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HIGHLIGHTS

e CrMnFeCoNiAl, HEAs are manufactured through a cost-reduced large-scale process.
o Solid solution strengthening is observed with x = 0.30 Al content.

e Al improves general and pitting corrosion resistance of CrMnFeCoNi alloy.

e The pitting density is reduced with the addition of Al
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To develop new corrosion-resistant materials for structural applications, CrMnFeCoNiAly high-entropy alloys
(HEAs) are produced via semi-industrial induction casting. The study aimed to investigate the influence of Al
content (x = 0-0.3) on both microstructure evolution and corrosion properties of the alloys. X-ray diffraction and
scanning electron microscopy (SEM) analysis revealed that all the alloys exhibited a single-phase face-centered
cubic structure, with dendritic (Fe, Co, Cr-rich) and interdendritic (Mn, Ni, Al-rich) regions distinguished by
elemental segregations. Furthermore, the incorporation of Al atoms into the solid solution led to an increase in
the lattice parameter, indicating alloy strengthening. The corrosion resistance of the CrMnFeCoNiAly alloy
improved with higher Al addition. Electrochemical polarisation tests demonstrated a slight increase in the
corrosion potential (Eoy) and a significant decrease in the corrosion current density (icorr) upon Al addition.
Additionally, slower kinetics for pit nucleation (higher E’ o) were observed, particularly notable for x = 0.3.
Analysis of the corroded surfaces revealed a mixed degradation mechanism, involving pitting corrosion and
selective dissolution of the interdendritic zone, which decreased as the Al content of the HEA increased. These
findings underscore the effectiveness of Al addition in not only enhancing the mechanical properties of the
Cantor alloy through solid solution strengthening, but also improving its corrosion resistance.

1. Introduction These alloys exhibit a unique combination of properties attributed to the

interplay of four core effects: high mixing entropy, lattice distortion,

The discovery of high-entropy alloys (HEA) by Yeh et al. [1] and
Cantor et al. [2] in 2004 revolutionized the landscape of traditional
metallurgy. These breakthroughs introduced a novel approach to alloy
design, shifting attention towards the central region of the multicom-
ponent phase diagram, away from the edges where conventional alloy
development had been focused. Indeed, HEAs are characterised by their
complex composition, comprising at least five principal elements in
equimolar or near-equimolar proportions ranging from 5% to 35%.
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sluggish diffusion, and cocktail effect [3]. In particular, the equiatomic,
single-phase, face-centered cubic (FCC) CrMnFeCoNi Cantor alloy [2]
has garnered significant attention for its exceptional thermodynamic
stability and damage tolerance, evidenced by its high fracture toughness
and ductility at cryogenic temperatures [4,5]. Moreover, unlike tradi-
tional structural steels [6-9], recent studies have highlighted the
remarkable resistance of the Cantor alloy to hydrogen embrittlement
(HE) [10-12]. Its ability to maintain, or even enhance, strength and
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ductility in hydrogen-rich environments positions the Cantor alloy as a
promising candidate for future structural applications, particularly in
industries such as fusion, hydrogen fuel, and energy storage.

However, for HEAs to transition into practical engineering compo-
nents, it is imperative to explore feasible and scalable production
methods suitable for industrial applications. Although a wide range of
manufacturing routes have been developed for HEAs [13], most re-
ported studies rely on laboratory-scale fabrication methods [2,5,14].
These methods typically involve the use of high-purity raw materials,
are carried out in meticulously controlled atmospheres, and may include
subsequent remelting cycles. As a result, the materials produced exhibit
high microstructural refinement, minimal impurities, and nearly ho-
mogeneous chemical compositions. Nevertheless, extrapolating these
findings to HEAs fabricated under conditions typical of real structural
component production poses significant challenges.

