2.1.3.3 Deposition Techniques 

Following particle synthesis, deposition techniques enable the transformation of HEA 

powders into various functional forms, including 2D or 3D coatings, freeform 3D/4D 

structures, and remanufactured or repaired components. Cold spraying is a relatively new 
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particle deposition method that preserves particle properties since the process occurs below 

melting temperatures. However, phase transformation has been observed in HEAs 

processed via CS. For instance, CrFeNiMn HEA particle feedstock was deposited to form 

a single FCC phase coating with high hardness [13]. The initial powder contained a minor 

BCC phase, which was absent in the final coating, indicating phase transformation during 

deposition.  

Further studies reveal that HEA coatings produced by CS show improved hardness and 

microstructural refinement compared to as-cast or untreated HEA powders. One study 

found that CS HEAs exhibited hardness nearly three times that of the original particles due 

to increased dislocation density and evolved grain boundaries, attributed to dynamic 

recrystallization at interparticle regions (Fig. 2.7) [16]. Additionally, tribological 

evaluations indicated that CS FeCoNiCrMn HEA coatings have lower wear rates than those 

deposited via laser cladding, attributed to ultra-fine grains, deformation twins, and high 

dislocation density within the CS coatings [8]. 

 

Figure 2.7. EBSD images of a.) a single HEA particle and b.) CS HEA [16] 

 

2.2 HEA synthesis using mechanical alloying 

While most HEA synthesis relies on melting and solidification methods to achieve 

solubility, MA has emerged as an effective alternative for producing homogeneous alloys, 
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particularly when constituent elements have widely differing melting points, such as 

copper and lead that may affect the degree of homogenization of the HEA [17,57,59]. It is 

also applicable in more extreme cases where the metal with a low melting point would 

vaporize at temperatures above the melting point of the second metal. MA synthesizes 

HEAs by milling elemental powders to the atomic scale using equipment like planetary 

ball mills, SPEX mills, and shaker rod mills. Unlike traditional melting processes, MA is 

a solid-state technique aimed at producing homogeneous, fine-grain HEA powders. In MA, 

elemental precursors are subjected to repeated deformation and fracture, which continually 

expose new surfaces, enabling particle forging and welding at an atomic level [17]. The 

process not only promotes solubility but also favors the formation of single-phase alloys 

as it enhances mutual solid solubility of elements at room temperature. This section details 

the key parameters and conditions that influence alloy synthesis via MA. 

2.2.1 Effect of milling p arameters 

The success of MA depends significantly on variables such as milling -speed, -time, -

temperature, -atmosphere, process control agent (PCA), and type of mill, ball-to-powder 

ratio, type -, size -, size distribution ï of milling media [59]. These parameters collectively 

determine the final characteristics of the milled alloy, including particle size, morphology, 

and homogeneity. For example, in experiments involving aluminum, milling at 200 rpm 

with 10 mm balls and a BPR of 10:1 for 15ï40 hours led to particle agglomeration with 

rough surfaces due to high temperatures generated during the process [60]. When the ball 

size increased to 15 mm and 20 mm with faster milling, particle size grew due to intensified 

collision forces that promoted welding. In this study, direction reversal and periodic pauses 
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(e.g., a 1-minute pause after every 15 minutes of milling) shifted particle morphology from 

flaky to spherical, leading to finer particles. 

In studies using graphene-reinforced Al, a lower grinding ball size (5 mm) and higher 

milling speeds (1050ï1060 rpm) resulted in narrower particle size distribution, 

highlighting the effect of smaller ball sizes on achieving a finer, more homogenous alloy 

powder [61]. However, contamination remains a challenge in MA, as wear and 

contamination from milling vials and balls, and the undesirable formation of oxides and 

carbides due to the milling environment and PCA used [17,59,62]. Using stearic acid as a 

process control agent (PCA) resulted in lower contamination than methanol, as stearic 

acid acts as a barrier, reducing unwanted particle adhesion to the milling equipment [62]. 

Studies indicate that contamination levels remain low (around >1.8 at. %) after 40ï80 hours 

of milling with the right PCA. 

2.2.2 Effect of process control agent (PCA) 

PCAs are essential in MA to manage cold welding ï a frequent occurrence in ductile 

materials. PCAs like toluene (for wet milling [17],) and stearic acid (for dry milling [63]) 

prevent excessive welding and maintain a narrow particle size distribution. In ductile 

materials, particle surfaces are highly prone to micro-forging, leading to particle 

agglomeration instead of dispersion and achieving a narrow particle size distribution. 

Without PCA, the particles would experience severe plastic deformation, resulting in poor 

contact and minimal diffusion between particles, which limits alloy homogeneity [63,64]. 

PCAs, like n-heptane, dodecane, ethanol, methanol, polyethylene glycol, and hexanes, 

reduce this effect by coating particles and preventing re-welding. Tuning PCA 

concentration is also important: a study found that using stearic acid at concentrations 
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exceeding 2 wt.% produced optimal particle size reduction within a specified milling 

duration [63]. By minimizing cold welding, PCAs not only improve product yield but also 

ensure finer, more uniform alloy powders, crucial for applications where precise particle 

size control is necessary.  

2.2.3 Influence of elemental interaction 

Mechanical alloying uniquely allows for sequential alloying, a method proposed by Vaidya 

et al., which adds elements stepwise rather than mixing all components simultaneously 

[38]. Sequential alloying can influence phase stability and morphology, with some 

elements favoring certain phases. For instance, a specific sequence, Al-Ni-Co-Fe-Cr, tends 

to form a single-phase BCC structure, whereas Fe-Ni-Co-Cr-Al results in an FCC phase as 

high as 25% (Fig. 2.8). Al acts as a BCC stabilizer regardless of the sequence, whereas Ni 

and Co typically promote FCC phases, except when Co follows Al due to its affinity for 

Al. Cr favors BCC formation, suggesting its role in stabilizing BCC structures under MA 

conditions.  

These sequence effects, however, are unique to MA, as no substantial differences are 

observed when elements are alloyed via arc melting. This indicates that MAôs solid-state, 

high-energy approach allows for precise manipulation of elemental interactions, enhancing 

the ability to tailor phase composition and material properties in HEAs. 
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Figure 2.8. Volume phase fraction of HEA mechanically alloyed in sequence [38] 

 

Another study on sequentially alloyed HEAs, specifically AlNiCoCrFe, CoNiFeCrAl, and 

FeCrNiAlCo, explored how microstructural properties ï such as grain size, dislocation 

density, and crystal structure ï influence corrosion resistance [65]. The authors observed 

that as grain size increased and dislocation density decreased, the corrosion resistance of 

the alloys improved. This finding aligns with the general understanding that larger grains 

reduce the number of grain boundaries, which act as potential sites for corrosion, thus 

enhancing stability against corrosive environments. Additionally, a lower dislocation 

density minimizes residual stresses that can accelerate corrosion, contributing to improved 

durability. 

The study also highlighted the role of phase fraction ratios in determining corrosion 

behavior. A balanced phase composition was identified as crucial for optimizing corrosion 

resistance in HEAs. Specifically, alloys with a BCC to FCC phase fraction ratio of 



 

31 

approximately 3:2 demonstrated notably superior corrosion resistance. The BCC phase 

provides structural stability and hardness, while the FCC phase enhances ductility, creating 

a balance that not only resists mechanical wear but also withstands corrosive attacks. This 

optimized BCC ratio, combined with larger grain sizes, enabled the alloy to achieve 

enhanced corrosion resistance, making it suitable for applications in harsh environments. 

2.3 HEA deposition via cold spray  

In manufacturing, surface modification is crucial for enhancing material properties, often 

achieved by coating surfaces to improve wear resistance, corrosion protection, or hardness. 

Cold spray is a versatile coating deposition method where the powder material remains in 

a solid state during the entire spraying process [66ï70], avoiding any thermal degradation, 

as the deposition temperature stays below the melting point of the feedstock materially 

advantageous for depositing materials sensitive to heat and oxidation, and the process can 

even be conducted onsite using portable CS equipment, making it suitable for in-situ 

repairs and industrial applications. 

During the process, feedstock particles are accelerated to velocities 500 to 1200 m/s, 

surpassing a threshold known as the critical velocity. This high-speed impact induces 

intense plastic deformation and adiabatic shear instability, resulting in a metallurgical bond 

between particles and the substrate, as well as among the particles themselves [18,19]. The 

bonding mechanism in CS involves two primary interactions ï (i) initial particle-substrate 

contact, which can result in particle rebound or adhesion followed by (ii ) particle-particle 

interaction which will result in the formation of consecutive layers. Multiple parameters 

ill ustrated in Fig. 2.9 are carefully controlled to achieve optimal bonding for specific 

particle-substrate pairings [70]. 
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Figure 2.9. Parameters that influence the adhesion strength in CS [70] 

2.3.1 Effect of cold spray parameters 

The effectiveness of CS relies on optimizing various spray parametersðincluding nozzle 

design, gas type, spray temperature, and pressure [16, 70]. Spray pressure is especially 

crucial for propelling particles to the required critical velocity. For instance, in the 

deposition of CoCrFeMnNi, studies identified an operational window where particle 

impact velocity must exceed a minimum critical velocity for effective bonding but should 

remain below an upper erosion velocity. Exceeding this upper threshold can cause the 

particles to erode rather than bond with the surface.  

 

Figure 2.10. a.) Schematic diagram of CSAM process, and b.) relationship of spray 

parameters to deposition efficiency [16] 
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Additionally, raising the spray temperature can enhance both particle impact temperature 

and velocity [71] as shown in Equation 2.11, leading to an increase in adhesion strength. 

ὺ ὙὝ       (2.11) 

Where ὺ of gas inside the nozzle, ὅ is the gas heat capacity, ὅ is the gas heat capacity 

at constant volume, Ὑ is the gas constant, and Ὕis the gas temperature at the nozzle inlet in 

ὑ. A rise in particle impact temperature results in softening that facilitates particle 

deformation during impact, which leads to improved bonding at the interface. However, 

low-melting materials such as Al  can start clogging the nozzle after an inevitable rise in 

temperature. Therefore, the upper limit in the increase in temperature for attaining 

maximum particle velocity without nozzle clogging depends on feedstock properties. 

2.3.2 Influence of feedstock particle size and properties 

The size, morphology, and density of feedstock particles significantly impact CS outcomes 

[18,66,71]. Smaller particles generally accelerate more readily within the gas stream, 

achieving critical velocities more easily than larger particles. However, the particle size 

distribution directly affects the coating's uniformity ï only those particles reaching critical 

velocity contribute to the coating layer, while slower particles may bounce off, resulting in 

reduced deposition efficiency. Particles that exceed the critical velocity may erode the 

substrate surface or the previously deposited particles. 

When the velocity reaches the critical value, known as the critical velocity for particle 

deposition, localized plastic deformation occurs during impact causing adiabatic shear 

instability [66]. It has been found that shear instability decreases as particle size decreases. 

Furthermore, the particlesô ability to dissipate heat after impact, known as the cooling rate 
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or materialôs specific heat, plays a significant part in effective bonding [18]. This cooling 

rate must be at the right level to promote shear instability and ensure immediate cooling 

upon impact to complete bonding at the interface.  

Two particle morphologies are being used in CS ï irregular and spherical. Particles with 

irregular morphology exhibit a higher mean particle velocity than spherical morphology, 

mainly due to their higher surface area in contact with the propellant gas. This enables 

irregular particles to achieve higher kinetic energy, potentially improving deposition 

efficiency. However, spherical particles penetrate deeper into the substrate and undergo a 

process known as jetting ï a localized, high-energy deformation that enhances the contact 

area between the particle and the substrate, resulting in stronger adhesion. 

Beyond morphology and size, the material properties of the feedstock particles play a 

critical role in the CS deposition mechanism [70]. Particles made from softer materials tend 

to deform more readily upon impact, which increases the contact area and thus improves 

adhesion strength. In contrast, harder particles, while more resistant to deformation, can 

cause erosion on the substrate surface, potentially reducing adhesion by removing some of 

the substrate material. Soft particles, by deforming over the substrate without significant 

erosion, typically form stronger bonds. Therefore, the hardness of the particles is a crucial 

factor in the adhesion mechanism during cold spray deposition. 

2.3.3 Influence of substrate properties 

One challenge of using CS to deposit material is the incomplete penetration of particles 

into hard substrates. This incomplete bonding is primarily due to the resistance of hard 

substrates to plastic deformation upon particle impact, which is essential for creating a 

metallurgical bond. However, studies show that increasing spray pressure can boost 
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particle velocity, which enhances deposition efficiency by providing particles with the 

necessary momentum to penetrate harder surfaces. Additionally, reducing the stand-off 

distance (the distance between the nozzle and substrate) improves adhesion by 

concentrating particle energy upon impact, which increases bonding strength on harder 

substrates [72]. 

Recent research specifically examining the deposition of CoCrFeMnNi HEA onto 

substrates of varying hardness (low, medium, and high) provides insight into how substrate 

properties affect the CS process [73]. This study found that substrate microstructure and 

mechanical properties significantly affect particle impact morphology. For instance, on 

medium- and high-hardness substrates, smaller particles demonstrated partial detachment 

due to insufficient energy to penetrate or deform the substrate effectively, which led to a 

weaker bond. In contrast, even particles as small as 5 ɛm fully penetrated low-hardness 

substrates, resulting in a robust bond and deeper plastic strain fields beneath the HEA 

particles. This was attributed to the enhanced plastic deformation achievable on softer 

substrates, which allowed particles to embed more effectively. 

These findings underscore the critical role of adjusting CS parameters, such as spray 

pressure, stand-off distance, and particle velocity, based on the substrate hardness to 

achieve optimal deposition. Feedstock particle size distribution and morphology are also 

crucial, as particles must have adequate mass and velocity to overcome the substrate's 

hardness and bond effectively. Therefore, a tailored combination of CS parameters and 

particle characteristics is essential for ensuring high-quality HEA deposition, especially 

when working with substrates of varied hardness. 
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3. Mechanical Alloying of AlCoCrFe and AlCoCrFeNi: Design and 

Experimental Exploration of Medium- and High-Entropy Alloys 

This chapter presents the development of AlCoCrFeNix HEA feedstock via mechanical 

alloying. It scrutinizes the influence of key factors, including thermodynamic parameters, 

composition variations, milling duration, and milling methods, on phase transformations. 

The aim of this work is to produce HEA particles of desired fractions of BCC and FCC 

phases. The manipulation of these phase fractions is expected to enable the tailoring of 

mechanical properties to meet specific requirements. 

This chapter has been published as: Aisa Grace Custodio*, Gobinda C. Saha, and 

Clodualdo Aranas Jr, ñMechanical alloying of AlCoCrFe and AlCoCrFeNi: Design and 

experimental evaluation of medium- and high-entropy alloy particles for cold spraying,ò 

Powder Technology, p. 119556, Feb. 2024, https://doi.org/10.1016/j.powtec.2024.119556. 

*Aisa Grace Custodio served as the main investigator of this study and was responsible for 

writing the manuscript. Co-authors contributed to conceptualization and finalizing the 

manuscript. 

