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Effects of annealing on phase
transformation and corrosion mechanism
of severely deformed Aly 3CoCrFeNi high-

entropy alloy

% Check for updates

Fu-Yun Tsai', Alice Pandaleon', Sean O’Brien’, Andrew Martin', Alana Pauls', Farhan Ishrak’,
Michael Lastovich', Md Jasim Uddin', Zengqing Zhuo?, Jinghua Guo?, Martin Mwangi Thuo',
Rajeev Gupta', Rajarshi Banerjee®, Elizabeth Kautz* & Bharat Gwalani'

The effects of transitional phase states on corrosion behavior in the equiatomic-derived high-entropy
alloy Aly.sCoCrFeNi were investigated following 90% cold-rolling and subsequent isothermal
annealing at 620 °C for durations ranging from 1 to 50 h. Electron and X-ray diffraction analysis reveal a
progressive transformation from single-phase FCC to an FCC + B2 + o trinity. Nano-scale B2 and o
nuclei emerge within partially recrystallized grains after 1-2 h, lowering the cold rolling micro-strain
from 0.26 to 0.13. This heterogeneous state exhibits the maximum hardness (552 VHN) while enlarging
the chloride-passive window by > 200 mV relative to the solutionized material. Prolonged annealing
(> 10 h) coarsens the intermetallics and exhausts Al from the matrix, thereby reducing pitting
resistance due to the loss of protective Al,O;s film. Characterization by electron microscopy and atom
probe tomography reveals that Al-rich B2 nuclei are the primary Al sink that compromises Al,O3
formation at long times. The results demonstrate that a narrowly defined heat-treatment window
balances strengthening with passivation in Al 3CoCrFeNi, providing a mechanistic blueprint for

designing corrosion-tolerant high-entropy alloys (HEAS).

The fabrication and design of alloys in metallurgy have led to significant
technological advancements across various industries (infrastructure,
aerospace, automotive, etc.)'™, due to the ability to enhance and tailor
specific properties of metals for particular applications. While traditional
alloys are typically designed with one or two primary elements with minor
additions of others, increasing the proportion of additional elements can
result in the formation of brittle intermetallic compounds, which can reduce
mechanical performance. The introduction of HEAs overcomes the lim-
itations of traditional alloys by introducing many interacting elements in the
system, which increases tunability and minimizes the detrimental influence
of any single element within a system. HEAs typically incorporate five or
more elements in near-equiatomic proportions (5-35 atomic percent
each)*’. Recent research in HEAs has shown significant concurrent
improvements in strength, ductility corrosion resistance, and high-
temperature performance*”™",

The Alo.sCoCrFeNi alloy was developed as a derivative of the
equiatomic CoCrFeNi system to enhance strength and corrosion resis-
tance through the addition of aluminum. This system typically exhibits a
multi-phase microstructure, including FCC, B2, and occasionally o
phases, which contribute to tunable mechanical properties™''. Prior
work'> demonstrated that its tensile yield strength can be tailored from
160 MPa to 1800 MPa through thermomechanical processing alone,
without altering composition.

The corrosion resistance of Alp.;CoCrFeNi also shows promise in
aggressive environments. Li et al.” reported that Al additions promote the
formation of protective AL,Oj scales, while Firouzdor et al."* and Shi et al."'
found that small Al additions (e.g., 0.3 at%) enhance passivation. However,
excessive Al can promote BCC and B2 phase formation, which may reduce
corrosion resistance and pitting stability’. Furthermore, Shi’ noted that B2
phase presence diminishes pitting resistance, and studies by Zhang et al."”
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Fig. 1 | Conceptual map highlighting the largely
unexplored link between transient micro-
structures in Al0.3CoCrFeNi alloy and their cou-
pled strength-corrosion responses. a initial single-
phase FCC matrix with coarse grains;

b microstructural evolution under severe plastic
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deformation, showing the formation of high-density
deformation bands; ¢ multiphase fine-grained HEA
structure showing precipitated B2 (blue) and o
(green) phases along the grain boundaries; and

d schematic representation highlighting the influ-
ence of a corrosive environment (3.5 wt% NaCl) on
the transient microstructures at the grain bound-
aries and phase interfaces.

Single Phase
FCC HEA

® B2 4 ¢ \ Deformation bands

Influence of Environment
on transient
microstructures

Multi Phase fine
grained HEA

Severe Plastic
Deformation

O FCC matrix

and Qiu et al.” have shown that annealed conditions generally offer
improved corrosion resistance compared to solutionized or remelted states.