Moreover, the practical applicability of Cantor alloy has consistently
been hindered by its low strength at room temperature [5,14] and
limited corrosion resistance in chloride solutions [15,16]. Extensive
efforts have been undertaken to address these constraints [17-19]. For
instance, strengthening effects resulting from solid solution, the for-
mation of a body-centered cubic (BCC) phase, or the precipitation of
intermetallic phases have been achieved by incorporating alloying ele-
ments such as Al, Ti, Sn, Zr, Si, and Mg [20]. Notably, the addition of
large-sized atoms like Al has been reported to significantly enhance the
strength and hardness of various HEAs through solid solution strength-
ening and the formation of a BCC phase [21-24]. Indeed, depending on
the Al content within the CrMnFeCoNiAl system three distinct micro-
structural regimes have been identified [25,26]. For Al contents below
7-8 at.% an equiaxed, dendritic, single-phase FCC solid solution is
observed. With increased Al content, a BCC-rich phase appears along
grain boundaries and interdendritic zones. Further addition of Al leads
to the transformation of the dendritic FCC phase into a lamella-like
structure, with the BCC phase becoming noticeable in inter-side-plate
areas. Eventually, for Al contents exceeding 16 at.% a single-phase
BCC structure becomes predominant. The transition from a
single-phase FCC to a BCC structure has been attributed to a significant
increase in the lattice distortion energy with Al addition.

On the other hand, it is widely recognised that Al plays a pivotal role
in enhancing the oxidation behaviour of Ni-based alloys [27,28].
However, the influence of Al addition on the corrosion resistance of
HEAs in chloride-containing aqueous environments remains a topic of
discussion. Some studies have indicated a decrease in corrosion resis-
tance in alloys such as FeCoNiCrCug sAlx (x = 0.5-1.5) [29] and CoCr-
FeNiAly (x = 0-2) [30,31] with increasing Al content, attributed to the
formation of a BCC phase. Conversely, other research has reported su-
perior corrosion properties in alloys like Al;CoCrFeNi (x = 0.3-0.9) [32]
and CoNiVAl; (x = 0-0.3) [33] due to the addition of Al. Hence,
considering that corrosion behaviour is influenced by various factors
including the testing environment, microstructure, phase composition
and processing route of the alloy [34], individual studies tailored to each
HEA system are necessary.

The present study has a dual purpose. Firstly, it aims to produce a
Cantor HEA using a semi-industrial manufacturing route — specifically,
induction melting — in an uncontrolled atmosphere while utilizing fer-
roalloy feedstock. This approach mirrors real component fabrication
conditions, with the goal of reducing fabrication costs and the carbon
footprint of the alloy. Secondly, the study seeks to investigate the in-
fluence of Al addition on the microstructure and corrosion resistance of
the aforementioned semi-industrially manufactured Cantor alloy. To
achieve these objectives, CrMnFeCoNiAl, HEAs with three different Al
contents (x = 0, 0.03 and 0.3) were fabricated through a semi-industrial
induction-melting process. Microstructural analysis of the HEAs,
including lattice parameter determination, was conducted using X-ray
diffraction (XRD), optical microscopy (OM), and scanning electron mi-
croscopy (SEM) equipped with energy-dispersive X-ray spectroscopy
(EDX). Furthermore, the corrosion behaviour was assessed via
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Table 1
Chemical composition (wt.%) of the raw FeCr ferroalloy used in the present
study measured by ICP-MS.

ICP Cr Fe C S

FeCr 69.35 30.60 0.03 0.02

potentiodynamic polarisation and cyclic polarisation measurements in a
0.6M NaCl aqueous solution. Finally, a comprehensive SEM analysis of
the corroded samples was conducted to gain insight into the corrosion
mechanisms of the fabricated HEAs.

