
ABSTRACT 

OôBRIEN, SEAN. Development and Study of Corrosion-resistant Multi-principal Element 

Alloys (Under the supervision of Dr. Rajeev Gupta) 

 

This dissertation investigates the development and performance of corrosion-resistant 

multi-principal element alloys (MPEAs), with an emphasis on compositions that balance cost 

and corrosion resistance. The study examines a variety of MPEA systems, focusing on the effects 

of elemental composition and microstructure on their corrosion behavior. It further explores the 

formation and stability of passive films, the influence of microstructural heterogeneities on 

corrosion performance, and the mechanisms driving the breakdown of surface films. 

Through detailed experimental studies, including cyclic potentiodynamic polarization 

(CPP), electrochemical impedance spectroscopy (EIS), and immersion tests in 0.6 M NaCl 

solutions, the corrosion performance of MPEAs is evaluated and compared to benchmark alloys 

such as stainless steel 304L. Advanced characterization techniques, including X-ray 

photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and transmission 

electron microscopy (TEM), are employed to analyze surface film evolution. 

This research demonstrates the potential of low-cost MPEAs, such as AlFeMnSi, to 

achieve corrosion resistance comparable to conventional alloys. Subsequent modifications 

incorporating elements like Cr, Ni, and V further enhance performance. By systematically 

exploring the impact of novel compositions and elemental additions, this work provides valuable 

insights into the mechanisms governing corrosion resistance and lays the foundation for the 

design of next-generation MPEAs. 
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Chapter 1: Introduction

 

Throughout history, alloy systems centered around a single principal element have 

significantly shaped technological advancements. Examples include arsenical bronze from 

primitive fires (3000 BCE), the copper-tin alloys of the Bronze Age (2500 BCE), wrought iron 

(1000 BCE), wootz steel from India (300 BCE), and modern alloys such as aluminum alloys 

enabled by the Hall-Héroult process (1880s), stainless steel (1910), and superalloys (1930s) [1]. 

A paradigm shift occurred in 2004 when Yeh et al. [2] and Cantor et al. [3] independently 

introduced the concept of multicomponent alloys, referred to by Yeh as ñhigh entropy alloysò 

(HEAs). HEAs are defined as alloys containing five or more elements in near equiatomic 

proportions [2]. This concept moved away from traditional alloy design, which focused on 

singular principal elements, and opened a vast compositional space for new materials. 

HEAs were initially hypothesized to form solid solutions due to high configurational 

entropy, which stabilizes these phases over intermetallic compounds. Experimental studies 

confirmed this hypothesis for many HEAs, which demonstrated single-phase structures and 

exceptional properties such as high strength [4], superplasticity [5], and high fracture toughness 

[6]. However, not all HEAs form single-phase structures; some exhibit amorphous or multiphase 

microstructures [7]. Consequently, additional factors such as enthalpy, atomic size mismatch, 

and electronic interactions must also be considered for accurate phase prediction. This realization 

has led to the evolution of the nomenclature toward more inclusive terms such as 

ñcompositionally complex alloysò (CCAs) [8]. Recently, ñmulti-principal element alloysò 

(MPEAs) have been adopted as an overarching term encompassing both CCAs and HEAs as 

subsets [9]. 
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The unique properties of HEAs are attributed to four core effects [1], [10]. The first is the 

high entropy effect, which stabilizes solid solutions through increased configurational entropy. 

The second is the lattice distortion effect, which leads to atomic-scale distortions that alter the 

materialôs mechanical and physical properties. The third is the sluggish diffusion effect, which 

slows atomic mobility and affects phase transformations. Finally, the cocktail effect refers to the 

unpredictable synergies that arise from multicomponent interactions. Unlike conventional alloys, 

which focus on the corners of phase diagrams, MPEAs expand the design space to the center of 

phase diagrams, unlocking a multitude of novel compositions. For instance, utilizing 20 elements 

theoretically allows for approximately 10  equiatomic alloy combinations [11]. 

From a corrosion engineering perspective, homogeneous microstructures are 

conventionally considered optimal for corrosion resistance as they minimize localized galvanic 

effects, selective dissolution, or pitting. Examples include the galvanic corrosion caused by Cu 

segregation in CoCrFeNiCu [12], pitting initiated at MnS inclusions in stainless steel [13], or 

other forms of corrosion like intergranular corrosion of sensitized stainless steel [14]. Despite 

their compositional complexity and potential microstructural heterogeneity, many MPEAs have 

demonstrated sufficient corrosion resistance [15], [16]. For example, the multiphase 

Al . CoCrFeNi MPEA shows corrosion resistance superior to austenitic stainless steels, even in 

its aged FCC + BCC condition [17]. 

The AlCrTiV MPEA provides a notable example of high corrosion resistance due to its 

ability to form a surface oxide layer enriched in aluminum. This oxide layer is dominated by 

aluminum oxide but also contains a mixture of oxidized species from other elements in the alloy, 

likely a result of incongruent dissolution. This compositionally complex oxide film plays a 

critical role in the alloyôs superior corrosion resistance compared to stainless steel 304L [16], 
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[18], [19]. However, the use of high-cost elements such as Ti and V significantly increases the 

expense of AlCrTiV, making it less suitable for cost-sensitive applications. Not only AlCrTiV, 

but most MPEAs contain relatively expensive elements such as Co, Cr, Ni, V, Zr, and Nb [10], 

[20]. This underscores the need for low-cost MPEAs that can achieve comparable performance 

while relying on more abundant and economically viable elements. 

The vast design space of multi-principal element alloys (MPEAs), particularly those 

utilizing low-cost elements, remains largely unexplored. This research seeks to address this gap 

by developing and characterizing low-cost, corrosion-resistant MPEAs. The primary objectives 

include understanding their microstructures, corrosion behavior, and surface film evolution to 

guide the design of next-generation materials. Chapter 2: Literature Review provides a 

discussion on design approaches, cost, density, and corrosion of MPEAs. Chapter 3: 

Experimental Procedures details the methodologies used to synthesize, characterize, and 

evaluate the performance of MPEAs. Techniques such as scanning electron microscopy (SEM), 

X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), time-of-flight secondary ion 

mass spectrometry (ToF-SIMS), and scanning transmission electron microscopy (STEM) were 

employed to investigate the alloys in detail. 

This work began by designing and testing 23 low-cost MPEAs, presented in Chapter 4: 

Search for corrosion resistant multi-principal element alloys (MPEAs), grouped into three 

categories: CuFeMnSi-based, AlCuFeMn-based, and AlCuFeSnTi-based systems. The 

CuFeMnSi alloy demonstrated low corrosion current density but lacked passivity due to Cu 

segregation. Inspired by the potential of aluminum in AlCrTiV, Cu was replaced with Al, 

resulting in the development of the AlFeMnSi alloy, which exhibited significantly improved 

corrosion resistance. The detailed study of this alloy is presented in Chapter 5: A Low-Cost, 
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Low-Density, and Corrosion-Resistant AlFeMnSi Compositionally Complex Alloy. Building 

on the success of AlFeMnSi, Chapter 6: Microstructure and Corrosion Performance of 

Equiatomic AlFeMnX (X=Cr, Ni) Multi -Principal Element Alloys focuses on further 

modifications to enhance corrosion resistance and reduce hardness by replacing Si with Cr and 

Ni, resulting in AlFeMnX alloys. 

The research further progressed to exploring more corrosion-resistant systems by relaxing 

cost constraints. By replacing Al and Si in AlFeMnSi with Cr and V, a new CrFeMnV was 

developed. Chapter 7: Microstructure and Corrosion Performance of CrFeMnV Multi -

Principal Element Alloy details the development of CrFeMnV, a high-performance alloy with 

enhanced corrosion resistance. Finally, Chapter 8: Microstructure and Corrosion 

Performance of CrNiTiV Multi -Principal Element Alloy explores the replacement of Fe and 

Mn in CrFeMnV with Ni and Ti, creating an alloy with similarly superior corrosion resistance. 

This research demonstrates the potential of low-cost, corrosion-resistant while advancing the 

understanding of their corrosion mechanisms. Chapter 9: Conclusions and Outlook 

summarizes the findings and outlines future directions. 
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Chapter 2: Literature review  

 

Multi -principal element alloys (MPEAs), broadly defined as alloys containing more than two 

principal alloying elements [9], represent a versatile and expansive field of materials research 

originating from the study of high-entropy alloys (HEAs). In 2004, Yeh [2] and Cantor [3] 

published seminal works on MPEAs, with Yeh coining the term "high-entropy alloys" and 

defining HEAs as alloys comprising five or more elements in near-equiatomic proportions [2]. 

Yeh introduced the AlxCoCrCuFeNi (x=0ï3) alloy system, demonstrating a progressive phase 

transformation from a simple FCC structure at low Al content to the emergence of a BCC phase 

at x=0.8, and ultimately a single-phase BCC structure for x > 2.8. The hardness of the alloy 

correspondingly increased with Al content, ranging from 133 HV to 655 HV. These results 

highlighted the tunable mechanical properties of HEAs via compositional adjustments. 

Yeh further reported on the as-cast and annealed hardness of various MPEAs, with hardness 

values ranging from 590 to 850 HV in the as-cast state and from 600 to 890 HV after annealing at 

1000°C for 12 hours. This demonstrated not only the inherently high hardness of MPEAs but also 

their remarkable resistance to annealing-induced softening [2]. Concurrently, Cantor et al. 

explored the creation of equimolar MPEAs using 16 and 20 constituent elements, as well as a 

single FCC CoCrFeMnNi alloy that dendritically solidified. Their work further examined the 

addition of a sixth element to CoCrFeMnNi in amounts ranging from 11.1 to 16.7 at. % for 

elements such as Cu, Ti, Nb, V, W, Mo, Ta, and Ga. It was found that certain elements, such as 

Cu and Ge, exhibited segregation tendencies during solidification, underscoring the complexity of 

compositional interactions in MPEAs [3]. These pioneering studies established the foundational 

principles of MPEAs, including their tunable microstructures, exceptional mechanical properties, 
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and phase evolution. They also emphasized the need for further exploration of the effects of 

additional alloying elements and processing conditions on the performance and behavior of these 

innovative materials. 

As the field of multi-principal element alloys (MPEAs) expanded, critical reviews and 

comprehensive analyses were conducted to consolidate and advance the understanding of these 

materials. A pivotal review by D.B. Miracle and O.N. Senkov in 2017 [10] provided an extensive 

overview of the history, composition design space, high-entropy alloy (HEA) concepts, 

thermodynamics, microstructures, functional properties, mechanical properties, and other key 

aspects of MPEAs. This work highlighted the breadth and depth of the field while identifying 

challenges and opportunities for future research. 

Further advancements were documented in the second edition of the textbook High-Entropy 

Alloys by Murty et al. [1] in 2019. This comprehensive resource included updated understandings 

of HEA concepts, expanded discussions on structural and functional properties, and potential 

emerging applications of these alloys. The textbook served as a crucial reference for researchers 

and practitioners alike, detailing the theoretical frameworks and experimental findings that 

underpin MPEA development. 

As the understanding of MPEAs evolved, so did the terminology. The term "high-entropy 

alloys" (HEAs), initially used to describe alloys with single-phase equiatomic compositions, 

transitioned to "compositionally complex alloys" (CCAs) to encompass multi-phase systems. 

Subsequently, the more inclusive term "multi-principal element alloys" (MPEAs) was adopted to 

describe alloys with fewer principal elements or non-equiatomic compositions. This evolution 

reflects the increasing diversity in alloy design and the broadening scope of the field. The 
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classification of these three prominent termsðHEAs, CCAs, and MPEAsðused in the literature 

is illustrated in Figure 1, providing clarity on their interrelations and distinctions [9]. 

 

 

 

Figure 1 A schematic representing the classification of terminology of emerging metallic alloys 

[9]. 

