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The integrated computational materials engineering approach has been employed to design a series of four
single-phase non-equimolar high entropy alloys (HEAs) with systematically varied compositions
(Ni38Fe20CrxMn21–0.5xCo21–0.5x with x = 6, 10, 14, and 22) and corrosion behavior. The HEAs were successfully
designed, synthesized and confirmed to possess a single-phase FCC structure. Preliminary electrochemical corro-
sion characterization was conducted to gain fundamental understanding of the effects of HEA composition on
corrosion resistance, which will be utilized to develop mechanistic corrosion models that enable the optimal de-
sign of corrosion resistant HEA. HEA containing 6 at.% Cr showed indications of passivity at a relatively low Cr
content.
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Corrosion has been identified as a major obstacle to achievingmany
engineering grand challenges and to implementing novel products and
technologies, according to a recent national academy study [1]. Tomeet
the stringent demands for high durability in future applications, there is
a pressing need for new corrosion resistant alloys (CRAs) that have su-
perior intrinsic corrosion resistance and are able towithstand harsh ser-
vice environments. High entropy alloys (HEAs) are an emerging class of
materials that have exhibited promising characteristics to achieve this
objective. HEAs are complex alloys made of five or more elements at
or near equimolar composition [2,3]. They are distinct from conven-
tional alloys since they are comprised of multiple principal elements
rather than one single dominant solvent element such as Fe in steels
and Ni in superalloys, with major and minor alloying additions in lim-
ited concentrations. Thus, HEAs remove compositional constraints
seen in conventional alloy design and open up a considerable composi-
tional design space, with many degrees of freedom and opportunities
for optimizing alloy composition and, consequently, properties. Numer-
ous HEA systems with potentially high corrosion resistance have been
investigated [4–16]. While most of the published studies focus on equi-
molar or simple substitutional derivatives of equimolar HEA composi-
tions, it is worth noting that the corrosion performance of HEAs is
generally not optimized for such configurations, given the strong de-
pendence of corrosion resistance on alloy composition, microstructure,
ier Ltd. All rights reserved.
and surface oxide film chemistry [17,18]. Accordingly, motivated by
the prospect of designing HEAs with optimal corrosion resistance for
harsh conditions, recent efforts have beenmade to deviate from simple
equimolar compositions and explore the vast, non-equimolar design
space to identify optimal corrosion resistant HEAs (CR-HEAs)
[15,16,19].

The paucity of corrosion studies on complex non-equimolar HEAs is
partly due to the limitations of the conventional, incremental, empirical
approach to CRA design, which simply is not able to address the myriad
possibilities in the multi-dimensional HEA composition space. As de-
tailed in prior publications [19,20], such drawbacks can be overcome
and the HEA exploratory efforts can be significantly facilitated with
the aid of integrated computational materials engineering (ICME), an
advanced systems-based approach to design materials that meet spe-
cific performance criteria by combining computational materials
models and tools across multiple length scales [21]. ICME tools such as
Calculation of Phase Diagrams (CALPHAD) and Density Functional The-
ory (DFT) can readily predict many useful microstructural and property
features for alloys, includingHEAs [22–24], provided that accurate data-
bases exist. The ICME approach is ideally suited to efficiently and ex-
haustively search for and design CR-HEAs with sought-after attributes,
guided by existing knowledge and empirical CRA performance metrics
(e.g., pitting resistance equivalence number, PREN [25,26]).

One non-equimolar, single-phase HEA (Ni38Cr21Fe20Ru13Mo6W2)
with excellent corrosion resistance even in very aggressive environ-
ments has been previously designed and characterized [15,16,19]. In
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Fig. 1. Pseudo-binary phase diagram of Ni38Fe20Crx(MnCo)42-x with Mn:Co= 1:1 calculated in Thermo-Calc with TCHEA3 database. The FCC single phase region is shaded in green. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Chemical compositions of the high entropy alloys (at.%) within the Ni38Fe20CrxMn21–

0.5xCo21–0.5x compositional space that are predicted to be single-phase with large
solutionizing temperature window by CALPHAD in Thermo-Calc software using TCHEA3
database.