These findings highlight Al,.;CoCrFeNi as a promising alloy system for
corrosion-resistant applications, particularly when phase composition and
thermal history are carefully controlled.

Although several studies have examined corrosion mechanisms and
passivity of HEAs in chloride environments'*'*"*™"”, systematic investiga-
tions specifically linking annealing time, microstructural evolution, and
corrosion resistance remain limited. In particular, few studies have explored
how phase transformations affect oxide film formation during corrosion, or
how the availability of key oxide-forming elements changes following these
transformations. Moreover, the differences in oxide formation pathways
and kinetics between highly deformed and fully or partially annealed HEAs
are still not well understood. While many investigations focus on the effects
of annealing temperature", the influence of annealing duration on phase
transformations and subsequent passivation behavior has received com-
paratively little attention”. This study aims to address these gaps.

Figure 1 illustrates the dynamic interplay between microstructural
evolution and environmental degradation in HEAs. Initially, the alloy
exhibits a single-phase FCC structure formed by solutionizing, which
transforms under cold rolling into a heavily deformed microstructure with
elongated grains and high dislocation density. Annealing then promotes the
formation of fine-grained multiphase structures with nanoscale B2 and o
precipitates. In corrosive environments such as 3.5wt% (= 0.6 M) NaCl
solution at near-neutral pH, ongoing microstructural changes—including
recrystallization and precipitation—interact with corrosive processes, which
may preferentially attack phase boundaries or precipitate-decorated grain
boundaries. The schematic emphasizes how processing history dictates
phase transformation pathways (highlighted in orange), while feedback
loops from corrosion (indicated by black arrows) influence phase stability
and degradation mechanisms. This schematic underscores the need to
better understand the coupling between microstructure and corrosion to
engineer HEAs with optimized performance under service conditions.

Hypothetically, the addition of Al into a multi-element mixture such as
CoCrFeNi would alter the relaxation pathway of the alloy due to the
influence and interaction of Al towards each of the other elements. Pre-
viously, Preferential Interactivity Parameter (PIP*') has shown that the
oxidation affinity, size, standard reduction potential (E°) and cohesive
energy density (CED) control the speciation and surface formation of metal
alloys and HEAs”. Thermodynamically, the addition of Al to the alloy
increases the overall chemical driving force (<T>), particularly due to Al's
strong affinity for certain elements. Even a minor addition (e.g., 0.3 at%)
promotes interactions between Al and thermodynamically compatible
elements to reduce system energy and approach pseudo-equilibrium under
non-equilibrium conditions. Elements such as Ni and Cr are relatively close
to Al on the PIP scale, making them more susceptible to Al-induced
changes. These interactions can influence phase stability and relaxation
behavior of Ni and Cr during thermal or corrosion processes.

In this study, Alo.sCoCrFeNi alloy was subjected to high-temperature
solid solution treatment, followed by 90% cold rolling and annealing at

620 °Cfor durations ranging from 1 to 50 h. With increasing annealing time,
the microstructure evolved from a single-phase FCC structure to a multi-
phase mixture containing FCC, B2, and sigma phases. While prior studies
have associated such phase mixtures with improved strength and
hardness"?, they may also compromise corrosion resistance'**’. Our findings
reveal that short-term annealing (1-2 h) significantly enhances corrosion
resistance, whereas extended annealing reduces it slightly, yet still maintains
better performance than conventional stainless steel. This evolution in
corrosion behavior is closely linked to the increasing presence of B2 and
sigma phases and concurrent microstructural stress relief, as indicated by
decreasing micro-strain. Notably, hardness increases up to 4 h of annealing
before marginally declining, suggesting a trade-off between strengthening
and corrosion resistance mechanisms.

Through this research, we demonstrate that appropriate heat treat-
ment can achieve a desirable balance between strength and corrosion
resistance in HEAs. The findings also provide insights into the transfor-
mation pathways influenced by prior sample conditions. This approach
could be effectively applied to other HEAs and alloy systems.

Results and discussion

Microstructural evolution during 620 °C annealing

Figures S1, S2, and 2 collectively illustrate the microstructural evolution of
the Alo.sCoCrFeNi alloy after 90% cold rolling and subsequent annealing at
620 °C for varying durations (0, 10, and 50 h).

