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• The microstructural evolution of
AlxCoCrFeNiTiy CCAs is investigated in
details using XRD, SEM and TEM.

• Good corrosion resistance of these CCAs
in 0.6 M NaCl is revealed, with fine
pitting as the main type of corrosion.

• The composition of the surface films
was elaborated by XPS which provided
new insights on the corrosion mecha-
nisms of CCAs.
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The microstructure of the AlxCoCrFeNiTiy high entropy alloy (HEA) system was studied using X-ray dif-
fraction, scanning and transmission electron microscopy. A microstructural evolution from single-phase
FCC to FCC + BCC + B2 occurred with increasing Al content. The addition of a comparatively small
amount of Ti led to the formation of a Fe-Cr sigma phase. The corrosion characteristics of the alloy system
were studied across different compositions, with such an alloy system exhibiting a high resistance to
general corrosion, superior to stainless steel 304L in 0.6 M NaCl. Cyclic potentiodynamic polarisation
suggested that the HEAs studied underwent pitting corrosion following breakdown. From exposure test-
ing, it was seen that very fine pitting, although not extensive in nature, was the principle form of corro-
sion for AlxCoCrFeNiTiy after prolonged immersion. There was little evidence of microgalvanic corrosion
or selective dissolution of a particular phase observed, despite the heterogeneous microstructure and
significant elemental segregation in the alloys studied. The composition of the surface films formed
upon the AlxCoCrFeNiTiy alloys were elaborated by X-ray photoelectron spectroscopy, which provided
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new and further insights regarding the surface films of such alloys. The study herein contributes to an
emerging understanding of the corrosion characteristics of high entropy alloys.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
Nominal composition (at.%) of each alloy in the AlxCoCrFeNiTiy alloy system.

Alloy Nominal composition/at.%

Al Co Cr Fe Ni Ti

CoCrFeNi 25 23 25 25
Al0.3CoCrFeNi 6.98 23.26 23.26 23.26 23.26
Al0.6CoCrFeNi 13.04 21.74 21.74 21.74 21.74
Al0.9CoCrFeNi 18.37 20.41 20.41 20.41 20.41
Al0.9CoCrFeNiTi0.5 16.67 18.52 18.52 18.52 18.52 9.26
1. Introduction

High entropy alloys (HEAs) are an emerging class of alloys that are
recently being extensively researched [1–3]. Unlike conventional engi-
neering alloys, such as steels [4], aluminium alloys [5], and nickel-
based alloys [6], which are comprised of one or two principle elements,
HEAs are solid solution alloys with equal or near equal atomic ratio of
several alloying elements [7]. It was originally purported that a high en-
tropy of mixing stabilises solid solution phases by lowering the free en-
ergy, based on the following equation:

ΔGmix ¼ ΔHmix−TΔSmix ð1Þ

where ΔG denotes the Gibbs free energy of mixing, ΔH denotes the en-
thalpy of mixing, T denotes the absolute temperature, and ΔS denotes
the entropy of mixing [8]. However, a high entropy of mixing does not
necessarily assure the formation of a simple solid solution; with most
so-called HEAs actually containing intermetallic phases and thus lead-
ing to a low configurational entropy. As a consequence, the more uni-
versal description of ‘compositionally complex alloys’ (CCAs) has
emerged to describe such complex alloy systems [9,10]. Some CCAs
have been reported to possess superior properties, such as high strength
[11], high damage tolerance [12–15], highwear resistance [16,17], good
corrosion resistance [18–21] as well as high thermal stability [22,23],
making CCAs candidates for many potential applications, including
high temperature structural materials, and wear- and abrasion-
resistant coatings.

The CoCrFeNi-based family of CCAs has been reported by numerous
authors, and their focus to date has principally been microstructures
and mechanical properties. The CoCrFeNi alloy is typically a single-
phase FCC solid solution alloy, with a relatively low Vickers hardness
of 120 HV [24]. In certain instances, when the CoCrFeNi alloy was pre-
pared by spark plasma sintering, it was found to contain a Cr-rich
sigma phase as a secondary phase [18,25]. The addition of Al
[24,26–29] and Ti [16,30–33] to CoCrFeNi-basedCCAswere noted to im-
prove mechanical strength, whilst lowering alloy density. The addition
of Al to CoCrFeNi transforms the alloy from a single FCC to a mixture
of BCC and B2 phases, where the B2 phase is an ordered (non-random)
BCC structure [34]. In other cases, the inclusion of Al in CoCrFeNi-based
CCAs leads to the formation of eutectic microstructures [35–37]. The in-
fluence of Ti addition on the microstructural evolution of the CoCrFeNi
alloy has also been studied [32]. Titanium is metallurgically active and
promotes the formation of the Ni2.67Ti1.33-type R-phase, the FeCr-type
sigma phase and the Co2Ti-type Laves phase in the CoCrFeNiTi0.5 CCA
[32]. These aforementioned phases contribute to a much higher com-
pressive strength for CoCrFeNiTi0.5 (1502 MPa) compared to that of
CoCrFeNi (871 MPa); however, this is concomitant with a significantly
lower ductility (20% strain to fracture) than that of CoCrFeNi (75% strain
to fracture) [32].