2.1 Desktop design and synthesis 

Since the inception of HEAs, the design of phase specific alloys has been a concern. 

Obtaining a single-phase solid solution alloy has been the priority of many researchers due to the 

excellent and unique properties obtained; however, many multiphase alloys have also been 

produced with excellent behaviors [21]. No matter single phase or multiphase, determining the 

phase outcome after production is essential to the bigger picture of alloy design.  

Initial work into MPEA/CCA/HEA design started with thermodynamic approaches, from 

maximizing the configurational entropy to minimizing free energies. Understanding has evolved 

over time, with different methods proposed, while defined parameters have also been constrained 

empirically. Thermodynamic parameters have been used in designing MPEAs, such as: enthalpy 

of mixing, entropy of mixing, Gibbs free energy [22]. On top of thermodynamic parameters, 

topological parameters were utilized as well, such as ŭ (atomic size difference) [23], RMS 
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residual strain and dimensionless elastic energy [24], and valence electron concentration (to 

determine crystal structure) [25]. Many of these parameters have been combined with empirical 

data to determine restrictive criteria in forming different phases.  

For broader context, many other methods have been used in designing MPEAs, according 

to the textbook ñHigh-Entropy alloysò [1] such as: kinetic approach(viscosity) [26], Pettifor map 

(Mendeleev number-structural separation of AB compounds) [27], phase separation (picking 

composition based on existing phases) [1]. For more advanced methods in calculating phase 

formation, there is integrated computational materials engineering (ICME), such as: calculated 

phase diagrams (CALPHAD) [19],[29]ðlimited by database information; ab initio [30]ðDFT, 

large amount of numerical computations to calculate the electronic structure; molecular 

dynamics (MD) simulation [31],[32]ðatomistic approach involving physical forces; Monte 

Carlo (MC) simulation [33],[34]ðprobabilistic approach; phase field simulation [35]ð

understanding microstructural evolution during phase transformation; and lastly, artificial 

intelligenceði.e. machine learning and artificial neural networks, etc. [1],[36].  

In 2012, Yang and Zhang [37] proposed a two-parameter approach to predict whether a 

multi-component alloy would form a solid solution. This approach uses the assumption that the 

Gibbs free energy of mixing, ȹGmix, of the liquid phase is proportional to the ȹGmix at a specific 

composition, an assumption made initially by Takeuchi and Inoue [38] . With this assumption 

and the knowledge of phase formation occurring near melting temperature, the following is the 

equation, eq. (1), for Gibbs free energy of mixing: 

 ῳὋ ῳὌ ὝῳὛ  (1) 

where, ȹHmix is the enthalpy of mixing, ȹSmix is the entropy of mixing, and Tm is the melting 

point.  
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The melting temperature can be calculated using the rule of mixtures, as follows in eq. 

(2), where c is the mole fraction of the i th component: 

 
Ὕ ὧὝ  (2) 

A regular solution model has also been used to simplify the calculation of Gibbs free 

energy, as follows in eq. (3), in which a regular solution interaction parameter is used in the 

calculation of enthalpy, as seen in eq. (4) [38]. The liquid alloy binary enthalpies, ɝ( ȟ are 

determined with Miedemaôs macroscopic atom model [38], [39]. With the combination of the 

regular solution model and Miedemaôs model, eq. (5) can be used to calculate the enthalpy of 

mixing [37]. 

 
ῳὌ Џ ὧὧ

ȟ

 (3) 

 Џ τɝ(  (4) 

 
ῳὌ τɝ( ὧὧ

ȟ

 (5) 

where, c is the mole percentage of a certain component of the alloy, for the i th and j th component, 

and Џ is the regular solution interaction parameter. 

 For determining the entropy term in the Gibbs free energy equation, the Boltzmannôs 

hypothesis for a regular solution is used:  

 
ῳὛ Ὑ ὧÌÎ ὧ  (6) 

where c is the mole percentage of the i th component, and R, 8.314 JK-1mol-1 is the gas constant.  
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With the temperature, enthalpy, and entropy being available for calculation, the Gibbs 

free energy of mixing can be calculated. However, to determine which phase is most likely to 

form, that is it has the most negative Gibbs free energy value, all the possible phases formed 

need to be known. As this is difficult, a simplification is needed to predict phase formation [37]. 

By considering all constituents of an alloy, the enthalpy and entropy term may be 

addressed. By considering enthalpy of mixing by itself, the larger the magnitude the less likely 

solid solution will form. If the enthalpy of mixing is too negative, there is a larger binding force, 

leading towards the formation of intermetallics. If the enthalpy of mixing is too positive, there is 

a possibility of a large miscibility gap. Therefore, whether positive of negative enthalpy of 

mixing, the overall magnitude being minimalized is preferred for solid solution forming [37], 

especially within the range of -15 to 5kJ/mol [4]. 

Considering the entropy term, the more constituents in the alloy, the more positive the 

entropy of mixing will be. A larger entropy of mixing represents disorder and leads to the 

formation of solid solution, which also lowers the Gibbs free energy of mixing. The entropy term 

also considers temperature, so the higher the temperature, the more profound the effect of 

influencing solid solution formation [37].  

Now, by considering the magnitude enthalpy term as a resistance and the entropy term 

multiplied by temperature as a driving force to form solid solution, the ratio of these two terms, 

Ý, may be used as a guide for formation of solid solution, as seen in eq. (7). When the ratio is 

greater than one, the entropy term exceeds that of enthalpy to predict solid solution formation 

[37]. 
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Џ
ὝῳὛ

ȿῳὌ ȿ
 (7) 

 

However, the atomic size mismatch (ŭ) of different components of an alloy has not been 

included in the Ý parameter. For multi-component alloys, where molar concentrations may be 

equal, the constituents are all considered as solute atoms that are expected to be randomly 

distributed in the crystal lattice with no singular solvent. So, to determine the mismatch, the 

following term is used [37]: 

 

 

Ϸ‏ ρππz ὧρ
ὶ

В ὧὶ
 (8) 

 

where c is the molar fraction, and r is the atomic radius. 

By computing the atomic size difference and the Ý parameter for alloys reported in 

literature, Yang and Zhang were able to refine the values of the parameters that form solid 

solution as ÝÓ1.1 and ŭÒ6.6%, as seen in Figure 2 [37].  
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Figure 2 Plot of Ý vs. ŭ, illustrating the conditions at which solid solutions, solid solutions plus 

intermetallics, intermetallics, and bulk metallic glasses are formed.  

It should be noted that the design criteria of ɋ and ŭ, as mentioned above, allow for 

alloys containing not only solid solutions but also intermetallic phases when the atomic size 

mismatch ranges from approximately 4% to 6.6%. For MPEAs designed with the specific aim of 

forming solid solutions, the criteria can be restricted to ɋÓ1.1 and ŭÒ4%. However, this stricter 

approach significantly narrows the range of alloys capable of forming solid solutions. For 

instance, the CoCrFeNiAl2 MPEA, which forms a single BCC phase with a ŭ of 6.04% and an ɋ 

of 1.30, would be excluded under these restricted criteria, as it lies in the region of solid solutions 

and intermetallics. Nevertheless, if intermetallic phases are undesirable, applying the revised 

criteria may better align with the desired phase formation goals for MPEAs. 

It is important to recognize that these criteria are based on empirical data and may evolve 

with the availability of larger datasets. Further research by Gae et al. [40] investigated 96 

crystalline MPEAs and found that multiphase formation was correlated with atomic size 
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mismatches exceeding 4%. This observation highlights the critical need for expanded datasets to 

improve the reliability and precision of empirical relationships used in predicting phase stability 

and formation in multi-principal element alloys. 

In 2015, Ye et al. [41] proposed a single-parameter approach to predict whether a multi-

component alloy could form a single-phase solid solution. Historically, configurational entropy 

was the primary metric, assuming atoms of equal size. However, this assumption does not hold 

true for most alloys, necessitating a more comprehensive approach. Ye et al. introduced a 

composite entropy term that accounts for atomic size differences, combining configurational 

entropy with an excess entropy term (SE) derived from Manssoriôs hard-sphere theory [42]. The 

excess entropy was calculated using an equation of state that incorporates atomic size, packing 

density, and composition. Values for excess entropy were determined by averaging packing 

fractions representative of BCC (0.68) and FCC (0.74) crystal structures [43]. Despite this 

advancement, the total entropy of a system also includes contributions from thermal, spin, 

electric dipole, and other components [44], leaving room for further refinement. 

Incorporating the new entropy contributions, Ye et al. developed the ◖ parameter, which 

evaluates the interplay between entropy and enthalpy of mixing to predict single-phase 

formation. This parameter was empirically validated for 50 high-entropy alloys, establishing a 

critical value of ◖>20 for forming single-phase solid solutions [41]. The ◖ parameter utilizes 

enthalpy of mixing at melting point and an excess entropy term that overall assumes packing 

fraction of a solid below melting temperature. However, challenges remain; for instance, Wang 

et al. [45] used heat capacity measurements to experimentally determine excess entropy, 

revealing values close to configurational entropy above 300 K. Their findings purported that 

lattice vibration played a dominant role at lower temperatures and magnetic entropy at higher 
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temperatures, suggesting that entropy contributions vary significantly with temperature and 

should be more precisely integrated into alloy design. 

To determine crystallinity, a parameter of valence electron concentration (VEC) can be used. 

The VEC can be calculated with eq. (13), where d-electrons are included. This originates from 

the Hume-Rothery rule, with the assumption of no atomic size effect. The VECs of alloys have 

been correlated with experimental data by Ye et al. to get the following guidelines for predicting 

crystallinity with ◖ >20 [7]: 

¶ FCC, VEC of 7.5-9.5 

¶ BCC, VEC of 4.3-5.7 

¶ HCP, VEC of 2.6-3.0 

   

 
ὠὉὅȟὥὰὰέώὧὠὉὅ (13) 

where c is the molar fraction and VEC is the total valence electrons. 

Figure 3 illustrates the design approach of combining the VEC and ◖. When designing 

MPEAs, the VEC should be considered when ◖>20; by restraining the VEC to a singular crystal 

structure through manipulation of the composition, a single-phase solid solution should be more 

favorable. Even though the ◖ approach tried to improve the thermodynamic design of MPEAs, 

the VEC distinctions are useful for predicting crystallinity. 
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Figure 3 Plot VEC vs ◖, illustrating regions of single-phase solid solution, multiphase region, 

amorphous regions, as well as VEC ranges of different crystal structures [6]. 

The thermodynamic approach does not take into consideration the synthesis method. 

According to the textbook ñHigh-Entropy alloysò [1] alloy synthesis can be categorized into 

three separate routes: melting and casting, powder metallurgy, and deposition techniques. 

Methods used for producing CCAs by the melting and casting route are vacuum arc melting, 

vacuum induction melting, and melt spinning. Methods for powder metallurgy are mechanical 

alloying and sintering, and spark plasma sintering. The deposition techniques primarily used for 

creating coatings include sputtering, plasma nitriding, cladding, and carbothermal shock 

synthesis. As for the most popular synthesis method, 75% of published papers by early 2019 

utilized vacuum arc melting or vacuum induction melting. The benefits of arc melting are the 

high temperature range and relatively short time to synthesize an alloy composed of multiple 

elements. However, with a high temperature range, there comes a disadvantage of possibly 

evaporating/vaporizing elements along with a slow cooling rate, such as vaporizing low melting 

temperature elements Mn and Zn. It has been noted that some alloys may be kinetically favored 
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vs thermodynamically stabilized; for example, melt spinning may synthesize a single-phase 

alloy, while vacuum arc melting may produce a multiphase alloy [1].  