3. 1 Abstract 

The manufacturability of equiatomic high-entropy alloy (HEA) particle with single- and 

dual-phase crystal structures using the high-energy mechanical alloying (HE-MA) method 

was explored in this study. Following a material design-of-experiment (DoE) curriculum, 

particles were synthesized in a planetary mill, varying milling times while operating under 

two distinct HE-MA manufacturing regimes: the conventional approach (simultaneous 

milling of constituent elements) and the sequential method (progressive milling while 

https://doi.org/10.1016/j.powtec.2024.119556
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introducing elements in a specific order). Within the conventional regime, equiatomic 

AlCoCrFe and AlCoCrFeNi blends were milled, with a focus on the influence of 

incorporating nickel (Ni) as a transient element into the base composition. This led to the 

achievement of an equivalent particle size distribution ranging from 5-100 ɛm. Notably, 

the presence of Ni resulted in an increased fraction of the face-centered cubic (FCC) phase, 

coupled with a simultaneous reduction in grain and crystallite sizes, thereby enhancing the 

overall material strength. The imparted knowledge was taken to the design/synthesis of a 

target equiatomic FeNiCoCrAl HEA system. In this context, individual elements were 

added to the starting/milled Fe+Ni alloy at four-hour intervals, aligning with the sequential 

milling regimen. Results showed an interesting evolution: the conventionally milled 

AlCoCrFeNi particles exhibited a dual-phase body-centered cubic (BCC) and FCC 

structure, with a composition of 55% BCC and 45% FCC phase fractions, while the 

sequentially milled FeNiCoCrAl particles demonstrated a single-phase BCC structure after 

24 hours of milling. 

Keywords: Material design; High-entropy alloy; AlCoCrFeNi; FeNiCoCrAl; Dual-phase 

structure; Sequential milling 

3.2 Introduction  

Elemental alloying, in which minor elements are added to one principal element, is 

conveniently performed to improve the mechanical properties of pure metals. For decades, 

it has been accepted that the presence of multiple principal elements in an alloy system 

leads to intermetallics and complex microstructures [1]. The 2004 discovery of the first 

equiatomic high-entropy alloy (HEA), known as the óCantor alloyô, marked a paradigm 

shift advancing multiple principal-element equiatomic and non-equiatomic alloy research. 
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The idea was based on configurational entropy Ў3  available in the system [2]. Since 

then, Yeh et al. and others [1, 2] have grouped alloys into low-entropy, medium-entropy, 

and high-entropy categories based on the elemental upper and lower gas constant 

boundaries. For example, low-entropy alloys (or traditional alloys) maintain Ў3 ρ2, 

medium-entropy alloys belong to ρ2 Ў3 ρȢυ2, and HEA have Ў3 ρȢυ2, 

where 2 is the gas constant (8.314J/K.mol) [3]. It is therefore understood that the HEAs 

are compositionally complex alloys (CCA) in comparison with their low- or medium-

entropy alloy cousins, with five or more principal elements present each having between 

5-35 at.%. HEAs are mainly found to be single-phase solid solutions thanks to their high 

mixing entropy, with recent reports of forming face-centered cubic (FCC), body-centered 

cubic (BCC), or hexagonal close-packed (HCP) configurations [1,2]. They possess unique 

lattice distortion capability attractive for many mechanical propertiesô enhancement [4ï8]. 

Despite HEAôs high Ў3  recognition, recent studies have found that this factor alone is 

insufficient to influence the formation of simple phase solid solutions. The Cantor alloy 

with Co, Cr, Fe, Mn, and Ni, for example, exhibits a stable FCC structure [9]. Replacing 

Mn with Al has changed the alloy to a BCC stable structure with higher tensile strength 

accommodation. The observation of such thermodynamic maneuverability from 

participating elements has been connected to their physical and chemical attributes: atomic 

size difference, ionic charge negativity, and enthalpy attached to mixing ratios, among 

others [10]-[14]. When optimized, the possibility of improving HEA material properties, 

including hardness, wear/corrosion/oxidation resistance, and thermal stability has been 

recognized and pursued through new elemental combinations alongside renewed alloying 

route design [4ï8,15ï26]. 
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AlCoCrFeNi alloy is one of the widely studied BCC systems for high-strength applications. 

The manufacturing routes explored to produce this alloy are either liquid-state processing 

(e.g., casting) or solid-state processing (e.g., powder metallurgy) which includes 

mechanical alloying. At a bulk scale (casted material), the addition of Ni to AlCoCrFe to 

produce AlCoCrFeNi HEA decreases hardness and wear resistance [27]. This is attributed 

to the transformation of some BCC structures into the more ductile FCC structure. Further, 

the phases formed during casting are highly dependent on elemental constituents and their 

properties, predominantly, melting temperature. Looking for an alternative manufacturing 

method, Vaidya et al. [28] performed mechanical alloying by milling process and 

demonstrated a final HEA phase structure comprised of different phases by following a 

certain alloying sequence, hence the term ósequential alloyingô. In the study, the 

sequentially milled nanocrystalline AlCoCrFeNi particles showed the presence of 

combined BCC and FCC phase evolution for 35-70 hours milling window at 300 rpm. 

While extended milling time increased the homogeneity of the manufactured alloy, a higher 

than usual contamination was however noted originating from the milling media. 

Considering recent findings by Vaidya et al. [28] and the limited existing literature on the 

development of HEA particle feedstocks, this study aims to investigate the impact of 

introducing Ni into the AlCoCrFe alloy on the fractions of BCC and FCC phases. The 

manipulation of these phase fractions is expected to enable the tailoring of mechanical 

properties to meet specific requirements. Furthermore, a comparative analysis between 

conventional and sequential mechanical milling techniques, assessing their effects on the 

AlCoCrFeNi alloy was investigated. Given the intended application in coating 

manufacturing, evaluating the compatibility of the resulting feedstock with high-pressure 
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cold spray (HPCS) processes was included. Specifically, this research scrutinizes the 

influence of key factors, including thermodynamic parameters, composition variations, 

milling duration, and milling methods, on phase transformations. We aim to establish 

correlations between these factors and the ultimate properties of the equiatomic 

AlCoCrFeNi alloy feedstock particles. 

3.3 Experimental Methods 

3.3.1 Materials 

Elemental powders of Al, Co, Cr, Fe, and Ni, with purity higher than 99%, were procured 

from Fisher Scientific, Canada, and used as raw materials to create the initial blended 

mixture of equiatomic AlCoCrFe, AlCoCrFeNi, and FeNiCoCrAl systems. Table 3.1 

shows the equivalent elemental weight percentage used in each composition. A batch of 

100-g mixture in a single vial was mechanically alloyed in a planetary ball mill (PQ Series 

Gear Drive 4-station) using a constant rotation speed of 580 rpm. 3 wt.% stearic acid was 

added as the process controlling agent (PCA) to prevent cold welding of particles, 

maintaining a 10:1 ball-to-powder ratio (BPR), utilizing 6-mm diameter hardened steel 

balls. Sample specimens were collected after every 4 hours to evaluate the effect of milling 

time on particle characteristics. Table 3.1 also shows the average elemental weight 

percentage measured on HEA particles in SEM/EDS after 24 hours of milling showing the 

presence of the starting elemental constituents after mechanical alloying. As observed in 

the naming of the alloy system, the elements of the conventionally milled alloys, in this 

work, AlCoCrFe and AlCoCrFeNi are arranged alphabetically. On the other hand, the alloy 

FeNiCoCrAl, processed through sequential milling is named according to the specific order 

the element is added. 
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Table 3.1. Composition (in wt.%) of the studied HEAs 

Alloy system Al  Co Cr  Fe Ni 

Before milling (initial wt%)  

AlCoCrFe1 
14 30 27 29 0 

AlCoCrFeNi1 
11 23 21 22 23 

FeNiCoCrAl2 
11 23 21 22 23 

After 24 hours of milling (average wt%) 

AlCoCrFe1 
15 28 24 30 0 

AlCoCrFeNi1 
14 21 19 26 20 

FeNiCoCrAl2 
17 21 18 22 22 

1processed via conventional milling 

2processed via sequential milling 

3.3.2 Methods 

Two HE-MA regimes were followed: conventional and sequential. While AlCoCrFe and 

AlCoCrFeNi HEAs were allowed to use the conventional regime by milling all the 

constituent elements simultaneously, FeNiCoCrAl was milled sequentially, meaning 

elements were added every 4 hours (FeNi + Co + Cr + Al). All experiments were replicated 

three times and randomized to remove errors caused by machine variance and experimental 

bias. As a result, there was a total of 54 material batches to run.  

Specimen ID along with the primary milling parameters are presented in Table 3.2. In the 

initial phase of the DoE employing conventional milling, Ni, an FCC element recognized 

for enhancing corrosion resistance and mechanical properties, is introduced into the 

medium-entropy alloy AlCoCrFe. Subsequently, the study explores the influence of 
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elemental interaction through sequential milling of FeNiCoCrAl, denoted as the 

progression of the element addition. A comparative analysis is performed between the 

characteristics of the medium entropy alloy AlCoCrFe and the high entropy alloy 

AlCoCrFeNi. Additionally, a comparison is made between conventionally milled 

AlCoCrFeNi and sequentially milled FeNiCoCrAl. The assessment of process yield post-

HE-MA involves calculating the difference between the initial and final weights of 

specimens before and after milling, respectively. 

Table 3.2. HE-MA design-of-experiment (DoE) with primary milling parameters and 

alloy design 

Milling regime Alloy system Milling time (hour)  Specimen ID 

Conventional 

Milling (C) 

Al+Co+Cr+Fe 

(Ni = 0) 

4 C-Ni0-4 

8  C-Ni0-8 

12  C-Ni0-12 

16  C-Ni0-16 

20  C-Ni0-20 

24  C-Ni0-24 

Conventional 

Milling (C) 

Al+Co+Cr+Fe+Ni 

(Ni = 1) 

4  C-Ni1-4 

8  C-Ni1-8 

12  C-Ni1-12 

16  C-Ni1-16 

20  C-Ni1-20 

24  C-Ni1-24 

Fe+Ni  
4 S-Ni1-4 



 

43 

Sequential 

Milling (S) 

FeNi+Co 
8 S-Ni1-8 

FeNiCo+Cr 
12 S-Ni1-12 

FeNiCoCr+Al 
16 S-Ni1-16 

FeNiCoCrAl 
20 S-Ni1-20 

FeNiCoCrAl 

(Ni = 1)  

24 S-Ni1-24 

 

Burgioôs model [29], shown in Equation 3.1 [30], was employed to determine the required 

milling power P (ὐȾί) as a function of the milling parameters and was further used to 

calculate energy transferred during milling by multiplying with experimentally determined 

milling time. These include the degree of filling of the vial, ʒ, calculated using Equation 

3.2; the ball-specific parameter, K (considered equal to 1.5); the elasticity of collision, + , 

(where +  = 1 if the balls are covered with powder, the collisions are almost perfectly 

inelastic); number of balls, Î; ball mass, Í , (kg); plate spinning rate, ʖ , (rad/s); vial 

spinning rate, ʖ , (rad/s); vial radius, Ò, (m); ball diameter, Ä, (m); distance between the 

center of the plate and the center of the vial, Ò, (m); mass of powder, Í , (g); particle 

apparent density, ʍ, (ËÇÍϳ ); and vial volume, ( , (Í ). 
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3.3.3 Material Characterization 

The crystalline phases of the milled product were identified with a Bruker D8 

diffractometer X-ray diffraction (XRD) machine. Specimens were scanned within the 

angular range of 5 to 90o (2ɗ) with a precise step size of 0.02°. The XRD peaks were 

identified using Xpert Highscore® Plus software and used for phase transformation 

evaluation through peak shifts and disappearance. To establish the effect of milling time 

and composition on phase evolution, the volume fraction of the phases was estimated using 

Equation 3.3, where 6 is the volume fraction of the phase, I is the peak intensity of the 

phase in the XRD pattern, and В) is the total peak intensity of all phases in the XRD 

pattern [31,32]. 

6
)

В)
 ρππϷ 

(3.3) 

 

Further microstructural characterization was accomplished employing the electron 

backscattered diffraction (EBSD) technique using a Thermo Fisher Scientific Scios 2 

DualBeam field emission scanning electron microscopy (SEM) machine. For particle 

morphology and chemical composition analyses, a JEOL JSM 6010 SEM apparatus 

equipped with energy-dispersive spectroscopy (EDS) was used. The particle size 

distribution was analyzed via laser diffraction method using a liquid carrier in a Mastersizer 

Particle Size Analyzer.  

The nanoscale hardness of the particles was determined using an iMicroTM Nanoindenter 

equipped with a Berkovich tip. The tests were carried out at ten random locations in the 

mounted particles using a maximum applied load of 500-mN, a constant strain rate of 0.2 
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s-1, and a constant Poissonôs ratio of 0.3 for AlCoCrFeNix. The digitally acquired data from 

the equipment was utilized when evaluating the effect of crystallites in the milled particles 

underscoring the mechanical properties such as nanoscale hardness and Youngôs modulus 

evolution. 

Because the particles are designed to work as feedstock in the HPCS coatings development, 

their flow rate (seconds/gram) was assessed using the Hall Flow test set-up, as per the 

ASTM B964-16 standard. The method suggests the use of 150-g HEA particles free flow 

through a Carney funnel of orifice diameter 0.2-in. The elapsed time (seconds) for the 

particles to flow in their entirety was noted and reported as the Carney flow rate (FRc). 

Additionally, the theoretical density of the HEA particles was calculated following the 

ASTM D5965-19 Test Method C, while the apparent density was determined using the 

same Hall Flow test set-up, as per the ASTM B212-21 standard. 

3.4 Results 

3.4.1 Properties of As-received Elemental Powders 

The initial stage in milling is dominated by welding where particle size increases [33], thus, 

utilizing elemental powders with sizes lesser than the desired particle size distribution is 

deemed advisable to easily achieve a dynamic balance between welding and fracturing, 

and produce homogenous alloy particles. Figs. 3.1 and 3.2 show the SEM micrographs of 

particle morphology of as-received Al, Co, Cr, Fe, and Ni, along with their particle size 

distributions, respectively. Al particles had an irregular shape with an average size of 78 

µm (Fig. 3.1a). On the other hand, Co and Ni particles had spherical shapes with respective 

average sizes of 100 µm and 74 µm (Figs. 3.1b and 3.1e). Finally, Cr and Fe particles had 

sharp corner shapes with corresponding average sizes of 139 µm and 46 µm (Figs. 3.1c 
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and 3.1d). For Co and Cr, 40-60% of the particles had sizes less than 100 µm while the 

rest of the raw materials (i.e., Al, Fe, and Ni) were finer, where around 90% of volume 

(Dv90) had size less than 100 µm. More specifically, the Dv90 for Cr, Co, Al, Ni, and Fe 

particles in Fig. 3.2 were 216 µm, 178 µm, 107 µm, 92 µm, and 77 µm, respectively. 

 

Figure 3.1. As-received (a) Al, (b) Co, (c) Cr, (d) Fe, and (e) Ni elemental powders, 

including (f) their PSD (in µm). 

 

  

Figure 3.2. (a) Cumulative PSD of as-received Al, Co, Cr, Fe, and Ni powders; and (b) 

Dv10, Dv50, Dv90 for Cr, Co, Al, Ni, and Fe particles. 
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3.4.2 Properties of Milled AlCoCrFe and AlCoCrFeNi Particles in Conventional 

Regime 

Mechanical alloying using a planetary ball mill is a continuous fracturing and welding of 

constituent elements due to ball-to-ball interaction and ball-to-wall impact [34]. The 

process involves the diffusion of one element into another through continuous collision 

over a certain period to yield a homogeneous alloy. The ball rotates while transferring the 

energy to break and flatten the particles as milling time progresses. As milling time 

progressed from 0 h (pre-milling) to 24 h, individual elements got crushed and distributed 

within the system, creating an environment to form either a medium- or high-entropy alloy 

system of 4 or 5 elements, respectively. Further, it is evident in Fig. 3.3 that particle shapes, 

whether they are spherical or irregular, got crushed and flattened after milling. This brings 

the preliminary favorable attribute of the use of mechanical alloying when elemental 

particles of different shapes and mismatched melting temperatures are involved. 