The unannealed sample (0h, Fig. S1) exhibits a heavily deformed
structure with elongated grains, high dislocation density, and no additional
phase formation, indicative of severe plastic deformation. Upon annealing
for 10 h (Fig. 2), the material shows the onset of recrystallization with more
pronounced grain boundary contrast and the initial precipitation of sec-
ondary phases. EBSD analysis confirms the microstructure remains pre-
dominantly FCC (90%), but minor fractions of sigma (8%) and Al-Ni-rich
(B2) (2%) phases are now present as shown in Fig. S2.

Further annealing to 50 h leads to a fully developed, coarser grain
structure with well-defined precipitates located both at grain boundaries and
within grains. Quantitatively, a dramatic phase transformation occurs: the
FCC phase reduces significantly to 41%, while the sigma phase becomes
dominant at 45%, and Al-Ni (B2) notably increases to 15% as shown in Fig.
S2. The dominance of the Cr-rich ¢ phase in this state is typically associated
with the formation of Cr-depleted zones and subsequent localized galvanic
corrosion. This detrimental effect of theo phase has been extensively docu-
mented in traditional stainless steels™ as well as in other high-entropy alloy
systems™. By contrast, our results for the 1-2 h samples suggest that these
negative effects can be suppressed during the early, transient stages of
Pprecipitation.

Over estimation of sigma and B2 can be expected due to a lower
confidence index in EBSD of these phases. However, the dramatic increase
in phases fraction of these intermetallic is confirmed by additional TEM
analysis. This indicates substantial growth and segregation of these sec-
ondary phases at the expense of the FCC matrix during prolonged
annealing.
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Fig. 2 | The 90% Cold rolled and annealed Al0.3CoCrFeNi alloy at 620 °C for 10 h and 50 h condition. a low-magnification Inverse Pole Figure (IPF) map; b phase map
and ¢ Cr map and d Al map for the 10 h condition; e phase map, f Cr map, and g Al map for the 50 h condition.
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Fig. 3 | Early precipitation after 1 h anneal at 620 °C. a Bright-field TEM overview  highlighted in (a). d Three-dimensional APT reconstruction (Al in red, Cr in green).
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maps from the boxed recrystallised grain revealing nano-scale B2 (Ni-Al-rich)and o tion profile confirming Ni/Al and Cr partitioning.
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Fig. 4 | Property evolution with annealing time. a Vickers hardness versus time at
620 °C. b Root-mean-square lattice micro-strain determined by Williamson-Hall
analysis. ¢ Potentiodynamic polarisation curves recorded in 3.5 wt.% NaCl solution;

Annealing time (h)

“Base” = CR50 4- 1100 C/1 h in recrystallized condition. d Correlation between
micro-strain and pitting potential.

Early-stage precipitation revealed by correlative TEM-APT (1 h)
Figure 3 presents TEM and APT images of the Aly.;CoCrFeNi alloy
under 90% cold rolling (CR90) followed by annealing at 620 °C for 1 h.
As shown in Fig. 3 (a), TEM images reveal that the alloy exhibits regions
of partial recrystallization, with some areas remaining unrecrystallized.
Within the recrystallized regions, B2 (Ni/Al rich regions)and sigma
phases (Cr rich region) are observed in (b-1) —(b-5). The APT images
(shown in Fig. 3 (c-f)) provide detailed 3D structural information in the
unrecrystallized region indicated as the region of interest (ROI) in (a).
Isosurface are used to delineate Al rich (red in Fig. 3(d) and Cr rich
(greenin Fig. 3(d)) regions. Although B2 and sigma precipitates were not
observed in the unrecrystallized region through TEM, APT results
indicate the presence of domains rich in Ni and Al These domains
appear to act as nuclei for the formation of B2 phases, even though the
precipitates are not visible in the TEM images. The line scan further
confirms the presence of nuclei for both B2 and sigma phases. These
nanoscale nuclei represent a transient, non-equilibrium kinetic trapping
state in which Al has not yet been significantly consumed by B2 or ¢. This
preserves Al availability in the matrix, enabling rapid Al,O; formation
during corrosion.

APT also reveals sub-critical B2 nuclei in unrecrystallized regions,
indicating early-stage partitioning not visible in TEM. The broader and
more diffuse Al-depletion gradients around o differ from classical Fe-Cr
systems and reflect multicomponent diffusion unique to HEAs. These

features provide direct evidence for kinetic trapping at short times and
thermodynamic depletion at long times.

