ABSTRACT
O06 BRI E N, De&bpmiEnt an®tudy of CorrosiorresistaniMulti-principal Element

Alloys (Under the supervision of Dr. Rajeev Gupta)

This dissertation investigates the development and performacoerosionresistant
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 compositioandmicrostructureon 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 beraltogark
such as stainless steel 304L. Advanced characterization techniques, including X
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and transmission
electron microscopy (TEM), are employed to analyze surface film evolution.

This research demonstrates the potential ofdoat 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 systeljatical
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 nexgeneration MPEAS.



@Copyright 2024 by Sean OO6Bri en

All Rights Reserve



Development an&tudy of CorrosionresistaniMulti-principal ElementAlloys

by
Sean OO6Brien

A dissertation submitted to the Graduate Faculty of
North Carolina State University
in partial fulfilment of the
requirements for the degree of
Doctor of Philosophy

Materials Science and Engineering

Raleigh, North Carolina
2024

APPROVED BY:

Rajeev Gupta Douglas Irving
Chair of Advisory Committee

CarlKoch Djamel Kaoumi



BIOGRAPHY

Sean OO6Brien was born in Akron, Ohio, and
Ohi o. Il n 2017, he earned his bachel orodés degre
Akron. Sean continued his academic journey at North Carolina State Univetsiye he
pursued his Ph.D. in Materials Science and Engineering under the mentorship of Dr. Rajeev
Gupta. His doctoral research focused on the design, development, and corrosion resistance of
multi-principal element alloys, contributing valuable insigiotshis rapidly evolving field.
Outside of his academic pursuits, Sean enjoys reading, watching new movies and TV shows, and

seeking out unique culinary experiences.



ACKNOWLEDGEMENTS
| extend my deepest gratitude to Dr. Rajeev Gupta for his unwavering mentorship, support, and
guidance throughout my PhD journey. From my early days as an undergraduate researcher in his
lab, | have greatly valued his insightfekedback and encouragement, which have played a pivotal

role in shaping me into a better researcher.

| would also like to sincerely thank Dr. Nick Birbilis for his invaluable guidance and thoughtful
contributions throughout the course of my PhD, particularly for his impactful suggestions that

enhanced the quality of our publications.

To my committee membea¥sDr. Carl Koch, Dr. Douglas Irving, and Dr. Djamel Kaodiam
deeply grateful for your time, expertise, and constructive insights, which have significantly

enriched my research and professional growth.

A heartfelt thank you to my friends and lab mates: Bhuvana, Jijo, Sandamal, Farooq, Furkan,
Ahmed, Javier, Luiza, Ryan, Evan, Alex, Mohammad. Your camaraderie, thoughtful discussions,
and collaborative spirit have provided me with unique perspectiveshévat broadened and

deepened my understanding of my research.

| am also grateful for the financial support provided by the Office of Naval Research under contract
ONR: N0001417-1-2807, with program officers Dr. Airan Perend Dr. David Shifler. The
experimental work involving SEM, XRD, XPS, and F8AMS was made possible by the

Analytical Instrumentation Facility (AIF) at North Carolina State University, supported by the



State of North Carolina and the National Science Foundation (No. BE6€X)15). | acknowledge
additional instrumentation support through the National Science Foundation-{DRE294),

which enabled the use of statkthe-art facilities at AlF.

Thank you to everyone who has contributed to this journey, both academically and personally



TABLE OF CONTENTS

LISt Of TADIES. ... e e vl
LIST Of FIQUIES. ..t r e ettt e e et e b e e e e e e e e e e bt e e e e e ennnanns ix
Chapter L1 INrOAUCTION. .......uei et e et e e e e e e e e e e e e 1
Chapter 2: LItEIratUre FEVIBW. ......ccieeiieieeeeeeeeiet ettt e et e et e e e e e e e e e eea s aeeeeeas 5
2.1 Desktop design and SYNtNeSIS.........ccouuviiiiiiiiieieiiie e e e
2.2 COSE AN DENSILY. ....uuuieeeeeeiii et ettt e e e et e e 16
2.3 COrroSION Of MPEAS. ..ottt ettt e e e e e e eaeanna 23
2.4 Research objective and hypotheses of thiSwWork..............ccoooiiiiiiiiiiiis 28
Chapter 3: Experimental ProCEAULE. ..........uiiieie e e e e e e et e e e e e aaa e 30
G0 B 1= TS] Kq o] o J= 1110 ) VA0 1= 2] T T 31
L2 MALEIIAIS . ... e 35
GG I {10} VAN o] oo ¥ Td 1 o] o PP 36
3.4 DEeNSity MEASUIBIMEIIL ... . ciiuiieeiii e e et ee e et e et e e e e e e e e e e e et e e e eaaeeaeaaaeaeenns 38
.5 HAIANESS ..ot e e e 39
3.6 Microstructural CharaCterization...............cooooiiiiiieeeiiiiiiii e 40
3.7 Electrochemical CorroSion teStiNg.........oeiiiiieiiii e 42
3.7.1 Cyclic potentiodynamic polarization..............cc.ccouiiieeeiiiii e 42
3.7.2 Electrochemical impedance SPECtrOSCOQY........uuvvvruieirnieiieeeiiaeeieeeaaeeaaeennns 44

3. 7.3 IMMEISION TESHING. ... iit e e e e e e e e aenand 45



3.8 Surface film characCterization.............oe v AD

Chapter 4: Search for corrosion resistant riincipal element alloys (MPEAS)............... 49
4.1 CuFeMnSi based alloys #D, 23).......ccccuviiiiieiiiiiiiieie e eeeeenn . A9
4.1.1 DESKIOP UESIGIL....evuuiieeiieiiie e ee ettt ettt ettt e e ettt e e e e e e s s 49

4.1.2 Microstructure: scanning electron microscopy and energy dispefisaye X

S 01T o1 0 1 Te 0 0 PP 50
4.1.3 Corrosion behavior and hardnNesS.........ccuuuuiiiiiiiiiieii e 52
4.1.4 Design PhilOSOPNY......cuuuiiiiii e 53
4.2 AICuFeMn based alloys (FRD)........ooeeiieeiiiieee et e 55
o I =T (] o I 0 =] o | o 55
4.2.2 Microstructure: SEM and EDXS.......coooiiiiiiiiiiiiieeeeeeee 56
4.2.3 Corrosion behavior and hardness.............eeoiiiiiieeeri e 58
4.3 AICUFeSNTI based allOysS.........ooveuiiiii et e e 60
G T8 I B TS 24 o o I L= o T 60
4.3.2 Microstructure: SEM and EDXS.......cooiiiiiiiiiiiiiieeee e 60
4.3.3 Corrosion and NArdnNesSS...........uuuuuuuii i 61
YU o] 0] (=T g T=T g1 =V VPP 63
4.4 EDXS point @analySiS rESUILS.........uiiiiiii e ieeee e e e e e 63
4.5 Potentiodynamic polarization CUNVES...........c.uveiiiiiiiiieeei e e e e 66

Vi



Chapter 5: A lowcost, lowdensity, and corrosion resistant AIFeMnSi compositionally complex

SUPPIEIMENTAIY. ...ttt e e et e e e e e e e na e 78

Chapter 6: Microstructure and corrosion performance of equiatomic AlFeMnX (X= Cr, Ni)

multi-principal element alloYsS............o i 101
Y 013 1 = Lo P PSPPI 102
IO [ 011 0T (¥ Tod 1[0 o PSPPI 103
2. MEINOAS. ...t 106
3. RESUIS @NAISCUSSION.......ciieiiiiiieeieeii et e e et e et eeeeeeeeees 108
3.5 GNETaAl DISCUSSION.....ccevvriiiiiiiieae s eee e e e e e e et e et e e e e e e e e e e eeeeeeeees 119
4. CONCIUSIONS. ....ciiiiiieeeeetett et e e e et ettt e e e e ettt e e e e e e e b e s ra e e a e e e e e e e e e e eeees 123

Chapter 7: Microstructure and corrosion performance of CrFeMnV 4putticipal element alloy

vii



LIST OF TABLES

Table 1 Density and cost of MPEAS IN 0.6 M NaCI.............ccooiiiiiiiiii e 18
Table 2 Distribution of elements in MPEAS reported in literature................coovvvvvieennnenee. 22
Table 3Physical data of a multitude of elements including the metaling point[L30], boiling
point (Tv) [130], molecular weight\lw) [131], density ) [130], atomic radius, d electrong)(
50-year average PriCe [L3 2. ... i eieiii e e e e e e e e e e e e e e e e annees 31
Table 4 Information of metals used in this study detailing purity, physical form, size, supplier
=10 I O PP UPP PP SUPPPPRPIN 35

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

Table 6 Electrochemical parameters and hardness of MPEAKO#23...........cccccvvvveeeennnnnn. 52

Table 7 Thermodynamic, empirical parameters, theoretical cost, and predictions of alleys #11

viii



LIST OF FIGURES

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

(9] oottt e e e e e e e e e e — et — e aaaaa e e e e e e aeeeeaeeeetettatr————————————_ 7
Figure2P| ot of Y wvs. U, illustrating the conditi
intermetallics, intermetallics, and bulk metallic glasses are formed...............cccveeeen. 12

Figure 3 Plot VEC vsyg, illustrating regions of singiphase solid solution, multiphase region,
amorphous regions, as well as VEC ranges of different crystal strujies.................... 15
Figure 4 Galvanic series and pitting potential of MPEASs tested in 0.6 M NaCl............... 24
Figure 5 Technical approach for producing corrosion resistant MPEAs and studying
microstructure, corrosion, and surface characterization...........c.covvvvveieeeiiiiiiiiieieee, 30
Figure 6 (a) Table of enthalpy of mixing for binary liquif39], (b) spreadsheet calculating
enthalpy of mixing for select composition, @rd spreadsheet interface that was used in
calculating all desktop design Parameters............ovviveviiiieeeiir e e e e 34
Figure 7 Metal chunkcs, vacuum arc melting system, arc melted sample after grinding and
010 1157 71 Vo S 38
Figure 8 Density measure setup with bar frame, metal plate, beaker, and pan hanger assembly
iNStalled IN @ DAIANCE. ... 39
Figure 9 Mitutoyo HM-112 digital microhardness teSter...........ccovviiieiiiiiieeeeie e 40
Figure 10 Mounted sample, masking setup, and electrical connection on back of sampi3
Figure 11 (a) Solution in a flask, beaker and funnel, (b) PTFEN inserted in flat cell,
(c)threeelectrode electrochemical setup with sample, reference electrode, and counter electrode.

Figure 12 Example of an immersed sample in 0.6 M NaCl with parafilm on.tap............. 45



Figure 13 Backscattered electron (BSE) images of alloyd@123...........c.ccoeviiiiiiiinieeennnn. 51

Figure 14 Backscattered electron (BSE) images of alloys2Q1...............ccceivviiiiicennnennnn. 58
Figure 15Backscattered electron (BSE) images of alloyS221...............cccoevviiiiieeeeennnns 61
Figure S1IEDXS point analysis of phases found in BSE images of alloyk0#23................! 63
Figure S2EDXS point analysis of phases found in BSE images of alloy2811............... 64
Figure S3EDXS point analysis of phases found in BSE images of alloy2221............... 65

Figure S4Potentiodynamic polarization curves of MPEAs tested in 0.6 M NaCl: a) alley8 #1

23, D) #1320, AN C) H#2P2....voeeoeeeeeeeoeeeeeeeeeeeeee e r et ee e e et eee et r et 66



Chapter 1: Introduction

Throughout history, alloy systems centeaedund a single principal element have
significantly shaped technological advancements. Examples include arsenical bronze from
primitive fires (3000 BCE), the coppén alloys of the Bronze Age (2500 BCE), wrought iron
(1000 BCE), wootz steel from Indi&@@0 BCE), and modern alloys such as aluminum alloys
enabled by the HalHéroult process (1880s), stainless steel (1910), and superalloys ([1930s)
A paradigm shift occurred in 2004 when Yetral. [2] and Cantoet al.[3] independently
introduced the concept of multicomponent allo
(HEAS). HEAs are defined as alloys containing five or more elements in near equiatomic
proportiong?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 spigiee structes and
exceptional properties such as high streifthsuperplasticity5], and high fracture toughness
[6]. However, not all HEAs form singlghase structures; some exhibit amorphous or multiphase
microstructure$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
Acompositional ly d8.mpReecxe na-plityio iy siionpudliGCGAk & ment al
(MPEAS) have been adopted as an overarching term encompassing both CCAs and HEAs as

subset49].