Without knowing the thermodynamically stable phase(s), this leads to the consideration 

of whether a single-phase solid solution MPEA produced with melting spinning could be 

multiphase if produced with other methods and how that affects the design criteria. Furthermore, 

without consideration to the synthesis method or heat treatment, it begs the question of whether 

thermally stable phases, i.e., control via thermodynamics or kinetics, are utilized in defining the 

thermodynamic rules. From here, it brings into light other shortfalls in the thermodynamic 

approaches, such as the assumption of Gibbs free energy of mixing of the liquid phase is 

proportional to the Gibbs free energy of a specific composition, a regular solution model, only 

binary enthalpies combinations, hard sphere theory, and limited empirical data. Improvement in 

these shortfalls of assumptions, models, and/or theories may help improve the prediction of 

phase formation.  

 

2.2 Cost and Density 

Designing MPEAs to acquire a specific phase or corrosion resistance is important, but so 

is the assessment of predicted cost and density when considering application and replacement of 

conventional alloys. Ideally, having a lower cost and lower density MPEA while maintaining 

requisite corrosion performance, may meet demand for emerging technologies. The 50-year 

average cost of elements [46], assuming no production costs, was used with the rule of mixtures 

between the weight fraction and cost of the constituents of an alloy to determine the cost of 

MPEAs, shown in eq. (14). 
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where, xi and costi are the mass fraction and cost, respectively, of the ith component.  

To theoretically predict the density of an alloy, eq. (15) is utilized [47]. The total molar 

mass of the CCA is calculated, then divided by the total molar volume of each species. This 

conceptually represents the total molar weight over the total molar volume without having the 

alloy constituents forming any solid solution, forming phases, or mixing; therefore, the approach 

may underestimate the true density value. For example, the MPEA AlCrTiV was predicted to 

have a density of 4.91 g cm-3, while the actual density is higher at 5.06 g cm-3 [18].  
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(15) 

 

Ci is the mole fraction, Mw,i and ɟi are the molar mass and density of the ith element, respectively.  

In Chapter 6 supplementary materials, the density and cost of MPEAs evaluated in 0.6 M 

NaCl solution were calculated and compared with those of SS 304L [16]. From literature that 

involves corrosion, SS 304L is a typical benchmark to compare against [18], [48], [49], [50], 

[51], [52], [53], [54], [55], [56], [57], [58], [59], [60], [61], [62], [63], [64], [65]. Table 1 

provides an updated list of more recently reported MPEAs from the literature, along with their 

theoretical density and elemental cost. 
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Table 1 Density and cost of MPEAs in 0.6 M NaCl. 

MPEA ɟ (g/cm3) USD/kg (50-yr avg) Ref. 

SS 304L ~8 2.20 [16] 

SS 316L ~8 3.28 [16] 

AlFeMnSi 4.54 1.18 [16] 

CoCuFeNi 8.64 16.19 [66] 

CoCuFeNiSn0.02 8.60 16.25 [66] 

CoCuFeNiSn0.04 8.56 16.31 [66] 

CoCuFeNiSn0.05 8.54 16.34 [66] 

CoCuFeNiSn0.07 8.50 16.40 [66] 

CoCuFeNiSn0.1 8.44 16.48 [66] 

CoCuFeNiSn0.2 8.27 16.74 [66] 

CoCuFeNiSn0.5 7.86 17.40 [66] 

AlCo20Cr15Fe39Mn20Si5 7.35 10.41 [67] 

AlCrMoTiV  6.00 18.61 [68] 

Al 2CoCrCuFeNi 6.28 11.86 [69] 

CoCuFeNiMn 8.40 13.31 [70] 

CoCuFeNiMnTi0.1 8.28 13.38 [70] 

CoCuFeNiMnTi0.2 8.17 13.44 [70] 

CoCuFeNiMnTi0.3 8.07 13.51 [70] 

CoCuFeNiMnTi0.4 7.97 13.57 [70] 

CoCuFeNiMnTi0.5 7.88 13.63 [70] 

CoCrFeNbNi 8.30 17.93 [71] 
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Table 1 (continued). 

Al 0.2CoCr0.8FeNi 7.85 16.36 [72] 

FeMoMnNbTi 7.67 16.21 [73] 

AlCuFeMn 6.38 2.20 [74] 

CoCrCu1.2FeNi 8.36 13.18 [75] 

MoNbTaTiZr 9.14 87.22 [76] 

CrCuFeTiV 6.68 10.00 [77] 

Co18Cr27Fe24Nb5Ni26 8.16 14.33 [78] 

CoCrFeMnNiZn 7.85 10.97 [79] 

CrNbTaVW 11.97 75.47 [80] 

CrNbTaVW1.7 12.88 66.63 [80] 

CrCuNbNiTi 7.43 13.26 [81] 

Co30Cr10Fe50V10 7.88 17.17 [82] 

CoCrFeNiSi 6.40 14.47 [83] 

CoCr2.5FeNi2TiW0.5 8.32 15.93 [84] 

AlFeMnNi 6.33 5.03 [85] 

HfMoTaTiZr 10.18 224.72 [86] 

HfNbTaTi 10.92 255.38 [86] 

HfNbTaTiZr 9.88 224.97 [86] 

Al 0.5CrNb0.5TiV 5.75 16.48 [87] 

Al 0.6CrFeNi2.4 7.33 8.24 [88] 

Al 0.8CrFeNi2.2 7.02 7.84 [88] 

AlCrFeNi2 6.73 7.42 [88] 
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Table 1 (continued). 

AlCrFe1.125Ni1.06 6.34 5.25 [89] 

AlCrFe1.125Ni1.25 6.37 5.42 [89] 

AlCrFeNi 6.26 5.26 [89] 

AlCoCrFeNi2.1 7.08 14.58 [90] 

AlCoCrFeNi1.5 6.9 14.59 [91] 

AlCoCrFeNi2.0 7.05 14.58 [91] 

Al 0.3CoCrFeNiSi0.1 7.53 15.87 [92] 

Al 0.3CoCrFeNiSi0.3 7.33 16.43 [92] 

Al 0.3CoCrFeNiSi0.5 7.17 16.9 [92] 

Al 0.3CoCrFeNiTi0.1 7.54 15.58 [92] 

Al 0.3CoCrFeNiTi0.3 7.35 15.66 [92] 

Al 0.3CoCrFeNiTi0.5 7.18 15.72 [92] 

CoCrFeNiGe0.1 8.05 63.62 [93] 

CoCrFeNiGe0.2 7.93 108.36 [93] 

CoCrFeNiGe0.3 7.82 150.47 [93] 

NbTi1.5Zr 6.28 33.86 [94] 

NbTi2.0Zr 6.07 32.46 [94] 

NbTiZr 6.54 35.55 [94] 

Al 0.25CoCrFeNi 7.73 15.62 [95] 

Al 0.75CoCrFeNi 7.01 14.92 [95] 

Al 1.25CoCrFeNi 6.48 14.29 [95] 
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Table 1 (continued). 

Cr35Nb20Ti10V35 6.84 17.61 [96] 

Cr35Nb15Ti15V35 6.59 17.19 [96] 

Cr35Nb10Ti20V35 6.34 16.75 [96] 

Cr35Nb5Ti25V35 6.08 16.26 [96] 

Cr35Ti30V35 5.83 15.73 [96] 

Al 0.85CoCrFeNi 6.89 14.78 [97] 

 

Table 2 summarizes the elemental distribution of 175 MPEAs, combining data from 

Table 1 and additional literature [16]. The analysis reveals that most MPEAs are predominantly 

composed of Fe, Ni, Co, and Cr. However, despite the prevalence of Feða relatively 

inexpensive elementðthe inclusion of costly elements such as Co, Cr, and Ni results in MPEAs 

with a higher overall cost compared to SS 304L. For instance, while Fe-based MPEAs such as 

Cr13Fe50Mn27Ni10 [16] exhibit some cost-effectiveness, nearly all other MPEAs have a cost 

exceeding that of SS 304L. The average cost of the 175 MPEAs is calculated at $22.2 per kg, 

which is over seven times the cost of SS 304L. This stark disparity underscores the challenge of 

developing low-cost MPEAs with corrosion resistance comparable to SS 304L. Nevertheless, it 

is worth noting that for certain specialized applications, cost may be a secondary consideration 

when specific material properties are required. 

The average theoretical density of the 175 MPEAs is 7.3 g/cm³, which aligns with typical 

higher density alloys. However, only five MPEAs in Table 1 have a theoretical density below 

5.5 g/cm³, and less than 5.1% of the total MPEAs studied fall into this low-density category. This 

scarcity highlights the limited availability of low-density MPEAs designed for corrosive 
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environments, such as 0.6 M NaCl. While low-density MPEAs containing elements like Li and 

Mg, such as Al20Li 20Mg10Sc20Ti30 with a density of 2.67 g/cm³ [98], offer attractive weight 

advantages, they are excluded from this analysis due to their poor corrosion resistance in 

aggressive environments. 

Overall, the review indicates a significant gap in the development of low-cost, low-

density MPEAs. Addressing this gap would require innovative design strategies to balance cost, 

density, and corrosion performance, particularly for applications where both weight and 

durability are critical. 

 

Table 2 Distribution of elements in MPEAs reported in literature. 

Element Alloys with element Percent of MPEAs with element (%) 

Fe 151 86.29 

Cr 139 79.43 

Ni 137 78.29 

Co 130 74.29 

Al  101 57.71 

Ti 69 39.43 

Cu 58 33.14 

Mn 28 16.00 

Nb 20 11.43 

V 19 10.86 

Mo 15 8.57 

Si 14 8.00 
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Table 2 (continued). 

Ta 8 4.57 

Sn 8 4.57 

Zr 8 4.57 

W 5 2.86 

Hf 4 2.29 

Ge 3 1.71 

Zn 1 0.57 

 

2.3 Corrosion of MPEAs 

Beyond designing multi-principal element alloys (MPEAs) with microstructure, density, 

and cost in mind, the fundamental understanding of corrosion phenomenon is important for 

designing more corrosion resistant MPEAs. Reviews such as those by Tang et al.[98], Qiu et al. 

[99], Shi et al.[100], Fu et al. [101], Li et al. [102], Liang et al. [103], Zhang et al. [104], 

Ghorbani et al [105], and Liu et al. [106] comprehensively assess the corrosion behavior of 

MPEAs in various environments, providing valuable insights into the electrochemical properties 

of these alloys, including corrosion potential (Ecorr) and pitting potential (Epit). These studies not 

only highlight the comparative performance of MPEAs with conventional alloys like 304 SS but 

also emphasize the critical role of compositional and structural factors in determining corrosion 

resistance. From Qiu et al., Figure 4 highlights the corrosion potential and pitting potential of 

MPEAs tested in 0.6 M NaCl, presented in a galvanic series. 
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Figure 4 Galvanic series and pitting potential of MPEAs tested in 0.6 M NaCl. 

 Conventional corrosion resistant alloys maintain their degree of high corrosion resistance 

typically due to the formation of thermodynamically stable surface films [16], [107]. An example 

of this scenario involves stainless steels, where the corrosion resistance is dependent on the 

formation of a chromium-rich (Cr-rich) passive film [107]. A vast majority of MPEAs contain a 

high concentration of Cr and have been proposed to exhibit a similar corrosion mechanism as Ni-

Cr and Fe-Cr based systems [99]. However, contrary to this assumption, an MPEA, AlCrTiV, 

was reported to contain a surface film enriched in oxidized Al while having a greater corrosion 

resistance than SS 304L [16], [18], [19]. Other reported MPEAs containing commodity elements 

(Al, Mn, Fe, etc.) have also achieved high corrosion resistance [99].  

From a corrosion engineering perspective, achieving a homogenous microstructure is 

desired for high corrosion resistance. Homogeneity minimizes the potential for galvanic 

corrosion, such as in the case of Cu segregating MPEAs like CoCrFeNiCu [12] and 

CoCrCuxFeNi (x=0,0.5,1) [108] where increased Cu content led to higher corrosion rates. 