 

Figure 3.3. SEM images of AlCoCrFe composition (c) before milling; and (d) after 24-

hour milling. 
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3.4.2.1 AlCoCrFe medium-entropy alloy 

In Fig. 3.4, the EDS images constitute the elemental map of trace elements Al, Cr, and Fe 

in the milled AlCoCrFe product, shown at distinct milling intervals: 4-hour, 12-hour, and 

24-hour. Corresponding SEM micrographs are shown next to the map. It is evident that 

progressive fracturing and elemental redistribution took place throughout; however, 

specimen C-Ni0-12 shows the most dispersion occurrence at the 12-hour mark. In the 

highlighted row, more elements, represented by different colors and lesser black 

background (due to the carbon tape used during analysis) are observed (refer to Fig. 3.4b).  

  

Figure 3.4. EDS maps showing elemental distribution in conventionally milled 

AlCoCrFe product with corresponding SEM images: (a) C-Ni0-4; (b) C-Ni0-12; and (c) 

C-Ni0-24. 

 

Continuous milling after 12 hours resulted in particle size distribution broadening (see Fig. 

3.5a) along with the increase in average particle size, exhibited by a connecting ólineô 

segment touching all three times (see Fig. 3.5b). The volume of particles residing below 

100-ʈÍ was reduced by about 8% and 22% at corresponding 12-hour and 24-hour marks 

in comparison with that at 4-hour period (42%) (Fig. 3.5a). These events were presumed 
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to be the result of continuous particle fracturing and welding due to high-impact ball 

collisions, indicating the formation of a medium-entropy alloy. 

While fracturing is the step to reduce particle size and expose new surfaces, the welding 

process is responsible for producing the alloyed particle. With prolonged milling, welding 

and fracturing processes will reach an equilibrium state, until welding that formed 

spontaneously aligned welding lines will dominate the whole alloying process [33].  

Accordingly, particle size was found to increase as milling time progressed from 12 hours 

to 24 hours. 

 

Figure 3.5. AlCoCrFe medium-entropy alloy particle size distribution after 4, 12, and 24 

hours of conventional mechanical alloying. 

 

Phase transformation during mechanical alloying was studied by performing X-ray 

diffraction (XRD) analysis. Figure 3.6 shows the XRD patterns of milled equiatomic 

AlCoCrFe alloy. Specimens C-Ni0-4, C-Ni0-8, C-Ni0-12, C-Ni0-16, C-Ni0-20, and C-

Ni0-24 were obtained and analyzed. The results indicated that at the start of milling (0 

hours), a strong FCC peak (111) was detected at 2ɗ = 38.6Á. After 4 hours of milling, both 

BCC and FCC phases were observed in specimen C-Ni0-4, and the intensity of FCC peak 
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(111) started to decrease. Upon continuous milling, this FCC peak (011) continuously 

decreased in intensity as milling time increased from 8 hours (C-Ni0-8) to 12 hours (C-

Ni0-12), indicating the dissolution of FCC phases (Fig. 3.6b). This peak disappearance and 

change in intensity in specimen C-Ni0-12 were verified with the EDS map (Fig. 3.4b) to 

show the dissolution of elements during mechanical alloying for 12 hours. Further milling 

until 24 hours showed no significant change in the XRD patterns of AlCoCrFe specimens 

C-Ni0-16, C-Ni0-20, and C-Ni0-24 (Fig. 3.6c), implying reduced activity of each element 

in the solid solution. The presence of different kinds of elements in medium- and high-

entropy alloys created additional strain in the lattice, acting as a barrier for atom and 

vacancy migration. 

 

Figure 3.6. XRD patterns of (a) equiatomic AlCoCrFe alloy after 24 hours of mechanical 

alloying; (b) enlarged (111) peak from 0 h to 12 h of milling; and (c) enlarged (111) and 

(011) peaks from 12 h to 24 h milling. 
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The lattice parameter (constant), a, of the alloy was determined from the XRD data and 

calculated using Equation 3.4 where interplanar spacing, dhkl was estimated using Braggôs 

Law (Equation 3.5). 

Á  Ä   È Ë Ì (3.4) 

ςÄ ÓÉÎʃ Îʇ (3.5) 

where h,k,l are Miller indices, ɗ is the incident angle, ɚ is the x-ray wavelength (1.5418 ᴠ), 

and n is the order of reflection equal to 1. Table 3.3 shows that the BCC and FCC lattice 

parameters or lattice constants calculated in this work for specimen C-Ni0-24 are in good 

agreement with the calculated and determined experimental values reported in other studies 

[35], [36]. 

Table 3.3. Comparison of BCC and FCC lattice parameters of AlCoCrFe alloy 

HEA Lattice parameter, ᴠ 

BCC FCC 

AlCoCrFe specimen, C-Ni0-24 2.860 4.040 

AlCoCrFe coating [35] 2.878 - 

AlCoCrFe powder [36] 2.878 - 

 

3.4.2.2 AlCoCrFeNi high-entropy alloy 

The EDS map in Fig. 3.7 exhibited the dissolution of all elements, specifically Ni, only 

after 24 hours of milling (C-Ni1-24). It can be deduced that the addition of Ni required 

more milling time than its medium-entropy alloy AlCoCrFe counterpart to produce high-

entropy alloy AlCoCrFeNi. Nickel, being an FCC metal powder has relatively high 
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plasticity resulting in difficulty in fracturing and more welding during the milling process. 

Further milling resulted in the broadening of the particle size distribution (Fig. 3.8a) and 

an increase in the average particle size of AlCoCrFeNi (Fig. 3.8b), similar to that of 

AlCoCrFe alloy, due to continuous fracturing and welding during milling. 

  

Figure 3.7. EDS maps showing elemental distribution in milled AlCoCrFeNi product 

with corresponding SEM images: (a) C-Ni1-4; (b) C-Ni1-12; and (c) C-Ni1-24. 

 

 

 

Figure 3.8. AlCoCrFeNi high-entropy alloy particle size distribution after 4, 12 and 24 

hours of conventional mechanical alloying. 
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For the XRD patterns of AlCoCrFeNi HEA (see Fig. 3.9), the intensity of the BCC peak 

(011) in specimen C-Ni1-4 started to become stronger than that of the FCC peak (111) after 

4 hours of milling. Despite this shift in peak intensity as an indication of alloying, it was 

verified from the EDS map of specimen C-Ni1-24 (Fig. 3.7c) that Ni elements dissolved 

only after 24 hours of milling, showing a complete dissolution of all elements. Table 3.4 

presents the BCC and FCC lattice parameters or lattice constants of AlCoCrFeNi which 

were calculated to be 2.864 ᴠ and 3.488 ᴠ, respectively, which was slightly lower than 

FCC AlCoCrFe (4.040 ᴠ) in Table 3.3. Thus, adding Ni to produce an AlCoCrFeNi HEA 

specimen decreased the lattice parameter of the FCC phase. 

  

Figure 3.9. XRD patterns of (a) equiatomic AlCoCrFeNi alloy after 24 hours of 

mechanical alloying and (b) enlarged (111) and (011) peaks from 0 h to 4 h of milling. 
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Table 3.4. Comparison of the BCC and FCC lattice parameters of AlCoCrFeNi alloy 

HEA Lattice parameter, ᴠ 

BCC FCC 

AlCoCrFeNi specimen, C-Ni1-24 2.864 3.488 

AlCoCrFeNi powder [22] 2.890  

 

To gain insight into the cause of higher milling time needed to dissolve all elements in the 

AlCoCrFeNi system, the differential power calculation was performed using the Burgoiôs 

model. The estimation assumes that the induced energy is directly relatable between the 

balls and the powder particles. Using Equation 3.1, the calculated milling power, P, 

remained virtually the same even when Ni was added. This was expected since the 

theoretical density of AlCoCrFeNi (6.75 g/cm3) is near the theoretical density of AlCoCrFe 

(6.25 g/cm3). However, there was an increase in the amount of energy transferred from ball 

to powder in the AlCoCrFeNi alloy (1.57 kJ/g/hit) compared to that of the AlCoCrFe alloy 

(0.79 kJ/g/hit), as energy is a product of milling power and the experimentally determined 

milling time. Since the milling time to produce AlCoCrFeNi (24 hours) was experimentally 

determined to be twice the needed milling time to produce AlCoCrFe (12 hours), the energy 

transferred from ball to powder was also doubled. Therefore, with the knowledge of the 

energy required to synthesize AlCoCrFe and AlCoCrFeNi HEA feedstock, the milling time 

could be adjusted if there are any changes needed in the milling parameters, such as BPR, 

milling speed, and ball diameter. 
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3.4.3 Properties of Sequentially Mi lled FeNiCoCrAl feedstock 

Figure 3.10a illustrates the XRD patterns of the sequentially milled FeNiCoCrAl HEA. In 

the 2017 study where sequential alloying was proposed, FeNiCoCrAl, after 55 hours of 

milling showed 75% BCC and 25% FCC phases [28]. The starting binary alloy in the 

previous work is an FCC alloy. However, in the current work, Fe and Ni powders were 

milled together (S-Ni1-4) and showed the presence of FCC and BCC phases after 4 hours 

of milling. Subsequent addition of Co and continuous milling for another 4 hours (S-Ni1-

8) resulted in higher FCC phase presence with the appearance of peak (002). However, the 

BCC lattice parameter increased to 2.862 ᴠ (refer to Table 3.5), suggesting Co (3.50 ᴠ) 

being accommodated into the existing structure of Fe and Ni. Cr was then added and 

mechanically alloyed for an additional 4 hours (S-Ni1-12), destabilizing the FCC peaks as 

shown in the decreased intensity of FCC peaks (002) and (022). Unchanged BCC and FCC 

lattice parameters after the addition of Cr (2.880 ᴠ) implied the dissolution of Cr in the 

already existing BCC structure. Finally, Al was added as the last element to complete the 

FeNiCoCrAl system (S-Ni1-16), introducing more FCC phases as denoted by (111) and 

(113) peaks. However, as milling time increased, Al stabilized the BCC phase since Al 

forms a stable BCC structure with Ni, Co, and Fe as shown in the disappearance of peak 

(111) and shift of peak (011) to the left in Fig.3.10b. The complete FeNiCoCrAl system 

was milled for a total of 24 hours (S-Ni1-24) resulting in a single-phase BCC, denoted by 

(011) peak, with a calculated lattice parameter of 2.880 ᴠ. The crystal structure was 

destroyed and transformed with the continuous energy input during mechanical alloying 

and was linearly proportional to the milling time. 
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Figure 3.10. XRD patterns of (a) sequentially milled equiatomic FeNiCoCrAl HEA (b) 

enlarged peaks (011) and (002), and enlarged peaks (022, 113, and 112) showing the 

dissolution of phases with milling time. 

 

Table 3.5. Comparison of BCC and FCC lattice parameters of AlCoCrFeNi alloy 

Specimen Lattice parameter, ᴠ 

BCC FCC 

S-Ni1-4 2.766 3.516 

S-Ni1-8 2.862 3.517 

S-Ni1-12 2.867 3.519 

S-Ni1-16 2.864 3.781 

S-Ni1-20 2.871 3.783 

S-Ni1-24 2.880 - 
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Based on the XRD results above for AlCoCrFe, AlCoCrFeNi, and FeNiCoCrAl systems, 

there might be no carbide formation since no carbide peak was detected. As for the 

contamination during the milling process, Fig. 3.10 showed only the presence of single-

phase BCC peak for FeNiCoCrAl and dual-phase BCC + FCC phases in AlCoCrFe/Ni 

systems in Figs. 3.6 and 3.9, respectively. Thus, milling parameters used in this work (580 

rpm, 10:1 BPR, 6-mm-diameter steel balls, and steel vial) are suited to synthesize simple 

structured AlCoCrFe and AlCoCrFeNi after 12- and 24- hours of milling, respectively. 

3.5 Discussion 

3.5.1 Influence of Thermodynamics Parameters in Phase Formation 

Although HEAs have been studied since 2004, the lack of phase diagrams limits the 

understanding of their phases and microstructures. However, there are thermodynamic 

properties, such as entropy and enthalpy of mixing, atomic size, and electronegativity 

differences [10ï12], valence electrons concentration (VEC), and the number of itinerant 

electrons per atom (e/a) [13,14] that are being used to predict solubility and phase 

formation in HEA systems. 

While the Hume-Rothery rule predicts solid-solution formation, its application is limited 

to binary alloys. The initial attempt to provide solid solution formation rules for HEA based 

on the Hume-Rothery rule considered two factors: componentsô atomic size difference and 

chemical compatibility among components which involves electronegativity difference or 

the enthalpy of mixing [10]. Parameter ɿ describes the comprehensive effect of the atomic 

size difference of components and was calculated using Equation 3.6, where N is the 

number of components in the HEA system, ci is the atomic percentage of the ith component, 
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ri is the atomic radius of the component, and ÒӶ is the average atomic radius obtained from 

using Equation 3.7. 

ɿ Ãρ
Ò

ÒӶ
 

 

(3.6) 

ÒӶ ÃÒ 

 

(3.7) 

 

The other parameter which describes the chemical compatibility between components is 

the mixing enthalpy, (  determined using Equation 3.8 where ɱ is the regular melt-

interaction parameter between the ith and jth components, as shown in Equation 3.9 and 

(  is the mixing enthalpy of binary alloy i-j and summarized in Table 3.6. It is noted 

that Al interaction with all the other elements showed the most negative value of enthalpy 

of mixing. Aluminumôs high negative enthalpy of mixing toward Co, Cr, Fe, and Ni results 

in its high affinity to these elements. 

(  ɱÃÃ

ȟ

 

(3.8) 

ɱ τ (  (3.9) 
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Table 3.6. Ὄ  , enthalpy of mixing (kJ/mol) for all binary pairs using Miedemaôs 

model [37]  

Element Al  Co Cr  Fe Ni 

Al 
0 -19 -10 -11 -22 

Co 
 0 -4 -1 0 

Cr 
  0 -1 -7 

Fe 
   0 -2 

Ni 
    0 

 

Phase formation in a system is governed by its inherent thermodynamic and kinetic factors. 

If Ў3  of a system is high enough, Gibbs free energy of mixing, Ў' will be minimized, 

stabilizing a solid solution over intermediate phases or intermetallic compounds, known as 

the óhigh entropy effectô.  ᷈ - parameter was proposed to predict the presence of solid 

solution or intermetallic and calculated using Equation 3.10, where Ў3  is the 

configurational entropy and ɿ is the parameter from Equation 3.6 [11,12]. 

 ᷈
3

ɿ
 

(3.10) 

Table 3.7 summarizes the thermodynamic parameters of equiatomic AlCoCrFe and 

AlCoCrFeNi determined using Equations 3.7-3.11. Based on the criteria proposed by 

Zhang et al., single-phase, and multi-phase solid solution microstructures may be found in 

πȢυϷ ɿ φȢυϷ and ρχȢυË*ȾÍÏÌ ( υË*ȾÍÏÌ. Higher values of ɿ (> 5%) 

are favorable for multiphase formation. Based on these two factors, a multi-phase solid 
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solution was expected for both AlCoCrFe and AlCoCrFeNi, which agreed with the 

experimental results showing a multi-phase solution of FCC and BCC after 12 hours and 

24 hours of milling time, respectively. Using  ᷈- parameter criterion proposed by Singh et 

al. [12], single-phase solid solution microstructures may be found in the region  ᷈

πȢωφ
 Ͻ 
 , multi-phase solid solution microstructures are stable in the region 

πȢςτ
 Ͻ 

 ᷈ πȢωφ
 Ͻ 

, and intermetallic compounds are observed in  ᷈

πȢςτ
 Ͻ 

. The values of ᷈ - parameter of both AlCoCrFe and AlCoCrFeNi were within 

the region where a multi-phase solid solution was expected. To predict which phases were 

present, VEC (valence electrons concentration) and e/a (number of itinerant electrons per 

atom) values were calculated using Equations 3.11 and 3.12, where VECi and ÅȾÁ are the 

valence electron concentration and the number of itinerant electrons per atom of the i th 

component, respectively [13,14]. 