Designation Ni Fe Cr Mn Co

Cr22 38 20 22 10 10
Cr14 38 20 14 14 14
Cr10 38 20 10 16 16
Cr6 38 20 6 18 18
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this work, the effect of HEA concentrationwas studied by designing and
experimentally probing a series of new CR-HEAs with systematically
varied compositions, having corrosion resistance expected to range
from good to poor. The goal of this study is to gain deeper understand-
ing of the corrosion behavior of HEAs as a function of chemical compo-
sition, keeping microstructure fixed to single-phase FCC, which is
required for the development of fundamental mechanistic ICME corro-
sion models for quantitative prediction of corrosion resistance. The re-
sistance of the Ni38Cr21Fe20Ru13Mo6W2 HEA to passivity breakdown
and localized pitting corrosion was so strong that laboratory studies of
these phenomena are not possible. This limits the ability to gain insights
that are required for developingmodels for enabling additional CR-HEA
designs resistant to various stages of corrosion. For instance, it might be
of particular interest to develop highly corrosion resistant alloys despite
modest additions of expensive passivating or dissolution inhibiting ele-
ments. In this work, the beneficial elements Mo and W were not in-
cluded in the design to reduce the corrosion resistance, as well as cost.
Furthermore, Ru was also excluded because its limited supply and
high cost makes it impractical as an alloying addition. Four alloys con-
taining different concentrations of Ni, Fe, Cr, Mn, and Co were consid-
ered in design. The element Cr, which is known to strongly increase
aqueous corrosion resistance, was incrementally replaced with Mn
and Co, which are known to be much less beneficial as passive film pro-
moters. Single-phase HEAs remain the focus of this study because the
development of homogeneous solid solution alloys with minimization
of structural and chemical heterogeneities is the best strategy for CRA
design with the greatest chance for superior corrosion resistance [20].
Details of the design process, whichwas based on a CALPHAD approach,
can be found in a previous work [19]. In brief, CALPHAD was used to
identify a composition range containing the desired elements that
(1)maximized the range of single-phaseHEA stability and (2) exhibited
a sufficiently large solutionizing temperature window to facilitate pro-
cessability. The resulting design was Ni38Fe20Crx(MnCo)42−x, where Cr
decreased from 22% and Mn and Co increased, maintaining Mn:Co =
1:1, or alternatively Ni38Fe20CrxMn21–0.5xCo21–0.5x.
To summarize the designed HEA composition space, a pseudo-
binary phase diagram is shown in Fig. 1, where Cr content is varied
and balanced by (Mn + Co). This diagram shows the amount of (Mn
+ Co) that can be substituted by Cr at different temperatures while
still retaining a stable single FCC phase. It can be observed that this par-
ticularHEA composition space has a large single phase region that spans
from 0% to as much as 40% Cr, over temperatures from 600 to 1200 °C.
This indicates that good processability can be achieved by simple
solutionization and quenching treatments. As shown in Fig. 1, four
HEA compositions with widely different levels of Cr content (6 at.%,
10 at.%, 14 at.%, and 22 at.%) have been selected. The compositions are
reported in Table 1, and are notated as Cr6, Cr10, Cr14, and Cr22, respec-
tively. These HEA designs are predicted to be single-phase, amenable to
processing, and expected to have greatly varied corrosion behavior due
to the difference in Cr content, which is suitable for studying and subse-
quently modeling the effect of HEA composition on corrosion
performance.