However, in terms of corrosion of the AlxCoCrFeNi alloy system, re-
search in the literature to date is limited. Researchers have previously
reported the electrochemical properties of AlxCoCrFeNi alloys in sulfuric
acid and found that Al additions are detrimental to the corrosion resis-
tance of this CCA system, especially when the testing temperature ex-
ceeds 27 °C [38]. The apparently inferior corrosion characteristics of
Al-containing CoCrFeNi alloys have been attributed to the poor protec-
tive capabilities of the porous Al-oxide based film that form upon the
surfaces of such alloys [38]. In addition, studies regarding the influence
of Al addition to CoCrFeNi alloys in dilute chloride-containing solutions
are very limited to date, with the corrosion mechanisms of such CCAs
being mostly unknown. The influence of Ti on the corrosion of CCAs is
also unclear. In the present work, in the case of microstructural evolu-
tion analysis, AlxCoCrFeNiTiy CCAs were studied extensively using scan-
ning electron microscopy (SEM), in addition to conventional
transmission electron microscopy (TEM) and scanning transmission
electronmicroscopy (STEM). In addition, the electrochemical properties
of AlxCoCrFeNiTiy in 0.6 M NaCl are presented and the corrosion mech-
anismof the alloy systemhas been investigated. An initial study of Ti ad-
ditions (y= 0.5) to Al0.9CoCrFeNi CCAwas also carried out to study the
effect of both Al and Ti on the microstructure and corrosion of the
CoCrFeNi CCA. Furthermore, X-ray photoelectron spectroscopy (XPS)
characterisation of the surface films formed upon these CCAs has been
performed, to relate the composition of the passive film to its corrosion
characteristics.

2. Material and methods

2.1. Alloy production

Arc melting in a reducing argon atmosphere was employed to
produce the CCAs tested herein. The CCAs were melted on a water-
cooled copper hearth, with the starting materials being pure
(99.9 wt%) metal chunks. The ingots were remelted five times to im-
prove the homogeneity. As-cast CCAs were examined in this study,
and the specimens did not undergo any thermal or mechanical treat-
ment. The nominal composition of each CCA is also summarised in
Table 1.

2.2. XRD analysis

X-ray diffraction (XRD)was performed to determine the phase con-
stitution of as-cast CCAs. XRD data were collected using a Philips
PW1130 X-ray diffractometer with a Cu target operated at 40 kV and
25 mA. The scan range was from 10° to 100° at the rate of 1.5°/min.
The interplanar spacings (d-spacings) of the CCAs are unique and can-
not be found in any powder diffraction database. Therefore, the d-
spacings for the individual peaks were calculated using the collected
XRD traces and matched to the relevant crystal structures following
the appropriate selection rules.

2.3. Microstructural analysis

Specimens prepared from the manufactured alloys were also
characterised using scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM). For SEM, the specimenswere polished
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Fig. 1. XRD profiles of as-cast (a) CoCrFeNi, (b) Al0.3CoCrFeNi, (c) Al0.6CoCrFeNi, (d) Al0.9CoCrFeNi and (e) Al0.9CoCrFeNiTi0.5 alloys.

Table 2
Lattice parameters of the main constituent phases of the AlxCoCrFeNiTiy alloy system.