The unique properties of HEAs are attributed to four core efféltELO]. The first is the
high entropy effect which stabilizes solid solutions through increased configurational entropy.
The second is thiattice distortion effect, which leads to atomiscale distortions that alter the
material 6s mechani cal a n d slpgbish sliffusian leffeggwheip e r t i e s
slows atomic mobility and affects phase transformations. Finallycdtigail effectrefers to the
unpredictable synergies that arise from multicomponent interactions. Unlike conventional alloys,
which focus on the corners of phase diagrams, MPEASs expand the design space to the center of
phase diagrams, unlocking a multitude of novel cositpns. For innce, utilizing 20 elements
theoretically allows for appro[fll. mately 10 eq
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 corrossedday Cu
segregation in CoCrFeNida?2], pitting initiated at MnS inclusions in stainless s{@él, or
other forms of corrosion like intergranular corrosion of sensitized stainles§lgtpdDespite
their compositional complexity and potential microstructural heterogeneity, many MPEAs have
demonstrated sufficient corrosion resistafidg, [16]. For example, the multiphase
Al . CoCr FeNi MPEA shows corrosion resistance
its aged FCC + BCC conditida7].
The AICrTiV 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 othema¢eimé¢he alloy,
likely a result of incongruent dissolution. This compositionally complex oxide film plays a

critical role in the alloyds superidl6], corrosi



[18], [19]. However, the use of higtost elements such as Ti and V significantly increases the
expense of AICrTiV, making it less suitable for esstsitive applications. Not only AICrTiV,
but mostMPEASs contain relatively expensive elements such as Co, Cr, Ni, V, Zr, afidNb
[20]. This underscores the need for toast MPEAS that can achieve comparable performance
while relying on more abundant and economically viable elements.

The vast design space of miptiincipal element alloys (MPEAS), particularly those
utilizing low-cost elements, remains largely unexplored. This research seeks to address this gap
by developing and characterizing lawsst, corrosiomresistant MPEAs. Therjmary objectives
include understanding their microstructures, corrosion behavior, and surface film evolution to
guide the design of negieneration material€hapter 2: Literature Review provides a
discussion on design approaches, cost, density, armbamrrof MPEAsChapter 3:

Experimental Proceduresdetails the methodologies used to synthesize, characterize, and
evaluate the performance of MPEASs. Techniques such as scanning electron microscopy (SEM),
X-ray diffraction (XRD), Xray photoelectron spectroscopy (XPS), tiofdlight secondary ion

mass spetrometry (ToOFSIMS), and scanning transmission electron microscopy (STEM) were
employed to investigate the alloys in detalil.

This work began by designing and testing 23-tmst MPEAS, presented ®hapter 4:
Search for corrosion resistant multiprincipal element alloys (MPEAS) grouped into three
categories: CuFeMn&iased, AlCuFeMibased, and AlICuFeSnbased systems. The
CuFeMnSi alloy demonstrated low corrosion current density but lacked passivity due to Cu
segregation. Inspired by the potential of aluminum in AICITiV, Cs veplaced with Al,
resulting in the development of the AlIFeMnSi alloy, which exhibited significamipraoved

corrosion resistance. The detailed study of this alloy is present@uhipter 5: A Low-Cost,



Low-Density, and CorrosionResistant AIFeMnSi Compositionally Complex Alloy Building

on the success of AlFeMnSThapter 6: Microstructure and Corrosion Performance of

Equiatomic AIFeMnX (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 AlIFeMnX alloys.

The research further progressed to exploring more corrosfstant systems by relaxing
cost constraint8By replacingAl and Si in AlFeMnSi with Cr and V, a new CrFeMnV was
developedChapter 7: Microstructure and Corrosion Performance of CrFeMnV Multi -
Principal Element Alloy details the development of CrFeMnV, a higgrformance alloy with
enhanced corrosion resistance. Findlliapter 8: Microstructure and Corrosion
Performance of CrNiTiV Multi -Principal Element Alloy explores the replacement of Fedan
Mn in CrFeMnV with Ni and Ti, creating an alloy with similarly superior corrosion resistance.
This research demonstrates the potential ofdogt, corrosiosresistant while advancing the
understanding of their corrosion mechanis@isapter 9: Conclusions and Outlook

summarizes the findings and outlines future directions.



Chapter 2: Literature review

Multi-principal element alloys (MPEAS), broadly defined as alloys containing more than two
principal alloying element®], represent a versatile and expansive field of materials research
originating from the study of higantropy alloys (HEAS). In 2004, Y4B] and Cantof3]
published seminal works on MPEAS, with Yeh coining the term “eiginopy alloys" and
defining HEAS as alloys comprising five or more elements in-aqaratomic proportiong].

Yeh introduced the AIXCoCrCuFeNi (x£8) 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 singfghase BCC structure for x > 2.8. Thartiness 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-aast and annealed hardness of various MPEAS, with hardness
values ranging from 590 to 850 HV in theast state and from 600 to 890 HV after annealing at
1000°C for 12 hours. This demonstrated not only the inherently kiginbss of MPEASs but also
their remarkable resistance to anneaimduced softening2]. Concurrently, Cantor et al.
explored the creation of equimolar MPEASs 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 amounts ranging from 11.1 to 16a¥. % 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 intractions in MPEA$3]. These pioneering studies established the foundational

principles of MPEASs, including their tunable microstructures, exceptional mechanical properties,



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 multiprincipal 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 2007 provided an extensive
overview of the history, composition design space, Heigtnopy alloy (HEA) concepts,
thermodynamics, microstructures, functional properties, mechanical properties, and other key
aspects of MPEAs. This work highlighted the breadttl depth of the field while identifying
challenges and opportunities for future research.

Further advancements were documented in the second edition of the teXibbdkntropy
Alloysby 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 foneesearc
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-&htgbpy
alloys" (HEAS), initially used to describe alloys with singlease equiatomic compositions,
transitioned to "compositionally complex alloys" (CCAs) to encompass -phite systems.
Subsequently, the more inclusive term "mpltincipal element alloys" (MPEAS) was adopted to
describe alloys with fewer principal elements or 4eguiatomic compositions. This evolution

reflects the increasing diversity in alloy design and broadening scope of the field. The



classification of these three prominent tedmd$EAs, CCAs, and MPEAS used in the literature

is illustrated inFigure 1, providing clarity on their interrelations and distincti¢@k

- Entropy doesn’t matter

- CCAs
- - Can be single or multiphase
-May have less than 5 elements

- At least 2 elements are ‘principle’
alloying elements Bubble sizes represent an
approximation to the relative

-May include >n elements, where n = 3 g
‘composition space

- Can be single or multiphase
- Entropy doesn't matter

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

[9].

2.1 Desktop designand synthesis

Since the inception of HEAS, the design of phase specific alloys has been a concern.
Obtaining a singlphase solid solution alloy has been the priority of many researchers due to the
excellent and unique properties obtained; however, many multiphase la¢log also been
produced with excellent behavidgsl]. 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 havealsodnstrained
empirically. Thermodynamic parameters have been used in designing MPEAS, such as: enthalpy
of mixing, entropy of mixing, Gibbs free enerf2]. On top of thermodynamic parameters,

topol ogi cal parameters were util[RX&dS as wel



residual strain and dimensionless elastic enf4}y and valence electron concentration (to
determine crystal structurf)5]. 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 tekEhbo ok y[fi]Buchial kiretic approach(viscosifgh], Pettifor map
(Mendeleev numbestructural separation of AB compound8Y], phase separation (picking
composition based on existing phadé$) For more advanced methods in calculating phase
formation, there is integrated computational materials engineering (ICME), such as: calculated
phase diagrams (CALPHAD)9],[29]0 limited by database information; ab inifi@0]0 DFT,
large amount of numerical computations to calculate the electronic structure; molecular
dynamics (MD) simulatiofi31],[32]d atomistic approach involving physical forces; Monte
Carlo (MC) simulatiorj33],[34]0 probabilistic approach; phase field simulatj86]0
understanding microstructural evolution during phase transformation; and lastly, artificial
intelligenc® i.e. machine learning and artificial neural networks, [@ic[36].

In 2012, Yang and Zhar{§7] proposed a twqparameter approach to predict whether a
multi-component alloy would form a solid solution. This approach uses the assumption that the
Gi bbs free ene,gywfoft hmi Xiima, dop® h awsataspesificpr opor
composition, an assumption made initially by Takeuchi and If#f]e With this assumption
and the knowledge of phase formation occurring near melting temperature, the following is the
equation, eg. (1), for Gibbs free energy of mixing:

W0 O Y®'Y (1)
wher ewi spH h e e nt h adix[sthe emtfopyrofi mixing) andmlis gh& melting

point.



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

(2), wherec is the mole fraction of thi" component:

Y WY (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.[88]. The liquid alloy binary enthalpies{  hare

determined with Miede m@a8,§9]Milctmecmsnbimapon aftheat om mo

regular solution model and Miedemads model , e
mixing [37].
w0 W &b (3)
h
LI 13 (4)
5O 3 0 (5)

where,c is the mole percentage of a certain component of the alloy, fdf tredj"" component,
andl/ is the regular solution interaction parameter.

For determining the entropy term in the Gi

hypothesis for a regular solution is used:

~

W'Y Y ol o (6)

wherec is the mole percentage of tHiecomponent, and R, 8.314 3ol is the gas constant.



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 thblpgdsases formed
need to be known. As this is difficult, a simplification is needed to predict phase forij@atjon

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, thera lagrger 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 beimginimalized is preferred for solid solution formif&y],
especially within the range ef5 to 5kJ/mol4].

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 qiXine entropy term
also considers temperature, so the higher the temperature, the more profound the effect of
influencing solid solution formatiof87].

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,
Y, may be used as a gqguide f or. (75 Whemthetratimisn o f
greater than one, the entropy term exceeds that of enthalpy to predict solid solution formation

[37].
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YooY
WO s

(7)
However, the atomic size mismatah pf different components of an alloy has not been
included i n t he -compomentalloys,wieere mold concentnations rmay be
equal, the constituents are all considered as solute atoms that are expected to be randomly
distributed in the crytal lattice with no singular solvent. So, to determine the mismatch, the

following term is used37]:

1P p Tat WP o/ (8)

where c is the molar fraction, and r is the atomic radius.
By computing the atomic size difference an
literature, Yang and Zhang were able to refine the values of the parameters that form solid

solution asy O 1 andii O 6 ., &%een ifrigure 2 [37].
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Figure2P1 ot of Y wvs. U, illustrating the conditi

intermetallics, intermetallics, and bulk metallic glasses are formed.

It should be noted that the design criteri
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 witpetiéicsaim of
forming solid solutions, the criteria can be
approach significantly narrows the range of alloys capable of forming solid solutions. For
instance, the CoCrFeNiAMPEA, which formsasingBCC phase with a 0 of
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 bettealign 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[4Dhihvestigated 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 multprincipal element alloys.

In 2015, Ye et al[41] proposed a singiparameter approach to predict whether a multi
component alloy could form a singdase 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)(S der i ved f r o-spheMbeorg[42pThe 6 s har
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) crystaitateg43]. Despite this
advancement, the total entropy of a system also includes contributions from thermal, spin,
electric dipole, and other compone[#d], leaving room for further refinement.