6%# Ã6%# 6%#  

(3.11) 

Å

Á

В ÅȾÁ

.
 

(3.12) 

 

Based on the criteria using these two parameters, when VEC > 7 .5 and 1.6 < e/a < 1.8, 

FCC solid solutions are stable, while BCC solid solution is stable when VEC < 7.5 and 1.8 

< e/a < 2.3. From Table 3.7, VEC values for AlCoCrFe and AlCoCrFeNi were both < 7.5 

and e/a was 2 predicting a more BCC phase in the alloy. The average VEC of AlCoCrFeNi 
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was higher than that of AlCoCrFe, and its value was near the VEC value of 7.5 for an FCC 

single phase which indicated that adding Ni increased the fraction of FCC phase. 

Table 3.7. Calculated thermodynamic parameters for AlCoCrFe/Ni systems 

Alloy ЎἡἫἷἶἮ  (%)  ἒἵἱὀ  ᷈ VEC e/a 

AlCoCrFe 11.56 6.2 -11.5 0.31 6.5 2 

AlCoCrFeNi  13.39 5.7 -12.32 0.41 7.2 2 

 

3.5.2 Influence of Elemental Composition and Milling Time on Phase Evolution 

Replacing Mn with Al in the well-known Cantor Alloy (CoCrFeMnNi) to produce 

AlCoCrFeNi was anticipated to change the alloy phase structure from FCC to BCC. Having 

the largest atomic radius, the addition of Al caused lattice distortion that could be better 

accommodated if the lattice had a more open structure than a closed-packed one. Thus, in 

both equiatomic AlCoCrFe (25 at. % Al) and AlCoCrFeNi (20 at. % Al) studied in this 

work, BCC phase formation was favored due to the presence of Al, as shown in Fig. 3.11. 

Ni, as an FCC element, stabilized the FCC phase in HEA. The addition of Ni caused the 

appearance of the FCC phase as shown in XRD peaks (002) and (022) of Fig. 3.8 and the 

increase in FCC phase volume fraction shown in Fig. 3.11. The AlCoCrFeNi feedstock (C-

Ni1-24) consisted of 55.26% BCC and 44.74% FCC phase fractions while AlCoCrFe (C-

Ni0-24) comprised of 67.42% BCC and 32.58% FCC phase after 24 hours of milling. The 

phase fraction determined in this study for AlCoCrFeNi HEA feedstock was consistent 

with the phase fraction found on spark-plasma-sintered AlCoCrFeNi HEA with a hardness 

of 924 HV [31].  
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Figure 3.11. Phase volume diagram of FCC and BCC in conventionally milled (a) 

AlCoCrFe, and (b) AlCoCrFeNi feedstock. 

 

Further microstructural evaluation showed the effects of milling time and the addition of 

Ni in the properties of the manufactured HEA specimens. It was determined from EBSD 

images in Fig. 3.12 that there was a reduction in grain size for AlCoCrFeNi HEA. 

However, the grain size was not affected by milling time even after 24 hours. This implied 

that grain growth or grain refinement did not occur during milling. Although particle size 

was highly affected by milling time due to continuous fracture and welding during the 

process, grain size remained unimpressed even after long milling hours. 
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Figure 3.12. EBSD images of AlCoCrFe (a-b) and AlCoCrFeNi (c-d) after 4 hours (a and 

c), and 24 hours (b and d) of mechanical alloying. The grain sizes were measured to be 

(a) 1.529 mm, (b) 1.639 mm, (c) 0.369 mm, and (d) 0.471 mm, respectively. 

 

As for the crystallite size, FCC and BCC crystallite sizes decreased with Ni addition to the 

alloy system. A decrease in crystallite size and further work hardening as milling time 

increased from 4 hours to 24 hours resulted in higher hardness values as presented in Table 

3.8. The hardness values of 242.3 HV and 332.4 HV for AlCoCrFe and AlCoCrFeNi 

particles, respectively, are lower than the hardness of cold-sprayed AlCoCrFeNi (380 HV) 

[38]. This difference in the hardness of particles and deposits is due to the localized 

hardening during the cold spray process, primarily due to work hardening caused by severe 

plastic deformation upon impact [39, 40]. Furthermore, the hardness measurements of 

particles are subject to the influence of testing parameters, including the choice of 

mounting resin, indentation depth, and indentation load. Notably, the AlCoCrFeNi HEA 

particles exhibit indentation depth dependence owing to the presence of an Indentation Size 

Effect (ISE) during testing.    

 

 

 

Table 3.8. Properties of equiatomic AlCoCrFe and AlCoCrFeNi after HE-MA 

Specimen Particle 

Size (Dv50), 

ἵ 

Crystallite Size, nm Nano-scale 

Hardness, 

HV (Scherrer Equation) (Williamson-Hall 

UDM) 
FCC BCC 

C-Ni0-4 29 27.29 25.12 28.00 197.2 ± 56 
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C-Ni0-12 95 27.42 22.76 29.83 169.2 ± 34 

C-Ni0-24 116 26.74 21.81 28.59 242.3 ± 57 

C-Ni1-4 88 24.69 22.91 24.50 107.0 ± 33 

C-Ni1-12 97 24.64 22.01 23.66 323.8 ± 52 

C-Ni1-24 120 23.80 20.36 23.26 332.4 ± 53 

 

The crystallite size, D, was determined using the Scherrer equation (Equation 3.13) 

[31,41] and Williamson-Hall Uniform Deformation Model (Equation 3.14) [34] where 

FWHM is the full width at half-maximum of the diffraction peak, k is the shape constant 

equal to 0.89, ‗ is the X-ray wavelength (0.154 nm), ɗ is the Bragg angle, and ʀ is the strain 

due to plastic deformation and crystal imperfections. 

&7(- Ë ʇȾ$ ÃÏÓʃ (3.13) 

ɼÃÏÓʃ
Ë ʇ

$
τʀÓÉÎʃ 

   (3.14) 

Equation 3.14 above represents the Williamson-Hall UDM assuming uniform strain 

across all crystallographic directions. According to this model, plotting 4sinq on the x-axis 

against bcosq on the y-axis allows the determination of the crystallite size, denoted as D, 

through the y-intercept of the fitted line [34]. 

3.5.3 Influence of Milling Regime on the Final Microstructure  

The conventional way to form a multicomponent alloy required mixing individual elements 

in a single step. On the other hand, the sequential regime involved a step-by-step addition 

of constituent elements. Comparing the phases present in conventionally milled 
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AlCoCrFeNi to the sequentially milled FeNiCoCrAl, AlCoCrFeNi feedstock consisted of 

55.26% BCC and 44.74% FCC phase fractions (Fig. 3.13a). In contrast, FeNiCoCrAl 

feedstock showed 100% BCC phase fraction (Fig. 3.13b). Alloying Fe, Ni, and Co were 

expected to form FCC solid solutions with each other. The addition of Ni was anticipated 

to stabilize the FCC phase being an FCC element, while the addition of Fe was projected 

to dissolve easily during mechanical alloying producing BCC or FCC phase, depending on 

the interacting element. In this case, Fe and Ni were milled first (sequence 1), to produce 

FCC phase of the binary alloy FeNi [20]. Fe, despite having a BCC structure, has the lowest 

negative enthalpy of mixing and the least atomic radius among other constituents; thus, 

expected to dissolve easily in Ni, which has an FCC structure. However, Fe+Ni alloy 

(sequence 1 in Fig. 3.13b) showed 82.68% BCC and 17.32% FCC phase fractions after 4 

hours of milling. The presence of greater BCC phase instead of FCC phase in FeNi was 

due to insufficient milling time to dissolve Fe in Ni. When Co was added (sequence 2), the 

FCC phase fraction increased to 32.13% since Co is an FCC element and further milling 

time dissolved Fe in the FCC structure. Cr, as shown in Fig. 3.13b (sequence 3 ï FeNiCo 

+ Cr), destabilized the FCC phases formed by Fe, Ni, and Co as indicated by decreasing 

FCC phase volume to 27.72%. The introduction of Al , an FCC element, in sequence 4 led 

to the attainment of a peak phase volume fraction for the FCC phase, reaching 48.34%. 

However, being a BCC stabilizer, the volume phase fraction of the BCC phase increased 

as the milling time of FeNiCoCrAl progressed for another 8 hours (sequence 5) and 12 

hours (sequence 6), where the phase of the alloy showed a single-phase BCC. This 

observation conformed well with the studies that AlxCoCrFeNi where x > 0.8, resulted in 

a single BCC phase alloy [42]. Furthermore, these results agreed with prior work that Al 
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and Cr play a positive role in improving hardness in high entropy alloy by promoting BCC 

formation while Ni and Co are beneficial for FCC formation reducing hardness but 

increasing plasticity in the alloy [43]. With the highest negative Ὄ shown in Table 3.6, 

Al exhibits the highest affinity for other elements, thereby playing a pivotal role in 

determining the alloyôs phase composition.  

 

Figure 3.13. Phase volume diagram of FCC and BCC in (a) AlCoCrFeNi during 

conventional milling, and (b) FeNiCoCrAl during sequential milling. 

 

As Al was added at the end of the sequential FeNiCoCrAl, it can be seen from Table 3.9 

that the alloyôs configurational entropy increased as expected with the increasing number 

of elements. Its negative enthalpy of mixing increased by five times and its parameter ɿ 

which describes the comprehensive effect of the atomic size difference of components 

increased from 0.3 to 5.7 due to the atomic radius of Al (143 pm) which is the largest 

among other elements in the alloy. The transition from FCC structure to BCC was 

attributed to lattice distortion destabilizing the close-packed FCC structure. Due to its 

loose packing, the BCC structure was able to accommodate a greater number of bigger 

atoms, such as Al. 
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Table 3.9. Calculated thermodynamic parameters for sequential FeNiCoCrAl 

Alloy ЎἡἫἷἶἮ  (%)  ἒἵἱὀ 

FeNiCo  

(S-Ni1-8) 

9.15 0.4 -1.1 

FeNiCoCr  

(S-Ni1-12) 

11.56 0.3 -2.4 

FeNiCoCrAl  

(S-Ni1-20) 

13.39 5.7 -12.32 

 

The sequential addition of Co, Cr, and Al resulted in decreasing grain size, as seen from 

the EBSD images in Fig. 3.14. However, the grain size of the five-element alloy 

comprising Al, Co, Cr, Fe, and Ni was not highly affected by the milling regime 

followed. The grain size number of conventionally milled AlCoCrFeNi and sequentially 

milled FeNiCoCrAl after 24 hours of extended milling were measured at 0.471 mm and 

0.382 mm, respectively. 
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Figure 3.14. EBSD of (a) FeNi, (b)FeNiCo, (c) FeNiCoCr, and (d) FeNiCoCrAl after 

sequential alloying. The grain sizes were measured to be 0.848 mm, 0.579 mm, 0.439 mm, 

and 0.382 mm, respectively. 

 

Applying the Williamson-Hall UDM presented in Equation 3.14 for estimating crystallite 

size (y-intercept) and microstrain (slope) from the fitted line of conventionally milled 
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AlCoCrFeNi and sequentially milled FeNiCoCrAl, Fig. 3.15 illustrates an inverse 

correlation between crystallite size and internal strain or microstrain. As milling time 

progressed, crystallite size decreased with increasing microstrain due to severe plastic 

deformation by the collision of balls [34]. Significantly, the microstrain is observed to be 

higher during sequential milling compared to conventional milling. This increased 

microstrain is attributed to more pronounced plastic deformation in the grains of lower 

entropy alloys, stemming from the reduced number of alloying elements during sequential 

milling. 

 

Figure 3.15. Crystallite size and microstrain as a function of milling time of (a) 

conventionally milled AlCoCrFeNi and (b) sequentially milled FeNiCoCrAl 

 

The major phase formed during conventional and sequential milling was the BCC phase 

which was experimentally and thermodynamically determined. From sequence 1 (Fe+Ni), 

Fe can be the host lattice where the BCC phase dominates the FCC phase and continues to 

be the dominant phase as milling time progresses. Table 3.10 shows the crystallite size, 

microstrain, and dislocation density of the BCC phase of conventionally milled 

AlCoCrFeNi and sequentially milled FeNiCoCrAl as a function of milling duration. The 

dislocation density, ɟ was calculated using Equation 3.15 [21,44] where D is the crystallite 
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size, ὑ is the microstrain, and b is the Burgers vector of BCC metal ὦ

Ѝ
 ȠÁ ÉÓ ÔÈÅ ÌÁÔÔÉÃÅ ÐÁÒÁÍÅÔÅÒ. 

”
σЍς“ ‐

Ὀὦ
 

   (3.15) 

As milling time progresses, kinetic energy is being transferred due to collisions of balls 

and vial inducing higher dislocation density which gives rise to work hardening in the 

powder.  The higher hardness observed in powders that undergo prolonged mechanical 

alloying, as detailed in Table 3.8 can be attributed to the increasing dislocation density. 

Table 3.10. BCC volume phase fraction, crystallite size, microstrain, and dislocation 

density of conventionally milled AlCoCrFeNi and sequentially milled FeNiCoCrAl 

Specimen BCC Volume 

Phase Fraction, % 

Crystallite Size, 

nm 

Microstrain  

 

Dislocation 

Density, 

ἵ  

C-Ni1-4 53.62 24.69 2.99 4.06 

C-Ni1-12 51.06 24.64 3.06 4.40 

C-Ni1-24 55.26 23.80 3.24 5.13 

S-Ni1-4 82.68 20.97 3.25 5.08 

S-Ni1-12 72.28 14.99 4.19 8.99 

S-Ni1-24 100.00 14.93 6.07 12.26 

 

3.5.4 Characteristics of AlCoCrFe, AlCoCrFeNi, and FeNiCoCrAl Particles 

After 12 hours (C-Ni0-12) and 24 hours (C-Ni1-24 and S-Ni1-23) of milling AlCoCrFe 

and AlCoCrFeNi (the same for FeNiCoCrAl), respectively, it was measured that the 
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apparent density of the three alloys decreased, as shown in Table 3.11. Apparent density 

defines the actual volume occupied by a mass of loose specimen particles, which is 

dependent on particle size distribution, particle shape, surface area, and roughness of 

individual particles. The decrease in apparent density of the HEA feedstock synthesized 

was due to a decrease in particle size, more irregular-shaped or less spherical-shaped 

particles, and an increase in surface roughness of particles after milling for 12 to 24 hours. 

When the particle size decreased and the shape became irregular and equiaxed due to 

fracturing, flattening, and welding, the surface-to-volume ratio of the particle increased. 

This in turn enhanced the friction between particles, thereby decreasing the apparent 

density. The measured apparent density was found to be 29% of the theoretical density. 

Lastly, the flow rate in this study before and after milling remained virtually the same. 

Table 3.11. Feedstock characteristics before and after milling 

Alloy  

system, 

specimen 

Theoretical 

density, 

g/cm3 

Process 

yield, 

% 

Before milling  After milling  

Apparent 

density, 

g/ cm3 

Carney 

flow 

rate, s/g 

Apparent 

density, 

g/ cm3 

Carney 

flow 

rate, s/g 

AlCoCrFe, 

C-Ni0-12 

6.25 98.10 2.54 0.3 1.8 0.3 

AlCoCrFeNi, 

C-Ni1-24 

6.72 98.91 2.86 0.3 2.1 0.3 

FeNiCoCrAl, 

S-Ni1-24 

6.72 85.47 2.86 0.3 2.0 0.2 

 

Based on the calculations, the process yield after mechanical alloying was above 85%, 

which implied HE-MA was an efficient process using the milling parameters in Section 
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3.3 and the effectivity of 3 wt.% stearic acid as a PCA to obtain a balance between 

fracturing and welding, and cold welding among HEA particles. 