Alloy Lattice parameter/Å

FCC BCC B2

CoCrFeNi 3.57 ~ ~
Al0.3CoCrFeNi 3.57 ~ ~
Al0.6CoCrFeNi 3.59 2.87 2.87
Al0.9CoCrFeNi 3.59 2.87 2.87
Al0.9CoCrFeNiTi0.5 ~ 2.86 2.90
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to a 1 μm finish using diamond paste, followed by final polishing using a
0.05 μmalumina suspension. Imagingwas carried out using an FEI Nova
NanoSEM 450 in backscattered electron (BSE) mode. Specimens for
TEM were prepared by focused ion beam milling, using an FEI Quanta
3D FEG. This involved the preparation of thin foils milled from bulk
CCA specimens via Ga-ion milling, followed by a ‘lift-out’ procedure
whereby the thin foils were placed onto a Cu grid. Each foil was then
subject to further ion beam thinning to a thickness of ~100 nm. TEM
characterisation was carried out using a conventional TEM (FEI Tecnai
G2 T20) and also high-resolution scanning TEM (FEI Tecnai G2 F20). En-
ergy dispersive x-ray spectroscopy (EDS) mapping during STEM was
also performed on several CCAs to characterise the elemental distribu-
tion at the nano-scale.

2.4. Electrochemical testing

Potentiodynamic polarisation (PDP) and cyclic potentiodynamic
polarisation (CPP) tests of the CCA specimens were conducted in an
electrochemical flat-cell (K-0235, Princeton Applied Research), using a
conventional three electrode set-up (employing a saturated calomel
(SCE) reference electrode and a platinum mesh counter electrode).
The electrolyte used herein was quiescent 0.6 M NaCl at ambient tem-
perature. Test specimens were cold mounted in epoxy resin and then
ground to a 2000 grit finish (using SiC paper) prior to electrochemical



Fig. 2. (a) Secondary electron (SE) image of CoCrFeNi alloy, (b) backscattered electron
(BSE) image of Al0.3CoCrFeNi alloy, (c) BSE image of Al0.6CoCrFeNi alloy at low
magnification, (d) magnified BSE image of region A indicated in (c), (e) BSE image of
Al0.9CoCrFeNi alloy at low magnification; (f) BSE image of Al0.9CoCrFeNi alloy at higher
magnification showing a finely modulated microstructure, (g) BSE image of
Al0.9CoCrFeNiTi0.5 alloy at low magnification, (h) magnified images of (g), showing that
this alloy contains three phases, labelled as ‘a’, ‘b’ and ‘c’.
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testing. Open circuit potential (OCP) was measured for 30 min prior to
commencing polarisation tests in order to achieve an approximately
stable rest potential. Each specimen was scanned at a rate of 1 mV s−1

from the initial potential of −150 mV versus OCP, to a final potential
of +2.0 VSCE (or automatically terminated when the anodic current
density reached 1 mA/cm2), using a Biologic VMP potentiostat con-
trolled by EC-Lab 11.01 software. The corrosion potential (Ecorr), corro-
sion current densities (icorr) and the pitting potentials (Epit) were then
deduced from the PDP curves of each specimen. CPP testswere also per-
formed for each specimen wherein the forward scan was exactly the
same as in the case of PDP tests, whilst the reverse scan was terminated
at−150 mVSCE vs OCP. The CCAs were also immersed in 0.6 M NaCl for
two weeks and then the morphologies of the resultant corroded sur-
faces examined using SEM.

2.5. Micro-hardness testing

The hardnesswasmeasured onmetallographically polished surfaces
using a Vickers hardness tester (Wolpert Wilson 432S) by applying a
load of 3 kg and a dwell time of 15 s. Six replicate tests were conducted
for all CCAs.

2.6. Surface chemical analysis

The composition of the surface oxideswere studied using X-ray pho-
toelectron spectroscopy (XPS). Analysis was performed on a Kratos
AXIS Ultra (Kratos Analytical, UK) with a base pressure of b5
× 10−10 mbar and a monochromatic Al Kα source operating at 225 W
(15 kV, 15 mA). Samples were mounted on a “deep” sample bar using
mechanical mounting (no adhesive). Survey spectra were collected at
80 eV pass energy with 0.4 eV steps, whilst high resolution spectra
were collected at 20 eV pass energy with 0.1 eV steps, all in hybrid
lens mode. Small shifts in the energy scale due to surface charging
were noted and all spectrawere calibrated in post-processing (CasaXPS,
Casa Software Limited, UK) by finding the Fermi edge in the spectra and
setting this to 0 eV.

3. Results and discussion

3.1. XRD analysis of CCAs

The XRD patterns of the as-cast CCAs investigated herein are pro-
vided in Fig. 1.