Incorporating the new entropy contributions, Ye et al. developed plagameter, which
evaluates the interplay between entropy and enthalpy of mixing to predictsivage
formation. This parameter was empirically validated for 50 {eigtnopy alloys, establishing a
critical value of«>20 for forming singlephase solid solutiofg1]. 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 entnagyeat
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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), whesdattrons are included. This originates from
the HumeRothery rule, with the assumption of no atomic size effidot. VECs of alloys have
been correlated with experimental data by Ye et al. to get the following guidelines for predicting
crystallinity with « >20[7]:

i FCC, VEC of 7.59.5

1 BCC, VEC of 4.35.7

1 HCP, VEC of 2.63.0

WO & & O ww0d (13)

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

Figure 3illustrates the design approach of combining the VECamMihen designing
MPEAs, the VEC should be considered whe20; by restraining the VEC to a singular crystal
structure through manipulation of the composition, a sipbkese solid solution should be more
favorable.Even though tha 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 vsyg, illustrating regions of singiphase solid solution, multiphase region,

amorphous regions, as well as VEC ranges of different crystal struf@jires

The thermodynamic approachedmot take into consideration the synthesis method.
According t o tkhnet rtoepxy{lpbalbgl gyniyfesdibican lve 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 meltisping. Methods for powder metallurgy are mechanical
alloying and sintering, and spark plasma sinteriige deposition techniques primarily used for
creating coatings include sputtering, plasma nitriding, cladding, and carbothermal shock
synthesisAs 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 composedpdé mult
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 somenadlgyze kinetically favored
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vs thermodynamically stabilized; for example, melt spinning may synthesize asage
alloy, while vacuum arc melting may produce a multiphase §llpy

Without knowing the thermodynamically stable phase(s), this leads to the consideration
of whether a singkphase solid solution MPEA produced with melting spinning could be
multiphase if produced with other methods and how that affects the design dritettiermore,
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 bringoitight 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 combitians, 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 MRIiile maintaining
requisite corrosion performance, may meet demand for emerging technologies-ydag 50
average cost of elemerj6], 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, xand costare the mass fraction and cost, respectively, oftitemponent.

To theoretically predict the density of an alloy, eq. (15) is util[2&4l 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, fongiphases, or mixing; therefore, the approach
may underestimate the true density value. For example, the MPEA AICrTiV was predicted to

have a density of 4.91 g cinwhile the actual density is higher at 5.06 g°di8].

"Fﬂ)‘ \ ,B, wd h
aasBea wL j (15)

Ci is the mole fraction, M; a n darejthe molar mass and density of thelement, respectively.
In Chapter 6 supplementary materials, the density and cost of MPEAs evaluated in 0.6 M
NacCl solution were calculated and compared with those of SS[3@4LFrom literature that
involves corrosion, SS 304L is a typical benchmark to compare afEshsf48], [49], [50],
[61], [52], [53], [54], [55], [56], [57], [58], [59], [60], [61], [62], [63], [64], [65]Table 1
provides an updated list of more recently reported MPEASs 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 } (81 USD/Kg (50yr avg) | Ref.

SS 304L -8 2.20 [16]

SS 316L -8 3.28 [16]
AIFeMnS;i 4.54 1.18 [16]
CoCuFeNi 8.64 16.19 [66]
CoCuFeNiSBoz 8.60 16.25 [66]
CoCuFeNiSBos 8.56 16.31 [66]
CoCuFeNiSHos 8.54 16.34 [66]
CoCuFeNiSgo7 8.50 16.40 [66]
CoCuFeNiSa. 8.44 16.48 [66]
CoCuFeNiSh. 8.27 16.74 [66]
CoCuFeNiShs 7.86 17.40 [66]
AlC020CrisFe39Mn20Sis 7.35 10.41 [67]
AICrMoTiV 6.00 18.61 [68]
Al2CoCrCuFeNi 6.28 11.86 [69]
CoCuFeNiMn 8.40 13.31 [70]
CoCuFeNiMnTs4 8.28 13.38 [70]
CoCuFeNiMnTi. 8.17 13.44 [70]
CoCuFeNiMnTs.s 8.07 13.51 [70]
CoCuFeNiMnTo4 7.97 13.57 [70]
CoCuFeNiMnTss 7.88 13.63 [70]
CoCrFeNbNi 8.30 17.93 [71]
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Table 1 (continued).

Al 2CoCp gFeNi 7.85 16.36 [72]
FeMoMnNbTi 7.67 16.21 [73]
AICuFeMn 6.38 2.20 [74]
CoCrCul.2FeNi 8.36 13.18 [75]
MoNbTaTizr 9.14 87.22 [76]
CrCuFeTiV 6.68 10.00 [77]
Co18Cra7Fe24NbsNizg 8.16 14.33 [78]
CoCrFeMnNizn 7.85 10.97 [79]
CrNbTavWw 11.97 75.47 [80]
CrNbTaVWa 7 12.88 66.63 [80]
CrCuNbNITi 7.43 13.26 [81]
C030Cr10F650V 10 7.88 17.17 [82]
CoCrFeNiSi 6.40 14.47 [83]
CoCrsFeNkTiWos 8.32 15.93 [84]
AlFeMnNi 6.33 5.03 [85]
HfMoTaTizZr 10.18 224.72 [86]
HfNbTaTi 10.92 255.38 [86]
HfNbTaTizr 9.88 224.97 [86]
AlosCrNbo sTiV 5.75 16.48 [87]
Alo¢CrFeNk.4 7.33 8.24 [88]
AlosCrFeNk 7.02 7.84 [88]
AICrFeNip 6.73 7.42 [88]
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Table 1 (continued).

AICrFey.129Ni1.06 6.34 5.25 [89]
AICrFer.12Ni1.25 6.37 5.42 [89]
AICrFeNi 6.26 5.26 [89]
AICoCrFeNbp.1 7.08 14.58 [90]
AICoCrFeNL 5 6.9 14.59 [91]
AICOCrFeNb.o 7.05 14.58 [91]
Alo2CoCrFeNiSi1 7.53 15.87 [92]
Alo.sCoCrFeNiS 7.33 16.43 [92]
Alo.sCoCrFeNiSs 717 16.9 [92]
Alo.sCoCrFeNiTba 7.54 15.58 [92]
Alo.sCoCrFeNiTbs 7.35 15.66 [92]
AlosCoCrFeNiTbs 7.18 15.72 [92]
CoCrFeNiGe. 8.05 63.62 [93]
CoCrFeNiGe. 7.93 108.36 [93]
CoCrFeNiGes 7.82 150.47 [93]
NbTiLeZr 6.28 33.86 [94]
NbTizoZr 6.07 32.46 [94]
NbTiZr 6.54 35.55 [94]
Alo.25CoCrFeNi 7.73 15.62 [95]
Alo.75CoCrFeNi 7.01 14.92 [95]
Al125CoCrFeNi 6.48 14.29 [95]
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Table 1 (continued).

CrasNb2oTi10V35 6.84 17.61 [96]
CrasNbisTi1sV3s 6.59 17.19 [96]
CrzsNbioTi20V3s 6.34 16.75 [96]
CrasNbsTi25V3s 6.08 16.26 [96]

CrasTizoV3s 5.83 15.73 [96]
Alo.gsCoCrFeNi 6.89 14.78 [97]

Table 2summarizes the elemental distribution of 175 MPEAs, combining data from
Table 1and additional literaturgl6]. The analysis reveals that most MPEAs are predominantly
composed of Fe, Ni, Co, and Cr. However, despite the prevalencé & iedatively
inexpensive elemedtthe inclusion of costly elements such as Co, Cr, and Ni results in MPEAs
with a higher overall c&t compared to SS 304L. For instance, whildbksed MPEAs such as
CrisFesoMn27Ni1o [16] exhibit some cosgffectiveness, 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 chéllenge o
developing lowcost 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 MPEASs is 7.3 g/cm3, which aligns with typical
higher density alloys. However, only five MPEAsTiable 1 have a theoretical density below
5.5 g/cm3, and less than 5.1% of the total MPEAs studied fall into thidémsity category. This

scarcity highlights the limited availability of ledensity MPEAs designed for corrosive
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environments, such as 0.6 M NaCl. While ldensity MPEAs containing elements like Li and
Mg, such as AbLioMg10SeoTiszo 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 efdsty low
density MPEAs. Addressing this gap would require innovative design strategies to balance cost,
density, and corrosion performance, particularly for applications whereveaght and

durability are critical.

Table 2 Distribution of elements in MPEAS reported in literature.

Element| Alloys with element Percent oMPEAs 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
\% 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 designingnulti-principal element alloys (MPEAS)ith microstructure, density,
and cost in mind, the fundamental understanding of corrosion phenomenon is important for
designing more corrosion resistant MPERgviews such as those bgng et a[98], Qiu et al.
[99], Shi et a[100], Fu et al[101], Li et al.[102], Liang et al[103], Zhang et al[104],
Ghorbani et aJ105], and Liu et al[106] comprehensively assess the corrosion behavior of
MPEAs in various environmentgroviding valuable insights into the electrochemical properties
of these alloys, including corrosion potentiadgf and pitting potential (&). 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
resistancelF-rom Qiu et al.Figure 4 highlights the corrosion potentiahd pitting potential of

MPEAs tested in 0.6 M NaCl, presented in a galvanic series
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Figure 4 Galvanic serieand pitting potentiabf MPEAs tested in 0.6 M NacCl.

Conventional corrosion resistant alloys maintain their degire@h corrosion resistance
typically due to the formation of thermodynamically stable surface {ii&f [107]. An example
of this scenario involves stainless steels, where the corrosion resistance is dependent on the
formation of achromiumrich (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 FeCr based systenj99]. However, contrary to this assumptjian MPEA, AICITiV,
was reported to contain a surface film enriched in oxidized Al while having a greater corrosion
resistance than SS 30416], [18], [19]. Other reported MPEAs containing commodity elements
(Al, Mn, Fe, etc.) have also achieved high corrosion resis{@3¢e

From a corrosion engineering perspectaghieving ehomogenous microstructuie
desired for high corrosion resistanelmogeneity minimizes the potential fgalvanic
corrosion, such as in the case of Cu segregating MPEAs like CoCrFENAIGand
CoCrCuxFeNi (x=0,0.5,1)108] where increased Cu contdad to higher corrosion rates.

Consequently, designirginglephase solid solutions has become a focus for creating corrosion
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resistant MPEAsDespite this focus, MPEAS with complex compositions and heterogeneous
microstructures have still demonstrated sufficient corrosion resisiiblc¢16]. This opens
opportunities to broaden the design "space" for corrageistant MPEAS, allowing for the
inclusion of multiphase solid solutions alongside sifgiase solutions.

Ahead ofdiscovering corrosion resistant MPEAs comprised of commodity elements or
multiple phases, is understanding the corrosion mechanism(s) inv@hisdnvolves detailed
exploration of the electrolyte/surface film interface and the surface film/base metal interface
[16]. Techniques, such asrdy photoelectron spectroscopy, have been used to characterize the
surface film formed on MPEA®]. However, corrosion at the different interfaces is a complex
and dynamic systelfi6], and techniques utilizeafter corrosion can give us insight but not the
complete picture. A more recent technique, atomic emission spectroelectrochemistry (AESEC),
has been used-situ to study the composition of dissolution of MPHBJ [109]. As
technology continues to evolve, these advancements promise to deliver deeper and more precise
descriptions of corrosion mechanisms, guiding the development efjap&tation corrosien
resistant materials.

The corrosion behavior of mugirincipal element alloys (MPEAS) is profoundly
influenced by the addition of alloying elements, processing methods, and microstructural
featuresAll discussions in this context pertain to evaluations conducted in a 0.6 M NacCl
agueous environment, a common standard for corrosion teAtimgng thesenfluences
molybdenum (Mo) has been shown to significantly enhance corrosion resistance. For instance,
the incorporation of Mo into CoCrFeNiW coatings (CoCrFebli¥oo 5) increags the pitting
potential and decreases the corrosion current density, highlighting its beneficial role in forming

protective passive filmgl10]. Similarly, the effect of aluminum (Al) on corrosion resistance
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varies depending on its concentration and alloy system.x[Do@rFeNi (x=0.3, 0.5, 0.7), higher

Al content degrades corrosion performance due to the formationagleted phasdd11],

[112], [113] However, in AlICrFeMoV (x=0, 0.2, 0.6, 1.0), increased Al content reduced the
passive current density without affecting the pitting poteitidd]. Notably, Al additions to
AlxCoCuFeNITi (x=0, 0.25, 0.5, 0.75, 1) decreased the corrosion current density={pa8

beyond which it increasgd15]. Similarly, in AkCrFeNg i (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 analysi$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 passiditfrom x=0.75 and above passivity is largely g¢@&.