Consequently, designing single-phase solid solutions has become a focus for creating corrosion-



25 

 

resistant MPEAs. Despite this focus, MPEAs with complex compositions and heterogeneous 

microstructures have still demonstrated sufficient corrosion resistance [15], [16]. This opens 

opportunities to broaden the design "space" for corrosion-resistant MPEAs, allowing for the 

inclusion of multiphase solid solutions alongside single-phase solutions. 

Ahead of discovering corrosion resistant MPEAs comprised of commodity elements or 

multiple phases, is understanding the corrosion mechanism(s) involved. This involves detailed 

exploration of the electrolyte/surface film interface and the surface film/base metal interface 

[16]. Techniques, such as X-ray photoelectron spectroscopy, have been used to characterize the 

surface film formed on MPEAs [9]. However, corrosion at the different interfaces is a complex 

and dynamic system [16], and techniques utilized after corrosion can give us insight but not the 

complete picture. A more recent technique, atomic emission spectroelectrochemistry (AESEC), 

has been used in-situ to study the composition of dissolution of MPEAs [9], [109]. As 

technology continues to evolve, these advancements promise to deliver deeper and more precise 

descriptions of corrosion mechanisms, guiding the development of next-generation corrosion-

resistant materials. 

The corrosion behavior of multi-principal element alloys (MPEAs) is profoundly 

influenced by the addition of alloying elements, processing methods, and microstructural 

features. All discussions in this context pertain to evaluations conducted in a 0.6 M NaCl 

aqueous environment, a common standard for corrosion testing. Among these influences, 

molybdenum (Mo) has been shown to significantly enhance corrosion resistance. For instance, 

the incorporation of Mo into CoCrFeNiW coatings (CoCrFeNiW0.5Mo0.5) increases the pitting 

potential and decreases the corrosion current density, highlighting its beneficial role in forming 

protective passive films [110]. Similarly, the effect of aluminum (Al) on corrosion resistance 
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varies depending on its concentration and alloy system. In AlxCoCrFeNi (x=0.3, 0.5, 0.7), higher 

Al content degrades corrosion performance due to the formation of Cr-depleted phases [111], 

[112], [113]. However, in AlxCrFeMoV (x=0, 0.2, 0.6, 1.0), increased Al content reduced the 

passive current density without affecting the pitting potential [114]. Notably, Al additions to 

Al xCoCuFeNiTi (x=0, 0.25, 0.5, 0.75, 1) decreased the corrosion current density up to x=0.25, 

beyond which it increased [115]. Similarly, in AlxCrFeNi3īx (x=0.6, 0.8, 1.0), increases in Al led 

to a destabilized passive film, reducing breakdown potential and corrosion resistance as revealed 

by EIS analysis [88]. In AlxCoCrFeNi (x=0, 0.25, 0.75, 1.25, 2), the addition of Al promoted the 

formation of a BCC phase, with increasing Al content correlating with higher corrosion current 

densities and reduced passivityðfrom x=0.75 and above passivity is largely gone [95]. 

Chromium (Cr), another pivotal element, enhances corrosion resistance through the 

stabilization of passive films. Studies on Ni38Fe20CrxMn21-0.5xCo21-0.5X (x=6, 10, 14, 22) revealed 

that higher Cr content improves corrosion performance [116]. However, the addition of 

manganese (Mn) in CoCrFeMnNi alloys was detrimental to pitting resistance, emphasizing the 

complex interplay between elements in determining corrosion resistance [117]. Similarly, the 

addition of copper (Cu) has a detrimental impact. In CoCrCuxFeNi (x=0, 0.5, 1, 1.5), increased 

Cu content led to segregation and higher corrosion rates, underscoring its adverse effect on 

passivity [108] [118]. In CoCrFeNiX (x=Cu, Al, Sn), Cu and Al additions decreased corrosion 

resistance, while Sn greatly enhanced the passivity region [12]. 

Titanium (Ti) additions have been studied for their influence on corrosion resistance. In 

AlCr1.5CuFeNi2Tix (x=0,0.25,0.5,0.75,1), Ti increased the corrosion potential, but the corrosion 

current density showed a decrease only at higher Ti levels [119]. Similarly, in Al2-xCoCrFeNiTix 

alloys, higher Ti/Al ratios increased pitting potential, demonstrating Ti's beneficial role in 
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passivity [120]. In AlCoCrFeNiTix (x=0, 0.2, 0.4, 0.6, 0.8, 1), laser cladding studies in 0.6 M 

NaCl revealed that Ti additions did not significantly change the pitting potential but decreased 

the corrosion current density [121]. Ti and Si additions to Al0.3CoCrFeNiTix and 

Al 0.3CoCrFeNiSix (x=0, 0.1, 0.3, 0.5) both enhanced pitting potential compared to the base alloy 

(x=0). Furthermore, Si additions reduced the corrosion current density, while Ti additions 

simultaneously improved pitting potential and reduced corrosion current density. [92]. Similarly, 

in TixZrNb (x=1, 1.5, 2 mol), segregation was observed at x=2, with x=1.5 showing the greatest 

corrosion resistance [94]. Meanwhile, W additions in CoCrFeNiWx (x=0, 0.2, 0.5) improved 

overall corrosion resistance, likely due to the formation of stable, protective oxides [122]. 

Processing methods and microstructural refinement have profound effects on the 

corrosion resistance of MPEAs. Surface roughness significantly influences corrosion behavior, 

as shown in (FeCoCrNi)0.89(WC)0.11, where rough surfaces accelerated general corrosion, while 

finer finishes promoted pitting [123]. Additionally, Cr-depleted interdendrites in CrMnFeCoNi 

alloys were identified as initiation sites for corrosion [124]. Heat treatment has also been shown 

to improve pitting potential in AlCrFeCoNix (x=1.0, 1.5, 2.0) with nonequiomolar Ni 

contributions [91]. Co content modifications in CoxCrCuFeMnNi (x=0.5, 1, 1.5, 2) improved 

corrosion resistance due to enhanced passivity [125]. Germanium (Ge) additions to 

CoCrFeNiGex alloys (x=0, 0.1, 0.2, 0.3 molar ratio) were found to inhibit metastable pitting 

while leaving pitting potential largely unchanged [93]. Advanced characterization techniques, 

such as in-situ electrochemical AFM, revealed that increasing Al content in AlxCoCrFeNi 

(x=0.3, 0.5, 0.7) altered the mechanism of passive film breakdown from pitting to phase 

boundary corrosion, further underscoring the need for precise compositional control in these 

alloys [113]. 
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Comparative analyses have demonstrated the superior corrosion resistance of certain 

MPEAs relative to traditional alloys. For example, Al0.1CoCrFeNi outperformed SS304 in both 

general and pitting corrosion resistance [126]. Ni38Cr21Fe20Ru13Mo6W2 exhibited better corrosion 

behavior than alloy C-22, despite a lower pitting resistance equivalent number (PREN), 

challenging the reliance on PREN as a sole metric for evaluating corrosion resistance [127]. 

Similarly, Hf0.5Nb0.5Ta0.5Ti1.5Zr displayed exceptional corrosion resistance compared to SS316L, 

with a high breakdown potential and lower passivating current [128]. 

In conclusion, the corrosion behavior of MPEAs is highly dependent on their elemental 

composition, processing methods, and environmental interactions. Optimizing the balance of 

alloying elements, along with tailoring microstructural features, can significantly enhance 

corrosion resistance. Future research should prioritize the exploration of novel alloy 

compositions and a deeper understanding of their corrosion mechanisms to develop alloys with 

enhanced corrosion resistance. 

2.4 Research objective and hypotheses of this work 

The primary objective of this research was to develop a multi-principal element alloy 

(MPEA) with corrosion performance similar to stainless steel 304L (SS 304L) while maintaining 

a lower overall cost. Corrosion performance was evaluated through electrochemical testing, and 

cost was assessed based on the respective elemental costs of the alloys. Further iterations aimed 

to enhance corrosion performance while addressing specific material challenges. The research 

hypotheses are summarized as follows: 

1. By leveraging the "cocktail effect" within the vast compositional design space of multi-

principal element alloys (MPEAs), it is possible to identify novel, cost-effective 
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corrosion-resistant alloy compositions utilizing commodity elements such as Cu, Fe, and 

Mn, ect.. 

2. Although CuFeMnSi exhibited a low corrosion current density despite Cu segregation, it 

lacked passivity. Drawing inspiration from the excellent passivity observed in the 

AlCrTiV alloy, attributed to its Al-enriched oxide layer, it is hypothesized that replacing 

Cu with Al in CuFeMnSi will enhance passivity and improve corrosion resistance. 

3. The AlFeMnSi alloy exhibited promising corrosion performance. By replacing Si with 

corrosion-resistant elements Cr and Ni, it is hypothesized that the resulting AlFeMnCr 

and AlFeMnNi alloys will demonstrate enhanced corrosion resistance. 

4. Based on insights from AlFeMnSi, it is hypothesized that replacing Si and Al with Cr and 

V in the alloy composition to develop CrFeMnV will enhance corrosion resistance. This 

is due to the ability of Cr to form a protective oxide layer and the proven corrosion 

performance improvements associated with vanadium additions, as demonstrated in 

Ti6Al xV (x=2-8 wt.%) [129] 

5. Building on the excellent corrosion resistance of the CrFeMnV alloy, it is hypothesized 

that substituting Fe and Mn with the more corrosion-resistant Ni and Ti in the CrNiTiV 

alloy will enhance overall performance. This is based on Ni's low dissolution rate and Ti's 

ability to form a stable protective oxide [14], enabling the evaluation of the combined 

effects of these highly corrosion-resistant elements 

These hypotheses reflect a systematic approach to alloy design, focusing on balancing cost 

and corrosion resistance while exploring the vast design space of MPEAs. The iterative 

nature of this work highlights the importance of leveraging known material behaviors and 

novel alloy compositions to develop next-generation corrosion-resistant materials. 
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Chapter 3: Experimental procedure

 

The technical scope of this project encompasses multiple stages, including desktop alloy 

design, alloy production via arc melting, and subsequent characterization of the microstructure 

using scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDXS), and 

X-ray diffraction (XRD). Additionally, hardness and density measurements are conducted 

alongside corrosion testing using techniques such as cyclic potentiodynamic polarization (CPP), 

electrochemical impedance spectroscopy (EIS), and immersion studies. 

If the produced alloy demonstrates exceptional corrosion performance, a two-pronged approach 

is proposed: 

1. Conducting advanced characterization using techniques such as X-ray photoelectron 

spectroscopy (XPS), time-of-flight secondary ion mass spectrometry (ToF-SIMS), 

transmission electron microscopy (TEM), or post-corrosion imaging to gain deeper 

insights into the alloy's behavior. 

2. Enhancing the alloy's properties further by modifying its composition. 

 

Figure 5 Technical approach for producing corrosion resistant MPEAs and studying 

microstructure, corrosion, and surface characterization.  
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3.1 Desktop alloy design 

Desktop alloy design was conducted for selected alloys using key parameters such as Ý 

and ŭ to evaluate the feasibility of solid solution formation. Valence electron concentration was 

employed to predict crystal structures, while theoretical density calculations and 50-year average 

elemental cost data were considered to support the design process. Alongside the physical data, 

enthalpy of mixing data for 1,335 binary pairs was extracted from tables by Takeuchi et al. [39]. 

Both datasets were compiled into an Excel spreadsheet to facilitate the design of multi-principal 

element alloys (MPEAs). A significant advantage of using Excel is the ability to apply Solver for 

optimizing design parameters, such as minimizing density. The spreadsheets developed for this 

purpose are shown in the figure below. 