2. Materials and methods
2.1. Material preparation

Three high-entropy alloys with nominal compositions of CrMnFe-
CoNiAly (where x represents the molar ratio of Al, specifically chosen as
x =0, 0.03, and 0.30) and denoted as Al hereafter, were synthesized via
induction melting in an air atmosphere at a temperature of 1680°C. A
Radyne induction furnace, equipped with an 8-turn coil having an inner
diameter of 170 mm and a total length of 290 mm, was employed for
alloy preparation. The furnace had a maximum power of 15 kW and
operated at a frequency range of 20-60 kHz. The raw materials
employed consisted of 30 wt.% Fe and 70 wt.% Cr ferrochrome (com-
plete composition in Table 1), along with pure metals of Mn, Co, Ni and
Al. The Al content was intentionally limited to low concentrations (<7
at.%) to maintain the single-phase FCC structure, which is beneficial for
corrosion resistance, and to prevent the precipitation of secondary
phases that could lead to material embrittlement. 30 kg of each alloy
was subsequently cast into a metallic die and solidified at an approxi-
mate cooling rate of 3°C/s. Cylindrical ingots with a diameter of 70 mm
and a total length of 150 mm were obtained from the as-cast material,
and no remelting of the alloys was performed. The actual chemical
compositions of the alloys, closely matching the nominal values, were
determined using inductively coupled plasma mass spectrometry (ICP-
MS) (Table 2). From the as-cast cylindrical ingots, disks with a diameter
of 70 mm and a thickness of 8 mm were extracted. Each disk was then
cut into three identical pieces using a precision cutting machine Metkon
Metacut 251 for microstructural and electrochemical analysis. The
entire manufacturing process for the HEAs, including sample extraction,
is schematically illustrated in Fig. 1.

2.2. Microstructural characterization

The samples were wet-ground up to 4000 SiC grit paper (5 pm grain
size) and mechanically polished using a diamond suspension with 3 pm
diameter particles. The microstructures of the samples were etched
using Kalling’s N°2 chemical etchant. Subsequently, the samples were
cleaned with alcohol and deionized water and dried with compressed
air. The microstructure and chemical composition of the HEAs were
evaluated using an optical microscope (OM) Leica DM400 M and a JEOL
JMS-6400 scanning electron microscope (SEM) equipped with an
energy-dispersive X-ray analysis (EDX) detector INCA X-sight Serie Si
(Li) pentaFET from Oxford. X-ray diffraction (XRD) analysis was per-
formed using a PHILIPS X’PERT PRO X-ray diffractometer with Cu-Ka
radiation (A = 1.5418 A) with Bragg-Brentano geometry, a working
voltage of 40 kV and an operating current of 40 mA. The scanning range
was set from 20° to 90° of 26 values, with a scanning speed of 1°/min.
The diffraction patterns were indexed using the PDF-4+ database from
the International Centre for Diffraction Data (ICDD). Diffracted peaks
were fitted by the WinPLOTR profile fitting procedure, employing a
pseudo-Voigt function to determine the lattice parameter of the alloys.
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Table 2
Chemical composition (at.%) of the three CrMnFeCoNiAly (x = 0, 0.03, 0.30) high-entropy alloys.
Nominal Al Cr Mn Fe Co Ni C S
Aly 0.00 20.00 20.00 20.00 20.00 20.00 - -
Alg.os 0.60 19.88 19.88 19.88 19.88 19.88 - -
Alp 30 5.70 18.87 18.87 18.87 18.87 18.87 - -
ICP
Aly 0.00 19.21 19.41 20.72 19.54 20.96 0.14 0.02
Alp o3 0.66 19.30 19.79 20.58 19.50 20.06 0.09 0.02
Alp 30 5.68 18.30 18.81 19.58 18.37 19.10 0.14 0.02
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Fig. 1. Schematic representation of the induction melting, casting and characterization process of the CrMnFeCoNiAly (x = 0, 0.03, 0.30) high-entropy alloys.

2.3. Corrosion measurements

Potentiodynamic polarisation and cyclic polarisation tests were
conducted in an aqueous 0.6M NaCl solution (pH = 6.0) using a three-
electrode electrochemical AVESTA-type cell. The cell contained an
Ag/AgCl reference electrode inserted in a lugging capillary, a platinum
counter electrode, and the specimen as the working electrode. Prior to
each corrosion experiment, the samples were wet-ground with a series of
SiC papers ranging from 80 to 4000 grit, thoroughly cleaned with
alcohol, acetone, and deionized water, and dried using compressed air.
During the corrosion experiments, the potential (E) was controlled and
the current (I) was measured using an Ivium Vertex.One potentiostat/
galvanostat. Current density values (i) were obtained by dividing the
current by the exposed surface area of the specimen (1 cm?). Before
commencing the tests, the open circuit potential (OCP) was recorded by
immersing the samples in the solution for 3300 s.