Chromium (Cr), another pivotal element, enhances corrosion resistance through the
stabilization of passive films. Studies oredfeoCrkMn21.05C0z1.05x (X=6, 10, 14, 22) revealed
that higher Cr content improves corrosion performdh&é]. However, the addition of
manganese (Mn) in CoCrFeMnNi alloys was detrimental to pitting resistance, emphasizing the
complex interplay between elements in determining corrosion resigtakife Similarly, the
addition of copper (Cu) hasdetrimental impactin CoCrCuFeNi (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 CoCrFeNK (x=Cu, Al, Sn), Cu and Al additions decreased corrosion

resistance, while Sn greatly enhanced the passivity régijn

Titanium (Ti) additions have been studied for their influence on corrosion resistance. In
AlICr15CuFeNpTix (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 IEVE. Similarly, in Ab.xCoCrFeNiTk

alloys, higher Ti/Al ratios increased pitting potential, demonstrating Ti's beneficial role in
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passivity[120]. In AlICoCrFeNiTk (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 density21]. Ti and Si additions to AkCoCrFeNiTi and
Alo.sCoCrFeNiSt (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 d¢agjtySimilarly,
in TixZrNb (x=1, 1.5, 2 mol), segregation was observed at x=2, with x=1.5 showing the greatest
corrosion resistand®4]. Meanwhile, W additions in CoCrFeNix=0, 0.2, 0.5) improved
overall corrosion resistance, likely due to the formation of stable, protective ¢kiti}s

Processing methods and microstructural refinement have profound effects on the
corrosion resistance of MPEAs. Surface roughness significantly influences corrosion behavior,
as shown in (FeCoCrNig(WC)o.11, Wwhere rough surfaces accelerated general corrosion, while
finer finishes promoted pittingd.23]. Additionally, Crdepleted interdendrites in CrMnFeCoNi
alloys were identified as initiation sites for corras|@24]. Heat treatment has also been shown
to improve pitting potential in AICrFeCoN{x=1.0, 1.5, 2.0) with nonequiomolar Ni
contributiong91]. Co content modifications in G&€rCuFeMnNi (x=0.5, 1, 1.5, 2) improved
corrosion resistance due to enhanced pasgi/2y]. Germanium (Ge) additions to
CoCrFeNiGg alloys (x=0, 0.1, 0.2, 0.3 molar ratio) were found to inhibit metastable pitting
while leaving pitting potential largely unchand®8]. Advanced characterization techniques,
such as irsitu electrochemical AFM, revealed that increasing Al content,G@@CrFeNi
(x=0.3, 0.5, 0.7nltered 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 exampleg. &0CrFeNi outperformed SS304 in both
general and pitting corrosion resistafit26]. NizsCr.1Fexo)RuisMosW2 exhibited better corrosion
behavior than alloy €22, despite a lower pitting resistance equivalent number (PREN),
challenging the reliance on PREN as a sole metric for evaluating corrosion reqisgatjce
Similarly, Hfo.sNbosTag sTi1sZr displayed exceptional corrosion resistance compared to SS316L,
with a high breakdown potential and lower passivating cufle].

In conclusion, the corrosion behavior of MPEASs is highly dependent on their elemental
composition, processing methods, and environmental interactions. Optimizing the balance of
alloying elements, along with tailoring microstructural features, can sigmifycanhance
corrosion resistancé&uture 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 Researchobjective and hypothegs of this work

The primary objective of this research was to develop a 1puiltcipal element alloy
(MPEA) with corrosion performancgmilar 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
hypothesesre 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,-effgictive
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corrosionresistant 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
AICrTiV alloy, attributed to its Alenriched oxide layer, it is hypothesized that aepig
Cu with Al in CuFeMnSi will enhance passivity and improve corrosion resistance.

3. The AlFeMnSi alloy exhibited promising corrosion performance. By replacing Si with
corrosionresistant elements Cr and Ni, it is hypothesized that the resulting AlIFeMnCr
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 provensaoiro
performance improvements associated with vanadium additions, as demonstrated in
TisAlxV (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 corrogiesistant Ni and Ti in the CrNiTiV
alloy will enhance overall performance. This is based on Ni's low dissolut®amdtTi's
ability to form a stable protective oxifi#4], enabling the evaluation of the combined
effects of these highly corrosiemsistant elements

Thesehypotheseseflect a systematic approach to alloy design, focusing on balancing cost

andcorrosion 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 nagéneration corrosieresistant 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
usingscanning electromicroscopy(SEM), energy dispersive Xay spectroscopyEDXS), 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;padaged approach
is proposed:
1. Conducting advanced characterization using techniques suchagsphotoelectron
spectroscopyXP9), time-of-flight secondary ion mass spectromeffp-SIMS),
transmission electron microscopyHM), or postcorrosion imaging to gain deeper
insights into the alloy's behavior.

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

Desktop alloy
design

Improving
properties

More in-depth characterization:
XPS, ToF-SIMS, TEM, immersion testing/SEM

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 all oy design was conducted for sel
and U0 to evalwuate the feasibility of solid so
employed to predict crystal structures, while theoretical density esilmus and 5§ear 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 Takeucf3@} al.
Both datasets were compiled into an Excel spreadsheet to facilitate the design-pfimuitial
element alloys (MPEAS). A significant advantage of using Excel is the ability to apply Solver for
optimizing design parameters, such as minimizing denEltg.spreadsheets developed for this

purpose are shown in the figure below.

Table 3 Physical data of a multitude of elements including the metaling poinNt{L30], boiling
point (Tp) [130], molecular weightNw) [131], density ) [130], atomic radius, d electrond)(

50-year average pridd32].

Periodic Table Series| metal | Tm Th Mw ;1 (gl |AtL d | price price
(K) (K) (g/mol) | @rt radius $/mol $/kg
(pm)
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 |1.74 160 210.13 5.42
Be | 1562 9.01 1.82 113 2
P 317 30.97 |1.82 106 5
Si 1687 | 3538 | 28.09 | 2.33 132 410.06 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 4496 | 2.99 164 3 | 3259.52| 72498.28
C 12.01 |3.516 92 4
4D Y 1801 88.91 |4.48 180 3 189.94 |1011.53
Ti 1946 | 3560 | 47.87 |4.51 146 4 10.84 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
Vv 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 1531 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 10.05 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 19131 |511.55

Ta | 3293 180.95| 16.66 147 5 | 3350 |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 ofenthalpy of mixing for binary liquidg9], (b) spreadsheet calculating
enthalpy of mixing for seleatomposition, (chnd spreadshegtterfacethat was used in

calculating all desktop design parameters.



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 possiblg, mast 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 detailmgity, physical form, size, supplier

and CAS.
Material | Purity Physical Size Supplier CAS
form

Al 99.99 pellet 1/ Atlantic Equipment 7429905
1/2" Engineers

Cr 99.995 pieces 2-3mm Fisher Scientific 744047-3

Cu 99.9 shot 1- Fisher Scientific 744050-8

10mm

Fe 99.98 granules 1-2mm Fisher Scientific 7439896

Mn 99.9 irregular - Fisher Scientific 7439965

Ni 99.9+ pieces - Fisher Scientific 744002-0

Ni 99.98 wire 0.08" Fisher Scientific 7440020
dia
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Table 4 (continued).

Si 99.999 brick - Atlantic Equipment 744021-3
Engineers
Sn 99.99+% shot 3 mm Fisher Scientific 744031-5
Ti 99.99 wire 1 mm Fisher Scientific 744032-6
dia
Ti 99.99 granules - FisherScientific 744032-6
Vv 99.7 pieces - Fisher Scientific 744062-2

3.3 Alloy production

The alloys in this study were synthesized using an arc melting processputtighmetal
pieces (099. 7% were weighed tvaiercpaledabppere 10 g
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 cressction of a producedmsgle are shown in the figure below.

The arc melting system consisted of a main chamber hou&@p@ 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 sedasito accommodate stacked metal
chunks. Stacking configurations were optimized to reduce vaporization wh&tingpoint
elements by positioning theabovehighermelting-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 vaatgeon cycle \as 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 currentstweesnomplete
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 subsequemtiglted three more times, allowing slight
cooling between remelts to promote further homogenizaianh 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
wasvacuum pumpednce again. This iterative melting and flipping process ensured uniform
mixing of elements while minimizing contamination and potential loss ofnt@Ming-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 Quintt&balance equipped with a
VF4601 density determination kit. The densities of air and water were obfeonedeference
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 waand 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 Mitutoyld PIMdigital

microhardness tester and a Wilson Tukon 1202 Vickers hardness tester. Prior to testing,
specimens were meticulously ground and polished to a-g@&08urface 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 dwellGifre of
seconds to ensure consistent indentation depth. Multiple nesasnts 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 lowand highmagnification images, providing insights into the marpigical
and phase characteristics of the alloys. Elemental mapping and compositional analysis were
performed using energyispersive Xray spectroscopy (EDXS) to determine the spatial
distribution and approximate composition of alloying elements acressaliphases.
SEM imaging was conducted using a Tescan Lyra SFEBEM and a Hitachi S3200N
VPSEM, both generally operating at an accelerating voltage of 20 kV, though dependent on the
kg of elements involved. Secondary electron (SE) and backscattered electron (BSE) modes were
employed to capture higtesolution images of the alloy microstructure, enabling the

identification of phase boundaries and morphological features. EDXS pointiaaagsarea
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mappingwerecarried 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 em surface finish. This wa
colloidal silica, diamond, or alumina suspensions, followed by ultrasonic cleiangtiganol 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 Xray diffraction
Crystalline phase identification was performed usingaX diffraction (XRD) with a Cu
KU radiation source. Data acquisi-taf on was con
diffractometer, employing a step size of 0.02° and a scan rateidf. 2°@er minuteThe scans
were carried outil@yvtecompehedsivelycapturg difframtion pRakA
corresponding to the crystalline phases present in the safplasto analysis, the samples
were ground to a flat surface with a 129 finish to minmize 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 potamizati
(PDP) experiments were conducted in a theleetrode 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 performethinrally 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 eadioyato ensure reproducible data and account for
material variability. The electrochemical tests were conducted usinglzoBio VMP300
potentiostat, and the resulting polarization data were processed and analyzed-éih EC
software to extract key paratees such as corrosion potential, corrosion current density, and
breakdown potential.

Specimens were mounted in epoxy and prepared to achieve a surface withgaitl200
finish using silicon carbide (SiC) paper. The final grinding step was performed in ethanol to
minimize surface oxidation. To address potential defects such as crackssothadiuld
adversely affect corrosion testing, the specimens were masked with green polyester tape to
restrict exposure to the test electrolgieept for designated exposed arBae tape was adhered
using a weigh boat to avoid direct contact with thmgle 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 NacCl 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-@ng was positioned in the flat cell, ensuyithe 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 thelmgineasuring ~280 mL of solution in a
beaker Special attention was givenemoving 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 connea@ns 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 opeincuit potential (OCP) stabilized, enswg 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) PT3-Eng inserted in flatcell, (c)

threeelectrode electrochemical setup with sample, reference electrodsquameér 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 perdoenadrequency
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-el¢cteade
electrochemical setup, with a saturated calomel elec{®GE&) 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 criticalectrochemical parameters such as polarization resistance and

capacitance values associated with the passive films and daybtdnterfaces. 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 artificiignce 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, surfaceiamags
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 capturesoghion

images of the corroded surfaces, providing detailed insigtdghe extent and nature of the

corrosion.
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Figure 12 Example of anmmersed sample in 0.6 M Bhwith 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 spéhéic 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 regisretermined 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. Higésolution XPS spectra were collected, and sputtering
depth profiles were generated to estimate film thickness and compositionofFfhigit
secondary ion mass spectrometry (ARIMS) provided detailed elemental depth profiling,
offering spatial resolution of oxide distributions at the metal/oxide interface. Scanning
transmission electron microscopy (STEM) was utilized for nanostalging, with cross
sectional samples prepared using focused ion beam (FIB) milling. Structural details were
revealed using higangle annular darkeld (HAADF) and brightfield (BF) imaging modes,
while energydispersive Xray spectroscopy (EDXS) in tti®TEM was used to map elemental
distributions across phases.