 

Table 3 Physical data of a multitude of elements including the metaling point (Tm) [130], boiling 

point (Tb) [130], molecular weight (Mw) [131], density (ɟ) [130], atomic radius, d electrons (d), 

50-year average price [132]. 

Periodic Table Series metal Tm 

(K) 

Tb 

(K) 

Mw 

(g/mol) 

ɟ (g/cm3) 

@rt 

At.  

radius 

(pm) 

d price 

$/mol 

price 

$/kg 

2 Li  453.7   6.94 0.542 156 1     

4 Ca 1113   40.08 1.53 198 2     

3 Mg 922 1364 24.31 1.74 160 2 0.13 5.42 

  Be 1562   9.01 1.82 113 2     

  P 317 
 

30.97 1.82 106 5     

  Si 1687 3538 28.09 2.33 132 4 0.06 2.14 
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Table 3 (continued). 

  B 2365 
 

10.81 2.47 98 3     

  Al  933.5 2743 26.98 2.7 143 3 0.08 2.82 

3D Sc 1814 
 

44.96 2.99 164 3 3259.52 72498.28 

  C 
  

12.01 3.516 92 4     

4D Y 1801 
 

88.91 4.48 180 3 89.94 1011.53 

  Ti 1946 3560 47.87 4.51 146 4 0.84 17.47 

  Ge 1211   72.63 5.32 137 14 111.99 1541.92 

  Sn 505.1   118.71 5.76 155 14 2.64 22.23 

  Ga 302.9   69.72 5.91 141 13     

  V 2202 3680 50.94 6.09 135 5 1.47 28.86 

6F La 1194   138.91 6.17 188 3     

  Zr 2128   91.22 6.51 160 4 5.31 58.21 

  Zn 692.7 1180 65.38 7.13 139 12 0.14 2.09 

  Cr 2133 2945 52.0 7.19 128 6 0.08 1.50 

5 In 429.8   114.82 7.29 166 13 61.94 539.46 

  Mn 1520 2334 54.94 7.47 126 7 0.05 0.89 

  Fe 1811 3135 55.85 7.87 127 8 0.01 0.19 

  Nb 2750   92.91 8.58 147 5 2.10 22.63 

  Co 1770   58.93 8.90 125 9 2.67 45.24 

  Ni 1728 3186 58.69 8.91 125 10 0.85 14.54 

  Cu 1358 2835 63.55 8.93 128 11 0.31 4.85 

  Mo 2895   95.95 10.22 140 6 2.64 27.47 
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Table 3 (continued). 

  Ag 1235   107.87 10.5 145 11 48.08 445.69 

6 Pb 600.7   207.20 11.34 175 14 0.36 1.76 

  Pd 1827   106.42 12 138 10 1857 17449.73 

5D Hf 2504   178.49 13.2 158 4 91.31 511.55 

  Ta 3293   180.95 16.66 147 5 33.50 185.13 

  W 3695   183.84 19.25 141 6 5.16 28.08 

  Au 1338   196.97 19.28 144 11     

  Re 3459   186.21 21.03 138 7     

  Pt 2045   195.08 21.47 139 10 5404 27701.46 
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Figure 6 (a) Table of enthalpy of mixing for binary liquids [39], (b) spreadsheet calculating 

enthalpy of mixing for select composition, (c) and spreadsheet interface that was used in 

calculating all desktop design parameters. 

(a) (b) 

(c) 
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3.2 Materials 

The materials required for this project were primarily sourced from Atlantic Equipment 

Engineers and Fisher Scientific. The specific details of each metal are provided in the following 

table. While the aim was to use materials of the highest possible purity, cost considerations 

necessitated some compromises, as the expense increases significantly as purity approaches 

100%. For instance, vanadium was limited to a purity of 99.7%. 

The size of the materials was selected to facilitate the production of specimens weighing 

up to 10 g using arc melting. Small pieces were preferred for ease of handling, and wire was 

chosen when economical, as it allowed for quick measurements. 

 

Table 4 Information of metals used in this study detailing purity, physical form, size, supplier 

and CAS. 

Material  Purity  Physical 

form 

Size Supplier CAS 

Al  99.99 pellet 1/"-

1/2" 

Atlantic Equipment 

Engineers 

7429-90-5 

Cr 99.995 pieces 2-3 mm Fisher Scientific 7440-47-3 

Cu 99.9 shot 1-

10mm 

Fisher Scientific 7440-50-8 

Fe 99.98 granules 1-2mm Fisher Scientific 7439-89-6 

Mn 99.9 irregular - Fisher Scientific 7439-96-5 

Ni 99.9+ pieces - Fisher Scientific 7440-02-0 

Ni 99.98 wire 0.08" 

dia 

Fisher Scientific 7440-02-0 
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Table 4 (continued). 

Si 99.999 brick  - Atlantic Equipment 

Engineers 

7440-21-3 

Sn 99.99+% shot 3 mm Fisher Scientific 7440-31-5 

Ti 99.99 wire 1 mm 

dia 

Fisher Scientific 7440-32-6 

Ti 99.99 granules - Fisher Scientific 7440-32-6 

V 99.7 pieces - Fisher Scientific 7440-62-2 

 

3.3 Alloy production  

The alloys in this study were synthesized using an arc melting process. High-purity metal 

pieces (Ó99.7%) were weighed to produce 10 g samples and melted in a water-cooled copper 

crucible under an inert argon atmosphere. To ensure homogeneity, the specimens were flipped 

multiple times and remelted after each flip. Examples of the metal chunks, the arc melting 

system, and a polished cross-section of a produced sample are shown in the figure below. 

The arc melting system consisted of a main chamber housing a 50/50 antifreeze/coolant 

cooled copper crucible, a tungsten electrode connected to an inverter, a pressure gauge, input and 

output lines for argon gas, cooling systems for both the tungsten electrode and the crucible, and a 

vacuum pump. The copper crucible contained hollow semicircles to accommodate stacked metal 

chunks. Stacking configurations were optimized to reduce vaporization of low-melting-point 

elements by positioning them above higher-melting-point metals. Electrically conductive 

elements, such as copper, were placed to avoid direct contact with the copper crucible, thereby 

preventing rapid cooling and ensuring effective melting. 
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Prior to melting, the chiller was set to 15°C, and the metal chunks were placed in the 

crucible. The chamber was then sealed, and the atmosphere inside was evacuated using a vacuum 

pump. Argon gas was introduced to the chamber, and the vacuum-argon cycle was repeated three 

times to minimize oxygen contamination. Following the final purge, the chamber was backfilled 

with argon to maintain slight positive pressure during the melting process. 

The initial melting was conducted at a low current of approximately 40 A to avoid the 

vaporization or displacement of smaller metal pieces. The current was then gradually increased 

to approximately 70 A, though certain alloys required higher currents to ensure complete 

melting. The metals were melted into a spherical shape and allowed to cool briefly before being 

remelted twice to enhance mixing. Once these initial steps were complete, the alloy was flipped 

using an integrated metal spatula and subsequently remelted three more times, allowing slight 

cooling between remelts to promote further homogenization. Each alloy underwent a minimum 

of three flips, with certain compositions requiring additional flips to ensure homogeneity. 

After the final remelting, the sample was allowed to cool completely before being 

removed from the chamber. To ensure the removal of any vaporized metal residues, the chamber 

was vacuum pumped once again. This iterative melting and flipping process ensured uniform 

mixing of elements while minimizing contamination and potential loss of low-melting-point 

constituents. 
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Figure 7 Metal chunkcs, vacuum arc melting system, arc melted sample after grinding and 

polishing. 

3.4 Density Measurement 

The density of the alloys was determined using Archimedes' principle. Specimens were 

weighed in air and in deionized water using a Sartorius Quintix65-1S balance equipped with a 

VF4601 density determination kit. The densities of air and water were obtained from reference 

tables provided by Sartorius, and a correction factor was applied to account for the influence of 

the immersed hanger in water. The density was calculated using the mass of the sample in air, 

multiplied by the difference in densities of water and air, divided by the correction factor applied 

the measured submerged mass of the sample, with the density of air added to the result. For 

select alloys, three measurements were taken after thoroughly drying the samples to ensure 

accuracy. 
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Figure 8 Density measure setup with bar frame, metal plate, beaker, and pan hanger assembly 

installed in a balance. 

3.5 Hardness 

Vickers hardness measurements were conducted using a Mitutoyo HM-112 digital 

microhardness tester and a Wilson Tukon 1202 Vickers hardness tester. Prior to testing, 

specimens were meticulously ground and polished to a 1200-grit surface finish to eliminate 

surface irregularities. Hardness tests were performed under varying loads ranging from 50 g to 

200 g, selected based on the hardness characteristics of each material, with a dwell time of 10-15 

seconds to ensure consistent indentation depth. Multiple measurements were taken at random 

locations across the specimen surface to account for microstructural heterogeneity and provide 

statistically reliable data. 
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Figure 9 Mitutoyo HM-112 digital microhardness tester. 

3.6 Microstructural characterization  

3.6.1 Scanning electron microscopy 

The microstructures of the synthesized alloys were analyzed using a suite of 

complementary characterization techniques. Scanning electron microscopy (SEM) was utilized 

to obtain detailed low- and high-magnification images, providing insights into the morphological 

and phase characteristics of the alloys. Elemental mapping and compositional analysis were 

performed using energy-dispersive X-ray spectroscopy (EDXS) to determine the spatial 

distribution and approximate composition of alloying elements across distinct phases. 

SEM imaging was conducted using a Tescan Lyra 3 FIB-FESEM and a Hitachi S3200N 

VPSEM, both generally operating at an accelerating voltage of 20 kV, though dependent on the 

kŬ of elements involved. Secondary electron (SE) and backscattered electron (BSE) modes were 

employed to capture high-resolution images of the alloy microstructure, enabling the 

identification of phase boundaries and morphological features. EDXS point analysis and area 
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mapping were carried out to quantify elemental concentrations and correlate them with observed 

microstructural features.  

To ensure optimal imaging and analytical quality, specimens were metallographically 

prepared to a 0.05 ɛm surface finish. This was achieved through sequential polishing with 

colloidal silica, diamond, or alumina suspensions, followed by ultrasonic cleaning in ethanol to 

remove debris and contaminants from the surface. These preparation steps ensured that the 

samples were free from artifacts, facilitating accurate and reliable microstructural 

characterization. 

 

3.6.2 X-ray diffraction 

Crystalline phase identification was performed using X-ray diffraction (XRD) with a Cu 

KŬ radiation source. Data acquisition was conducted using a Rigaku SmartLab X-ray 

diffractometer, employing a step size of 0.02° and a scan rate of 1.0ï1.2° per minute. The scans 

were carried out over a 2ɗ range of 20Áï100° to comprehensively capture diffraction peaks 

corresponding to the crystalline phases present in the samples. Prior to analysis, the samples 

were ground to a flat surface with a 1200-grit finish to minimize surface irregularities and ensure 

uniform X-ray interaction. The diffraction data were processed and analyzed using X'Pert 

HighScore Plus software, which facilitated phase identification. 
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3.7 Electrochemical corrosion testing 

3.7.1 Cyclic potentiodynamic polarization 

The corrosion resistance of the alloys was evaluated using a combination of 

electrochemical techniques and immersion testing to ensure a comprehensive understanding of 

their behavior. Cyclic potentiodynamic polarization (CPP) and potentiodynamic polarization 

(PDP) experiments were conducted in a three-electrode electrochemical cell (Princeton Applied 

Research), utilizing a saturated calomel electrode (SCE) as the reference electrode and a 

platinum mesh as the counter electrode. All tests were performed in a naturally aerated 0.6 M 

NaCl solution under ambient laboratory conditions, with the potential swept at rates ranging 

from 0.167 mV/s to 1 mV/s, depending on the specific requirements of the testing protocol. A 

multitude of tests were performed for each alloy to ensure reproducible data and account for 

material variability. The electrochemical tests were conducted using a Bio-Logic VMP300 

potentiostat, and the resulting polarization data were processed and analyzed with EC-Lab 

software to extract key parameters such as corrosion potential, corrosion current density, and 

breakdown potential. 