Both the as-cast CoCrFeNi (Fig. 1a) and Al0.3CoCrFeNi alloys (Fig. 1b)
are comprised of a single FCC solid solution phase. The lattice parame-
ters were estimated as 3.57 Å for both CCAs, based on the interplanar
spacing (d-spacing) of peaks with the highest intensity in their corre-
sponding XRD profiles. The lattice parameters of the main constituent
phases of the alloy system are presented in Table 2.

In terms of the phase constitution in the AlxCoCrFeNi alloy system, it
was observed that with increasing Al content both the BCC and B2
phases evolved within the alloys [24]. Similarly, it was observed that
the as-cast Al0.6CoCrFeNi alloy (Fig. 1c) is not only comprised of the
FCC phase, but also a B2 phase; the existence of which was revealed
by the (001) peak in the XRD profile. The lattice parameters of the FCC
and B2 phase were calculated to be 3.59 Å and 2.87 Å respectively. It
was also identified that this alloy contains a BCC phase, with the same
lattice parameter as that of the B2 phase. Itwas observed that peaks cor-
responding to the FCC phase reveal a much higher intensity than those
of BCC and B2 phases. The as-cast Al0.9CoCrFeNi alloy (Fig. 1d) was also
comprised of a combination of FCC, BCC and B2 phases. The lattice pa-
rameters of the FCC and BCC/B2 phases in the Al0.9CoCrFeNi alloy
were estimated to be 3.59 Å and 2.87 Å, respectively. The XRD profile
of the as-cast Al0.9CoCrFeNiTi0.5 alloy (Fig. 1e) reveals that the alloy con-
sists of a BCC phase, a B2 phase, and also a Fe-Cr sigma phase. The B2
phase, however, has a slightly larger lattice parameter (2.90 Å) than
the BCC phase (2.86 Å).

3.2. Microstructural characterisation of CCAs

The microstructures of as-cast AlxCoCrFeNiTiy alloy system are pre-
sented in Fig. 2.

Both the CoCrFeNi and Al0.3CoCrFeNi alloys exhibit a single-phase
microstructure (Fig. 2a and b). The microstructure of the as-cast
Al0.6CoCrFeNi alloy - presented in Fig. 2c and d - was found to be com-
prised of three distinct regions (labelled in Fig. 2d as regions ‘A’, ‘B’
and ‘C’). Region A is the dendritic region. Region C is an interdendritic
region displaying a finer microstructure, with alternating bright and
dark interconnected phases. These features suggest that a modulated
plate structure of a disordered phase and an ordered phase are formed
by a spinodal decomposition mechanism [24,39]. It should be noted
that region B shares a similar contrast with the darker phase in region
C, in the BSE image (Fig. 2d). Therefore, region B may potentially have
the similar/same composition as the darker phase in region C. EDSmap-
ping reveals that region B is rich in both Al and Ni (not shown here).
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Previous studies [24,40,41] have reported that the Al-Ni-rich phase in
CCAs is a B2 phase – therefore it is herein proposed that region B is
the aforementioned B2 phase in the alloy.

The microstructure of Al0.9CoCrFeNi is presented in Fig. 2e–f, re-
vealing a very finely modulatedmicrostructure (Fig. 2f) similar to re-
gion C of the Al0.6CoCrFeNi alloy (Fig. 2d). This particular alloy was
further investigated using TEM in order to obtain a better under-
standing of the phase constitution, which is elaborated below. The
BSE images of the Al0.9CoCrFeNiTi0.5 alloy are provided in Fig. 2g
and h. This alloy is composed of three phases, labelled ‘a’, ‘b’ and ‘c’
in Fig. 2h, where phase c is distributed within phase a. The EDS
maps in Fig. 3a–f reveal that phase a predominantly comprises the
elements Al, Ti and Ni, whereas phase b is a Fe-Cr-rich solid solution
phase. It was difficult to determine the exact composition of phase c
based on the EDS analysis.

The XRD results from Al0.9CoCrFeNiTi0.5 (Fig. 1e) revealed that the
B2 phase had a slightly larger lattice constant than the BCC phase. This
was related to the fact that both the Al and Ti atoms have large atomic
radii relative to Fe and Cr atoms [42]. The Al-Ni-rich phase in
Al0.6CoCrFeNi and Al0.9CoCrFeNi is a B2 phase, and it is likely that Ti
can dissolve into the NiAl B2 structure. Therefore, phase a (Al-Ti-Ni-
rich phase) is the B2 phase, and phase b (Fe-Cr-rich solid solution
phase) is the BCC solid solution phase. Phase c was identified as the
Fe-Cr sigma phase; however, the sigma phase needs to be investigated
further to validate its precise chemical composition. Therefore, this
alloy was characterised using STEM.