For experimental evaluation of their corrosion behavior, the newly
designed HEAs were prepared by arc melting of pure elements (N99%
trace metals basis) under a pressurized argon atmosphere of 0.5 atm.
The elements were arranged in ascending order of their melting point
from bottom to top of the crucible. An extra 1 wt% of Mn was added
to the initial materials to compensate for the expected evaporation of
Mn, which occurs during arc melting of Mn-rich alloys [27]. The arc
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melting chamber was purged with argon and held under vacuum, and
then the elements were melted. Additionally, to improve homogeneity,
each sample was flipped and melted at least five times. Buttons of all
four alloy compositions of about 1 cm thickness and 2 cm in diameter
were made. Prior to heat treatment, they were vacuum encapsulated
Fig. 2. (a) EDS mapping of Cr22 after homogenization at 1100 °C for 96 h, displaying unifo
corresponding to FCC structure.
and backfilled to 0.125 atm of Ar gas. To obtain single-phase FCC alloys
with uniformly distributed compositions, these buttons were heat
treated at 1100 °C (based on Fig. 1) for 96 h followed by water
quenching. The alloys were polished to a 1 μm finish using diamond
paste and cleanedwith ethanol beforemicrostructural characterization.
rm distribution of elements. (b) XRD patterns of Cr22, Cr14, Cr10, and Cr6 with peaks
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Fig. 3. (a) Potentiodynamic polarization curves of the alloys in 0.6MNaCl at 30 °C in an air-exposed immersion cell; (b) SEM images of crevice corrosion along the edge of the exposed area
found after polarization in 0.6 M NaCl at 30 °C in an air-exposed immersion cell.
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Fig. 4. EIS results showing the impedance modulus, Zmod, and phase angle, Zphz, for HEA
Cr6, Cr10, Cr14, and Cr22 after a 10 min OCP hold in N2-deaerated 0.6 M NaCl solution
at ambient temperature.
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Microstructure and composition of these alloys were characterized by
X-ray diffractometry (XRD) and a scanning electron microscope (SEM)
equipped with energy dispersive spectroscopy (EDS).

All four homogenized samples appear to be single phase in the
SEM/EDS with no inclusions or segregation of alloying elements.
The chemical composition distribution of Ni, Fe, Cr, Mn, and Co are
uniform as shown in the EDS maps of solutionized Cr22 in Fig. 2(a).
Cr14, Cr10, and Cr6 also displayed a uniform chemical composition
with respect to each alloying element. Fig. 2(b) shows the XRD pat-
terns of the four HEAs after homogenization, with all four alloys
exhibiting single FCC crystalline structures. Well-defined diffraction
peaks can be observed for the alloys with higher Cr content whereas
the diffraction peaks of the low Cr alloys are noisier. The FCC struc-
ture indicates that the CALPHAD predictions were accurate, and
that the structure was not altered by the water quenching from
1100 °C. Thus, the ICME approach using CALPHAD was successful in
predicting the structure of these alloys, similar to what was shown
previously for Ni38Cr21Fe20Ru13Mo6W2 [19].

Preliminary electrochemical characterization on the four HEAs was
also conducted. For polarization testing, the samples were connected
to a wire, mechanically ground with SiC paper to 1200 grit, wrapped
with polytetrafluoroethylene (PTFE) tape and coated with black wax,
leaving an exposed working area of 0.2–0.3 cm2 for testing. The polari-
zation tests were conducted in a standard jacketed three electrode cell
connected to a temperate controlled circulator, which maintained the
temperature at 30 °C. The solution was air-exposed 0.6 M NaCl solution
prepared from deionized water and analytical grade NaCl. The conven-
tional three-electrode cell setup was used, consisting of the samples as
working electrode, a platinum sheet as counter electrode, and a satu-
rated calomel reference electrode (SCE). A Gamry Reference 600
potentiostat was used to control the potential. Prior to the experiment,
the samples were initially cathodically polarized at−1 VSCE for 3min in
an attempt to reduce the air-formed oxide, and then kept in the solution
for 10 min to acquire a stable OCP. The potential was then scanned at a
rate of 20 mV min−1 from −0.25 V versus OCP to the potential where
the anodic current reached 1 mA. Following the polarization experi-
ments, the black wax was removed, and the samples were washed
and then dried with compressed air. Thereafter, the morphology of
the corroded surface was examined by SEM. In addition to polarization,
potentiostatic electrochemical impedance spectroscopy (EIS) was
performed. The testing solution was 0.6 M NaCl that was deaerated
with N2 gas before and during testing. Prior to EIS measurements,
each sample was held at the OCP for 10 min and then EIS testing was
conducted at the OCP with a 20 mVrms AC signal swept over a fre-
quency range from 105 to 10−3 Hz.