Hardness and lattice micro-strain

Figure 4(a) shows the hardness variation with annealing time. The hardness
increases initially, peaking at 4h due to partial recrystallization and the
formation of nanoscale B2 and sigma precipitates, which hinder dislocation
motion. Beyond 4h, hardness decreases as the microstructure becomes
more homogeneous and precipitates coarsen, reducing their effectiveness in
strengthening.

Figure 4(b) illustrates microstrain measurements obtained via the
Williamson-Hall method. The cold-rolled sample exhibits high microstrain
due to plastic deformation. Annealing at 620 °C for 1 h significantly reduces
microstrain, indicating partial recrystallization and phase transformation.
Further annealing results in minimal changes in microstrain, suggesting
stress relief and continued phase transformations.

Electrochemical behavior in 3.5 wt.% NaCl

The potentiodynamic polarization (PDP) curves for the Aly.;CoCrFeNi
alloy, tested in a 3.5 wt.% NaCl solution, is shown in Fig. 4 (c). For com-
parison with the annealed specimens, both the solutionized HEA and SS
304 L were also tested. Among the alloys, the solutionized HEA exhibited
the least noble corrosion potential. However, its pitting potential exceeded
that of SS 304 L by more than 100 mV. When comparing the spontaneous
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passivity of all tested alloys, the passive corrosion current densities were
found to be within a similar range.

Following annealing, the corrosion potential of the HEA became more
noble. The 1h, 2h, and 50h annealed specimens all exhibited similarly
higher corrosion potentials, while the 4 h and 16 h samples showed slightly
less noble values. The pitting potential also significantly increased after
annealing, with the 1 h and 2 h specimens showing similar pitting potentials
near 750 mVSCE. However, with extended annealing duration, the pitting
potential progressively decreased, with the 50h annealed sample
approaching 550 mVSCE, indicating an increased susceptibility to pitting
corrosion. Overall, the 1h and 2h annealing treatments resulted in the
widest passive windows and the highest pitting potentials, thus offering the
greatest resistance to localized corrosion. Metastable pitting was observed in
both the SS 304 L and the 16 h annealed HEA specimen.

Table 1 shows the corrosion and pitting potentials of the HEA alloys
annealed for different durations compared to conventional stainless steel.

Table 1 | Corrosion parameters for Aly ;CoCrFeNi alloys and
conventional stainless steel

Sample Ecorr (MV) E_pit (mV)
620-50 h —125+4 640+ 125
620-16 h -131+9 637 111
620-4 h —131+30 685+ 19
620-2 h —125+4 759 +£20
620-1h —125+8 778 £28

Base —147 £ 26 492 + 87
SS304L —105+15 27922
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The results indicate that the HEA alloy has significantly better corrosion
resistance after annealing, regardless of the duration. Additionally, whether
annealed or not, the corrosion resistance of the HEA alloy surpasses that of
conventional stainless steel.

Figure 4 (d) illustrates the relationship between microstrain and cor-
rosion resistance in Aly;CoCrFeNi HEA alloys with varying annealing
times. The data in Fig. 4 (b) shows that increased microstrain correlates with
decreased corrosion resistance. Microstrain can introduce lattice defects and
dislocations, which may serve as nucleation sites for corrosion initiation.
These defects can accelerate corrosion by compromising the integrity of the
passive layer.

Near-surface oxidation states after polarization

Figure 5 XANES spectra of the Alo.;CoCrFeNi alloy after PDP testing in
3.5 wt% NaCl solution, comparing the effects of different heat treatments on
corrosion behavior. Since the photon energy of the main peak is similar
across all three heat-treated samples before corrosion, only the data after
corrosion is shown. XANES results include total electron yield (TEY) and
total fluorescence yield (TFY) data, with TEY (probe depth: 5-10 nm) being
surface-sensitive and TFY (probe depth: ~150 nm) being bulk-sensitive. As
the TFY data shows minimal differences between corroded and uncorroded
regions, only the TEY data is presented in Fig. 5.