3.6 Conclusion 

High-entropy alloy (HEA) designed particle feedstock synthesis is a forward-looking 

research area, when successfully developed has the promise to build high-strength deposits 

in the form of coatings, 3D freeform objects, or repaired components in high-pressure cold 

spray (HPCS) additive manufacturing method. In this research, a comprehensive material 

design involving three equiatomic medium- and high-entropy alloy systems was carried 

out for the purpose of a low milling cycle manufacturing route investigation employing the 

high-energy mechanical alloying (HE-MA) method. The following conclusions are drawn 

from the study: 

i) Equiatomic AlCoCrFe and AlCoCrFeNi particles showed the evolution of 

multi-phase BCC (major phase) + FCC structures following the conventional 

HE-MA regime, in which constituent elements were blended and milled for 24 

hours. Experimentally obtained particle microstructural and phase 

characteristics complemented the computationally determined thermodynamic 

valence electron concentration (VEC) and number of itinerant electrons per 

atom (e/a) parameters to indicate that adding Ni to the medium-entropy 

AlCoCrFe alloy increased the FCC phase fraction in the AlCoCrFeNi HEA. 

ii)  Increasing milling time in both equiatomic AlCoCrFe and AlCoCrFeNi systems 

decreased the PSD. Moreover, adding Ni to AlCoCrFe resulted in finer grain 

size evolution in AlCoCrFeNi. In the early stage of milling (up to 4 hours), the 

presence of Ni reduced the hardness of the HEA, but as milling progressed the 
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strength increased. For the same effect (presence of Ni), longer milling was 

necessary to dissolve all elements in solid solution (i.e., 12 hours for AlCoCrFe 

and 24 hours for AlCoCrFeNi). This is attributed to the need for more energy 

transfer from ball to particles to produce the AlCoCrFeNi HEA. 

iii)  While multi-phase BCC and FCC were observed on equiatomic AlCoCrFeNi 

after 24 hours of conventional milling, a single-phase BCC structure was 

observed on equiatomic FeNiCoCrAl after the same milling time and the same 

milling parameters but following a sequential HE-MA regime. This emphasizes 

the effect of elemental constituents added, if it is an FCC or BCC stabilizer 

providing insights to foretell the progression of alloying, and ways to alter the 

phase make-up of the alloy. Nevertheless, to substantiate the stability of the 

single-phase BCC achieved after 24 hours of sequential milling, additional 

milling duration is recommended. If confirmed stable, this study demonstrates 

that employing sequential alloying at a higher milling speed can reduce milling 

time by 65%, with no discernible trace of contamination.  

iv) Based on the feedstock particles size after milling, it appears that the developed 

material in this work can be employed in HPCS for coatings manufacturing. 
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4. Investigating the nanoscale hardness/strength properties of high-

entropy alloy particles using the nanoindentation technique 

This chapter presents the mechanical characterization of HEA particles using the 

nanoindentation technique, addressing the critical research gap in determining mechanical 

properties of HEAs in particle form. Reliable characterization of HEAs in its feedstock 

condition is crucial for optimizing its post-processing as coatings via cold spray deposition. 

This chapter has been published as: Aisa Grace Custodio, Klara Joy Lindquist, Marvin 

Tolentino, Clodualdo Aranas, and Gobinda C. Saha, ñInvestigating the nanoscale 

hardness/strength properties of high-entropy alloy particles using the nanoindentation 

technique,ò Journal of Alloys and Metallurgical Systems, vol. 4, p. 100043, Dec. 2023, 

https://doi.org/10.1016/j.jalmes.2023.100043.  

*Aisa Grace Custodio served as the main investigator of this study and was responsible for 

writing the manuscript. Co-authors contributed to facilitating experiments, writing and 

finalizing the manuscript. 

4.1 Abstract 

Particulate feedstock constitutes the building block in modern day additive manufacturing 

(AM) era. Cold spray (CS) is a leading process technology to adhere to the AM principle. 

Therefore, meeting feedstock qualities is of utmost interest to ensure the conformability 

and competitiveness of the developed industrial modules, including coatings, architectured 

components, and additively repaired devices. This research advances the understanding of 

nanoscale hardness/strength properties of particulate matters, specifically of an emerging 

material class, - high-entropy alloys (HEAs). The feasibility of determining the hardness 

https://doi.org/10.1016/j.jalmes.2023.100043
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of mechanically alloyed AlCoCrFeNix (x = 0, 1, 2.1) HEA particles was studied employing 

the nanoindentation technique. Mechanical properties of milled AlCoCrFeNix particles 

with varying Ni atomic ratio (x = 0, 1, 2.1) were investigated over different milling times 

ranging between 4 to 24 hours. The study analyzed the impact of mounting resin, pre-

determined maximum load, and indentation depth on hardness/strength properties. Results 

reveal that the hot mounted samples yielded greater accuracy and higher hardness values 

than compared to those of the cold mounted samples. Additionally, although the low-load 

sensitivity of AlCoCrFeNix provided consistent nano-scale hardness values across selected 

loads, their hardness values were found to be depth-dependent. Overall, the study 

concludes with a methodology for the nano-scale hardness/strength measurement of HEA 

particles that must account for particle size, sample preparation technique, and 

nanoindentation test parameters.   

Keywords: High-entropy alloy; AlCoCrFeNi; Nanoindentation; Phase fraction; Additive 

manufacturing 

4.2 Introduction  

The development of particulate feedstock with desirable qualities is one of the fundamental 

requirements for modern-day additive manufacturing technologies such as cold spraying 

(CS). With the wide range of potential applications of CS, including 2D/3D coatings, 

3D/4D architectured components, and additively repaired or re-engineered devices, the 

success of the developed modules in CS relies on meeting the necessary particulate 

feedstock qualities, particularly mechanical properties. The applicability of the particulate 

feedstock is usually evaluated in terms of its hardness property since it can be correlated to 

the tensile strength of many metallic materials used for CS. In general, hardness is the 
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materialôs ability to withstand permanent shape change or deformation under a constant 

compressive force. More importantly, hardness serves as an indicator of the materialôs wear 

resistance and ductility. 

Numerous studies have already been performed to determine the hardness property of 

metallic materials. While the application of micro-hardness determination techniques has 

been prevalent, most studies concentrate on bulk materials such as cast or deposited 

feedstock. Hardness determination for particulate feedstock is of equal importance with its 

bulk counterpart but is more challenging due to size limitations and very low-test forces 

required. The traditional hardness determination of particulate feedstock or powder usually 

involves post-processing by means of sintering which produces the sintered part or module. 

However, this additional process tends to induce extensive plastic deformation and work 

hardening, causing inaccuracy in the determined hardness of the particle [1]. 

With the advent of more sensitive and sophisticated instrumentation, hardness 

measurement has evolved from macro- and micro-scales to nano-scale level, from which 

the compressive forces or loads applied are controlled at milli-Newton (mN) to micro-

Newton (ÕN) range [2]. Known as nanoindentation, this method enables the accurate 

monitoring of the indentation depth and applied load during testing, having the indented 

area within a few micrometers to nanometer range. Consequently, the nanoindentation 

technique was proven to be highly effective in estimating the hardness of feedstock 

particles with sizes less than 100 Õm. Moreover, it offers a significant advantage as it 

determines the size of the hardness impression from indenter force-displacement curves 

rather than relying on microscopic measurements of the residual hardness impression [3,4]. 
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This unique capability enables researchers to explore and characterize the hardness of 

specimens to unprecedented small depths, even down to a few nanometers in some cases. 

In the review made by Broitman [2], nanoindentation gained substantial momentum in 

2015, to the extent that it has surpassed the interest in microhardness testing. To date, 

several studies investigated the application of nanoindentation to metallographic samples, 

noting its appropriateness for conducting material testing on thin films and bulk 

components [5ï8]. While nanoindentation holds promise, its adoption in particle testing 

remains limited. In the recent study conducted by Slagter et al. [9], nanoindentation of 

embedded particles using the Oliver-Pharr method revealed that probing the properties of 

a particle embedded in a matrix with different elastic properties induces an extra (positive 

or negative) displacement. If not accounted for, this displacement can lead to inaccurate 

determination of both the elastic modulus and nanoindentation hardness. 

This technique was found invaluable in understanding the distinctive attributes of bulk 

[10], coated [11], and thin film [12] high entropy alloy (HEA), particularly the dual-phase 

structured HEAs that offer improved strength-ductility balance, an area of significant 

interest for researchers due to its wide-ranging potential applications. High entropy alloy, 

a solid solution alloy that contains five or more elements with concentration range from 5 

to 35 at.%, is recognized to exhibit high hardness [13,14], high strength at elevated and 

cryogenic temperatures [15,16], and good wear and corrosion resistance [17ï19].  

AlCoCrFeNi HEA is one of the extensively investigated BCC systems for high-strength 

and high-temperature applications. The manufacturing routes explored to produce this 

alloy are either liquid-state processing such as casting or solid-state processing such as 

powder metallurgy which includes mechanical alloying. At a bulk scale, as in casted 
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material, the incorporation of Ni to produce the AlCoCrFeNi alloy leads to a reduction in 

hardness and wear resistance [20].  This is attributed to the transformation of some BCC 

structures into more ductile FCC structures. On the other hand, AlCoCrFeNi2.1, often 

referred to as eutectic high entropy alloy (EHEA), has emerged as a notable exception [21]. 

This alloy exhibits an excellent combination of strength and ductility. 

The existing studies in HEA material characterization have contributed significantly to 

understand the bulk behavior and characteristics of the AlCoCrFeNi alloy system [22ï25].  

However, there remains a critical research gap in determining HEA mechanical properties 

when it is in particle condition. Despite the surge in popularity of nanoindentation in 

evaluating the hardness and strength of HEAs, the same limitations in indentation load and 

depth in particle testing were observed. 

This paper presents the research data and discussions pertaining to the ongoing stride when 

it comes to evaluating nanoscale hardness of particles. The novelty of the work further lies 

in characterizing the nanoscale hardness properties of an emerging class of materials - high-

entropy alloys (HEAs). To date, limited literature is available to assess the nanoscale 

hardness of HEA feedstock particles. Specifically, the study explored the feasibility of 

determining the nanoscale hardness of mechanically alloyed AlCoCrFeNix HEA particles 

with varying amounts of Ni (x = 0, 1, 2.1) through the nanoindentation technique with a 

Berkovich indenter. This research study contributes valuable insights into evaluating the 

nanoscale hardness of AlCoCrFeNix HEA feedstock particles and identifying the influence 

of feedstock processing and indentation on the measured hardness values. 
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4.3 Materials and Methodology 

4.3.1 Powder preparation 

AlCoCrFeNix (x = 0, 1, 2.1) feedstock samples were produced by milling elemental 

powders of Al, Co, Cr, Fe, and Ni with purity higher than 99% from Fisher Scientific, 

Canada. The milling process was carried out using a PQ series Gear Drive 4-station 

planetary ball milling machine, schematically shown in Fig. 4.1. To investigate the effect 

of milling time on the evolution of phases and hardness, different milling durations of 4, 

12, and 24 hours were employed at a constant rotation speed of 580 rpm, the details of 

which are found elsewhere [26]. Although other studies in HEA feedstock production take 

longer milling times [27,28] depending on several factors, including the specific 

composition of the HEA, the milling equipment, and the desired properties to produce 

homogenous alloys, this study explores utilizing higher milling speed to reduce milling 

time.  This is to prevent material contamination due to prolonged milling. 

The design of experiment presented in Table 4.1 was used to synthesize HEA feedstock 

samples with varying Ni content and milling durations. By systematically studying the 

influence of these parameters on the phase transformations and hardness, valuable insights 

into the developed material's behavior and potential applications can be obtained.  
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Figure 4.1. Schematic diagram for the mechanical alloying of Al, Co, Cr, Fe, and Ni to 

produce AlCoCrFeNix (x = 0, 1, 2.1). 

 

Table 4.1. Design of experiment for the preparation of AlCoCrFeNix (x = 0, 1, 2.1) 

Designation Alloy  
Milling 

Time, hrs 

Composition, wt. % 

Al  Co Cr  Fe Ni 

A4 AlCoCrFe 4 13.93 30.42 26.84 28.82 0 

A12 12 

A24 24 

B4 AlCoCrFeNi 4 10.69 23.34 20.60 22.12 23.25 

B12 12 

B24 24 

C4 AlCoCrFeNi2.1 4 8.57 18.73 16.52 17.75 38.43 

C12 12 

C24 24 
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4.3.2 Powder characterization 

The free-standing samples of mechanically alloyed feedstock particles were analyzed for 

various characteristics, including morphology, particle size, and phase fraction. The 

particle morphology and composition before and after mechanical alloying were analyzed 

using a JEOL JSM 6010 scanning electron microscope (SEM) with energy-dispersive 

spectroscopy (EDS). Particle size distribution (PSD) testing was conducted using a 

Mastersizer Particle Size Analyzer. The analysis was performed on the as-received 

elemental powders and the developed HEA powders after 24 hours of mechanical alloying 

for each Ni content variation. To study the phase evolution as milling time progressed for 

each Ni content variation, X-ray diffraction (XRD) patterns were acquired utilizing a 

Bruker D8 Advance spectrometer. The measurements covered the 5-90Á (2ɗ) range, 

employing a step size of 0.02Á and a 1-second step time. These XRD analyses were 

conducted under Cu-KŬ radiation (1.5406 ¡) at 40 kV and 25 mA. The XRD peaks were 

identified using the Xpert HighscoreÈ plus software. Additionally, XRD result was used to 

determine the volume phase fractions of the mechanically alloyed powders, which were 

selected from the peak intensities of the XRD patterns [10,28,29]. Refinements of all 

diffraction data were performed using the Rietveld method implemented in the FullProf 

software. 

4.3.3 Nanoindentation of particles 

4.3.3.1 Sample preparation 

AlCoCrFeNix (x = 0, 1, 2.1) feedstock samples were prepared for nanoindentation testing 

as per the ATSM-E3 Standard Guide for Preparation of Metallographic Specimens, to 
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ensure consistent and repeatable results. Samples were cold-mounted (CM) and hot-

mounted (HM) via castable and compression mounting methods, respectively.  

In the case of CM samples, the mechanically alloyed AlCoCrFeNix (x = 0, 1, 2.1) powders 

were loaded into a casting mold and affixed to the sampleôs surface using a resin composed 

of an epoxy-hardener compound. The samples were allowed to set at room temperature for 

24 hours to allow the resin to properly harden. HM samples were prepared using Buehler 

SimpliMetTM 4000 under temperature and pressure cycle conditions of 350ÁF and 4200 psi, 

respectively, which are below the conditions that will affect the properties of any of the 

elements in the alloy. Samples were left to cure and cool under pressure and were ejected 

when completely cooled to ensure optimal results and minimize the risk of shrinkage gaps.  

After mounting, all samples were polished using a rotating wheel polisher (Pace 

Technologies NANO-1000S). This involves grinding with abrasive papers (800, 1000, and 

1200 grit), and polishing using a 3-micron diamond abrasive suspension. The samples were 

polished to a mirror-like finish to minimize surface defects and ensure consistent results 

during nanoindentation testing [4]. 