For surface characterization, specimens were prepared with the same care as for
mi crostructur al analysis, achieving a 0.05 &m
compounds containing elements similar to the substrate were avoided to minimize

contamin&on. 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 andeBightion spectra
scans were conducted over areas rangof2gdg fr om
eV to 117.4 eV. Vacuum chamber pressure was m
analysis was conducted using PHI® MultiPak and Casa XPS software, with a preference for
Casa XPS due to its versatility. Binding energies were typicallipreadid 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

Ssubjected to i mmersion and potentiostatic con
mbar in high mass resolution mode. Bio.35 was e
pA) for rastering a 50 I 50 em area, while th
keV, 6.8 nA) over a broader 120 I 120 &m area

the sensitivity for oxide fragments.

STEM was conducted using a Talos F200X G2 TEM and a Thermo Scignfiftan
scanning transmission electron microscope equipped with a Sépenk¥rgydispersive Xray
spectrometer. Thin regions of interest were prepared with focused ion beam scanning electron
microscopes (Quanta 3D FEG and Helios Nan&LjbA 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 ofithefor detailed structural and

compositional analysis. Further details specific to each alloy are discussed in the corresponding

a7



chapters, providing deeper insight into the methodologies applied to their respective surface film

analyses.

48



Chapter 4: Search for corrosion resistant multiprincipal 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 princiggpbitingthe '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 (#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, showrTiable 5. The empirical parameters did not
predict solid solution formation for CuFeMnSi (#1), oG#eMnSi (#2), and
Alo.1CuFeMnNiSh.sTio.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 thaimndiitating possible single
phase solid solution formation. Comparing the MPEAs with SS 304L, the theoretical densities
were less (~8 g/ctnfor SS 304L) and the costs were similar (~2.2 $/kg), except for
Alo.1CuFeMnNb sSiTio.1 (#7) and Ab1CuFeMnNb.sSiosTio.1(#8) MPEAs.

The equimolar CuFeMn&#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 suggéstégdiid
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solution formation for CuFeMnSi (#1), cuFeMnSi (#2), and Al:CuFeMnNiSp 3sTio.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 crystattires. Compared to SS 304L,

the theoretical densities of these alloys were lower (~8 g/cm?3 for SS 304L), and the costs were
comparable (~2.2 $/kd) 6], except for Alcontaining MPEAs (#7, #8), which had slightly higher

costs.

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

10,23.
USD/kg
(50-yr VEC
Alloy # Composition Tmatioy (K) @ Rix/Kp P Hhix (kJ/mol) G, (%) avg) q pr e d predictioro
1 |CuFeMnSi 1594 1.39 -20.50 1.78 0.90 6.02 7.50 211 Unknown FCC
2 |Cw.ifeMnSi 1659 1.23 -32.57 2.00 0.52 5.37 6.54 1.10 Unknown |FCC+BC(Q
3 |CuFg sMnSj , 1603 1.23 0.06 1.06 | 280.77| 7.55 8.32 1.85 |Solid Solutorp FCC
4 |Cuy FeMnSj, 1558 1.25 -0.06 1.11 | 293.46| 7.58 8.53 2.29 |Sold Soluton FCC
5 |CuFeMnsSh., 1580 1.24 -0.16 1.14 | 99.03 | 7.51 8.63 2.33 |Sold Soluton FCC
6  |CryCuFeMn sSh.» 1600 1.35 0.08 1.12 | 220.07| 7.50 8.54 2.30 |Sold Soluton FCC
7 |Alg1CuFeMnNj 3SiTi 4 1596 1.69 -22.28 3.19 1.00 6.04 7.49 3.40 Unknown |FCC+BC(
8  |Aly1,CuFeMnN§ 3Sh 5Tig 1 1585 1.68 -13.27 3.26 1.67 6.75 7.93 3.49 |Sold Soluton FCC
9  [Cry.0sCly gFe sMNng sSh 2 1642 1.24 -0.32 1.08 | 52.24 | 7.47 8.33 1.78 |Solid Solutop FCC
10 |Aly,CuFe ;Mng ,Sh 1 1493 1.30 1.46 3.53 | 11.03 | 7.27 8.64 2.84 |Sold Soluton FCC
23 [CuFeMnSj ;7 1570 1.25 0.07 1.08 | 240.82| 7.58 8.42 2.11 |Sold Soluton FCC

4.1.2 Microstructure: scanning electron microscopy and energy dispensiyespectroscopy
Backscattered electron scanning electron microscopy {&5#) images of CuFeMnSi

based MPEAs are shownkigure 13. Most alloys exhibited two distinct phases: (a}r@hn and

(b) Culean, as confirmed by energlyspersive Xray spectroscopy (EDXS$hown inFigure S1-

3. An exception wa&l0.1CuFeMnNi0.3Si0.5Ti0.1 (#8), which exhibited three phases, including

a Trrich phase. This additional phase likely resulted from reduced Si content, leading to an

increased Ti concentration.
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The alloys CuFeM#sSio.2 (#5), Co.1CuFeMnsSio.2 (#6), Co.osClo.gFersMnosSio.2 (#9),
and CuFeMnSii7 (#23) displayed poor mixing, indicating a need to optimize the arc melting
process. The equimolar CuFeMnSi (#1) alloy had ai€@uphase and a Gean phase with Fe,
Mn, and Si distributed across both. (GgFeMnSi (#2), with reduced Cu content, showed
precipitation of Cu in localized regions. Alloys CuB&nSio.2 (#3) and Cu-FeMnSb.2 (#4)

exhibited Cu/Mrrich phases and Fef8ch phases, with composition shifts altering phase
fractions. Ab1CuFeMnSiTy.1Nio3 (#7) had a Cuich phase containing minor alloying elements,
while the thregphase Ad.1CuFeMnS4sTio.1Nio.3 (#8) exhibited distinct Cu/Muich, Fe/Mnrich,
and Fe/Mn/Tirich phases. Lastly, AbCuFe& 7Mno.2Sio.1 (#10) exhibited Cu/Afich and Ferich

phases.

Cu, ,FeMnSiy , (#4) CuFeMn, sSip, (#5)

CuFeMnSi » CuFe, sMnSiy, (#3)
g 3 ]

0 um

Figure 13 Backscattered electron (BSE) images of alloys @123.
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4.1.3 Corrosion behavior and hardness

Potentiodynamic polarization testidure S4) in 3.5 wt.% NaCl solution with a scan rate of
1 mV/s and ihour 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 imable 6. The CuFeMnSi (#1) MPEA exhibited the best corrosion performance
with a low corrosion current densityd) and the noblest corrosion potentiat{fE Two other
MPEAs also had corrosion cur2rGodfFeMnBie#pand i es |
Alo1CuFeMnSiTyiNio3 (#7). The remaining MPEAs displayed corrosion current densities
bet ween 12 Zamdchad3eSs nebk [carrosion potentials. The CuFeMnSi (#1) had a
Vickerdéds hardness value of 50h4eMibU#2), tAeyhardness u c i n ¢
drastically increased, owing to increase in Si content. The MPEAS, &30, and 23) had reduced
Si content and likewise reduced measured hardness compared to CuFeMnSi (#1). The
Alo.1CuFeMnSiTh.1Nio.3had a greater hardness thhe CuFeMnSi MPEA, which may have been

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

Table 6 Electrochemical parameters and hardness of MPEAKO#23.

Al l o Composition icod8A/ AM  Ecodrmdck

2 Cy.F£MnSi 4 . 8 426 930
3 Cuk®Mngi:2 25.0 -765 2514
4 Cu Re Mn Si 17.9 -769 248
5 Cu F eoM . 2 27 .7 -713 275
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Table 6 (continued)

6 CuFeOM8® CD . 1 12.5 -4 8 3 288
7 AbGuFeMnS8ib Tzi 1.2 -330 623
8 AbGuFeNMApNDb. 3 34. 4 -6 06 216
9 Cu ReMn Si Gb. os 14.1 -6 4 3 89, I
10 AbGu kB Sd. 1 28. 8 615 420
23 CuFeNnNSi 17.0 -841 98, y

4.1.4 Design philosophy

Eleven CuFeMnSbased 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 imgroduci
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 NaCloagpipes were taken to
improve the corrosion performance. The first method was to reduce the copper content to reduce
segregation and homogenize the alloypGte MNSi was <created. Since
improve corrosion performance, another attempt at homogenizing the alloy was made by
optimizing design parameters toward singhase solid solution. By maximizing the parameters,
the formation of singlghase alloys should be possible and henceforth, four alloys had been
created: CuReMnSio2 (#3) (reduction in silicon and addition of Fe), CEeMnSh. (#4)
(reduction in silicon and addition of Cu), CuFed8io. (#5) (reduction in Si and reduction in
Mn), and CuFeMnSii7(#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 sigflase 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 aliogs, 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 @8ayQuFeMp sSio.2Cro.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, amdrigathe Cr conterdt Cuo sFer.sMno sSio 2Cro.os
(#9); by doing these modifications, the empirical parameters were optimized. However, the
corrosion performance by these modifications was decreased compared to the §ShoeNin 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 addak :CuFeMnSiTp.1Nio3
(#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 othésyalg elements was increased. Similar to
CuFa sMnSio2 (#3) and CuFeMnSp. (#4), the AbiCuFeMnSisTioaNios (#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 pardmeters

Alo CuFe 7Mno 2Sio.1 (#10). This was an attempt to produce a shpiflase 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 AICuFeMn based alloys (#1-20)

4.2.1 Desktop design

The equimolar AICuFeMI#11) was created by arc melting followed by four other equimolar
MPEASs 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. MPEA48H
contained the same base composition ag\theCro.1CuFeMno 4Tio.sbut with Si addition for #17,
Ni addition for #18, and Ni and Si addition with Cu reduction fo®.#lastly, MPEA #20 had a
similar composition to #18 but without Cu and reduced Fe confdreg. empirical design
parameters predicted solid solution formation for all ten alloys except AICrCuFeMnSnTi (#15)
which had the largest atomic size mismatch. The predicted crystal structure was FCC for MPEAS
#12 and #18.8, while the remaining MPEAs wepgedicted to contain between FCC and BCC
crystal structures. Compared to SS 304L, the theoretical densities of the alloys were less except
for the similar densitiesf Alo.3Cro.1CuFeMno.4Tio.4 #16 andAlo.sCro.1CuFeMno.aNio sTio.4 (#18).

The theoretical costs of MPEAS #2D exceeded SS 304L.
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Table 7 Thermodynamic, empirical parameters, theoretical cost, and predictions of alleys #11

20.
USD/kg
(50-yr VEC
Alloy # Composition Tmialioy (K) @ Six/Kp P Hhix (kI/mol) G, (%) avg) q pr e d preditmo
11 [AlCuFeMn 1406 1.39 -3.50 5.32 4.63 6.38 7.25 2.20 |[Solid SolutonFCC+BCQ
12 [AICuFeMnNi 1470 1.61 -6.72 5.14 2.93 6.82 7.80 4.99 |Sold Solutiop FCC
13 |AICuFeMnTi 1514 1.61 -12.48 6.45 1.62 591 6.60 5.14 |[Solid SolutonFCC+BC(Q
14  |AICrCuFeMnTi 1617 1.79 -9.11 6.17 2.64 6.10 6.50 4.51 |Solid SolutionFCC+BC(
15 |AICrCuFeMnSnTi 1458 1.95 -6.37 7.94 3.70 6.00 7.57 9.52 Unknown FCC
16 |Alp sCro1CUFeMng 4Tio.q 1633 1.42 -0.72 506 | 26.92| 7.13 | 7.83 | 3.11 [Sold Solutoy FCC
17 |Alg.sCro 1CUFeMn 4Sb 1Tio 4 1635 1.50 -3.77 500 | 539 | 6.96 | 7.74 | 3.10 |Soid Soluioy FCC
18 |Alg 5Cro.1CUFeMNg Nig 5Tio 4 1640 1.57 -2.08 500 | 10.31| 7.23 | 7.98 | 3.92 |Sold Solutoy FCC
19 |Alg.sCro 1Clb sF&Mng 4Nig 3Sb 1Tio 4 1709 151 -13.96 544 | 154 | 6.65 | 7.14 | 3.62 |Sold SolutionFCC+BCQ
20 |Alg,Cro sFeMnNj 5Tig 3 1667 1.50 -11.08 542 | 1.88 | 6.87 | 7.03 | 3.84 [Soid SolutionFCC+BC{

4.2.2Microstructure: SEM and EDXS

The AICuFeMn (#11) MPEA resulted in two phases where the matrixq@uand Fe
rich) contained uniformly distributed @ich phases shown ifigure 14 along with other
AlCuFeMn based MPEASs. The addition of Ni to form AICuMnNi (#12) alloy resulted in a similar
microstructureput Ni was uniformly distributed in Guch and Cdlean phases. The addition of
Ti to form AICuFeMnTi (#13) resulted in a more segregateeri€u phase in the matrix and a
third phase surrounding the @ieh phase. The Crich phase wasimilar to alloys #1112 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 AICuCrFeMnTi (#14) alloy
was produced to further modithe alloy. The Cr addition to AICuFeMnTi (#13) modified the
chemical composition of the @aan 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
Curich phase. The composition of the-€ich 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

AICuFeMnTiCr would not lead to more optimal solid solution formation. Nonetheless, the
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AICuCrFeMnSnTi (#15) alloy was produced. The alloy contained uniformly distributed multiple
phases. Four phases were identified using SEM/EDX analysis, consisting efich @hase,

Fe/Ttrich phase, Mn/Smich phase, and lastly, a CrAfieh phase.