The TEY spectrum in Fig. 5a for Cr shows a sharp peak in the base
condition (0h), indicating a significant surface oxide layer (e.g., Cr,Os)
formed during corrosion®. This high intensity reflects Cr’s high reactivity,
establishing a protective oxide within the 5-10 nm surface region. After 2 h
annealing at 620 °C, the peak intensity decreases slightly, suggesting an
initial thinning or restructuring of the surface oxide, possibly due to
microstructural changes or partial oxide dissolution. At 50 h, the intensity
drops more noticeably, indicating a significant reduction in surface oxide

(b)
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Fig. 5| XAENS spectra of Al, ;CoCrFeNi alloy. aNi-L, b Fe-L, ¢ Cr-L, and d Co-L, for corroded areas across 3 annealing conditions (base condition, CR90 + 620 °C/2 h,and

CR90 + 620 °C/50 h).
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Fig. 6 | TEM images of Al ;CoCrFeNi alloy after corrosion. a 2 h anneal: bilayer
structure consisting of an inner Al,Oj; layer as shown in EDS line profile in (a-7) and
an outer Cr-rich oxide. b 16 h anneal: single Cr-rich oxide; Aluminum preferentially
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forms the phase within the matrix, as indicated by the accompanying EDS line
profile in (b-7). Elemental maps (1-6) correspond to Cr, Al, Co, Fe, O and Ni,
respectively.

concentration. This decreasing trend suggests that prolonged annealing
weakens Cr’s surface oxide stability, potentially due to diffusion of corrosive
species into deeper layers or oxide breakdown, while the +3 oxidation state
remains stable as no peak shifts are observed.

The TEY spectrum in Fig. 5b for Fe exhibits a prominent peak in the
base condition (0h), indicating surface oxidation (e.g., Fe,O; or
Fe;0,)”. After 2h annealing at 620 °C, the peak intensity increases
slightly, suggesting an enhancement in surface oxide formation or
thickening, possibly due to improved Fe diffusion or oxide stabilization
with initial heat treatment. At 50 h, the intensity rises further, reflecting a
significant increase in surface oxide concentration. This increasing trend
indicates that prolonged annealing strengthens Fe’s surface oxide layer,
potentially due to sustained reaction with the corrosive NaCl environ-
ment, with the +2/+4 3 oxidation state remaining stable as no edge
shifts occur.

Based on the L-XAS TEY data in Fig. 5¢, with peaks at 853.5 eV (Ls-
edge) and 873 eV (L,-edge) and a slight intensity increase at 50 h, the Ni is
likely predominantly in an oxide state (e.g, Ni* as NiO) at the surface
(5-10 nm), rather than metallic Ni°. The stable intensity from Oh to 2h
suggests an initial oxide layer formed during corrosion, and the slight
increase at 50h indicates minor oxide growth or thickening due to
annealing. The edge positions (853.5 eV and 873 eV) support Ni*, and the
intensity trend aligns with surface oxidation. The lack of a significant shift
reflects a consistent oxidation state, with the 50 h increase driving limited
oxide enhancement.

Based on the L-XAS TEY data in Fig. 5d, with peaks at 779 eV (Ls-edge)
and 795 eV (L,-edge) and an intensity increase at 50 h, the Co is likely
predominantly in an oxide state (e.g., Co* as CoO, possibly Co* as Co,05) at
the surface (5-10 nm), rather than metallic Co®. The stable intensity from
0h to 2 h suggests an initial oxide layer formed during corrosion, and the
increase at 50 h indicates enhanced oxide formation or thickening due to

annealing. The Ls;-edge at 779 eV aligns with Co”, and the intensity rise
supports oxide growth, though a minor metallic contribution is possible if
the oxide is thin. The lack of a significant shift may reflect a consistent
oxidation state, with the 50 h increase driving further oxidation.

While XANES is highly effective for probing oxidation states in tran-
sition metals like Fe, Ni, and Co, it is significantly less sensitive to Al in HEA
matrices. This is due to the low energy of the Al K-edge (Tender X-ray
regime), where signal detection is often hampered by high background
absorption from heavier matrix elements and limited probing depth in Total
Electron Yield (TEY) mode. In contrast, XPS and TEM are more effective for
Al characterization; XPS, in particular, excels at identifying Al oxidation
states (e.g. Al’ vs AI'" through distinct binding energy shifts, even for thin
surface oxides. While XANES provides unique insights into local coordi-
nation and bulk redox processes, XPS offers superior surface-specific che-
mical state information. Therefore, integrating these complementary
techniques is essential for a comprehensive understanding of corrosion and
phase stability in Al-containing HEAs.