4.3.3.2 Nanoindentation test 

Hardness tests were conducted using a Nanomechanics Inc. iMicroÊ Nanoindenter 

equipped with a Berkovich diamond indenter tip. Nanoindentation tests were performed at 

random locations across the face of the mounted powder samples for each set of testing 

parameters.  Indentations were carried out on particles measuring less than 100 Õm in size.  

Indentation depths and loads were chosen such that the influence of the test piece support 

is not evident in the resulting hardness per ASTM E2546 Standard Practice for 

Instrumented Indentation Testing. The effect of mounting resin material was explored 
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under various loading conditions (50, 100, 150, 350, and 500 mN) on the HM and CM 

samples. By using different resins as embedding media for the nanoindentation tests, their 

effects on the measured hardness values were evaluated. This exploration helps in 

understanding the role of resin in supporting the particles during indentation and 

minimizing potential artifacts. 

Indentation depths ranging from 750 to 3000 nm with a maximum loading value of 1000 

mN were implemented on HM samples to investigate the variation of hardness with 

increasing indentation depths. By varying the indentation depth, the depth-dependent 

hardness behavior and potential indentation size effects (ISE) in the HEA system can be 

assessed. This analysis provides valuable information on the material's resistance to 

deformation at different depths. 

To examine the correlation between hardness and applied loads, a series of tests using 

maximum loads of 50, 100, 150, 350, and 500 mN with constant 750 nm indentation depth 

were performed on CM samples.  By varying the load applied during the nanoindentation 

test, the load sensitivity of the material can be examined. This investigation helps in 

understanding the deformation behavior and plasticity of the HEA particles under different 

loading conditions. 

4.3.3.3 Oliver-Pharr method 

The Oliver-Pharr nanoindentation method [30] is a technique developed in the 1990s and 

used to measure the mechanical properties of materials at small scales, particularly the 

hardness and elastic modulus [31]. The nano-scale nature of this method enables the use of 

experimental readings of indenter load and depth of penetration. These readings are 

employed to indirectly measure the contact area at full load; thus, enabling hardness 
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calculations. Hardness measurements are based on the indentation area function and the 

maximum applied load, as depicted in Equation 4.1. Throughout the loading and 

unloading segments of the nanoindentation testing, indentation load and depth are 

continuously recorded, providing insights into hardness as a function of depth beneath the 

surface.  

 

 

Ὄ
ὖ

ὃ
 (4.1) 

where Pmax is the predetermined maximum load and Amax is the indenter area at maximum 

load, related to the contact depth, hc.  

To determine the projected area of contact between the indenter and the specimen at 

maximum load, the precise measurement of contact depth into the specimen surface is 

employed in conjunction with the known indenter tip geometry [4]. Equation 4.2 provides 

the relationship derived by Oliver-Pharr in their seminal work [32], employed to precisely 

quantify this parameter. 

 

ὃ ςτȢυὬ ὅὬ ὅὬ ὅὬ ὅὬ ὅὬ ὅὬ ὅ  

ὅὬ  

(4.2) 

where Cn (n = 1-8) are constants determined through precise curve fitting calibration 

procedures. The leading term characterizes a perfect (ideal) Berkovich indenter without 

defects, and the subsequent terms account for deviations from the ideal Berkovich tip [33].  
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4.3.3.4 Statistical analysis 

Chauvenetôs criterion [34] was utilized to assess the quality of the experimentally measured 

results. This method identifies and removes outliers through a systematic process involving 

the deviation calculation of samples via mean and standard deviation methods. Deviations 

exceeding a critical value threshold based on sample size, as provided in Statistical 

Treatment of Experimental Data [35], were eliminated.  This method relies on the principle 

that the data exhibits a normal distribution, which is present in the experimental results of 

this study. 

4.3.3.5 Corrected hardness computation 

The experimental hardness values obtained from the nanoindenter were corrected based on 

the computation of Slagter et al. [9], by accounting for the extra compliance (ȹC) brought 

about by the elastic contribution of the matrix from which the particles are embedded. 

Computing for the corrected hardness values (Hcorr) involves an iterative process starting 

initially with the particle elastic modulus (Ep) from the nanoindenter, which is considered 

as Ep,0. All the parameters and their corresponding values are presented in Table 4.2. The 

iteration starts with the computation of the ȹC (Equation 4.3) using the value of Ep,0. This 

is followed by computing for the other parameters, such as the corrected hardness using 

Equations 4.4 to 4.6. The corrected elastic modulus, on the other hand, (Er
corr) was 

computed using Equation 4.6, which is then regarded as Ep,i and was used to compute the 

new ȹC. The iterative computations were done until the value of Ep,i converged with Ep,i+1. 

Lastly, the Hcorr was computed from Equation 4.7 using the corrected contact area (Ac
corr) 

from the iteration process. 
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Table 4.2. Parameters used for the iterative calculation of the corrected hardness 

Parameter Symbol 
Values 

Used 
Units Remarks 

Proportionality 

constant 
Ŭ 1.06 - 

Simulated value for spherical 

particles from Slagter et al. [9] 

Particle 

diameter 
Dp 50 ɛm 

Average particle size for 

AlCoCrFeNix (x=1) 

Particle elastic 

modulus 
Ep - GPa 

Values obtained from the 

nanoindenter for each trial 

Particle 

poissonôs ratio 
ɜp 0.3 - [36] 
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Matrix elastic 

modulus 
Em 

14.156 

(HM) 

3.973 (CM) 

GPa 
Values obtained by indenting the 

actual resins used 

Matrix 

poissonôs ratio 
ɜm 0.3 - [37] 

Stiffness S - mN/ɛm 

Values obtained for the derivative 

of the unloading curve of each 

trial 

Contact depth hc - ɛm 
Values were computed for each 

trial using Ὤ Ὤ ‭  

Indentation 

load 
P - mN 

Values obtained from the 

nanoindenter for each trial 

Indenter 

geometric 

constant 

ⱦ 0.75 - 
Recommended value from Slagter 

et al. [9] 

Correction 

factor 
ɓ 1.05 - 

Recommended value from Slagter 

et al. [9] 

Corrected 

contact area 
Ac - ɛm2 

Values obtained using Equation 

4.2 as a function of the hc
corr, on 

the assumption of a perfect 

indenter 

 

4.4 Results and Discussion 

4.4.1 Particle size distribution and phase determination 

As the milling time progressed, Al, Co, Cr, Fe, and Ni particles, as seen in Figs. 4.2a-4.2b 

representing the particle size distribution, underwent continuous fracturing and welding 

processes. This resulted in the formation of feedstock particles for a five-element high-

entropy alloy, with the particle size being effectively controlled during the milling process. 

Figure 4.2c shows the state of particles after 24 hours of milling. It is evident that the mean 
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particle size of AlCoCrFeNix (x = 0, 1, and 2.1) decreased to less than 50 µm due to the 

repeated mechanical deformation, fracturing, and welding of particles.  

Interestingly, the mean particle size was found to be lower when Ni was introduced into 

the AlCoCrFe alloy system. However, as the atomic ratio of Ni increased from 1 to 2.1, the 

mean particle size increased to 35 µm. This behavior can be attributed to the presence of 

Ni atoms within the crystal lattice, which can impede the movement of dislocations 

responsible for plastic deformation. From a previous study of equiatomic bulk AlCoCrFeNi 

HEA, when the atomic ratio of Ni to other constituents, especially Al, is 1:1, the major 

composition of the alloy is BCC phase which exhibits high strength but inferior plasticity 

[38]. As the Ni atomic content increases to 2.1, FCC and BCC phases exhibit an excellent 

strength-plasticity synergy resulting in the conclusion that Ni-rich HEAs exhibit excellent 

overall strength and hardness of the material. Thus, in the case of AlCoCrFeNi HEA 

particles beyond the equiatomic ratio of Ni (i.e., x = 2.1), there is an improvement in 

ductility and toughness, limiting the fracturing during mechanical alloying and resulting in 

an increase in particle size, detailed in Fig. 4.2d. 

The mechanical alloying process, which involves grinding powder mixtures in a high-

energy ball mill, leads to significant phase transformation as the milling time progresses 

[39]. The repeated impact and grinding between balls and powder particles promote plastic 

deformation, fracturing, and cold welding of the particles. This process leads to the creation 

of nanocrystalline and/or an amorphous structure, making it an effective technique for 

producing HEAs. The mechanical alloying process, particularly when conducted in a 

planetary ball mill in this case, aims to produce HEAs with particle sizes less than 100 µm, 
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suitable for CS applications. The milling parameters employed in this work have proven to 

be successful in achieving the desired particle size for the three HEA systems studied [26]. 

 These findings highlight the effectiveness of mechanical alloying in producing HEAs with 

controlled particle sizes, opening up potential applications in various industries where the 

unique properties of HEAs are sought after for enhanced performance and functionality. 

 

Figure 4.2. Particle size distribution of (a)-(b) as received Al, Co, Cr, Fe, Ni powders, 

and  (c)-(d) milled AlCoCrFeNix(x=0, 1, 2.1) after 24 hours of mechanical alloying. 

   

Figure 4.3 illustrates phase transformation details during milling, where the crystallinity 

of the material is evident with the presence of FCC (face-centered cubic) and BCC (body-

centered cubic) peaks after milling. In Fig. 4.3a, a shift in peak intensity of (111) and (011) 

peaks at 2ɗ = 38.6Á and 2ɗ = 44.8Á, respectively, indicates a phase transformation from 

FCC to BCC phase after 12 hours of milling AlCoCrFe.   
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In the case of AlCoCrFeNi, Fig. 4.3b shows only slight fluctuations in peak intensities as 

milling time progresses, and it seems that there is no formation of other intermetallics or 

contamination from milling media during mechanical alloying, as no new peaks appeared 

in the XRD patterns. This can be further verified by Transmission Electron Microscope 

(TEM) after feedstock was deposited via the cold spray process. Furthermore, the decrease 

in intensity of the FCC peak (111) and the disappearance of the peak (113) in Fig. 4.3c 

demonstrate the dissolution of the FCC phase, which is a positive indication of successful 

alloying.  

 

Figure 4.3. XRD results of AlCoCrFeNix (x = 0, 1, 2.1) after 4, 12, and 24 hours of 

mechanical alloying. 

 

The XRD patterns presented in Fig. 4.3 were analyzed using Equation 4.8 for phase 

volume fraction, Vf, where I is the peak intensity of the phase and В) is the total peak 

intensity of all phases in the XRD pattern [10,40]. Figure 4.4 shows that the addition of Ni 

to the AlCoCrFe alloy system resulted in a slight increase in the BCC phase (46% to 54%) 
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at the start of milling time (at 4 hrs). However, as the milling duration progressed from 4 

to 24 hours, a consistent proportion of ~ 50% BCC and ~ 50% FCC phases were seen and 

displayed in Fig. 4.4 (x = 1). A slight decrease in the BCC phase of AlCoCrFeNi (x=1) 

was observed after 12 hours of milling because of the presence of Ni resulting in the 

increase of the FCC phase as shown in the appearance of XRD peaks (002) and (022) in 

Fig. 4.3b.  As milling time progresses to 24 hours, the free energy of FCC may increase 

due to additional free energy supplied by dislocations making the BCC phase more stable. 

The phase fraction determined in this study for AlCoCrFeNi HEA feedstock after 24 hours 

of milling (55% BCC phase and 45% FCC phase) was consistent with the phase fraction 

found on spark-plasma-sintered AlCoCrFeNi HEA (55.8% BCC/B2 phase and 44.2% 

FCC) with a hardness of 924 HV [10]. 

6
В
 ρππϷ             (4.8) 

As the Ni content increased further to an atomic ratio of x = 2.1, and the alloy system was 

milled for 4 to 24 hours, an increasing phase fraction of BCC was observed. The trend of 

more BCC phase present in the HEA particles at higher milling time was seen on both 

AlCoCrFe and AlCoCrFeNi2.1 alloy systems. The incorporation of Ni, an FCC element, 

can improve the ductility of the material, and as milling time increases, the free energy of 

FCC may increase due to additional free energy supplied by dislocations. Consequently, 

making the BCC phase more stable (i.e., lower free energy state) and contributing to the 

increasing BCC phase in the alloy. A BCC structure is generally associated with higher 

hardness compared to other crystal structures. This is due to the lower atomic packing 

efficiency of the BCC structure, resulting in a higher density of dislocations and greater 

resistance to plastic deformation, leading to increased hardness.  
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Figure 4.4. BCC phase volume fraction of AlCoCrFeNix (x = 0, 1, 2.1) after 4, 12, and 

24 hours of mechanical alloying. 

 

In summary, the addition of Ni to the AlCoCrFe alloy system affected the crystal structure, 

and at certain atomic ratios, it led to a shift in the phase composition, favoring the formation 

of the BCC phase. This alteration in the crystal structure plays a crucial role in influencing 

the mechanical properties of the HEA particles. Understanding these phase changes is 

essential for tailoring the properties of HEAs and optimizing their performance for various 

applications, where increased hardness and resistance to plastic deformation are desired.  

4.4.2 Influence of feedstock processing parameters on hardness 

4.4.2.1 Milling time  

As shown in Figs. 4.3 and 4.4, milling time can influence the phase composition of the 

material. As the milling time increases, some phases may undergo transformation, leading 

to changes in their mechanical properties. As shown in Fig. 4.5, the changes in phase 

composition can directly impact the hardness of the material. For instance, the formation 

of nanocrystalline phases or the transition from one crystal structure to another can 
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significantly affect the material's mechanical properties [41]. Nanocrystalline phases 

typically have smaller grain sizes, higher dislocation densities, and altered grain 

boundaries, which can lead to increased hardness.  

Furthermore, as milling time progresses, the accumulated deformation and dislocations 

generated during the mechanical alloying process can induce changes in the material's 

mechanical behavior. Throughout the alloying procedure, semi-coherent phase boundaries 

were formed due to the presence of chemically disordered distributions of multiple 

elements in HEA [42]. These strains influence the Gibbs energy of the system leading to 

phase evolution, all of which influence the hardness of the material as shown in Fig. 4.5. 

As the milling time of the three alloy systems increases from 4 to 24 hours, there is also an 

increase in hardness values. This shows that milling time is a critical parameter that 

influences the extent of strain accumulation and how prolonged mechanical alloying affects 

strain-induced phase changes and, consequently, material hardness. 

 

Figure 4.5. Hardness of AlCoCrFeNix (x=0, 1, 2.1) after 4, 12, and 24 hours of 

mechanical alloying. 
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4.4.2.2 Ni content 

The hardness of an HEA system is influenced by both its composition and particle size. 

Each elemental composition within the HEA particle carries intrinsic properties that, when 

combined, lead to unique mechanical characteristics. In the AlCoCrFeNi alloy system, the 

addition of Ni resulted in lower hardness at the start of milling time but higher hardness 

values than AlCoCrFe alloy system as milling time progressed, as evident from the results 

shown in Fig. 4.5. This can be attributed to the specific properties of Ni, which, when 

integrated into the alloy, enhances its hardness. Higher hardness is evident for high-entropy 

alloys with Ni atomic content of 1 and 2.1 presented in Fig. 4.5, measured at above 344 

HV (3.64 GPa) and 370 HV (3.92 Gpa), respectively.  

While it might be expected that the hardness of AlCoCrFeNi would be lower than 

AlCoCrFe due to the decrease in the BCC phase (i.e., after 24 hours), as illustrated in Fig. 

4.4, the hardness values showed a reverse trend. This can be attributed to the presence of 

chemically disordered distributions of multiple elements in HEA, forming semi-coherent 

phase boundaries [42]. Although the BCC phase exhibited higher hardness, these phase 

boundaries effectively hindered dislocation movement, leading to the accumulation of 

dislocations within the FCC phase that led to high dislocation density. Consequently, a 

significant hardening of material is expected that is associated with the enhancement of 

strength despite the decrease in the proportion of BCC phase within this dual-phase 

material. 