The bright-field TEM of Al0.3CoCrFeNi alloy is presented in Fig. 4a,
revealing that there are no obvious secondary phases. The (inset) se-
lected area electron diffraction (SAED) pattern along the [001] zone
axis confirms that this alloy is comprised of a single disordered FCC
phase, which is consistent with the XRD result (Fig. 1b) The lattice
image along [011] zone axis (Fig. 4b), reveals a uniform microstruc-
ture and the contrast is mainly due to minor variations in thickness
and strain. There were no nano-scaled precipitates observed in this
alloy.

In the case of Al0.6CoCrFeNi, the phase with the lighter contrast in
the bright-field image of the interface area (Fig. 4c) is an FCC phase
(region A in Fig. 2d), confirmed by the (inset) SAED pattern along
the [011] zone axis. The corresponding dark-field image of the
Fig. 3. Energy dispersive X-ray spectrosco
interface region of the Al0.6CoCrFeNi alloy, using the (100)
superlattice reflection of the SAED pattern along the [001] zone
axis is displayed in Fig. 4d. The SAED pattern (inset in Fig. 4d) reveals
superlattice reflections, confirming the existence of an ordered B2
phase. The brighter phase in the dark-field image is responsible for
the superlattice reflection, therefore the brighter phase is the B2
phase. The interface region (also labelled as region B in Fig. 2d) is
‘bright’, therefore, region B is deemed as a B2 phase. The dark-field
image of the interconnected phases (region C in Fig. 2d), using the
(100) superlattice reflection of the SAED pattern along the [001]
zone axis, is displayed in the inset in Fig. 4d. The widths of both the
BCC and B2 phases are approximately 100 nm. The brighter phase
is the B2 phase whilst the darker phase is the BCC phase. The STEM
EDS mapping results in Fig. 5b–f reveal that the brighter phase in
the HADDF image (Fig. 5a) is rich in both Fe and Cr, whilst the darker
phase is rich in both Al and Ni. This inference is reasonable owing to
the HADDF image mainly revealing Z (atomic number) contrast, and
the average atomic number of the Fe-Cr-rich phase is relatively
higher than that of Al-Ni-rich phase. Therefore, it can be concluded
that the BCC phase is a Fe-Cr-rich phase, and the B2 phase is an Al-
Ni-rich phase. It should be noted that the increased Al addition into
the alloy introduces the BCC and B2 phases in the microstructure.

TheAl0.9CoCrFeNi alloywas also studied using TEM to further under-
stand its microstructure; with a bright-field image of the grain bound-
ary area of Al0.9CoCrFeNi alloy provided in Fig. 4e. The SAED pattern of
the grain boundary phase along the [001] zone axis (inset in the upper
right corner) is consistent with the presence of an FCC phase. The
SAED pattern along the [001] zone axis (inset in Fig. 4f) confirms the ex-
istence of a B2 phase, indicated by the superlattice reflections. The dark-
field image of Al0.9CoCrFeNi alloy using the (100) superlattice reflection
of the SAED pattern along the [001] zone axis is displayed in Fig. 4f. The
brighter phase is the B2 phase responsible for the superlattice reflec-
tions, whilst the darker phase is a BCC phase. Therefore, similar to
Al0.6CoCrFeNi, the Al0.9CoCrFeNi alloy is also composed of a FCC phase
togetherwith amixture of both the B2 and BCC phases. However, unlike
the Al0.6CoCrFeNi alloy, the FCC phase is a minor phase in the
Al0.9CoCrFeNi alloy. This finding supports the hypothesis that Al is a
BCC/B2 stabiliser at relatively higher concentrations in such alloy
systems.
py maps of Al0.9CoCrFeNiTi0.5 alloy.