Fig. 3(a) displays typical potentiodynamic polarization curves (po-
tential vs. log[current density]) of the alloys in 0.6 M NaCl at 30 °C. All
four alloys exhibited passivity and breakdown as indicated by a sudden
increase in current. The apparent passive current densities are compara-
ble for Cr10, Cr14 and Cr22, whereas that for Cr6 is significantly higher.
Nonetheless, this alloy with only 6 at.% Cr can still present passivity, al-
thoughwith a reduced passive region comparedwith other three alloys.
Fig. 3(a) also shows the presence of many current transients in the pas-
sive region in all the alloys, at potentials slightly higher than their re-
spective OCPs, and well below their breakdown potentials. These
current transients are indicative of numerousmetastable pitting events.
The comparatively smaller amount of noise in the curve for Cr6 is the
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result of the much higher background passive current density, but it is
likely that the noise in that curve was still the result of metastable
pits. The frequent breakdown and repassivation events in the passive
region indicate that the passive films formed on these alloys were sus-
ceptible to Cl− induced instabilities. Examination of the sample surfaces
after each test shows crevice corrosion along the edge of the exposed
area, as shown in Fig. 3(b) and large pits associated with stable pit
growth were never observed on masked samples tested by immersion
in a cell, indicating that the potentials corresponding to sharp current
density increase are crevice corrosion potential, Ecrev. Thus, as shown
in Fig. 3(a), the crevice potential nominally increases with increasing
Cr content, an expected observation due to the beneficial effect of Cr
on hindering Cl− induced passivity breakdown. Measurements of
pitting potentials in the absence of crevice corrosion will be presented
in a subsequent publication.

The EIS results (Fig. 4) indicate very high impedance at all Cr con-
tents, suggestive of a spontaneous passive film formed at theOCP values
which typically ranged from−0.290 VSCE to−0.260 VSCE in aerated so-
lution, which were well below Ecrev. The impedance modulus was a
weak function of Cr content with a slight decrease from 20 at.% to 6 at.
% Cr. The polarization resistance obtained at the low frequency limit
was above 5× 105Ω-cm2, consistentwith a passive dissolution rate. No-
tably, the alloy with 6 at.% Cr exhibited some indication of passivity at
OCP despite a Cr content below typical thresholds required for passiv-
ation in binary Ni\\Cr and Fe\\Cr alloys [28–33]. For example, King
et al. [31] observed a critical Cr composition of 12 wt% for Fe\\Cr alloys
in Na2SO4 at varies pH levels and Bond et al. [32] observed a critical Cr
composition of 7 wt% for Ni\\Cr alloys in HNO3. A subsequent publica-
tion will explore this preliminary finding regarding the presence or ab-
sence of a critical Cr content in greater detail.

In summary, the ICME approach has been employed again in this
work to design a series of single-phase, processable CR-HEAs with sys-
tematically varied compositions and corrosion behavior. Compared to
the prior HEA, which containedMo,W and Ru, compositional modifica-
tions were made to maintain a single phase FCC structure but lower the
corrosion resistance of alloys to a level amenable to assessment of local-
ized corrosion susceptibility using common laboratory testing tech-
niques. The four new non-equimolar HEA compositions,
Ni38Fe20Cr22Mn10Co10, Ni38Fe20Cr14Mn14Co14, Ni38Fe20Cr10Mn16Co16,
and Ni38Fe20Cr6Mn18Co18, have homogenous single-phase microstruc-
ture after solutionization as predicted by CALPHAD and exhibit the ex-
pected corrosion behavior trend with changing Cr content. However,
Ni38Fe20Cr6Mn18Co18, which contains only 6 at.% Cr and 38 at.% Ni,
showed some indications of passivity at a low Cr content relative to typ-
ical reported thresholds. The origin of this phenomenon remains
unidentified.
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