Potentiodynamic polarisation tests began at an initial potential of
—250 mV vs. OCP and were stopped when the current density of the
sample reached 1 mA/cm?. For the cyclic polarisation tests, the sample
was cathodically polarized to —250 mV vs. OCP, and a cathodic-to-
anodic scan was performed until the current density reached 5 mA/
crnz, after which the scan was reversed back to —250 mV vs. OCP. All
tests were conducted at a scan rate of 0.167 mV/s, at room temperature
and repeated three times to ensure result repeatability.

2.4. Analysis of corroded surfaces

The surface morphology of the specimens after cyclic polarisation
was examined using SEM. EDX compositional analysis was conducted to
provide a more detailed characterization of the corroded surfaces. The
extent of corrosion was quantified by determining the fraction of
corroded area using ImageJ software. SEM images were converted to 8-
bit format and a thresholding analysis function was applied to differ-
entiate black pixels (indicating corroded areas) and grey pixels

(representing the undamaged surface), resulting in a black-and-white
binary image. The percentage of corrosion area fraction was estimated
by calculating the ratio of the black area to the total area in each SEM
binary image. For each tested sample, five images, captured at various
magnifications, were analyzed.

3. Results and discussion
3.1. Crystal structure

The XRD patterns of the as-cast CrMnFeCoNiAly high-entropy alloys
are presented in Fig. 2. Diffracted peaks were indexed to the (111), (200)
and (220) crystallographic planes of the prototype FCC phase (PDF: 00-
047-1417), consistent with the equiatomic Cantor alloy [2].

The absence of additional peaks in the diffraction patterns shown in
Fig. 2a suggests that the original FCC crystal structure has not undergone
any phase transformation, such as the precipitation of BCC phase or
intermetallic phases, with the addition of Al. Thus, the desired single-
phase FCC solid solution of CrMnFeCoNi high-entropy alloy was ob-
tained for all the HEAs manufactured in this work, regardless of the Al
content (<6 at.%), consistent with results from previous studies [35].
Furthermore, the clear shift to lower 260 values of the (111) peak for the
Al 3¢ alloy (Fig. 2b), not observed in Al o3, can be associated with an
increase in the lattice constant of the single-phase structure.

Fig. 2c shows the Bragg peaks corresponding to the (111) plane of the
FCC structure for each alloy, fitted to a Pseudo Voigt function. The lat-
tice parameter was estimated from the fittings, following Bragg’s law for
a cubic crystal structure. The evolution of the lattice parameter with Al
content is then plotted in Fig. 3a. Firstly, it can be observed that the
value determined for Aly is 3.6012 A, which is very close to the original
value of 3.59 A reported by Cantor et al. [2], confirming the accuracy of
the fitting. Secondly, the lattice parameter remains nearly constant for
Al o3, while an increasing trend is observed with the further addition of
aluminium (Alg 3). Overall, the values of the lattice constant obtained in



L. Armendariz et al. Materials Chemistry and Physics 318 (2024) 129316

(a) G5t * FCC (b) i
L =0 o /N
= = :
& & |
2 2 i
B7) X B2 Al i
E) Al0.03 J L E_) 0.03 i
= E :
Al J |
20 30 40 50 60 70 80 90 42 43 44 45
20 (degree) 20 (degree)
(cl) Al —exp (c2) Algogs ~ ——exp (c3) Algzg  —exp
s e - - - fit - - ~fit
—dif —dif —dif
£
o
2
&
2
=
(111) (111) (111)
N R R,
AN AN A ]
42 43 44 45 42 43 44 45 42 43 44 45

20 (degree) 20 (degree) 20 (degree)

Fig. 2. (a) XRD patterns of as-cast CrMnFeCoNiAly (x = 0, 0.03, and 0.30) high-entropy alloys. (b) Magnified pattern showing peak shifting with Al addition. Bragg
peaks of the FCC (111) plane reflection fitted with a Pseudo-Voigt function for (c1) Alg, (c2) Alg o3 and (c3) Al 30.
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L. Armendariz et al.