Several A$z:CuFeMno4CroiTios based alloys (#180) were produced. The
Alo.sCuFeMno.4Cro.1Tio.4(#16) hadauniformmicrostructureand it contained almost single phase,
however, Curich phases also containing Al were distributed in some regions of the alloy. The
addition of Si to formAlo.3Cro.1CuFeMno.sSio.1Tio.s (#17) resulted in a similar microstructure,
except a third phase was present. The Si was distributed in arle&/Pphase, and different to #16,
the third phase was richer in Fe. The addition of Ni to #16 produced the
Al 3Cro.1CuFeMno.aNio.3Tio.4 (#18) with a Cuich phase containing Fe and Ti, and thel€an
phase wasdominant in Fe. With the Ni and Si addition and Cu reduction for
Al.3Cro.1Cu.1Fe&Mno 4Nio.3Sio.1Tio.s (#19), three phases were produced. There was-Aclu
phase, Fe/Tirich phase, and a Fefich phase. Ni was distributed uniformly in all three phases.
Lastly, with the removal of Cu and less Fe compared to #18, tu¥€®hFeMnNio sTio.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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AlCuFeMn (#11) AlCuFeMnNi (#12) AlCuFeMnTi (# 13) AlCuFeMnTiCr (# 14)  AlCuFeMnSnTiCr (#15)

500 pm

500 pm

500 pm 500 pm 500 um

Al sCuFe,Mng 4Cr 1 Tig 4Ni 3 (#18) Alg 3Cuq sFe,Mny 4Sio 1Cro 1Tig 4Nig 3 (#19) Al ,FeMnNiy 3Tig 5Cro 4 (#20)

+
500 um T
10 um

Figure 14 Backscattered electron (BSE) images of alloys20.1

500 pm

4.2.3 Corrosion behavior and hardness

Potentiodynamic polarization test&dure S4)in 0.6 M NaCl solution with a scan rate of
1 mV/s and ihour open circuit potential stabilization were used to evaluate the corrosion
performance of the MPEAs and the electrochemical parameters extracted are presemidézl in
8. The four phasAICrCuFeMnSnTi (#15) MPEA exhibited the lowest corrosion current followed
by Alo.3Cro.1Cu.1FeMno 4Nio3Sio.1Tio.s (#19). Overall, the corrosion current densities of all the
MPEAs were | ow, except for Al CuFeMn (#%1) and
The adlition of Ni, Ti, and Sn increased the corrosion potential to more noble values compared to
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the base AICuFeMr(#11) MPEA. The alloy with the most noble corrosion potential was
Alo.3Cr0.1Cl.1Fe&Mno 4Nio 3Sio.1Tio.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 AfrddFeMnNi 3Tio.3(#20).

Table 8 Electrochemical parameters and hardness of MPEA611

Ecorr Hardness
Alloy # Composition icor (€ APcn

(MVscE) (HV)

11 AlCuFeMn 14.2 -678 367
12 AlCuFeMnNi 6.5 -393 418
13 AlICuFeMnTi 7.7 -318 326
14 AICrCuFeMnTi 16.3 -321 650
15 AICrCuFeMnSnTi 0.8 -350 651
16 Alo.3Cro.1CuFeMno.4Tio.4 7.2 -291 243, 509
17 Alo.3Cro.1CuFeMno.sSio.1Tio.4 7.5 -363 425
18 Al.3Cro.1CuFeMno.aNio3Tio.4 7.1 -318 481
19 Al.3Cro.1Cuo.1FeMno.4Nio.3Sio.1Tio.4 1.2 -299 311
20 Al 2Cro.1FeMnNip.3Tio.3 5.2 -451 906
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4.3 AICuFeSnTi based alloys

4.3.1 Desktop design

The AICuFeSnTi (#21) MPEA was arc melted followed by a second alloy
Alo oCuw oFeyoSmpgTioa (#22), where Ti content of #21 was reduced while keeping the other
elements in equabroportions. The aim of these alloys was to remove Cr and Mn from the
AICrCuFeMnSnTi (#15) MPEA that exhibited low corrosion current denBitg.empirical design
parameters, shown ifiable 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, theab0

average cost of the MPEAs are expensive due to the cost of Sn.and T

Table 9 Thermodynamic, empirical parameters, theoretical cost, and predictions of alleys #21

22.
USD/kg
(50-yr \Y/=
A”Oy# Composition Tmralloy (K) o Rix/kn hhix (kI/mol) I:I,(%) q } ( 9/ vEa avg) q pr e d preditibmo
21 |AICuUFeSnTi 1311 1.61 -8.64 7.72 2.03 5.65 8.00 | 12.37 | Unknown FCC
22 |Aly oClh.oF e 6S.oTio 1 1173 1.47 3.42 829 | 420 | 588 | 886 | 11.56 | Unknown | FCC

4.3.2 Microstructure: SEM and EDXS

The microstructures of both MPEAs appear similar even with a drastic reduction in Ti
content, seen ifrigure 15. Both MPEAS exhibited four phases with three phases having similar
compositions except with a reduction in Ti content for AhgsCuo.oFen sSiv.oTio.1 (#22) MPEA.
The fourth phase for AICuFeSnTi (#21) was rich in Sn and Ti, while the fourth phase of the

Al oClo oF& oS oTio.1 (#22) MPEA was rich in Cu and Sn.
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AICuFeSnTi (#21) (AICuFeSn), oTiy, (#22)
53 e v.\{

“500 um

Figure 15 Backscattered electron (BSE) images of alloys 221

4.3.3 Corrosion and hardness

Potentiodynamic polarization testsdure S4)in 0.6 M NaCl solution with a scan rate of
1 mV/s and ihour open circuit potential stabilization were used to evaluate the corrosion
performance oAICuFeSnTi(#21) andAlo.¢Clo.oF& sSiv.oTio.1(#22) MPEAS. The electrochemical
parameters extracted from the polarization curves are presentatle110. The current density
of both alloys was similar but with an increase in Ti content, the AICuFeSnTi (#21) MPEA had a
slightly lower current density. The corrosion potentials of both alloys are similar,ityethe
greater Ti content increasing the nobility of AICuFeSnTi (#21). The greatest difference between
these two alloys is the hardness reductioAl@ieCuo.oF&.sSv.oTio.1 (#22) from the reduction in

Ti content.
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Table 10 Electrochemical parameters and hardness of MPEA2221

Alloy # Composition icor ( € AP c Ecor (MVsce) Hardness (HV)

21 AICuFeSnTi 2.3 -436 346

22 Alo.oCuy.oF& oSy oTio.1 8.2 -468 214




Supplementary
4.4EDXS point analysis results

The following figures represent the dark and bright phase atomic concentration of
homogenous CuFeMnSi based MPEAs, AICuFeMn based alloys, and AICuFeSnTi based MPEASs.
It should be noted that the atomic percentages were determined with the EDXS software and there
is a potential overlap of characteristicrays, such as Cu and Ni, leading to inaccurate point

analysis results.

CuFeMnSi (#1) Cup 14FeMNSi (#2) CuFe; sMnSiy, (#3) Cu, ,FeMnSi, ; (#4)
at.% Bright Matrix at.% Bright Dark at.% Bright Dark J at.% Bright Dark
(Dark) P— v Fe 52 s581| Fe 40 551
e . .
Fe 1 28> v %6 52 Mn 292 220 || Mn 277 225
n . .
Mn 18 230 c a1 06 Cu 618 57 || Cu 634 56
u ' R - -
Cu 95 ! Si 38 142 || Si 49 168
Si 22 47.5 Si 123 48.9
[0} 0 0 o] 0 0
Aly;CuFeMnSiTig Nigs (#7)  Alg;CuFeMnSiosTig Nigs (#8) Alo2CuFeo;Mno;Sio; (#10)
at.% Bright Dark at.% Bright LessDark Dark at.% Bright ETY
(a) (b) (c)
Fe 6.3 231 Fe 14.0 58.8 455 Fe 5.0 52.6
Mn 8.6 36.1 Mn 340 241 16.2 Mn 5.2 7.6
Cu 89.9 10.4 Cu 37.6 6.1 15 Cu 52.0 3.8
si 26 176 si 0.2 19 9.0 Si 43 17.4
Cr 0 0 Ti 0.7 28 205 Al 335 18.7
i 0.9 14 Al 13 0.6 03
Al 4 1.4 Ni  13.0 5.9 71
Ni 17 123

Figure S1EDXS point analysis of phases found in BSE images of alloyk0#43.
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AlCuFeMn (#11)

AlCuFeMnNi (# 12 )

AlCuFeMnTi (# 13)

AlCuFeMnTiCr (# 14)

AlCuFeMnSnTiCr (#15)

at.% Bright Dark ] at.% Bright Dark Edges at.% Bright Dark at.% a b c d
Fe 167 528 | e sl Fe 240 355 216 || Fe 22 255 Fe 44 225 40 282
Mn 184 246 [ vm 161 188 || Mn 286 185 176 Mn 206 14.7 Mn 295 124 142 116
Cu 534  12.0 o0 ses 150 1|cu 590 51 261 Cu 623 21 Cu 178 21 548 38
Al 112 107 T 12 wellm 19 322 221 cr 15 2255 36 434 11 1438

e . o || A a2 B8 126 Ti 15 29.7 Ti 101 69 18 27.0
Al yCuFe, Mg Cro.;Tio., (% 16) Al ;CuFe, Mg Cry 1 Tiy (Sly 1 (#17) Aly 1CuFe;Mn Cro s TiosNip. (#18) Al 118 55 Al 34 120 55 106
at.% Bright Matrix | at% (a) (b) (c) at.% Bright Dark [EECEEISECEIE IR Sn 312 07 186 40
at.% Bright(a) Matrix (b) Dark (c) Aly,FeMnNiy 3Tl 1Cro., (#20)
Fe 214 506 Fe 546 66.94 53.85 Fe 317 599 at%  (a) (b)
Mn 113 5.0 Mn 1345 1229 6.94 Mn 85 7.4 Fe 9.07 43.79 43.68
cu 691 2.8 cu 71 486 374 cu 412 26 | Mn 13.59 7.94 5.23 Fe 3807 31.86
Cr 0 2.2 Cr 063 550 3.30 cr 06 a4 | Cu 51.21 14.68 - Mn  33.80 3585
Ti 0 19.5 Ti 0.63 320 2279 [ T 12.8 22 Cr 1.40 3.42 2.83 cr 424 095
Al 328 200 | Al 875 7.09 447 Al 5 28 | i 3.46 6.57 25.90 T 1344 598
Si 009 012 491 Ni 0.2 0.9 Al 5.52 4.15 1.69 Al 474 954
Si 0.01 0.25 6.51 Ni 572 15.82
Ni 15.73 19.20 14.15

Figure S2EDXS point analysis of phases found in BSE images of alloy2811
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AlCuFeSnTi (#21)
at.% a o] c d