Fig. 4. (a) Bright-field TEM image of Al0.3CoCrFeNi alloy, the insert is the selected area
electron diffraction (SAED) pattern along [001] zone axis, (b) filtered lattice image of
Al0.3CoCrFeNi alloy along [011] zone axis, (c) Bright-field image of the interface region
of Al0.6CoCrFeNi alloy, the insert is the SAED pattern of the brighter phase, confirming it
is a FCC phase, (d) corresponding dark-field image of the interface area of Al0.6CoCrFeNi
alloy using the (100) superlattice reflection of the SAED pattern of the darker phases in
c (inset in the upper right corner), the inset in lower left corner is the dark-field image
of the modulated microstructure, (e) bright-field TEM image of Al0.9CoCrFeNi alloy, the
inset in the upper right corner is the SAED pattern of the grain boundary phase along
the [001] zone axis, (f) dark-field image of the modulated microstructure of
Al0.9CoCrFeNi alloy using the (100) superlattice reflection of the SAED pattern the B2
phase along the [001] zone axis.
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The phasemapping of the grain boundary area of Al0.9CoCrFeNi alloy
is shown in Fig. 6a. The STEMmapping results (Fig. 6b–f) reveal that the
B2 phase is an Al-Ni-rich phase, the BCC phase is a Fe-Cr-rich phase,
whilst the FCC phase is rich in Co, Fe and Cr; indicating that Co is a
FCC stabiliser.

It is observed that by increasing the amount of Al in the AlxCoCrFeNi
alloy system (x = 0–0.9), the microstructure transforms from a
single FCC phase (x = 0, 0.3) to a combination of FCC + BCC + B2
phases (x = 0.6, 0.9). It can be concluded that at relatively higher con-
centrations (x N 0.3), Al is a BCC/B2 stabiliser. It was also proposed
that, because the Al atom has a relatively larger atomic radius than the
other atoms in the alloy, the addition of Al atoms leads to a larger lattice
distortion [43]. When Al is at a high concentration (large lattice distor-
tion), the unit cell tends to transform from a FCC to a BCC crystal struc-
ture with a lower packing density to lower the lattice distortion.

A bright-field HADDF image and the corresponding EDS maps of
phase a and c (see Fig. 2h) of the Al0.9CoCrFeNiTi0.5 alloy are provided
in Fig. 7. The brighter phase (secondary phase, labelled as phase c in
Fig. 2h) in the HADDF (Fig. 7b) image is rich in Fe and Cr, consistent
with the XRD result which indicates that this alloy contains a Fe-Cr
sigma phase. It is noted that the sigma phase has several morphologies,
having either a needle-like or flake-like appearance. Amore detailed in-
vestigation of phase b (see Fig. 2h) of the Al0.9CoCrFeNiTi0.5 alloy re-
vealed that there are some spherical or near-spherical precipitates
embedded in the BCC solid solution (Fig. 8a and b), and that the size
of these B2 precipitates varies from 20 to 150 nm. The STEM-EDS map-
ping (Fig. 8c–h) revealed that these precipitates are also rich in Al, Ti and
Ni, therefore, these precipitates are all B2 phases as well. Overall, the
slight addition of Ti (y = 0.5) leads to the formation of a Fe-Cr sigma
phase and the FCCphase no longer existing in the alloy system. It should
also be noted that despite Ti beingmetallurgically active with the other
alloying elements (i.e. a very negative mixing of enthalpy) [42] it tends
to dissolve into the (Al-Ni)-rich B2 phase.

3.3. Electrochemical analysis of CCAs

The representative potentiodynamic polarisation curves of the as-
cast CCAs in 0.6MNaCl are plotted in Fig. 9. The electrochemical data as-
sociated with the corrosion of the CCAs, and also 304L stainless steel
[44] (for comparison) are listed in Table 3.

The passivewindow (Epit− Ecorr) of the alloys testedwas seen to de-
crease with increasing Al concentration, as revealed by following the
trend in (Epit − Ecorr), CoCrFeNi N Al0.3CoCrFeNi N Al0.6CoCrFeNi
≈ Al0.9CoCrFeNi. This may simply be due to the fact that the concentra-
tion of Cr (often considered a passivating element) is lower in alloys
with higher Al content. However, perhaps unexpectedly, the
Al0.6CoCrFeNi and Al0.9CoCrFeNi are more noble (higher Ecorr) than the
CoCrFeNi and Al0.3CoCrFeNi, despite Al being the least noble element
in the CCAs.