Table 3
Chemical composition (at.%) of the CrMnFeCoNiAly (x = 0, 0.03, 0.30) high-
entropy alloys measured by EDX.

HEA Al Cr Mn Fe Co Ni

Aly - 20.03 19.66 20.29 19.97 20.05
Alp o3 1.09 19.74 20.04 20.16 19.54 19.43
Alp 30 6.76 18.70 18.59 19.28 18.32 18.35

this work for semi-industrially manufactured CrMnFeCoNiAly
high-entropy alloys are comparable to those previously reported in the
literature for equivalent alloys [25,26,35] obtained through more
controlled, small-scale laboratory processes.

The introduction of Al, with a relatively larger atomic radius (143 p.
m.) compared to the similar radii of other constituent elements
(125-128 p.m.), induces an apparent lattice distortion into the alloy.
This phenomenon is explained by the atomic size mismatch effect
described by the § parameter [36]:

2

5= > a|1-" 68)
=1 Yoo
=1

where n represents the number of components, ¢; and ¢; denote the
atomic percentages of the i# and j"* elements, respectively, and r; and r;
represent the atomic radius of the i and j* components.

As observed in Fig. 3b, the introduction of Al atoms into the
CrMnFeCoNiAly alloy increases the § values from 0.92% (x = 0) to
3.18% (x = 0.3), indicating a larger lattice distortion. These values meet
the criteria for a randomly distributed single-phase solid solution (5 <
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6.6%) [36], as evidenced in the XRD patterns (Fig. 2a). Consistent with
previous studies, the lattice distortion measured in this work for Al 3
suggests a solid solution strengthening effect - through impeding dislo-
cation motion -, which will result in increased hardness, yield strength
and ultimate tensile strength [25,26,35,37].

3.2. Microstructural analysis

The overall chemical composition of each high-entropy alloy was
determined through EDX analysis and is documented in Table 3. These
values closely align with the desired nominal composition and are
similar to those obtained by ICP measurements (Table 2), confirming a
successful induction melting process. Optical micrographs depicting the
as-cast microstructures are illustrated in Fig. 4. The three alloys under
examination exhibit a single-phase dendritic solidification texture,
characterised by the absence of significant porosity. EDX mapping
(Fig. 5) revealed elemental segregation between dendritic (D) and
interdendritic (I) regions in all three alloys. The detailed composition of
these regions for Aly and Alg 30 is given in Table 4. In general, dendrite
cores are enriched in Cr, Fe and Co, while interdendritic regions show
higher concentrations of Mn, Ni and Al. This behaviour arises from the
nature of the solidification process, where elements with higher melting
points (Tycr = 1907°C, Tre = 1538°C and T, co = 1495°C) solidify
first, predominantly within dendritic areas. Conversely, elements with
lower melting points such as Ni, Mn and Al (T, ni = 1455°C, Ty =
1246°C and T, | = 660°C), segregate into interdendritic areas, leading
to chemical inhomogeneities between these two regions [38]. The
phenomenon of segregation between dendritic and interdendritic spaces
has been previously documented in as-cast CrMnFeCoNi high-entropy
alloys [2,38,39].

(b) Al o3

Fig. 4. Optical microscope micrographs of as-cast CrMnFeCoNiAl, (x = 0, 0.03, 0.30) high-entropy alloys (a) Aly, (b) Alg 3 and (c) Al 3.
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(a) Alg
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Fig. 5. SEM BSE micrographs and compositional EDX mappings of constituent elements for CrMnFeCoNiAly (x = 0, 0.03, 0.30) high-entropy alloys (a) Aly, (b) Aly .03
and (c) Al 3o. Dark spots correspond to Mn—Cr oxides in Aly and Al-N-rich particles in Aly o3 and Alg 30 alloys.

Table 4
Chemical composition (at.%) for the dendritic (D) and interdendritic (I) regions
of the CrMnFeCoNiAly (x = 0 and 0.30) high-entropy alloys measured by EDX.