Additionally, as shown in Fig. 4.6, the morphology of AlCoCrFeNix HEA particles 

changed based on the Ni content. AlCoCrFe (Fig. 4.6a) appeared flat and more irregular 

in shape than AlCoCrFeNi (Fig. 4.6b), while AlCoCrFeNi2.1 (Fig. 4.6c) exhibited a flaky 
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morphology after 24 hours of mechanical alloying. The differences observed in particle 

shape have significant implications on the hardness results [43], considering that the 

particle diameter may not be uniform in different directions within the particle. Further in 

the discussion, the influence of nanoindentation parameters such as depth, load and resin 

type on sample thickness or length is highlighted. 

 

Figure 4.6. SEM images of (a)-(c) AlCoCrFe, (d) ï (f) AlCoCrFeNi, (g) ï (i) 

AlCoCrFeNi2.1 feedstock particles after 4, 12 and 24 hours of mechanical alloying. 

 

4.4.3 Influence of indentation parameters on hardness 

4.4.3.1 Mounting resin 

The hardness test involves small indentations on the order of a few nanometers on the 

materialôs surface. The choice of mounting resin can influence the size and shape of the 

indentation due to differences in the mechanical properties of the resin compared to the 
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sample. As a result, this factor can affect the calculated hardness values, as the indentation 

size is a critical parameter in hardness testing.  

In this study, nanoindentation tests were carried out on mechanically alloyed feedstock 

samples of AlCoCrFeNi mounted by means of hot and cold mounting methods while 

progressively increasing the applied loads. The results revealed distinct trends between the 

two mounting methods, with HM AlCoCrFeNi feedstock samples consistently exhibiting 

higher hardness values compared to those metallographically prepared via the CM method. 

As the applied load increased, the average hardness of the HM samples exhibited 

fluctuations, ranging from 3.85 to 5.30 GPa, while the CM samples' hardness measured 

between 3.12 and 3.77 GPa. The percentage difference between the two mounting methods 

was calculated at each loading interval, the largest difference being 41% observed at 500 

mN. The low hardness of CM samples at higher indentation load is due to the resinôs low 

resistance to deformation. Additionally, Fig. 4.7 shows that the measured hardness of the 

CM AlCoCrFeNi samples in every indentation load fluctuated more, indicated by the larger 

coefficients of variation compared to the HM samples. 

 
Figure 4.7. Influence of mounting method on the hardness of AlCoCrFeNix (x = 1). 
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Powder consolidation is a fundamental method in powder metallurgy, which involves 

compacting loosely packed metal or alloy powder particles into a coherent structure for 

mechanical property testing. However, powder consolidation was deliberately omitted in 

this study prior to the mounting step and nanoindentation test. This is to prevent extensive 

plastic deformation and work hardening when transformation occurs from the loose 

particles to compact sample.  

The CM method effectively attaches the metallographic powder within the resin, whereas 

the HM method involves subjecting the powders to compression at constant elevated 

pressures and temperatures to melt the resin granules leading to better adhesion between 

the powder particles and the mounting material. However, the HM process relies on the 

application of heat and high pressure to consolidate loose powders into a complete 

component. As heat is applied, the gaps between particles shrink, resulting in a denser 

product. The application of pressure compacts the powder particles further, thereby 

reducing the void space (or mean free path) among them. This reduction in void space can 

increase the resistance to deformation of the particles. Also, high-pressure heat treatment 

generates high strains, inducing lattice distortion and increasing the density of dislocations. 

This, in turn, elevates the resistance to deformation [44]. Combined, the above factors 

contribute to higher measured hardness in HM samples. Thus, the temperature and pressure 

used during HM in this study are high enough to melt the resin powders but strategically 

lower than the temperature that will impact the properties of the HEA feedstock samples. 

Both HM and CM resins demonstrate remarkably lower resistance to deformation, 

measuring the hardness at 0.25 GPa and 0.88 GPa, respectively, which are significantly 

lower than the hardness exhibited by the metallographic powders. The influence of the soft 
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resinôs matrix may alter the effective contact area between the indenter and the sample. As 

the powders are subjected to indentation, a more profound immersion of the HEA powders 

into the mounting resin occurs. When the indenter comes into contact with the 

mechanically alloyed feedstock particles, the HEA particles act as an indenter themselves, 

and the mounting medium may deform. As a result, the indenter experiences a greater 

displacement into the specimen, thus increasing the contact area and resulting in lower 

measured hardness values as evidenced by Equations 4.1 and 4.2. 

A study conducted by Leggoe [43] reports similar findings in nanoscale hardness testing 

of embedded particles within a matrix exhibiting different elastic moduli. These findings 

are attributed to the impact of the mounting matrix, termed as the ñsecondary indentationò 

effect, which arises when stiffer indented particles are pressed into a more compliant 

matrix. Consequently, this secondary indentation induces additional penetration into the 

compliant matrix, dependent on its properties, as well as particle shape, dimension, and 

properties. As a result, the measured indentation depth tends to overestimate the actual 

depth of the particles, thereby influencing the recorded hardness values.  

Slagter et al. [9] proposed modifications to the standard indentation method, presenting an 

adaptation of the Oliver-Pharr method to address the influence of the mounting resin matrix 

and the presence of a secondary indentation by restricting the depth of indentation. In Fig. 

8, the corrected hardness values, accounting for the particle/matrix elastic inhomogeneity, 

are shown. It is noteworthy that these corrected hardness values in hot- and cold-mounted 

samples are higher by 0.10 to 0.40 GPa and 0.50 to 0.90 GPa, respectively, than those of 

the experimental results. The nanoindentation equipment used in this study employed the 

Oliver-Pharr method to generate nanoscale hardness data. However, it was found that this 
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method underestimates the actual contact depth due to the pile-up phenomenon [45]. The 

proposed modifications by Slagter et al. (Section 4.3.3.5) were implemented to overcome 

this limitation and provide more accurate hardness measurements.  

 

Figure 4.8. Corrected hardness values for the HM and CM AlCoCrFeNix (x=1) particles. 

 

4.4.3.2 Indentation depth 

During nanoindentation, the indenter penetrates the material surface to a certain depth, 

referred to as the indentation depth. It is established that when the material is indented, it 

responds by deforming elastically or plastically depending on the level of applied stress. In 

all indentation tests, plastic deformation zone was measured after elastic recovery [2]. 

Employing a shallower indentation depth in hardness testing results in relatively lower 

levels of deformation compared to its counterparts with larger indentation depths, as 

evidenced by larger hardness measurements based on Equation 4.1. In this case, the 
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indenter penetrates the material to a lesser extent, causing a smaller displacement or 

deformation zone and allowing for more elastic recuperation. The material near the surface 

experiences localized plastic deformation, resulting in a smaller volume of material being 

affected. On the other hand, when a deeper indentation depth is reached, the material 

undergoes more extensive deformation. Thus, this section presented how different depths 

of indentation influence the measured hardness values. 

In investigating the mechanical properties of the mechanically alloyed AlCoCrFeNi 

feedstock samples after 24-hour milling, after considering the influence of mounting 

matrix, a clear dependence of average hardness on the indentation depth is observed 

(represented by corrected hardness values), refer to Fig. 4.9. Notably, this trend is 

particularly evident when measuring at shallower depths. The results illustrate a gradual 

increase in average hardness as indentations become shallower. The trend of average 

hardness values, ascertained by systematically varying the indentation depth on the surface 

of AlCoCrFeNi (B24) samples is graphically depicted in Fig. 4.9.  

The observed increase in hardness at shallow indentation depths (i.e., smaller contact area) 

can be attributed to the indentation size effect (ISE), which may greatly influence the 

interpretation of results. In essence, as observed by Tymiak et al., ISE is a phenomenon 

when the hardness at shallow indentation depths is greater than those at deeper depths [46]. 

It arises from the fact that as the depth of indentation decreases to very small scales 

(typically in the nanometer range), the behavior of the material can deviate from the bulk 

properties. At shallower indentation depths, a larger portion of the materialôs response to 

the indenter is elastic in nature. As the indentation depth decreases, a greater proportion of 

the total deformation is absorbed elastically, meaning the material experiences less 
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permanent or plastic deformation. The observed increase in hardness values is attributed to 

the increased reliance on elastic deformation to accommodate the stress induced by 

indentation. Specifically, at a depth of 750 nm, the material exhibits a higher corrected 

hardness value of 3.83 GPa, whereas at a depth of 3000 nm, the corrected hardness value 

reduces to 1.78 GPa, as illustrated in Fig. 4.9. 

 

Figure 4.9. (a) Influence of indentation depth on nano-scale hardness of AlCoCrFeNix 

(x=1), and (b) particle micrograph with increasing indentation contact area as a function 

of indentation depth. 

 

Conversely, a further increase in indentation depth resulted in less contribution of elastic 

deformation. A larger volume of material experiences plastic deformation, resulting in a 

more extensive and homogenous plastic zone around the indentation. As the plastic zone 

becomes dominant, the hardness value reaches a depth-independent constant value as 

observed in indentation depths of 2500 nm, and 3000 nm. This indicates that the material 

has undergone significant plastic deformation and further increases in indentation depth do 

not significantly affect the hardness value [46]. 
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Initially, the occurrence of ISE was attributed to measurement errors or surface preparation 

procedures. However, the most widely adopted model at the micrometer scale developed 

by Nix and Gao [47] showed that the geometrically necessary dislocations (GNDs) are 

generated during the indentation process to accommodate the volume of material displaced 

by the indenter, as illustrated in Fig. 4.10. These GNDs persist within a hemispherical 

plastic zone whose size is determined by the radius of indentation contact on the surface. 

The presence of GNDs plays a crucial role in the plastic deformation and mechanical 

behavior of materials, particularly at small scales. These dislocations significantly impact 

material properties such as hardness, strength, and ductility by entangling and impeding 

further movement of existing dislocations (statistically stored dislocations), as well as the 

formation and movement of new dislocations.  

 

Figure 4.10. Schematic diagram of GNDs generation during the indentation process. 

 

Nix and Gao model, shown in Equation 4.9, employed strain gradient plasticity showing 

dependence of the calculated hardness value on indentation depth for geometrically self-

similar indenters [47,48]. As the indentation size decreases, the GND density increases, 
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resulting in a higher hardness due to the interaction among dislocations, known as the 

Taylor hardening mechanism. The fundamental concept of Taylor hardening is that the 

dislocations formed during deformation act as obstacles to the motion of other dislocations 

[49]. These dislocations can take various forms, such as dislocation pile-ups, dislocation 

entanglements, and dislocation annihilation, all of which contribute collectively to the 

strengthening of material. 

 

 

Ὄ
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where H is the hardness for a given indentation depth, h; Ὄ  is the hardness in the limit of 

infinite depth; and  Ὤᶻ is a characteristic length that depends on the material and shape of 

the indenter tip. 

In this study, the Nix-Gao model was employed to calculate the bulk-equivalent 

nanoindentation hardness from depth-dependent nanoindentation hardness [45]. By using 

this model, the relationship between the measured hardness during nanoindentation and the 

intrinsic hardness of the material was established. A linear relationship can be predicted 

between the square of hardness (H2) and the inverse of depth (1/h).  Figure 4.9 presents 

the calculated hardness using the Nix-Gao model, indicating that at an indentation depth of 

1500 nm, the value (2.84 GPa) aligns with the corrected experimental result (2.81 GPa). 

Thus, the corrected nanoindentation results obtained in this work showed that the hardness 

value of 2.81 GPa at an indentation depth of 1500 nm is the intrinsic hardness of 

AlCoCrFeNi HEA. Beyond this depth, the effect on hardness values is minimal, as 

evidenced by the insignificant changes observed. 
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The hardness tests conducted in this research utilized a sharp Berkovich tip, which is 

prismatic in shape. As a result, the measured hardness values inherently relied on the tipôs 

geometry rather than being entirely dependent on the contribution of the indented material. 

In crystalline materials, when a pyramidal indenter is applied, the material undergoes 

deformation in the form of plastic and elastic responses. At shallow depths of penetration, 

the indenter encounters fewer atomic planes, leading to limited plastic deformation. As a 

result, the material exhibits higher values due to increased resistance to the indentation 

[50,51].  

In addition to understanding the ISE and its impact on nanoindentation hardness values, 

other practices have been implemented to mitigate the potential influence of indentation 

depth on the interpretation of results. The "10% rule" is a well-known practice in nano-

scale hardness testing as it is aimed at minimizing the influence of substrate properties on 

the measurement of coating properties by limiting the maximum depth of indentation. Its 

purpose is to restrict the plastic zone to the coating material to ensure accurate results. 

Fischer-Cripps discusses the relevance, validity, and limitations of this rule, emphasizing 

its importance in thin coating testing while acknowledging its applicability to the bulk 

material testing [52], such as relevant to this study. In essence, this rule ensures test piece 

thickness shall be large enough, or indentation depth small enough, such that the test result 

is not influenced by the test piece support. Test piece thickness should be at least 10 times 

the indentation depth or 6 times greater than the indentation radius; whichever is greater. 

This serves as a strong basis for nano-scale hardness testing, as it operates under the 

assumption that, if the indenterôs penetration depth is less than 10% of the test piece 
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thickness, the plastic zone resulting from indentation will be confined entirely within the 

test piece. Any elastic deformation from the substrate will have a negligible impact.  

Overall, the experimentally obtained hardness values in this study, with consideration of 

the ISE are comparable to the published results of AlCoCrFeNi in bulk conditions (e.g., 

casted or coated) as shown in Fig. 4.11. 

 

Figure 4.11. Hardness results of AlCoCrFeNi feedstock particles in comparison to 

AlCoCrFeNi as coating and casted HEA 

 

4.4.3.3 Indentation load 

The influence of the indentation load on the hardness of the mechanically alloyed 

AlCoCrFeNi HEA particles with varying Ni content is presented in Fig. 4.12a. Initially, it 

is observed that the measured values for each indentation load were independent of each 

other, and specific trends can only be seen within certain ranges as the indentation load 

increases from 50 mN to 500 mN. For low indentation loads (50 and 100 mN), higher Ni 

content exhibited larger hardness measurements compared to the one without Ni. 

Increasing the indentation load from 150 to 350 mN showed some variations in the 
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measured hardness. For x=0 and x=2.1, the hardness increased in the said range of 

indentation load, but the hardness decreased for x=1. When the indentation load was further 

increased to 500 mN, the measured hardness values were contrary to the previous trend 

and found to be within the range of each other, as indicated by the error bars. 

The variability of the measured hardness of the mechanically alloyed AlCoCrFeNi HEA 

particles can be attributed to the anisotropy induced by the distribution of phases (FCC and 

BCC) within the particle from which the indentation was done. Based on the XRD results 

presented in Fig. 4.3, FCC and BCC phases are present in the mechanically alloyed 

AlCoCrFeNi HEA particles. This is also evident for all alloys with varying Ni content (x= 

0, 1, 2.1). At low indentation loads, the coverage of the indentation area has the possibility 

to focus only on regions with high phase volume fraction of either FCC or BCC. In relation 

to the measured hardness at low indentation loads, high hardness could mean that the 

indentation happened on a BCC phase-dominant region within the particle or in the semi-

coherent phase boundaries. 

Focusing on the influence of indentation load on the hardness for x=1 (Fig. 4.12b), 

increasing the load from 500 to 1000 mN resulted in a relatively flat trend line in the graph. 

This behavior indicates that AlCoCrFeNi exhibits low load sensitivity, as there was 

minimal change in hardness with increasing load. Specifically, the measured hardness 

values for 500 and 1000 mN were almost the same, having a small standard deviation of ± 

0.04, which is more reliable than the measured hardness values for indentation loads less 

than 500 mN with a large standard deviation (± 0.27).  