Fe 42.83 566 477 2.04
Cu 1269 7.57 264 76.21
Sn 3.58 74.67 4188 1.02
Ti  23.26 644 46.63 0.14
Al 17.65 565 4.07 20.59
(AICuFeSn), Ty , (#22)
at.% a b c d

Fe 57.8 64 51 34
Cu 103 57 484 761
Sn 09 735 387 14
Ti 3.5 11 03 0.2
Al 275 134 75 19.0

Figure S3EDXS point analysis of phases found in BSE images of alloy2221
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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 NacCl with a scan speed of 1 mV/s.

a) . - b)
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-300 -
“m o
&) Q
R -400 <2 400+
E £
T 600 A 8 6001
c
2 % —e— AICuFeln -
nc_, a 600+ +— AICuFeMaNi
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—¥— AICuFeMnTiCr ~—
700 - | ——AlcuFeMnsnTICr \
—*— Al ;CuFe,Mn, ,Cr, T, o
—— Al, CuFeMn, Si; ,Cr, ,Tiy
-1000 —w— Al {Cuy Fe,Mng ,Sig  Cry Ty Nigy
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—— Al sCuFe,Mng (Cry | Tig Nigs -
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Figure S4Potentiodynamic polarization curves of MPEAs tested in 0.6 M NacCl: a) alle$8 #1

23, b) #1120, and c) #222.
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Chapter 5: A low-cost, lowdensity, and corrosion resistant AlIFeMnSicompositionally

complex alloy

After evaluating the corrosion performance of various npriticipal element alloys
(MPEASs), the AlFeMnSi alloy was developed. Initial corrosion testing revealed that this alloy
exhibited excellent corrosion resistance, prompting a medemth investiggon. Scanning
electron microscopy (SEM) analysis identified a thpease 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 testM@rialysis
was conducted after a tweeek 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 byr&y photoelectron spectroscopy (XP&xnalyze
the surface chemistry in the cathodic, passive, and transpassive regions. FinallyEBKSMV
was used to examine the composition of the surface films on each phase afterua 24

immersion, providing detailed insights into the alloy's behavid.6 M NaCl.

This chapter was prepared as a journal article and publisiéatume Partner Journal:

Materials Degradation The content presented here is identical to the published version.
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A compositionally complex alloy was designed, consisting of equiatomic concentrations of four low-cost commodity elements (Al,
Fe, Mn, and Si). The alloy was characterized using scanning electron microscopy and energy-dispersive X-ray spectroscopy. The
corrosion of the AlFeMnSi alloy, as evaluated using potentiodynamic polarization tests and electrochemical impedance
spectroscopy in 0.6 M NaCl solution, was comparable with that of stainless steel (SS) 304L. Detailed X-ray photoelectron
spectroscopy analysis was carried out, including the determination of high-resolution spectra and surface sputtering. In addition,
scanning transmission electron microscopy was also used to study the surface film(s) developed after constant immersion. The
AlFeMnSi alloy exhibited a unique form of ‘passivity’ that arises from the development of a silicon-rich surface film from dynamic

incongruent dissolution.

npj Materials Degradation (2021)5:12; https://doi.org/10.1038/541529-021-00158-5

INTRODUCTION

The development of metallic materials exhibiting high corrosion
resistance at lower cost is necessary to meet the demand for
materials utilized in advanced technologies. In terms of cost
efficiency and overall sustainability, it is further beneficial if such
materials result from the utilization of recycled commodity metals,
such as Al, Fe, Mn, etc,, along with their principal impurities (that
may include Si, copper (Cu), Zn, C, etc).

The typical corrosion resistant alloys (CRAs), such as stainless
steels (SS) and nickel (Ni) based alloys, rely on their ability to form
and maintain a thermodynamically stable passive film for
corrosion resistance’. Therefore, CRAs are nominally comprised
of a high concentration of elements that provide corrosion
resistance (such as chromium (Cr) in SS), which limits the selection
of alloy compositions for corrosion resistance, but also dictates
alloy properties and costs. For example, corrosion resistance of SS
depends upon the Cr and molybdenum (Mo) content, whereby Cr
facilitates the formation of Cr-rich passive film?, and Mo helps in
increasing pitting resistance®, whilst additional alloying elements
such as Ni are also often employed.

Development of the CRAs with properties beyond conventional
limits has to date been hindered by a hitherto limited under-
standing of the structure/processing/property/performance rela-
tionship over various length scales, along with a lack of
manufacturing technologies to engineer desired microstructures,
whilst exploration of a finite compositional space was traditionally
confined to alloys that could be readily cast. Recent research into
so-called high entropy alloys, or more generally, compositionally
complex alloys (CCAs) has revealed both a broad and previously
unexplored compositional space in the context of metallic alloys.
CCAs, comprised of four or more principal elements in near
equiatomic ratios, are emerging alloys*®. Many CCAs, depending
upon composition and structure, have been reported to possess
exceptional properties that include super plast‘lcityé, high fracture
toughness’, high strength, and high resistance to environmental
degradation in aqueous and high temperature environments®.

Most corrosion resistant CCAs reported to date contain a high Cr
concentration, and therefore the mechanism for corrosion
resistance has been proposed to be similar to that reported for
Fe-Cr- and Ni-Cr-based alloys®. A conventional pitting resistance
equivalent number type of approach for designing corrosion
resistant CCAs has been proposed by several researchers'®"'2. This
conventional approach, however, would result in CCAs with high
cost and high density and inhibit exploitation of the full potential
of CCAs—which have been noted as being inherently corrosion
resistant (in spite of complex elemental compositions and
heterogeneous microstructures)™'3. The cost and density of 115
CCAs (studied in 0.6 M NaCl) reported in literature are presented in
Supplementary Table 1 (Supplementary Notes 1), which illustrates
the high densities and high costs of current CCAs. Only one CCA
has an elemental cost below SS 316L, and the average cost of a
CCA is ~16 $/kg (in USD). The average theoretical density is ~7 g/
cm®, with a few alloys, which are high in aluminum content,
ranging as low as ~5 g/cm’.

A comprehensive consideration regarding the properties typical
of CCAs along with the characteristics desired in CRAs may
facilitate developing concepts regarding the targeted develop-
ment of CCAs with corrosion resistance as the goal. The
alloy-environment interface is a complex and dynamic system
during corrosion, and a complete understanding of the interfaces
between the environment (electrolyte), the surface film and the
underlying metal interfaces, is still an area of active research.
Subtle changes in a surface film and underlying alloy are known to
strongly influence corrosion resistance. For example, the high
pitting resistance of high-energy ball milled and sputter deposited
Al alloys has been attributed to the doping of Al,O; surface films
with alloying elements'. In addition, increasing Al content in
Al,CoCrFeNi alloys deteriorated the corrosion resistance, which
was attributed to lower Cr content and formation of a Al-rich (i.e.,
Cr depleted) phase'>™"’. However, increasing Al content in
Al,CrFeMoV produced a V-, Cr-, Mo-rich secondary phase (i.e,, Al
depleted) and reduced the passive current density, thereby

'Department of Materials Science and Engineering, North Carolina State University, Raleigh, NC, USA. “Department of Chemical, Biomolecular and Corrosion Engineering, The
University of Akron, Akron, OH, USA. 3Department of Materials Science and Engineering, The Ohio State University, Columbus, OH, USA. "College of Engineering & Computer
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Fig. 1

(b)

10 pm

(d)
Element | | (at. %) Il (at. %) Il (at. %)
Al 20.3(+0.7) | 20.8(x1.1) | 9.8(+0.8)
Fe 25.5(+0.8) | 35.9(x1.4) | 36.2(x2.5)
Mn 39.1(+1.3) | 30.3(x0.8) | 27.5(x2.1)
Si 15.1(x0.7) | 13.0(+1.3) | 26.5(x1.3)

Microstructure of the AIFeMnSi alloy. a Backscattered electron (BSE) scanning electron microscopy (SEM) image (20 kV accelerating

voltage) of as-cast AIFeMnSi, b high-magnification BSE image, ¢ SEM energy-dispersive X-ray spectroscopy (EDXS) map corresponding to the
highlighted region in a, and d table indicating measured elemental composition of all phases (I-1ll) in as-cast AlIFeMnSi (based on EDXS point

analysis).

improving the corrosion resistance'’. The modification of Al
content in these two alloys and their resultant corrosion trends
further illustrates how the corrosion resistance not only depends
on the composition but also on the microstructure of the alloy.

Recently, Birbilis and coworkers have reported a four-
component CCA, AITiVCr, which exhibited corrosion resistance
superior to SS 304L'®2° and indeed, characteristics typical of
highly CRAs. Surface analysis, using X-ray photoelectron spectro-
scopy (XPS), indicated the surface film was enriched in oxidized Al,
owing to incongruent dissolution of the AITiVCr alloy. In addition,
the surface film was also comprised of a mixture of oxidized forms
of the other alloying elements (i.e, Ti, V, Cr), however, in
proportions different to the bulk alloy composition, along with
unoxidized metal. A later study, using atomic emission spectro-
electrochemistry, supported incongruent dissolution and prefer-
ential dissolution of Al in Al sTiVCr?'. Such results have revealed
the possibility to develop CCAs where the surface film may not be
composed of well-known passivating elements, such as Cr.
Moreover, given that CCA compositions are complex and distinct,
the possibility of forming a complex film containing several
elements is feasible??. Therefore, studying the formation of the
surface film on CCAs and exploring their corrosion resistance
warrants focused study.

In this study, a corrosion resistant CCA was produced, based on
four principal elements in equiatomic concentrations (i.e.,, Al, Fe, Mn,
Si), and the surface film was studied using various state-of-the art
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materials characterization techniques, including scanning electron
microscopy (SEM), scanning transmission electron microscopy
(STEM), energy-dispersive X-ray spectroscopy (EDXS), and XPS.

RESULTS AND DISCUSSION

Alloy microstructure

The low-magnification backscattered electron (BSE) SEM image
(Fig. 1a) of the AlFeMnSi alloy, produced by arc melting, suggested
the presence of three different phases, which are shown clearly in
the high-magnification BSE image (Fig. 1b). Visible pores, marked
by arrows in Fig. 1b, formed in the arc melting process. An EDXS
area map, showing the distribution of the four elements (Al, Fe,
Mn, Si) within the alloy, is presented in Fig. 1c. Elemental
distribution in each phase, determined using the point analysis, is
tabulated in Fig. 1d. The composition values presented in Fig. 1d
are an average of more than 28 measurements for each phase.
Most notably, Phases | and Il were relatively rich in Al, while lean in
Si, compared to Phase Ill, which, in contrast, was rich in Si and lean
in Al. The crystal structures of the three phases could not be
determined and is part of the future work.

Hardness and elemental cost

Vickers hardness testing was performed on the individual phases.
Phases |, II, and Ill had the hardness of 1032 (+17), 952 (+13), and
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Fig. 2 Electrochemical corrosion performance of SS 304L and the AlFeMnSi alloy. a Potentiodynamic polarization curves collected using a
potential sweep rate of 0.167 mV/s. b Nyquist diagram showing the comparison of the experimental data and the simulated data. ¢ Bode plots
for the AlFeMnSi alloy and SS 304L in 0.6 M NaCl. d The electrical equivalent circuit of the system.

1206 (+59) HV, respectively. The standard deviation is attributed to
the microstructure heterogeneity. The theoretical density of the
AlFeMnSi CCA is 4.5g/cm® **, which is comparable with the
density of Ti (4.5 g/cm”) and is significantly lower than the density
of austenitic SS 304L (8 g/cmB). The elemental cost of the alloy,
determined using a 50-year average price of individual ele-
ments?*, was 1.18 $/kg, which is notably lower than commonly
used CRAs, such as SS 304L (2.20 $/kg) or SS 316L (3.28 $/kg) or
other CCAs (presented in Supplementary Table 1).