Additionally, near-uniform and randomly distributed inclusions
(dark spots) throughout the FCC matrix are observed in backscatter
electron micrographs (BSE) (Fig. 5). These particles were analyzed via
EDX spot analysis. According to their chemical composition, provided in

HEA  Zone Al Cr Mn Fe Co Ni Table 5, they represent Mn-Cr oxides (potentially MnCry04 [40]) in Al
Aly D _ 20.3 + 151+ 2324 2214+ 193+ alloy (Fig. 5a) and Al-N-rich particles (potentially AIN [41]) in Alyo3
0.1 0.3 0.4 0.2 0.2 and Al 30 alloys (Fig. 5b and c¢). However, for a more accurate charac-
I - 158+ 262+ 156+ 175+ 249+ terisation of these particles, additional methods such as selected-area
0-2 0.1 0-6 0-2 0.3 electron diffraction (SAED) using transmission electron microscopy
Alpzo D 50+ 195+ 163+ 212+ 199+ 181z
01 03 0.7 0.7 0.3 0.5 (TEM) should be employed. The formation of these particles was asso-
I 72+ 135+ 257+ 126+ 150+ 260+ ciated with the absence of a protective atmosphere, e.g., oxygen
0.2 0.7 0.9 0.8 0.7 1.2 contamination, during the casting process [13,16]. It is worth
mentioning that, despite the detection of Al-rich particles in EDX maps,
the measured Al content in both dendritic and interdendritic regions
Table 5
Chemical composition (at.%) of particles detected in the CrMnFeCoNiAl, (x = 0, 0.03, 0.30) high-entropy alloys measured by EDX.
HEA Particle N (o} Al Cr Mn Fe Co Ni
Aly Mn-Cr oxide - 56.15 - 22.27 13.23 2.99 2.68 2.68
Al o3 Al-N-rich particle 53.45 - 43.43 0.28 2.31 - 0.21 0.32
Al 30 Al-N-rich particle 51.04 - 48.28 0.15 0.19 0.17 0.17 -
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Fig. 6. (a) Open circuit potential (OCP) measurements and (b) potentiodynamic polarisation curves of the CrMnFeCoNiAly (x = 0, 0.03, 0.30) high-entropy alloys in

a 0.6M NacCl solution at room temperature.

Table 6

Electrochemical parameters of CrMnFeCoNiAl, (x = 0, 0.03, 0.30) high-entropy alloys obtained by Tafel extrapolation method of the potentiodynamic and cyclic

polarisation curves.

HEA B Ba Eeorr corr Epit E corr
(V/dec) (V/dec) (Vag/agc) (A/cm?) (Vag/agaD) (Vag/agaD)
Aly 0.122 0.104 —0.285 3.82 x 1077 —0.133 —0.346
Alg o3 0.131 0.145 —-0.272 3.69 x 1077 —0.145 —0.336
Alp 30 0.146 0.104 -0.267 2.86 x 1077 —-0.134 —0.263

(Table 4) and the increase in lattice parameter for Alg 3¢ (Fig. 3a) suggest
that Al atoms were successfully incorporated into the solid solution of
the alloys. Moreover, Al-N-rich particles in Alg g3 and Alg 3o were not
detected in XRD diagrams (Fig. 2), suggesting a particle content below
the XRD detection limit.

3.3. Corrosion behaviour

Electrochemical experiments were conducted in a 0.6M NaCl solu-
tion (pH = 6.0) at room temperature to investigate the influence of Al
addition on the corrosion behaviour of CrMnFeCoNiAly high-entropy
alloy. Open circuit potential (OCP) measurements are depicted in
Fig. 6a. While Alp and Al o3 alloys exhibit similar open circuit behaviour
and rapidly stabilise - within less than 1000 s - at an OCP value of
approximately —235 mVag/agcl, the curve corresponding to Alg 3o alloy
reveals a continuous increase in the OCP towards more positive values,
reaching around —210 mVag/agc1 after approximately 1h, indicating
surface passivation.