Specimens were mounted in epoxy and prepared to achieve a surface with a 1200-grit 

finish using silicon carbide (SiC) paper. The final grinding step was performed in ethanol to 

minimize surface oxidation. To address potential defects such as cracks or pores that could 

adversely affect corrosion testing, the specimens were masked with green polyester tape to 

restrict exposure to the test electrolyte except for designated exposed area. The tape was adhered 

using a weigh boat to avoid direct contact with the sample surface. Electrical connections were 

established by applying copper tape to exposed metal on the back of the sample. 
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Figure 10 Mounted sample, masking setup, and electrical connection on back of sample.  

 

The 0.6 M NaCl solution was prepared in a volumetric flask by accurately weighing the 

required amount of salt using a weigh boat, transferring it into the flask, and dissolving it with 

deionized water. A PTFE O-ring was positioned in the flat cell, ensuring the correct orientation 

(narrow end pointing outward) to provide a proper seal. The specimen was carefully inserted into 

the flat cell, and the solution was added until the cell by measuring ~280 mL of solution in a 

beaker. Special attention was given to removing air bubbles from the Luggin capillary 

connecting the reference electrode to the sample surface by filling the reference electrode slot 

with solution and removing air by suction. Once the reference electrode was inserted and the 

electrical connections secured, the system was inspected to ensure that no air bubbles remained 

in the flat cell or on the sample surface. Before initiating polarization, the specimens were 

immersed in the electrolyte until the open-circuit potential (OCP) stabilized, ensuring consistent 

and reliable electrochemical measurements. This preparation and setup protocol minimized 
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experimental errors and ensured reproducible data for evaluating the corrosion resistance of the 

alloys. 

  

Figure 11 (a) Solution in a flask, beaker and funnel, (b) PTFE O-ring inserted in flat cell, (c) 

three-electrode electrochemical setup with sample, reference electrode, and counter electrode. 

 

3.7.2 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) was conducted to evaluate the stability of 

the passive films and to quantify the charge transfer resistance, providing insight into the 

corrosion resistance mechanisms of the alloys. Measurements were performed over a frequency 

range of 100 kHz to 10 mHz using a Gamry® Reference 600 potentiostat, ensuring precise data 

acquisition across a wide spectrum. The experiments were carried out in a three-electrode 

electrochemical setup, with a saturated calomel electrode (SCE) as the reference, a platinum 

mesh as the counter electrode, and the alloy specimen as the working electrode. The resulting 

impedance data were analyzed and fitted using equivalent circuit models in ZView® software, 

enabling the extraction of critical electrochemical parameters such as polarization resistance and 

capacitance values associated with the passive films and double-layer interfaces. This approach 
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provided a detailed understanding of the passive film's integrity and its ability to resist charge 

transfer during corrosion processes.  

3.7.3 Immersion testing 

Immersion testing was conducted by exposing the samples to a 0.6 M NaCl solution for 

durations ranging from 24 hours to two weeks. Specimens were carefully masked to conceal any 

surface defects and prevent the formation of crevices that could artificially influence the 

corrosion process. To ensure uniform exposure and avoid the accumulation of corrosion products 

that might hinder further corrosion, the specimens were positioned with the exposed surface 

oriented perpendicular to the ground. 

To maintain a controlled environment, the top of the beaker was covered with parafilm, 

punctured with small holes to permit oxygen ingress while preventing contaminants from 

entering and disturbing the experiment. After the immersion period, surface analysis was 

performed to assess pitting and overall surface damage. Scanning electron microscopy (SEM) 

was employed for this purpose, using an accelerating voltage of 5 kV to capture high-resolution 

images of the corroded surfaces, providing detailed insights into the extent and nature of the 

corrosion. 

 

Figure 12 Example of an immersed sample in 0.6 M NaCl with parafilm on top. 
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3.8 Surface film characterization 

The composition and evolution of the passive or surface films formed on the alloys were 

comprehensively analyzed using a combination of advanced surface characterization techniques. 

These methods were applied individually or in combination depending on the specific alloy and 

experimental conditions, enabling detailed identification of surface films following immersion 

and potentiostatic conditioning experiments. Samples were held at potentials corresponding to 

the cathodic, passive, and transpassive regions as determined from the cyclic potentiodynamic 

polarization (CPP) curves. 

X-ray photoelectron spectroscopy (XPS) was employed to determine the chemical states 

of elements in the surface films. High-resolution XPS spectra were collected, and sputtering 

depth profiles were generated to estimate film thickness and composition. Time-of-flight 

secondary ion mass spectrometry (ToF-SIMS) provided detailed elemental depth profiling, 

offering spatial resolution of oxide distributions at the metal/oxide interface. Scanning 

transmission electron microscopy (STEM) was utilized for nanoscale imaging, with cross-

sectional samples prepared using focused ion beam (FIB) milling. Structural details were 

revealed using high-angle annular dark-field (HAADF) and bright-field (BF) imaging modes, 

while energy-dispersive X-ray spectroscopy (EDXS) in the STEM was used to map elemental 

distributions across phases. 

For surface characterization, specimens were prepared with the same care as for 

microstructural analysis, achieving a 0.05 ɛm surface finish. When possible, polishing 

compounds containing elements similar to the substrate were avoided to minimize 

contamination. For immersed or potentiostatically conditioned samples, special precautions were 
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taken to preserve the surface films during removal and rinsing, with thorough deionized water 

rinses used to eliminate residual NaCl without damaging the film. 

XPS was performed using both a PHI® VersaProbe 5000 XPS Microprobe and a SPECS 

system with PHOIBOS 150 analyzer, depending on the alloy. Survey and high-resolution spectra 

scans were conducted over areas ranging from 200 ɛmĮ to 2 Ĭ 2 mmĮ, with pass energies of 20 

eV to 117.4 eV. Vacuum chamber pressure was maintained between 10  and 10  Torr. Spectra 

analysis was conducted using PHI® MultiPak and Casa XPS software, with a preference for 

Casa XPS due to its versatility. Binding energies were typically calibrated to the C 1s peak at 

284.8 eV, with specific cases using the Fe metallic peak at 706.7 eV. A standard Shirley 

background was applied to improve peak fitting quality. 

ToF-SIMS analysis was performed using a TOF SIMS V instrument on samples 

subjected to immersion and potentiostatic conditioning. The instrument was operated at 5 Ĭ 10  

mbar in high mass resolution mode. Bi  was employed as the primary ion source (25 keV, 0.35 

pA) for rastering a 50 Ĭ 50 ɛm area, while the surface was sputtered using a Cs  ion beam (1 

keV, 6.8 nA) over a broader 120 Ĭ 120 ɛm area. Negative ion profiles were recorded to enhance 

the sensitivity for oxide fragments. 

STEM was conducted using a Talos F200X G2 TEM and a Thermo ScientificÊ Titan 

scanning transmission electron microscope equipped with a Super XÊ energy-dispersive X-ray 

spectrometer. Thin regions of interest were prepared with focused ion beam scanning electron 

microscopes (Quanta 3D FEG and Helios NanoLabÊ). A thin protective platinum coating was 

first deposited on the sample surface, followed by a thicker Pt layer to safeguard the surface film 

during ion beam milling. This step ensured the integrity of the film for detailed structural and 

compositional analysis. Further details specific to each alloy are discussed in the corresponding 
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chapters, providing deeper insight into the methodologies applied to their respective surface film 

analyses. 

 

 

 

 

 



49 

 

Chapter 4: Search for corrosion resistant multi-principal element alloys (MPEAs) 

 

The initial phase of this research focused on designing, synthesizing, and analyzing the 

microstructure and corrosion performance of various previously unexplored alloys composed of 

low-cost elements. These efforts were guided by the principle of exploiting the 'cocktail effect' to 

achieve synergistic properties and uncover promising alloy compositions. This foundational 

work provides a critical platform for further optimization, enabling the development of alloys 

with enhanced corrosion resistance. 

 

4.1 CuFeMnSi based alloys (#1-10, 23) 

4.1.1 Desktop design 

The equimolar CuFeMnSi (#1) MPEA was first created by arc melting followed by variations 

of the compositions including minor alloying, shown in Table 5. The empirical parameters did not 

predict solid solution formation for CuFeMnSi (#1), Cu0.14FeMnSi (#2), and 

Al 0.1CuFeMnNiSi0.3Ti0.1 (#7) MPEAs and only the CuFeMnSi (#1) alloy exhibited a VEC at the 

limit of FCC formation. The remaining MPEAs were predicted to form solid solution and an FCC 

crystal structure. Also, the atomic size mismatch was less than 4%, indicating possible single-

phase solid solution formation. Comparing the MPEAs with SS 304L, the theoretical densities 

were less (~8 g/cm3 for SS 304L) and the costs were similar (~2.2 $/kg), except for 

Al 0.1CuFeMnNi0.3SiTi0.1 (#7) and Al0.1CuFeMnNi0.3Si0.5Ti0.1 (#8) MPEAs. 

The equimolar CuFeMnSi (#1) MPEA was the starting point for this series of alloys, created 

through arc melting, followed by variations in composition to explore the effects of minor alloying, 

as detailed in Table 1. Predictions based on empirical design parameters suggested limited solid 
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solution formation for CuFeMnSi (#1), Cu0.14FeMnSi (#2), and Al0.1CuFeMnNiSi0.3Ti0.1 (#7). 

Among these, only CuFeMnSi (#1) exhibited a valence electron concentration (VEC) near the 

threshold for FCC formation while the other two predicted between FCC and BCC. The remaining 

MPEAs were predicted to form solid solutions with FCC crystal structures. Compared to SS 304L, 

the theoretical densities of these alloys were lower (~8 g/cm³ for SS 304L), and the costs were 

comparable (~2.2 $/kg) [16], except for Al-containing MPEAs (#7, #8), which had slightly higher 

costs. 

 

Table 5 Thermodynamic, empirical parameters, theoretical cost, and predictions of alloys #1-

10,23. 

 

4.1.2 Microstructure: scanning electron microscopy and energy dispersive x-ray spectroscopy  

 Backscattered electron scanning electron microscopy (BSE-SEM) images of CuFeMnSi-

based MPEAs are shown in Figure 13. Most alloys exhibited two distinct phases: (a) Cu-rich and 

(b) Cu-lean, as confirmed by energy-dispersive X-ray spectroscopy (EDXS), shown in Figure S1-

3. An exception was Al0.1CuFeMnNi0.3Si0.5Ti0.1 (#8), which exhibited three phases, including 

a Ti-rich phase. This additional phase likely resulted from reduced Si content, leading to an 

increased Ti concentration. 