The TEY-TFY contrast confirms that these changes originate within
the near-surface region. The reduced Cr TEY intensity at 50 h is consistent
with Cr being tied up in o, while the increased Fe/Ni TEY signals indicate a
shift toward Fe/Ni-rich oxides when Al,O; is absent. The lack of detectable
Al signal aligns with Al being locked into B2 at long annealing times.

Corrosion product morphology through microstructure
characterization

Figure 6 shows the TEM images of the different heat-treated Aly ;CoCrFeNi
HEA alloys after corrosion. For short annealing, two distinct layers are
observed on the surface of the CR90-620°C/2h sample as shown in
Fig. 6(a). Note that the specimens were subjected to anodic polarization up
to the pitting potential, resulting in localized breakdown of the passive film
and initiation of stable pitting corrosion. Consequently, the protective oxide
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layers originally present on the surface have been extensively damaged or
dissolved in the pitted regions. The observed surface features (e.g., corrosion
product aggregates) are characteristic of post-pitting degradation and do not
represent the intact passive film formed under open-circuit or early-stage
polarization conditions. These images serve to illustrate the morphology
and subsurface damage induced by pitting attack rather than the structure of
the protective film.

The outermost layer is rich in Cr (60 at%), while the second layer
consists of Al,Os, as confirmed by characteristic Al 2p and O 1 s binding
energies in XPS spectra and composition from EDS analysis in Table 2.

In contrast, the CR90-620°C/16h sample does not exhibit the
presence of Al,O; as shown in Fig. 6 (b). Instead, a Cr-rich oxide layer
forms on the surface. This reflects a transition into a thermodynamically
driven regime where coarsened B2 and o phases sequester Al from the
matrix. As a result, Al,O; formation is suppressed, and the passive film
becomes Cr-dominated. Furthermore, the matrix of the 16 h annealed
sample contains B2 phases, with B2 phases forming along specific grain
boundaries—phases that are not observed in the 2 h annealed sample.
For the 2 h annealed sample, the rapid formation of Al,O; suggests a
kinetic pathway where aluminum preferentially reacts with oxygen
rather than diffusing to form the B2 phase. This preference indicates that
the alloy may not reach the equilibrium state required to stabilize the B2
phase during the shorter annealing time.

Lietal.” proposed that in Al; (CoCrFeNiand Al, ;CoCrFeNi alloys, Al
reacts with NaCl to form AICl,, which subsequently leads to the formation

Table 2 | Atomic ratio of metals in Al 3CoCrFeNi HEA alloy (a)
annealing at 620 °C for 2 h and (b) 16 h after corroding in 3.5 wt
% NaCl solution

of a protective AL,O; layer on the surface. This mechanism effectively
protects the alloy from corrosion. In the current study, the presence of Al,Os
in the CR90-620 °C/2 h sample suggests that it also plays a protective role,
contributing to better corrosion resistance in shorter annealing times
(1-2h) compared to longer times (16 h or more). The presence of a Cr-rich
layer above the ALOj; has also been reported in previous studies. Gwalani
et al.”” used a combination of in situ atom probe tomography and thermo-
kinetic treatment applying preferential interactivity parameter approach to
investigate the oxidation mechanism/sequence. They reported that the early
stages of oxidation can be interpreted through a multi-pronged coupling of
thermodynamic parameters such as atomic size, cohesive energy, electro-
negative and so on.

An aluminum oxide (Al,O;) layer tends to form first on HEAs due to
the higher affinity of aluminum for oxygen, leading to its preferential oxi-
dation over elements like Cr, Fe, Co, and Ni. According to the Ellingham
diagram, aluminum has a significantly lower Gibbs free energy of oxidation
than these elements, making the formation of Al,O; thermodynamically
more favorable. This behavior is particularly advantageous in HEAs, as the
rapid formation of a protective Al,O; layer can enhance the oxidation
resistance of the material.

Figure 7 shows the Cr and Al signals in the differently heat-treated HEAs
after corrosion. The data indicate that protective oxide layers containing
Cr,0; and ALL,O; formed after corrosion. All raw XPS spectra are provided in
the supplementary information (Figs. S5 and S6) for comprehensive detail. It
appears that Al,Os reaches its maximum intensity in the HEA after cold
rolling and annealing at 620 °C for 2 h. However, the intensity of Cr,O;
decreases after corrosion in the HEA subjected to longer annealing.