The potentiodynamic polarisation curves of the CrMnFeCoNiAly,
high-entropy alloy with three different Al contents are presented in
Fig. 6b. A gradual shift of the polarisation curves to more noble poten-
tials and lower current densities is observed with the increase in Al
content. The electrochemical parameters related to the curves, deter-
mined by the Tafel extrapolation method [42], are compiled in Table 6,
which includes the cathodic Tafel slope (f,), anodic tafel slope (43,),
corrosion potential (Ecor;) and corrosion current density (icor). It is
observed that E.o; and icorr are nearly identical for Alg and Al o3, sug-
gesting that minor Al additions (approximately 0.66 at.%) may not
significantly affect the corrosion resistance of the alloy. However, in line
with the trends observed in Fig. 6b, an increase in Al content to
approximately 5.68 at.% (Alg 30) resulted in a marginal increase in Eqr
and a 25% decrease in icorr-

The potentiodynamic polarisation results from Fig. 6b also reveal
that all three alloys exhibit similar curve shapes, with a small passiv-
ation region associated with the formation of a protective oxide film on
the metal surface. The recorded current fluctuations along the anodic
branch suggest the occurrence of metastable pitting - nucleation and
repassivation of pits - in all the alloys [43,44], irrespective of their Al
content. This phenomenon aligns with observations in the literature for
other high-entropy alloys exposed to saline environments [15,45,46].
Moreover, an increase in current density after the passive region in-
dicates the nucleation of stable pits in all the alloys. Pit growth becomes
stable when the potential is sufficiently high - more positive than the
pitting potential (Ep;) - to sustain the continuous dissolution of the metal
[43]. As shown in Table 6, Ey;; was practically similar in all the alloys,
even for the largest Al content of ~5.66 at.%. This finding contradicts a
previous study that suggested increased pitting corrosion with Al addi-
tion in an AlyCoCrFeNi Mn-free high-entropy alloy [45]. However, the
authors attributed this behaviour to the presence of the BCC phase,
which was not found in the high-entropy alloys studied in this work (see
Fig. 2a).

To further investigate the susceptibility to pitting and the restoring
behaviour of the alloys, cyclic polarisation measurements were con-
ducted, and the resulting curves are shown in Fig. 7. Arrows indicate the
direction of the potential scan. The positive hysteresis loop observed in
Fig. 7 a, b and c indicate that all three alloys are prone to pitting
corrosion. Notably, in each case, E¢,; is attained during the reverse scan
before the hysteresis loop is completed, resulting in more negative sec-
ond corrosion potential values (E’corr), as displayed in Table 6. This
implies that pits continue to grow and propagate during reverse polar-
isation. However, it is evident that the potential difference between
forward and backward corrosion potentials (AE = Ecor —E,,,) de-
creases significantly with the increase in Al content and becomes
approximately zero for Al 30, suggesting reduced propagation of pitting
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Fig. 7. Cyclic potentiodynamic polarisation curves for CrMnFeCoNiAly (x = 0, 0.03, 0.30) high-entropy alloys (a) Aly, (b) Alg o3 and (c) Alg 30.

with Al addition. In fact, a smaller area of the hysteresis loop indicates
slower growth of the nucleated pits and an enhancement in the restoring
ability of the damaged protective layer [47,48].

Overall, the results from the OCP, potentiodynamic, and cyclic
polarisation experiments suggest that the addition of an adequate
amount of Al can improve the corrosion resistance of the CrMnFeCoNi
alloy.

3.4. Analysis of the corroded surfaces

To gain a deeper insight into the influence of Al addition on the
corrosion behaviour of CrMnFeCoNiAly alloys, the surfaces of the sam-
ples after cyclic polarisation were analized using SEM-EDX. Surface
morphology and EDX elemental mapping of Alg Alg o3 and Alg 3o are
presented in Fig. 8. In Aly samples, small spherical pits were predomi-
nantly generated in the Ni and Mn enriched areas of the FCC phase
(Fig. 8a). Additionally, two regions of darker contrast are observed,
corresponding to selective dissolution along the interdendritic region. A
similar corrosion mechanism is observed in Fig. 8b for the Alg o3 alloy,
albeit with considerably lower pit density, shallower pits, and narrower
selectively dissolved areas. Regarding the Al 3¢ alloy, Fig. 8c reveals the
absence of significant pitting (Al elemental mapping shows that the
circular dark spots correspond to Al-enriched particles) and only a small,
dissolved area is observed.