The consistency observed at higher indentation loads (500 to 1000 mN) can be attributed 

to the larger indentation area and a better FCC-BCC phase fraction distribution and can be 
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considered as the load-independent range. Hence, the hardness measured at high 

indentation loads (for this study, up to 1000 mN) accurately represents the mechanical 

property of the mechanically alloyed AlCoCrFeNi HEA particles. 

 

Figure 4.12. Influence of indentation load on the nano-scale hardness of AlCoCrFeNix 

(a) for x=0, 1, 2.1 from 50 to 500 mN; and (b) for x=1 from 50 to 1000 mN. 

 

When different indentation loads are applied, the HEA particles experience varying levels 

of stress and strain during indentation. Higher loads typically create a larger contact area 

between the indenter and the material, leading to increased plastic deformation, as evident 

from the larger indentation area for a given load in Fig. 4.13a. Conversely, lower loads 

induce less plastic deformation, resulting in a smaller indentation.  

Despite the evident variation in indentation size as the indentation load was varied in Fig. 

4.13a, the systematic variation of indentation loads showed a low load sensitivity of 

AlCoCrFeNi feedstock, as illustrated in a relatively flat trendline in Fig. 4.12. This finding 

highlights the materialôs ability to maintain consistent hardness measurement across a 

range of indentation loads. Furthermore, the loading-unloading curves at varying 

indentation loads for x=1 in Fig. 4.13b, showing the indentation load as a function of 
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indentation depth, indicate that the slopes of the unloading curves change without a specific 

trend. This behavior further supports the notion of low load sensitivity, as the changes in 

indentation load do not significantly affect the materialôs response during unloading. 

 
Figure 4.13. (a) Micrograph of a particle with increasing indentation contact area as a 

function of indentation load, and (b) average loading and unloading curves for 

AlCoCrFeNi mechanically alloyed feedstock powders at varying indentation loads. 

 

4.5 Conclusions 

In conclusion, this paper presents the viability of nanoindentation technique as a method 

to study the hardness/strength properties of AlCoCrFeNix (x = 0, 1, 2.1) HEA feedstock 

particles after mechanical alloying. The induced knowledge suggests that the reliability of 

the method is dependent on two sets of factors: 1) material specific and 2) test specific. The 

first factor combines the particle attributes such as distribution of phase boundaries, size, 

and shape, whereas the test factor includes parameters such as mounting resin, indentation 

depth, and indentation load. The study yields the following significant conclusions: 

¶ The nanoindentation technique is applicable to feedstock particle sizes in 

micrometer and nanometer size ranges as long as the sample is at least 10 times the 
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indentation depth used. This ensures that any plastic zone resulting from 

indentation will be confined entirely within the test piece and the mounting resin 

has negligible impact. 

¶ Based on corrected experimental hardness plots of hot- and cold-mounted samples 

at varying loads, there is a 0.10 to 0.90 GPa underestimation of hardness results. 

This is due to the lower deformation resistance of both hot and cold mounting resins 

which allows the indenter to displace further into the specimen, thus increasing the 

contact area and resulting in lower measured hardness values. Overall, the 

experimental hardness results of hot-mounted samples are higher than the cold-

mounted samples and closer to the corrected values, considering the particle/matrix 

elastic inhomogeneity. 

¶ The plot of the corrected hardness values of AlCoCrFeNi, obtained by varying 

indentation depth of 750 nm to 3000 nm using an adapted Oliver-Pharr method, 

revealed the presence of an Indentation Size Effect (ISE) indicating depth-

dependence of AlCoCrFeNi HEA. Notably, the calculated hardness values using 

Nix-Gao demonstrated agreement with the corrected experimental results, 

particularly at an indentation depth of 1500 nm leading to the conclusion that the 

intrinsic hardness of AlCoCrFe HEA can be reliably determined at this specific 

indentation depth and measured to be 2.81 GPa. 

¶ Based on a relatively flat trendline of hardness vs indentation load plot, 

AlCoCrFeNi demonstrates the materialôs low load sensitivity, indicating that the 

measured nano-hardness values are consistent across various indentation loads. 

However, a more consistent hardness values at 500 mN to 1000 mN showed the 
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reliability of hardness measurements obtained at higher indentation loads to 

accurately represent its mechanical properties, creating larger indentation area to 

cover the semi-coherent phase boundaries formed due to the presence of chemically 

disordered distributions of multiple elements in HEA.  

By considering the influence of particle size, sample preparation methods, and test 

parameters, accurate and consistent nanoindentation measurements were obtained, 

contributing to a deeper understanding of high-entropy alloyôs acceptance as feedstock 

particles in CS applications. 
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5. Propelling gas influence on the deposition of AlCoCrFeNi high-

entropy alloy particles on a steel substrate using cold spray 

This chapter presents the cold spray (CS) deposition of AlCoCrFeNi feedstock onto low-

alloy steel substrate and address the difficulty in depositing particles onto hard substrates 

through CS. Investigation will include the influence of gas type on effective deposition, 

the role of feedstock and substrate properties on the interfacial bonding features, and the 

microstructural properties of the HEA particles after deposition. 

This chapter has been published as: Aisa Grace Custodio*, Marvin Tolentino, Aleksandra 

Nastic, Bertrand Jodoin, Gobinda C. Saha, and Clodualdo Aranas, ñPropelling gas influence 

on the deposition of AlCoCrFeNi high-entropy alloy particles on a steel substrate using 

cold spray,ò High Entropy Alloys & Materials, Feb. 2025, https://doi.org/10.1007/s44210-

025-00053-7.  

*Aisa Grace Custodio served as the main investigator of this study and was responsible for 

writing the manuscript. Co-authors contributed to facilitating experiments, writing and 

finalizing the manuscript. 

5.1 Abstract 

High-pressure compressed gases, such as nitrogen (N2) and helium (He), are critical for 

propelling micron-sized particles onto a substrate during the cold spray (CS) process. The 

propellant molecular weight and specific heat ratio affect the gas speed of sound, allowing 

for distinct flow acceleration and injected particle momentum transfer during CS for a set 

operating pressure and temperature. Since higher particle impact velocities can improve 

the overall CS deposit quality/efficiency, the present work focuses on investigating the 

https://doi.org/10.1007/s44210-025-00053-7
https://doi.org/10.1007/s44210-025-00053-7
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effect of N2 and He as process gases on the deposition of mechanically alloyed 

AlCoCrFeNi high-entropy alloy (HEA) particles with diameters ranging between 5-100 

µm onto high-strength low-alloy steel substrates. Moreover, this research examines the 

influence of various properties of both particle and substrate, such as density and dynamic 

yield strength, on the effective particle bonding, demonstrated by particle flattening ratio 

and critical bonding velocity. Based on the findings, the particle velocities ranged from 

502 m/s to 868 m/s for coatings obtained with N2 gas, compared to 717 m/s to 1797 m/s 

for those sprayed with He gas, resulting in more effective deposition of the latter. The 

evaluated critical velocity for AlCoCrFeNi particles onto low-alloy steel substrate is >1400 

m/s which delineates the onset of successful mechanical and metallurgical bonding. 

Deviations from the optimal deposition window may prompt particle rebounding and 

empty crater formation, particularly when employing N2 as the propelling medium.  

Keywords: Cold spray; High-entropy alloy; AlCoCrFeNi; Propelling gas; Helium gas; 

Nitrogen gas 

5.2 Introduction  

The growing interest in high-entropy alloys (HEAs) is attributed to their enhanced and 

optimized mechanical properties and oxidation resistance, which has been shown to exceed 

that of commercially available alloys [1ï4]. Unlike conventional alloys typically consisting 

of one or two primary elements with minor alloying additions, HEAs belong to a relatively 

new category of materials composed of multiple elements in roughly equal proportions or 

with near equimolar concentrations. This unique feature results in a high degree of 

configurational entropy, hence the term high-entropy alloy [2]. 
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One of the most intriguing aspects of HEAs is their outstanding mechanical properties. 

Conventional alloys often exhibit a trade-off between strength and ductility yet, HEAs have 

demonstrated an ability to achieve high strength and good ductility simultaneously [5,6]. 

This concurrent improvement in strength and ductility is achieved through the dual phase 

properties in HEAs. The presence of soft phase increases the ductility whereas the hard 

phase increases the yield strength [7]. This combination of characteristics makes HEAs 

attractive for structural applications where materials must withstand significant mechanical 

loads without fracturing or undergoing severe plastic deformation. Numerous conducted 

studies focus on utilizing HEAs in the form of feedstock powder for the deposition of 

surface protective coatings and/or of 3D freeform component aimed for deployment in 

extreme operating conditions [1,8,9]. Among the commonly studied HEA derivatives of 

the Cantor alloy, the AlCoCrFeNi HEA has seen considerable interest in the materials 

community. This popularity stems from the co-presence of body-centered cubic (BCC) and 

face-centered cubic (FCC) phases in the AlCoCrFeNi material structure, which provides 

high strength, notable ductility [10ï12], and oxidation resistance [3,13,14], rendering the 

HEA a plausible candidate for emerging applications [15]. Aside from the dual-phase 

presence in AlCoCrFeNi, most HEAs incorporate Al, a strong BCC stabilizer, which can 

form a protective Al2O3 layer favoring oxidation properties [3]. 

Multiple techniques are utilized to fabricate/deposit HEA coatings. For example, in the 

cold spray (CS) process, the feedstock material is fed into a converging/diverging nozzle, 

where it undergoes heating below the selected materials melting temperature before being 

accelerated toward the substrate [2]. Contrary to industry-standard thermal spray 

technologies, which include the high velocity oxy-fuel (HVOF) process, the CS method 
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works primarily on the principle of particle kinetic energy; thereby providing the ability to 

retain the HEA feedstock phase structure without any phase transformation [14], 

commonly observed during high-temperature particle heating, and consequently avoiding 

the deleterious effect of surface oxidation prior to impact/deposition [16]. The utilized 

carrier gas accelerates the injected solid particles to velocities ranging between 200 and 

1200 m/s causing their adherence to the substrate surface and/or to the previously deposited 

particles/coating upon their impact [16,17]. The kinetic energy imparted to the particles 

during their collision promotes interfacial mechanical interlocking and solid-state bonding 

as particles undergo plastic deformation leading to peripheral jetting. This solid-state 

bonding distinguishes CS from traditional thermal spray processes, which rely on molten 

droplet impingement, deformation, and subsequent solidification for coating formation. 

The use of lower temperatures in CS not only reduces the likelihood of oxidation but allows 

the deposition of a wider range of materials, including those that are prone to oxidation or 

thermal degradation at higher temperatures. Additionally, CS can be applied onto heat-

sensitive substrates without causing damage, expanding its potential applications across 

various industries. The adhesion of the CS deposit is influenced by the spray parameters, 

nozzle geometry, feedstock powder characteristics, and substrate surface condition [18]. 

The CS parameters include temperature, pressure, and type of gas used. For bonding to 

occur during CS, the impact velocity of a particle, ὺ, must reach and exceed a critical 

adhesion velocity, ὺ [17]. The general approach to increase the particle in-flight velocity 

is to raise the propellant gas stagnation temperature, which is then converted to kinetic 

energy during gas expansion in the diverging nozzle section. However, this can result in 

substrate surface deterioration and particle oxidation/transformation if powder material is 
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injected in the high-pressure converging nozzle section [19]. Thus, a downstream powder 

injection is required to increase the particle velocity without drastically increasing the 

particle in-flight temperature. Since He is lighter than N2, the velocity of He propellant gas 

is calculated to be 2.88 times higher; hence, providing larger particle acceleration under 

the same conditions as per one-dimensional isentropic flow assumptions [20].  

In the first report on cold-sprayed AlCoCrFeNi HEA onto stainless steel and Ni-based 

superalloy substrates in 2019, Anupam et al. studied the microstructural changes occurring 

in the coating and near the interface during oxidation [1]. It was reported that AlCoCrFeNi 

HEA is successful in preventing substrate oxidation at 1100 ÁC for 25 h due to the 

formation of Al2O3 layer on top of the CS coating. Moreover, dissolved Molybdenum from 

the substrate near the interface formed an interdiffusion zone (IDZ). Prior to oxidation 

testing and due to the substrate ductility, the authors also observed interfacial deformation 

from particle impacts, which aided in forming strong mechanical bonds. Limited to no 

studies have investigated the AlCoCrFeNi phase characteristics and their relation to 

deposition features with varying impact velocity. Hence, the current study will evaluate the 

bonding development during the CS of single AlCoCrFeNi particles onto a low-alloy steel 

substrate, wherein both are known to have comparable hardness and ductility properties. 

Both He and N2 propellant gases will be tested and their ability to successfully deposit 

AlCoCrFeNi particles will be discussed. Therefore, the experimental investigations in this 

work include: i) the influence of gas type on effective deposition, ii) the role of feedstock 

and substrate properties on the interfacial bonding features, and iii) the microstructural 

properties of the evolving deposit. 
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5.3 Experimental Methods  

The equiatomic AlCoCrFeNi feedstock used in this study was produced through 

mechanical alloying of >99% pure Al, Co, Cr, Fe, and Ni powders in a planetary ball mill 

at 580 rpm for 24 hours and the details of feedstock production can be found elsewhere 

[15]. Given the significant impact of feedstock properties on the deposition process and the 

coating characteristics [18,21ï24], detailed information on the AlCoCrFeNi particles used 

in this study is provided in Fig. 5.1. Figure 5.1a shows an isolated elemental map of a 

single mechanically alloyed AlCoCrFeNi particle surface, where distinct regions with 

intensified colors highlight the dominant elements. Analysis of the EDS maps (Fig. 5.1a) 

and XRD patterns (Fig. 5.1b) was conducted to determine the elemental wt% composition 

and phases present on HEA particles. In Fig. 5.1c, MA yielded particles with irregular to 

semi-spherical shapes. The particle size distribution (PSD), determined using the laser 

diffraction method in a Mastersizer Particle Size Analyzer, is shown in Fig. 5.1d. Particle 

sizes ranged from 1Õm to 158 Õm, with 90% of the volume under 55 Õm. The mechanically 

alloyed feedstock was subsequently sieved to obtain particles within the 5 Õm to 100 Õm 

size range for the CS application [25]. The AlCoCrFeNi HEA particles were then deposited 

using a SST-EP (Centerline, Windsor, ON) commercial CS system [21], utilizing both N2 

and He as propellant gases. A high-strength low-carbon, aerospace-relevant, 300M steel 

substrate was chosen as the substrate. Powder material has been deposited on polished 

mirror-finish substrate surfaces, which have been degreased with acetone followed by 

cleaning in an ultrasonic bath prior to spraying. Table 5.1 provides the CS process 

parameters used in this study. Thin films (below 50Õm) have been deposited to study the 

AlCoCrFeNi HEA coating build-up process, while single isolated particle deposition has 

been made to investigate particle interfacial bonding and deformation features.  
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Figure 5.1. Quality of feedstock shown in the (a) SEM image and elemental maps of 

mechanically alloyed AlCoCrFeNi HEA particle, (b) phases present from XRD pattern, 

(c) irregular to semi-spherical morphologies of the particles, (d) particle size distribution 

after milling 

 

Table 5.1. Cold spray process parameters used in depositing AlCoCrFeNi on 300M steel 

substrate 

Spray parameter Thin film deposition Single particle deposition  

Traverse rate 5 mm/s 100 m/s 

Stand-off distance 10 mm 10 mm 

Propelling gas type He, N2 He, N2 

Gas temperature 500 ÁC 500 ÁC 

Stagnation pressure 500 psi (3.45 MPa) 500 psi (3.45 MPa) 

Passes  1 1 

 


























































































































