Electrochemical testing

Typical potentiodynamic polarization curves (PDP) for the
AlFeMnSi alloy (and SS 304L for comparison) in 0.6M NaCl
solution are presented in Fig. 2a and electrochemical parameters
derived from the PDP are presented in Table 1. The AIFeMnSi alloy,
along with S5 304L, exhibited spontaneous passivity. The
corrosion potential (E..,) of the AlFeMnSi alloy was less noble
than SS 304L, yet the breakdown potential (Ey,) of the two alloys
were similar resulting in a larger passive window (E,,) for the
AlFeMnSi alloy. While the AIFeMnSi alloy had a large deviation in
the breakdown potential which was attributed to crevice
corrosion. The corrosion current density (icorr) and overall passive
current density for the two alloys were similar.

Nyquist and Bode plots for the AlFeMnSi alloy and the SS 304L
in 0.6 M NaCl solution are shown in Fig. 2b, ¢, respectively. The
Bode plot (Fig. 2c) exhibited a similar impedance |Z| vs. frequency
response indicating a similar corrosion resistance between the
AlFeMnSi alloy and SS 304L. Electrochemical impedance spectro-
scopy (EIS) results were fitted using the electrical equivalent
circuit, as depicted in Fig. 2d. The solution resistance (Rs) was
estimated at a high frequency (100kHz), Ram and CPEgim

Published in partnership with CSCP and USTB

represent the resistance and constant phase element (CPE) of
the passive film, and R and CPEq are the charge transfer
resistance and double layer CPE, respectively, at low frequency.
The CPEs were used to describe the frequency dependence of the
nonideal capacitive behavior. When n (the fractional exponent)
equals 1, a CPE simplifies to a capacitor, when n equals 0, a CPE
represents a pure resistor, and when n equals 0.5, a CPE behaves
as a Warburg impedance element®. The simulated data show
good coincidence with the experimental systems, that is, fittings
for the impedance data were performed using low x* values.
Results (i.e., parameters extracted from the fitting) are shown in
Table 1. The polarization resistance Ry, (i.e, corrosion resistance) is
theoretically equal to the sum of R and Rsim, which are obtained
from the fitting procedure. Accordingly, SS 304L exhibits slightly
superior polarization resistance, but on the same order of
magnitude as the AlFeMnSi alloy.

Immersion testing

In Fig. 3, SEM images of the AlFeMnSi alloy and SS 304L after 2-week
immersion in 0.6 M NaCl solution revealed localized corrosion in the
AlFeMnSi alloy as well as in SS 304L. For the AlFeMnSi alloy, corrosion
occurred in all three phases, however, with more visible damage in
Phases | and Il, as highlighted in Fig. 3a. It should be noted again that
Phase Il contains the highest Si content and the lowest Al content.
Dark spots, indicated by orange arrows in Fig. 3a, appear to be
caused by localized corrosion in the pores present in the as-cast alloy
(Fig. 1). Pitting corrosion, indicated by green arrows, on the surface of
SS 304L was visible (Fig. 3b). Comparing the two alloys, the amount
and depth of pitting corrosion on SS 304L may be more detrimental
than the corrosion of the AlFeMnSi CCA (excluding corrosion of the
pores).
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Surface analysis by XPS

XPS was performed to determine the chemical composition of the
passive film developed after 24 h immersion of the AlFeMnSi alloy
in 0.6 M NaCl solution. It should be noted SEM images (5kV
accelerating voltage, Supplementary Fig. 6b) of the AIFeMnSi alloy
after 24 h immersion in 0.6 M NaCl revealed minimal corrosion
damage, with more pronounced damage near preexisting pores.
XPS high-resolution spectra scans, conducted after regular
intervals of sputtering, revealed the composition of the surface
film along the depth profile, as seen in Fig. 4a. The surface film, at
sputtering time 0, contained oxygen along with a majority of Si
(17.2 at.%) and Al (11.5at.%), and a minority of Fe (6.8 at.%) and
Mn (3.9 at.%). After sputtering for 90's, the oxygen concentration
decreased significantly, and the atomic concentration of the
alloying elements increased. Such a decrease in oxygen content
after 90s of sputtering indicates an approximate surface film
thickness of 10 nm (based on pure SiO, sputtering where 30's of
sputtering is equivalent to 3.25nm). A recently reported CCA,
AICITiV, possessed an oxygen concentration above 20 at.% after
60 min of sputtering due to a reactive surface spontaneously
oxidizing upon sputtering®®?'. Comparatively, the AlIFeMnSi alloy
exhibited a similar behavior but with a less reactive surface (3.7 at.
% oxygen after 15 min of sputtering).

Oxidation states, oxidized or unoxidized, of the elements were
determined using high-resolution XPS spectra scans (found in
Supplementary Notes 2 along with chemical states) and are
presented in Fig. 4b as relative fractions of unoxidized element
and corresponding oxidized species—determined from peak
fitting Fig. 4c represents the atomic percentage of oxidized and
unoxidized species (application of multiplying the total atomic
concentration (Fig. 4a) with the relative fraction (Fig. 4b)). The top
of the surface film (0's of sputtering) was comprised of oxidized Si
(12.9at% Si**) and Al (7.7 at.% AI*Y), followed by small amounts
of oxidized Fe (2.7 at.% Fe*") and Mn (1.6 at.% Mn*"). In addition,
unoxidized elements (3.8at.% Al, 4.1at% Fe, 2.3at.% Mn and
4.3 at.% Si) were also detected. These unoxidized elements may
belong to the substrate depending on the thickness of the surface
film on each phase; however, the possibility of unoxidized
elements present inside the surface film should not be
disregarded. As sputtering was performed, A" enrichment was
discovered at a time of 30s of sputtering (Fig. 4b, ).

Furthermore, potentiostatic surface conditioning and subse-
quent surface characterization was utilized to obtain a better
understanding of the surface film formed on the AlFeMnSi alloy by
isolating discrete conditions selected from the PDP curve (Fig. 2a).
Potentiostatic holds were performed in the cathodic region
(—700 mVsce for 1h), passive region (—250 mVgee for 1h), and
transpassive region (+400 mVsce for 10 min) of the AlFeMnSi alloy
in 0.6 M NaCl. XPS was conducted on the surface film following
potentiostatic conditioning followed by SEM imaging (outside of
the sputtered area).

Figure 5 illustrates the XPS characterization of the cathodic region,
and the results follow a similar trend as observed in the specimen
after 24 h immersion (Fig. 4). The top of the surface film is rich in Si
and Al followed by minor amounts of Fe and Mn (Fig. 5a). As seen in
Fig. 5b, the fraction of oxidized species decreased with increased
sputtering time while the fraction of unoxidized species increased.
AP** enrichment was identified at 30 s of sputtering, while unoxidized
and oxidized species were identified in the surface film (Fig. 5b). The
surface film is comprised primarily of oxidized Si, followed by
oxidized Al and small amounts of the other species (Fe and Mn, see
Fig. 5¢). Compared to the 24 h immersion specimen, the cathodic
region (—700 mVsce) had a higher concentration of total oxidized
species after 60 s of sputtering (Figs. 4a and 5a). The concentration of
unoxidized species increased with sputtering time. Following SEM
imaging, minimal localized dissolution was revealed after potentio-
static conditioning for 1 h at —700 mVsce (Supplementary Notes 3).
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(b)

Fig. 3 BSE-SEM images post 2-week immersion in 0.6 M NaCl of SS 304L and the AlFeMnSi alloy. BSE-SEM images (5 kV accelerating
voltage) after 2-week immersion in 0.6 M NaCl of a the AlFeMnSi alloy (arrows point toward pores) and b SS 304L.
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Fig.4 XPS of the AlFeMnSi surface after 24 h immersion in 0.6 M NaCl. Distribution of elements as a function of sputtering time determined
by XPS following 24 h immersion of the AlFeMnSi alloy in 0.6 M NaCl: a atomic concentration, b relative fraction of oxidized element to
corresponding unoxidized metal species, and ¢ atomic concentration of oxidized and unoxidized species.
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Fig. 5 XPS of the AlIFeMnSi surface after potentiostatic conditioning for 1 h at —700 mVscg in 0.6 M NaCl. Distribution of elements as a
function of sputtering time determined by XPS following potentiostatic conditioning for 1 h at —700 mVscg of the AlFeMnSi alloy in 0.6 M
NaCl: a atomic concentration, b relative fraction of oxidized element to corresponding unoxidized metal species, and ¢ atomic concentration

of oxidized and unoxidized species.

Figure 6 exhibits the XPS results after potentiostatic condition- oxidized species decreased overall with sputtering time, except an
ing for 1 h at —250 mVscg, which is in passive region. The top of enrichment of A" ratio at 60's, and the fractions of unoxidized
the surface film was comprised of primarily Si, followed by smaller species increased (Fig. 6b). In case of the Si-rich surface film,
concentrations of Al, Fe, and Mn (Fig. 6a). The fraction of the the majority is composed of Si** (Fig. 6c), with the remainder a
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Fig. 6 XPS of the AlIFeMnSi surface after potentiostatic conditioning for 1 h at —250 mVsce in 0.6 M NaCl. Distribution of elements as a
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NaCl: a atomic concentration, b relative fraction of oxidized element to corresponding unoxidized metal species, and ¢ atomic concentration
of oxidized and unoxidized species.
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Fig. 7 XPS of the AlFeMnSi surface after potentiostatic conditioning for 10 min at -+400 mVsce in 0.6 M NaCl. Distribution of elements as a
function of sputtering time determined by XPS following potentiostatic conditioning for 10 min at +400 mVsc¢ of the AlFeMnSi alloy in 0.6 M
NaCl: a atomic concentration, b relative fraction of oxidized element to corresponding unoxidized metal species, and ¢ atomic concentration

of oxidized and unoxidized species.

mixture of oxidized and unoxidized species. The content of total
oxidized species at 60s sputtering was less than prior results for
the potentiostatic hold at —700mVsce and 24 h immersion,
indicating a thinner surface film thickness. The concentration of
unoxidized Al and Si indicates enrichments in the top of the
surface film (0s sputtering), where the concentration decreased
and then increased with longer sputtering time (Fig. 6¢). The
enrichment is in strong contrast to the expected general trend of
increased unoxidized species following removal of surface film
and may suggest the presence of unoxidized species in the
surface film. SEM imaging of the specimen after potentiostatic
conditioning in the passive region showed no apparent localized
dissolution (Supplementary Notes 3).

Figure 7 shows XPS results from the AlFeMnSi alloy specimen
that was potentiostatically conditioned in the transpassive region
(+400 mVscg) in 0.6 M NaCl for 10 min. The surface film is primarily
comprised of Si and a marginal content of the remaining elements
of the AlFeMnSi alloy (Fig. 7a). The fraction of oxidized species
decreased with sputtering time, while the fraction of unoxidized
species increased with sputtering time, except for the AI** fraction
enrichment at 30s of sputtering (Fig. 7b). The oxide primarily
consists of 23.7 at.% Si*" (Fig. 7c); the concentration of Si*" was
slightly enriched and then decreased after 60 s of sputtering. The
concentration of oxidized Al and Mn increased with sputtering
time, while oxidized Fe decreased with sputtering time. Similar to
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the 24 h immersion and the cathodic region, the concentration of
unoxidized species in the transpassive region increased with
sputtering time, which is expected when approaching the alloy’s
substrate from the surface film.

The BSE-SEM image in Fig. 8a revealed localized dissolution after
potentiostatic conditioning in the transpassive region for 10 min.
The dissolution damage appears to congregate around Phase |Il.
Due to the large amount of damage, an additional potentiostatic
hold was conducted at +400 mVsce for 30, as seen in Fig. 8b.
Accelerated localized dissolution was found at the interface
between Phase Il and Ill, while undercutting of Phase Il is observed.
The initiation of dissolution at the interface is not yet well
understood but may be similar to that observed in SS 303 around
MnS inclusions due to preexisting trenches at the interface’®. No
preexisting trenches were discovered on the surface of the SS,
proposedly due to plastic deformation of grinding and polishing.
Formation of such trenches seems feasible due to the difference in
the coefficients of thermal expansion between the three phases,
associated with the AlFeMnSi alloy, with varying composition. The
initiation may occur by dissolution of the surface until a preexisting
trench between Phases Il and Ill is reached, upon which the
formation of a critical pitting solution is formed leading to the
undercutting of Phase Il It should be noted again the 2-week
immersion testing indicated that Phase Ill was the most corrosion
resistant phase (Fig. 3a).
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