The EDX micrographs presented in Fig. 8 suggest that pits initiated
within the interdendritic regions of the Aly and Alj o3 alloys. The
observed interdendritic pitting may be attributed to the elevated Mn
content in these areas. Mn is more electrochemically active compared to
the other elements, thus the presence of Mn-rich interdendrites along-
side Mn-depleted (Cr-rich) dendrites creates an active/noble cell when
immersed in a chloride solution, leading to micro-galvanic action.
Furthermore, due to the lower Cr content in the interdendritic space, the
oxide film may be depleted of chromium in those regions, resulting in
compromised performance of the protective layer [49]. The synergistic
effect of these phenomena causes chloride ions to preferentially attack
Mn-rich (Cr-depleted) areas, leading to the nucleation of pits. Melia et al.
[50] observed a similar preferential corrosion morphology along the
inter-cellular Mn and Ni-rich regions for an additively manufactured
CoCrFeMnNi high-entropy alloy.

To estimate the extent of corrosion observed in Fig. 8, the corroded
area fraction, A., was determined though image processing of multiple
SEM images of the corroded surfaces. Fig. 9a shows examples of the
black-and-white binary images generated with ImageJ to differentiate
the corroded from the undamaged areas. Fig. 9b clearly illustrates a
reduction in the corroded area fraction with increasing Al content,
suggesting that Al plays a significant role in reducing the alloy’s sus-
ceptibility to pitting in a 0.6M NacCl solution.

To validate this assumption, Fig. 9c displays the potential difference
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Fig. 8. SEM micrographs and EDX mapping of the corroded surfaces of CrMnFeCoNiAly (x = 0, 0.03, 0.30) high-entropy alloys (a) Alg, (b) Al o3 and (c) Al 3¢ after

cyclic polarisation testing.

between the corrosion potential and the second corrosion potential

(AE = Ecorr — E,,,) against the corroded area fraction of each alloy. A
linear correlation (R% > 0.99) is observed, indicating a decrease in the
corroded area fraction with narrower AE values. The reduction of AE is
mainly associated with greater resistance to pitting propagation or an
enhanced pitting restoring ability of the alloy [42,47,51]. Therefore, this
trend confirms that the addition of Al to CrMnFeCoNiAl, HEA indeed
improves the alloy’s resistance against pitting corrosion, thereby

enhancing its overall corrosion resistance.
4. Conclusions

In the present study, we investigated the influence of aluminum (Al)
content on the microstructure and electrochemical corrosion properties
of CrMnFeCoNijAlx high-entropy alloys (HEAs). Three alloys with
varying Al content (x = 0, 0.03, 0.30) were successfully manufactured
via a semi-industrial induction casting process, utilizing ferroalloy
feedstock and without a protective atmosphere. Our conclusions are
summarized as follows.

e The manufactured HEAs were successfully cast achieving the target
nominal compositions and exhibited adequate integrity with no
significant porosity.

Microstructural characterization revealed a single-phase FCC crystal
structure in all alloys, with no phase transformation observed with
increasing Al content. Dendritic structures were observed, with
micro-segregations between dendrites (enriched in Fe, Co, Cr) and
interdendritic regions (enriched in Ni, Mn and Al).

Addition of Al to the Cantor alloy increased the lattice parameter in
the Alg 39 alloy suggesting a strengthening effect.

Electrochemical measurements indicated improved corrosion resis-
tance in the Alg 30 HEA compared to the Al alloy, characterised by a
higher corrosion potential and lower corrosion current.

Pitting corrosion was observed, along with selectively corroded
interdendritic areas. However, the severity of corrosion was reduced
in the Alg 3o alloy, which exhibited lower pit density, a smaller
corroded area fraction, and narrower potential gap, attributed to an
improved repassivation ability of the pits.

Overall, the manufactured Al-containing CrMnFeCoNiAl, HEAs,
demonstrated enhanced corrosion resistance combined with the micro-
structural features that could increase the strength of traditional Cantor
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