Alloy # Composition Tm,alloy (K) ȹSmix/kb ȹHmix (kJ/mol) ŭr(%) ɋ ɟ (g/cm
3
) VEC

USD/kg 

(50-yr 

avg) ɋ prediction

VEC 

prediction

1 CuFeMnSi 1594 1.39 -20.50 1.78 0.90 6.02 7.50 2.11 Unknown FCC

2 Cu0.14FeMnSi 1659 1.23 -32.57 2.00 0.52 5.37 6.54 1.10 Unknown FCC+BCC

3 CuFe1.5MnSi0.2 1603 1.23 0.06 1.06 280.77 7.55 8.32 1.85 Solid Solution FCC

4 Cu1.2FeMnSi0.2 1558 1.25 -0.06 1.11 293.46 7.58 8.53 2.29 Solid Solution FCC

5 CuFeMn0.5Si0.2 1580 1.24 -0.16 1.14 99.03 7.51 8.63 2.33 Solid Solution FCC

6 Cr0.1CuFeMn0.5Si0.2 1600 1.35 0.08 1.12 220.07 7.50 8.54 2.30 Solid Solution FCC

7 Al0.1CuFeMnNi0.3SiTi0.1 1596 1.69 -22.28 3.19 1.00 6.04 7.49 3.40 Unknown FCC+BCC

8 Al0.1CuFeMnNi0.3Si0.5Ti0.1 1585 1.68 -13.27 3.26 1.67 6.75 7.93 3.49 Solid Solution FCC

9 Cr0.05Cu0.8Fe1.5Mn0.5Si0.2 1642 1.24 -0.32 1.08 52.24 7.47 8.33 1.78 Solid Solution FCC

10 Al0.2CuFe0.7Mn0.2Si0.1 1493 1.30 1.46 3.53 11.03 7.27 8.64 2.84 Solid Solution FCC

23 CuFeMnSi0.17 1570 1.25 0.07 1.08 240.82 7.58 8.42 2.11 Solid Solution FCC
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The alloys CuFeMn0.5Si0.2 (#5), Cr0.1CuFeMn0.5Si0.2 (#6), Cr0.05Cu0.8Fe1.5Mn0.5Si0.2 (#9), 

and CuFeMnSi0.17 (#23) displayed poor mixing, indicating a need to optimize the arc melting 

process. The equimolar CuFeMnSi (#1) alloy had a Cu-rich phase and a Cu-lean phase with Fe, 

Mn, and Si distributed across both. Cu0.14FeMnSi (#2), with reduced Cu content, showed 

precipitation of Cu in localized regions. Alloys CuFe1.5MnSi0.2 (#3) and Cu1.2FeMnSi0.2 (#4)  

exhibited Cu/Mn-rich phases and Fe/Si-rich phases, with composition shifts altering phase 

fractions. Al0.1CuFeMnSiTi0.1Ni0.3 (#7) had a Cu-rich phase containing minor alloying elements, 

while the three-phase Al0.1CuFeMnSi0.5Ti0.1Ni0.3 (#8) exhibited distinct Cu/Mn-rich, Fe/Mn-rich, 

and Fe/Mn/Ti-rich phases. Lastly, Al0.2CuFe0.7Mn0.2Si0.1 (#10) exhibited Cu/Al-rich and Fe-rich 

phases. 

 

 

Figure 13 Backscattered electron (BSE) images of alloys #1-10, 23. 
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4.1.3 Corrosion behavior and hardness 

Potentiodynamic polarization tests (Figure S4) in 3.5 wt.% NaCl solution with a scan rate of 

1 mV/s and 1-hour open circuit potential stabilization were used as accelerated testing method to 

evaluate the corrosion performance of the MPEAs and the electrochemical parameters extracted 

are presented in Table 6. The CuFeMnSi (#1) MPEA exhibited the best corrosion performance 

with a low corrosion current density (icorr) and the noblest corrosion potential (Ecorr). Two other 

MPEAs also had corrosion current densities lower than 10 ɛA/cm2: Cu0.14FeMnSi (#2) and 

Al 0.1CuFeMnSiTi0.1Ni0.3 (#7). The remaining MPEAs displayed corrosion current densities 

between 12 and 35 ɛA/cm2 and had less noble corrosion potentials. The CuFeMnSi (#1) had a 

Vickerôs hardness value of 550 HV. By reducing the Cu content in Cu0.14FeMnSi (#2), the hardness 

drastically increased, owing to increase in Si content. The MPEAs (#3-6, 8-10, and 23) had reduced 

Si content and likewise reduced measured hardness compared to CuFeMnSi (#1). The 

Al 0.1CuFeMnSiTi0.1Ni0.3 had a greater hardness than the CuFeMnSi MPEA, which may have been 

attributed to the minor alloying elements in solid solution(s). 

 

Table 6 Electrochemical parameters and hardness of MPEAs #1-10, 23. 

Alloy # Composition icorr (ɛA/cm
2) Ecorr (mVSCE) Hardness 

(HV) 

1 CuFeMnSi 1.6 -262 550 

2 Cu0.14FeMnSi 4.8 -426 930 

3 CuFe1.5MnSi0.2 25.0 -765 254 

4 Cu1.2FeMnSi0.2 17.9 -769 248 

5 CuFeMn0.5Si0.2 27.7 -713 275 
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Table 6 (continued). 

6 CuFeMn0.5Si0.2Cr0.1 12.5 -483 288 

7 Al0.1CuFeMnSiTi0.1Ni0.3 1.2 -330 623 

8 Al0.1CuFeMnSi0.5Ti0.1Ni0.3   34.4 -606 216 

9 Cu0.8Fe1.5Mn0.5Si0.2Cr0.05 14.1 -643 89, 278 

10 Al0.2CuFe0.7Mn0.2Si0.1  28.8 -615 420 

23 CuFeMnSi0.17 17.0 -841 98, 240 

4.1.4 Design philosophy 

Eleven CuFeMnSi based MPEAs were designed with culminating evidence from the MPEAs 

created herein. An MPEA with a nominal composition of CuFeMnSi was created based on the four 

lower cost elements. From literature, copper segregation was identified as a problem in producing 

homogenous alloys; however, contrary to conventional wisdom, the corrosion behavior of 

CuFeMnSi tested via potentiodynamic polarization was at an acceptable level in 3.5wt.% or 0.6 

M NaCl. As CuFeMnsi had a good native corrosion rate in 0.6 M NaCl, approaches were taken to 

improve the corrosion performance. The first method was to reduce the copper content to reduce 

segregation and homogenize the alloy; Cu0.14FeMnSi was created. Since reducing copper didnôt 

improve corrosion performance, another attempt at homogenizing the alloy was made by 

optimizing design parameters toward single-phase solid solution. By maximizing the parameters, 

the formation of single-phase alloys should be possible and henceforth, four alloys had been 

created: CuFe1.5MnSi0.2 (#3) (reduction in silicon and addition of Fe), Cu1.2FeMnSi0.2 (#4) 

(reduction in silicon and addition of Cu), CuFeMn0.5Si0.2 (#5) (reduction in Si and reduction in 

Mn), and CuFeMnSi0.17 (#23) (reduction in Si). Due to the high hardness of CuFeMnSi, the four 

alloys were designed with lesser amounts of silicon to ideally reduce the hardness. The other 
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combinations were in hopes of achieving a single-phase alloy, however, after characterization by 

scanning electron microscopy, two phases were found for each alloy. Also, the corrosion 

performance of these four alloys proved even worse than the two initial alloys, which may be 

attributed to greater galvanic interactions between phases.  

Another approach taken for improving the corrosion behavior of an CuFeMnSi MPEA, was to 

add minor amounts of corrosion resistant elements such as Al, Ni, Ti, and Cr and optimize design 

parameters. The first attempt was adding chromium to a previous alloy (#5), CuFeMn0.5Si0.2Cr0.1 

(#6), whereby the corrosion current density of the alloy was decreased, but the corrosion 

performance was still poor. Additional modification was done to the composition by increasing 

the amount of Fe, decreasing Cu content, and halving the Cr contentðCu0.8Fe1.5Mn0.5Si0.2Cr0.05 

(#9); by doing these modifications, the empirical parameters were optimized. However, the 

corrosion performance by these modifications was decreased compared to the CuFeMn0.5Si0.2Cr0.1 

#6 alloy. 

So far, the alloy with the lowest corrosion current density was the first alloy, CuFeMnSi (#1). 

To refocus on improving the corrosion performance, alloying elements were added to the 

equimolar combination. Small amounts of Al, Ti and Ni were addedðAl 0.1CuFeMnSiTi0.1Ni0.3 

(#7), and the corrosion behavior was similar to CuFeMnSi (#1) while the hardness increased. To 

decrease the hardness and possibly increase the corrosion performance, the amount of silicon was 

halved and therefore the content of the other alloying elements was increased. Similar to 

CuFe1.5MnSi0.2 (#3) and Cu1.2FeMnSi0.2 (#4), the Al0.1CuFeMnSi0.5Ti0.1Ni0.3 (#8) MPEA had 

decreased hardness with a reduction in Si, but the corrosion performance was worse. A final alloy 

with a base of CuFeMnSi was created by adding Al and optimizing the empirical parametersð

Al 0.2CuFe0.7Mn0.2Si0.1 (#10). This was an attempt to produce a single-phase alloy with a protecting 
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surface film of aluminum oxide, yet the corrosion performance was not improved. From these 

varying experiments, the alloys with the best corrosion behavior maintained an equimolar ratio of 

CuFeMnSi in the composition. 

4.2 AlCuFeMn based alloys (#11-20) 

4.2.1 Desktop design 

The equimolar AlCuFeMn (#11) was created by arc melting followed by four other equimolar 

MPEAs by addition of Ni, Ti, Cr, and Sn. The four elements were added in different combination 

in the exploration of producing more corrosion resistant alloys. Five more MPEAs were created 

by reducing the cost while trying to optimize the empirical parameters. MPEAs #16-18 all 

contained the same base composition as the Al 0.3Cr0.1CuFe2Mn0.4Ti0.4 but with Si addition for #17, 

Ni addition for #18, and Ni and Si addition with Cu reduction for #19. Lastly, MPEA #20 had a 

similar composition to #18 but without Cu and reduced Fe content. The empirical design 

parameters predicted solid solution formation for all ten alloys except AlCrCuFeMnSnTi (#15) 

which had the largest atomic size mismatch. The predicted crystal structure was FCC for MPEAs 

#12 and #15-18, while the remaining MPEAs were predicted to contain between FCC and BCC 

crystal structures. Compared to SS 304L, the theoretical densities of the alloys were less except 

for the similar densities of Al0.3Cr0.1CuFe2Mn0.4Ti0.4 #16 and Al0.3Cr0.1CuFe2Mn0.4Ni0.3Ti0.4 (#18). 

The theoretical costs of MPEAs #12-20 exceeded SS 304L.  
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Table 7 Thermodynamic, empirical parameters, theoretical cost, and predictions of alloys #11-

20. 

 

4.2.2 Microstructure: SEM and EDXS 

The AlCuFeMn (#11) MPEA resulted in two phases where the matrix (Cu-lean and Fe-

rich) contained uniformly distributed Cu-rich phases shown in Figure 14 along with other 

AlCuFeMn based MPEAs. The addition of Ni to form AlCuMnNi (#12) alloy resulted in a similar 

microstructure, but Ni was uniformly distributed in Cu-rich and Cu-lean phases. The addition of 

Ti to form AlCuFeMnTi (#13) resulted in a more segregated Cu-rich phase in the matrix and a 

third phase surrounding the Cu-rich phase. The Cu-rich phase was similar to alloys #11-12 with a 

small amount of Ti added, the matrix was also similar with Ti added, and the phase around the Cu-

rich phase had a more uniform distribution of the five elements. The AlCuCrFeMnTi (#14) alloy 

was produced to further modify the alloy. The Cr addition to AlCuFeMnTi (#13) modified the 

chemical composition of the Cu-lean phase to hold most of the Ti and Cr but the morphology and 

distribution of the phases remained similar, except for the removal of the third phase around the 

Cu-rich phase. The composition of the Cu-rich phase did not change much. EDXS data for these 

alloys is provided in the supplementary section.  