Change in corrosion mechanisms as a function of
microstructural change

Atomic Ratio of metals Al Cr Fe Co Ni  Figure 8 shows the schematic illustration of the effect of annealing time on
@) 620 °C-2 h (Al,05) 9.7 29 1.0 1.0 10  corrosion behaviors of Aly;CoCrFeNi HEA alloy. Before corrosion,
620 °C-2 h Cr-rich oxide 0.6 3.4 10 0.7 03  annealingat 629 C for 2 h'results in Partlal' recrysta]hza_tlon, especially in
. : : areas that experienced significant strain during cold rolling. These recrys-
) 620°C-16h Crorich oxide 06 238 10 10 12 tallized regions exhibit equiaxed grains with low dislocation density.
Note: Atomic ratios are normalized refative to Fe (Fe = 1.0). However, most regions remain un-recrystallized due to the high degree of
a — iti Al 2 (b) m—— Base condition Crap
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Fig. 7 | Chemical states of passive films analyzed via XPS spectra. XPS spectra of a Al 2p and b Cr 2ps/, peaks for the base alloy and specimens annealed 2 h and 50 h, post-
corrosion. Al,Os intensity maximizes after 2 h, whereas Cr,O; dominates in the base condition.

Fig. 8 | Schematic of annealing time effects on Cr-rich oxide
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Fig. 9 | Initial microstructures and thermo-
mechanical processing schedule. a Secondary-
electron image of the alloy in the re-solutionized
base state, showing equiaxed FCC grains; b higher-
magnification view of the boxed region in (a);

¢ Thermomechanical schedule used in this study:
dual solutionizing, sequential 50% and 90% cold-
rolling, followed by isothermal holds at 620 °C.

C

( ) 1150°C/10 h 1150°C/0.5 h 1h
@
= 2h
£ o 4h
g 620°C/ 10h
g 16h
= 50 % 90 % 50h

—8 .
Re-solutionized Time
(base)
plastic deformation caused by cold rolling, retaining elongated grainsanda Methods

higher dislocation density. Moreover, Ni/Al-rich domains act as nuclei for
B2 phase formation.

After corrosion, NaCl solution dissolves the metal matrix, leading to
the formation of a protective AL,O; oxide layer due to its thermodynamic
stability. The Cr-rich phase forms on top of Al,Os because chromium also
has lower redox potential compared to other metal elements (Fe, Co and
Ni)* and higher diffusion coefficients in aluminum oxide™.

Roy et al.”* studied cationic and anionic diffusion through stable alu-
minum oxides in a model HEA using atomistic simulations. They found
that metal ions such as Cr, Fe, Co, and Ni have higher diffusion coefficients
than Al or O ions, indicating that these metal ions move more easily or
rapidly than Al or O ions. This finding aligns with our observations, where
we identified a Cr-rich phase on top of the ALO; layer.

For longer annealing time at 16 h, more regions were recrystallized
compared to the 2-h annealing condition, primarily exhibiting FCC
phases. In addition, B2 and sigma phases formed in some regions due to
their thermodynamic stability. After corrosion, due to the formation of
the B2 phase, aluminum preferentially formed B2 in the matrix rather
than Al,O; on the surface, compared to the 2 h condition. Cr,O; and
FeCr,0, spinel oxides were formed on the surface due to their ther-
modynamic stability”. The previous work on stainless steels and nickel-
based alloys in simulated pressurized water reactor conditions has
consistently shown the presence of these stable oxide phases con-
tributing to corrosion performance™ .

This microstructural evolution reveals a critical transition point in the
alloy’s performance. While the short-term annealing (1-2 h) optimizes the
balance between mechanical strength and corrosion resistance by facilitat-
ing Al-rich oxide films, the proliferation of B2 and sigma phases at longer
durations depletes the Al available for protective oxide formation. Despite
this shift, the A10.3CoCrFeNi HEA maintains superior corrosion resistance
compared to conventional stainless steel. Ultimately, these findings high-
light that optimizing the heterogeneous microstructure—specifically the
ratio of recrystallized regions to intermetallic phases—is the primary driver
for enhancing HEA performance in corrosive environments. Moving for-
ward, this mechanistic framework will be extended to elevated-temperature
critical pitting measurements to evaluate passivation stability under
aggressive oxidizing chloride environments.

Alloy fabrication and thermomechanical processing

The Alo.sCoCrFeNi alloy was synthesized via the traditional arc melting
method with an Arcast arc melter (Arc 200)*. The buttons were inverted five
times and remelted to ensure complete homogeneity. Figure 9 summarizes all
subsequent thermomechanical processing after alloy synthesis. First, a solu-
tionizing treatment at 1150 °C for 10 h was performed in a vacuum furnace to
homogenize the material and dissolve any pre-existing precipitates, resulting
in a single-phase FCC microstructure. Next, the material was subjected to
50% cold rolling to introduce significant plastic strain and increase dislocation
density. A second solutionizing step at 1150 °C for 0.5 h was then performed
after encapsulating the samples in titanium foil with a tantalum getter, fol-
lowed by water quenching to facilitate recrystallization. Figure 9 (a) and (b)
show the secondary electron images in the re-solutionized (base) condition,
exhibiting a single-phase FCC microstructure. Further deformation through
90% cold rolling increased the dislocation density and enhanced hardness.
Finally, the samples were isothermally annealed at 620 °C for periods ranging
from 1 to 50 h.

Microstructural characterization

Scanning electron microscopy (SEM) and electron backscatter dif-
fraction (EBSD) maps were prepared using a FEI Nova NanoSEM
equipped with an EBSD detector. X-ray diffraction (XRD) studies were
conducted at room temperature using a Rigaku SmartLab X-ray Dif-
fractometer with Cu Ka radiation (A=1.54 A, 45kV, 44 mA) to
determine the phase composition. Specific samples for transmission
electron microscopy (TEM) were prepared using a FEI Nova 200 dual-
beam focused ion beam (FIB) system and analyzed in a ThermoFisher
Talos F200X microscope operating at 200 kV.

Atom probe tomography (APT) specimens were prepared using a site-
specific focused ion beam (FIB) lift-out technique in an FEI Helios dual-
beam FIB-SEM. A Pt capping layer was deposited to protect against Ga ion
damage. Needle-shaped tips were fabricated from the uncrystallized region
of the HEA alloy (CR90 followed by annealing at 620 °C for 1h). Final
needle sharpening involved annular milling with progressively reduced ion
beam currents (30 nA down to 10 pA) and low-kV (2-5 kV) cleaning steps,
resulting in tips with apex radii of ~50-100 nm and minimized Ga ion
implantation.
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APT analysis was performed on a CAMECA LEAP 4000X HR system
using a 355 nm UV laser (200 pJ, 200 kHz) at a specimen base temperature
of 45 K, with a detection rate of 0.003 ions/pulse. The chamber pressure was
maintained below 2 x 10! Torr. Data reconstruction and comprehensive
quantitative analysis—including 3D compositional mapping, 1D con-
centration profiles, proximity histograms, and cluster analysis—were con-
ducted using CAMECA IVAS 3.8.2 software, with a detector efficiency
of ~36%.

X-ray Absorption Near Edge Structure (XANES) data were analyzed
using SIXPACK software, with the photoelectron energy origin (Eo)
determined by the first inflection point of the absorption edge jump. For
calibration, the main peak of the spectra was aligned with literature values
for the respective transition metals. Normalization of the spectra was per-
formed by adjusting the pre-edge area to 0 and the post-edge area to 1,
ensuring consistency and comparability between different spectra.

X-ray Photoelectron Spectroscopy (XPS) characterization was carried
out using a spherical capacitance analyzer with advanced detector tech-
nology and a high-performance Al X-ray monochromator source. All
survey spectra scans were taken at a pass energy of 58.7 eV. The data were
acquired overnight and analyzed using Perkin-Elmer XPS systems equipped
with SCAs and Omni FOCUS™ lenses.

Mechanical testing

Microhardness testing was performed using a standard Vickers micro-
hardness tester with a 500 g load applied for 10 s. An average of 10 indents
per condition was considered to ensure accuracy.

Electrochemical measurements

Electrochemical tests were conducted using a Biologic VMP-300
potentiostat controlled by EC-lab software in a conventional three-
electrode cell. The sample served as the working electrode with an
exposure area of approximately 0.079 cm?, a platinum mesh was used as
the counter electrode, and a saturated calomel electrode (SCE) served as
the reference electrode. Prior to polarization tests, the samples were
immersed in a 3.5 wt% NaCl solution for 3 h to stabilize the open circuit
potential.

Data availability

All data were available in the main text or the supplementary materials.
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