Desktop alloy design, based on empirical parameters, suggested that the addition of Sn to 

AlCuFeMnTiCr would not lead to more optimal solid solution formation. Nonetheless, the 

Alloy # Composition Tm,alloy (K) ȹSmix/kb ȹHmix (kJ/mol) ŭr(%) ɋ ɟ (g/cm
3
) VEC

USD/kg 

(50-yr 

avg) ɋ prediction

VEC 

prediction

11 AlCuFeMn 1406 1.39 -3.50 5.32 4.63 6.38 7.25 2.20 Solid SolutionFCC+BCC

12 AlCuFeMnNi 1470 1.61 -6.72 5.14 2.93 6.82 7.80 4.99 Solid Solution FCC

13 AlCuFeMnTi 1514 1.61 -12.48 6.45 1.62 5.91 6.60 5.14 Solid SolutionFCC+BCC

14 AlCrCuFeMnTi 1617 1.79 -9.11 6.17 2.64 6.10 6.50 4.51 Solid SolutionFCC+BCC

15 AlCrCuFeMnSnTi 1458 1.95 -6.37 7.94 3.70 6.00 7.57 9.52 Unknown FCC

16 Al0.3Cr0.1CuFe2Mn0.4Ti0.4 1633 1.42 -0.72 5.06 26.92 7.13 7.83 3.11 Solid Solution FCC

17 Al0.3Cr0.1CuFe2Mn0.4Si0.1Ti0.4 1635 1.50 -3.77 5.00 5.39 6.96 7.74 3.10 Solid Solution FCC

18 Al0.3Cr0.1CuFe2Mn0.4Ni0.3Ti0.4 1640 1.57 -2.08 5.00 10.31 7.23 7.98 3.92 Solid Solution FCC

19 Al0.3Cr0.1Cu0.1Fe2Mn0.4Ni0.3Si0.1Ti0.4 1709 1.51 -13.96 5.44 1.54 6.65 7.14 3.62 Solid SolutionFCC+BCC

20 Al0.2Cr0.1FeMnNi0.3Ti0.3 1667 1.50 -11.08 5.42 1.88 6.87 7.03 3.84 Solid SolutionFCC+BCC
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AlCuCrFeMnSnTi (#15) alloy was produced. The alloy contained uniformly distributed multiple 

phases. Four phases were identified using SEM/EDX analysis, consisting of a Cu-rich phase, 

Fe/Ti-rich phase, Mn/Sn-rich phase, and lastly, a Cr/Fe-rich phase.  

Several Al0.3CuFe2Mn0.4Cr0.1Ti0.4 based alloys (#16-20) were produced. The 

Al 0.3CuFe2Mn0.4Cr0.1Ti0.4 (#16) had a uniform microstructure, and it contained almost single phase, 

however, Cu-rich phases also containing Al were distributed in some regions of the alloy. The 

addition of Si to form Al 0.3Cr0.1CuFe2Mn0.4Si0.1Ti0.4 (#17) resulted in a similar microstructure, 

except a third phase was present. The Si was distributed in a Fe/Ti-rich phase, and different to #16, 

the third phase was richer in Fe. The addition of Ni to #16 produced the 

Al 0.3Cr0.1CuFe2Mn0.4Ni0.3Ti0.4 (#18) with a Cu-rich phase containing Fe and Ti, and the Cu-lean 

phase was dominant in Fe. With the Ni and Si addition and Cu reduction for 

Al 0.3Cr0.1Cu0.1Fe2Mn0.4Ni0.3Si0.1Ti0.4 (#19), three phases were produced. There was a Cu-rich 

phase, Fe/Ti rich phase, and a Fe/Cu-rich phase. Ni was distributed uniformly in all three phases. 

Lastly, with the removal of Cu and less Fe compared to #18, the Al0.2Cr0.1FeMnNi0.3Ti0.3 (#20) 

MPEA exhibited two phases where one was enriched in Ti and Cr, and another phase enriched in 

Ni and Al.  
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Figure 14 Backscattered electron (BSE) images of alloys #11-20. 

4.2.3 Corrosion behavior and hardness 

Potentiodynamic polarization tests (Figure S4) in 0.6 M NaCl solution with a scan rate of 

1 mV/s and 1-hour open circuit potential stabilization were used to evaluate the corrosion 

performance of the MPEAs and the electrochemical parameters extracted are presented in Table 

8. The four phase AlCrCuFeMnSnTi (#15) MPEA exhibited the lowest corrosion current followed 

by Al0.3Cr0.1Cu0.1Fe2Mn0.4Ni0.3Si0.1Ti0.4 (#19). Overall, the corrosion current densities of all the 

MPEAs were low, except for AlCuFeMn (#11) and AlCrCuFeMnTi (#14) exceeding 10 ɛA/cm2. 

The addition of Ni, Ti, and Sn increased the corrosion potential to more noble values compared to 
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the base AlCuFeMn (#11) MPEA. The alloy with the most noble corrosion potential was 

Al 0.3Cr0.1Cu0.1Fe2Mn0.4Ni0.3Si0.1Ti0.4 (#19). Looking at the hardness values of all ten MPEAs, it 

was observed that the addition of Cr increased the hardness of all the alloys and the removal of Cu 

increased the hardness the greatest in the instance of Al0.2Cr0.1FeMnNi0.3Ti0.3 (#20). 

Table 8 Electrochemical parameters and hardness of MPEAs #11-20. 

Alloy # Composition icorr (ɛA/cm
2) 

Ecorr 

(mVSCE) 

Hardness 

(HV)  

11 AlCuFeMn 14.2 -678 367 

12 AlCuFeMnNi 6.5 -393 418 

13 AlCuFeMnTi 7.7 -318 326 

14 AlCrCuFeMnTi 16.3 -321 650 

15 AlCrCuFeMnSnTi 0.8 -350 651 

16 Al 0.3Cr0.1CuFe2Mn0.4Ti0.4 7.2 -291 243, 509 

17 Al 0.3Cr0.1CuFe2Mn0.4Si0.1Ti0.4 7.5 -363 425 

18 Al 0.3Cr0.1CuFe2Mn0.4Ni0.3Ti0.4 7.1 -318 481 

19 Al 0.3Cr0.1Cu0.1Fe2Mn0.4Ni0.3Si0.1Ti0.4 1.2 -299 311 

20 Al 0.2Cr0.1FeMnNi0.3Ti0.3 5.2 -451 906 
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4.3 AlCuFeSnTi based alloys 

4.3.1 Desktop design 

The AlCuFeSnTi (#21) MPEA was arc melted followed by a second alloy 

Al 0.9Cu0.9Fe0.9Sn0.9Ti0.1 (#22), where Ti content of #21 was reduced while keeping the other 

elements in equal proportions. The aim of these alloys was to remove Cr and Mn from the 

AlCrCuFeMnSnTi (#15) MPEA that exhibited low corrosion current density. The empirical design 

parameters, shown in Table 9, predicted both MPEAs outside the solid solution formation range 

and the VEC predicted FCC for both alloys. The theoretical densities for both MPEAs are below 

SS 304L owing to the large quantity of lower density elements, Al and Ti. Lastly, the 50-year 

average cost of the MPEAs are expensive due to the cost of Sn and Ti.  

Table 9 Thermodynamic, empirical parameters, theoretical cost, and predictions of alloys #21-

22. 

 

4.3.2 Microstructure: SEM and EDXS 

The microstructures of both MPEAs appear similar even with a drastic reduction in Ti 

content, seen in Figure 15. Both MPEAs exhibited four phases with three phases having similar 

compositions except with a reduction in Ti content for the Al 0.9Cu0.9Fe0.9Sn0.9Ti0.1 (#22) MPEA. 

The fourth phase for AlCuFeSnTi (#21) was rich in Sn and Ti, while the fourth phase of the 

Al 0.9Cu0.9Fe0.9Sn0.9Ti0.1 (#22) MPEA was rich in Cu and Sn.  

Alloy # Composition Tm,alloy (K) ȹSmix/kb ȹHmix (kJ/mol) ŭr(%) ɋ ɟ (g/cm
3
) VEC

USD/kg 

(50-yr 

avg) ɋ prediction

VEC 

prediction

21 AlCuFeSnTi 1311 1.61 -8.64 7.72 2.03 5.65 8.00 12.37 Unknown FCC

22 Al0.9Cu0.9Fe0.9Sn0.9Ti0.1 1173 1.47 3.42 8.29 4.20 5.88 8.86 11.56 Unknown FCC
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Figure 15 Backscattered electron (BSE) images of alloys #21-22. 

4.3.3 Corrosion and hardness 

Potentiodynamic polarization tests (Figure S4) in 0.6 M NaCl solution with a scan rate of 

1 mV/s and 1-hour open circuit potential stabilization were used to evaluate the corrosion 

performance of AlCuFeSnTi (#21) and Al0.9Cu0.9Fe0.9Sn0.9Ti0.1 (#22) MPEAs. The electrochemical 

parameters extracted from the polarization curves are presented in Table 10. The current density 

of both alloys was similar but with an increase in Ti content, the AlCuFeSnTi (#21) MPEA had a 

slightly lower current density. The corrosion potentials of both alloys are similar, yet with the 

greater Ti content increasing the nobility of AlCuFeSnTi (#21). The greatest difference between 

these two alloys is the hardness reduction of Al 0.9Cu0.9Fe0.9Sn0.9Ti0.1 (#22) from the reduction in 

Ti content.  
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Table 10 Electrochemical parameters and hardness of MPEAs #21-22. 

Alloy # Composition icorr (ɛA/cm
2) Ecorr (mVSCE) Hardness (HV) 

21 AlCuFeSnTi 2.3 -436 346 

22 Al 0.9Cu0.9Fe0.9Sn0.9Ti0.1 8.2 -468 214 
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Supplementary 

4.4 EDXS point analysis results 

The following figures represent the dark and bright phase atomic concentration of 

homogenous CuFeMnSi based MPEAs, AlCuFeMn based alloys, and AlCuFeSnTi based MPEAs. 

It should be noted that the atomic percentages were determined with the EDXS software and there 

is a potential overlap of characteristic X-rays, such as Cu and Ni, leading to inaccurate point 

analysis results.  

 

Figure S1 EDXS point analysis of phases found in BSE images of alloys #1-10,23. 
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Figure S2 EDXS point analysis of phases found in BSE images of alloys #11-20. 
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Figure S3 EDXS point analysis of phases found in BSE images of alloys #21-22. 
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4.5 Potentiodynamic polarization curves 

The following figures contain the polarization curves of the 23 MPEAs produced in this 

study in 0.6 M NaCl with a scan speed of 1 mV/s. 

 

 

Figure S4 Potentiodynamic polarization curves of MPEAs tested in 0.6 M NaCl: a) alloys #1-10, 

23, b) #11-20, and c) #21-22. 

 

a) b) 

c) 
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Chapter 5: A low-cost, low-density, and corrosion resistant AlFeMnSi compositionally 

complex alloy

 

After evaluating the corrosion performance of various multi-principal element alloys 

(MPEAs), the AlFeMnSi alloy was developed. Initial corrosion testing revealed that this alloy 

exhibited excellent corrosion resistance, prompting a more in-depth investigation. Scanning 

electron microscopy (SEM) analysis identified a three-phase microstructure, and hardness testing 

demonstrated exceptionally high hardness in each phase. 

To further evaluate its corrosion performance, cyclic potentiodynamic polarization (CPP) 

and electrochemical impedance spectroscopy (EIS) were performed, revealing corrosion 

behavior comparable to stainless steel 304L. Following electrochemical testing, SEM analysis 

was conducted after a two-week immersion period to assess surface changes. 

To gain deeper insights into the corrosion mechanisms, surface characterization was 

carried out after immersion in a NaCl solution under various potentiostatic conditions. 

Potentiostatic conditioning was followed by X-ray photoelectron spectroscopy (XPS) to analyze 

the surface chemistry in the cathodic, passive, and transpassive regions. Finally, STEM-EDXS 

was used to examine the composition of the surface films on each phase after a 24-hour 

immersion, providing detailed insights into the alloy's behavior in 0.6 M NaCl. 

 

This chapter was prepared as a journal article and published in Nature Partner Journal: 

Materials Degradation. The content presented here is identical to the published version.
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