Also, interestingly Al0.6CoCrFeNi and Al0.9CoCrFeNi alloys exhibit
lower corrosion current densities (icorr) than CoCrFeNi and
Al0.3CoCrFeNi (Table 3). This implies that Al0.6CoCrFeNi and
Al0.9CoCrFeNi alloys may exhibit better general corrosion resistance
than CoCrFeNi andAl0.3CoCrFeNi in 0.6MNaCl. This is rather unforeseen
if one considers the microstructures of these CCAs; whereby the
CoCrFeNi and Al0.3CoCrFeNi alloys possess a single FCC phase, whilst
both the Al0.6CoCrFeNi and Al0.9CoCrFeNi alloys havemore complexmi-
crostructures comprising FCC+BCC+B2 phases. From the accelerated
testingmethodology used, it is noted that all the CCAs tested herein dis-
play a better general corrosion resistance than 304L SS [44], on the basis
of their lower icorr.

The Al0.9CoCrFeNiTi0.5 alloy exhibits a relatively higher corrosion
current density (icorr) than the rest of the CCAs, implying that this
alloy is more susceptible to general corrosion in 0.6 M NaCl. This is be-
lieved to be related to the presence of the Fe-Cr sigma phase, the pres-
ence of such sigma phase will deplete Cr from the matrix and may
possibly impact the general corrosion resistance of Al0.9CoCrFeNiTi0.5
CCA.

Cyclic potentiodynamic polarisation (CPP) tests were performed on
these CCAs in 0.6MNaCl at 25 °C to attain a better understanding of the
susceptibility of the alloy system to pitting corrosion. The results of the
CPP tests are presented in Fig. 10.

The black and grey arrows next to the forward and reverse anodic
scans indicate the potential scan direction. The hysteresis in the CPP
curves provides information on the pitting corrosion rate and how read-
ily repassivationmay occur. Negative hysteresis corresponds to the sce-
nariowhen the current density of the reverse scan is less than that of the
forward scan, whereas for a positive hysteresis the current density of
the reverse scan exceeds that of the forward scan. A positive hysteresis
during the reverse scan of the CPP curves is observed for all the tested
CCAs (Fig. 10), revealing that these CCAs underwent pitting corrosion
in 0.6 M NaCl (above their respective pitting/breakdown potentials).
The area of the positive hysteresis loop is related to the extent of pit



Fig. 5. (a) HAADF-STEM image of Al0.6CoCrFeNi alloy, (b–f) energy dispersive X-ray spectroscopy maps of Co, Al, Fe, Ni, Cr.
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propagation that occurs during the cycle, according to Wilde [45]. The
rather large area under the positive hysteresis loop in the E-log i plot,
corresponding to the tested CCAs (Fig. 10a–e), suggests that nucleated
Fig. 6. (a) Phase mapping of the grain boundary area of Al0.9CoCrFeNi using STEM, showing this
maps of constituent elements including Co, Al, Fe, Ni and Cr.
pits (in this case electrochemically nucleated) can grow rapidly upon
their surfaces [45]. It is noted that the tested CCAs have the tendency
to repair their surface films when there is a critical lowering of the
alloy is comprised of FCC, BCC and B2 phases, (b–f) energy dispersive X-ray spectroscopy



Fig. 7. (a) Bright-field TEM image of Al0.9CoCrFeNiTi0.5 along [011] zone axis, (b) the corresponding HAADF-STEM image of the bright filed image in (a), (c–f) STEMmapping results of the
constituent elements Al, Fe, Ti, Cr, Ni and Co.

Fig. 8. (a) Bright-field TEM image of Al0.9CoCrFeNiTi0.5 showing spherical or near-spherical B2 precipitates embedded in the BCC solid solution, (b) corresponding HAADF image, (c–h)
STEMmaps of Al, Fe, Ti, Cr, Ni and Co element.

Fig. 9. Representative potentiodynamic polarisation curves for the as-cast alloys obtained
in 0.6 M NaCl at 25 °C.
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applied potential – where a repassivation potentials (Erp) is realised.
The Erp values determined were more positive than the respective cor-
rosion potentials.

Furthermore, the CCAs tested herein were also immersed in 0.6M
NaCl at 25 °C for a period of two weeks, to further investigate their
corrosion characteristics in the absence of any applied polarisation.
The weight loss after the two-week immersion period was negligible
(and thus could not be measured) and no obvious corrosion was vi-
sually detected upon the surfaces of these CCAs to the naked eye,
confirming the excellent corrosion resistance of these alloys, which
is consistent with the potentiodynamic polarisation results of these
CCAs. The surface morphologies of the AlxCoCrFeNiTiy following the
two-week immersion were examined using SEM, and are displayed
in Fig. 11.

For each of the CCAs tested, a few, fine, superficial pits were ob-
served on the exposed surface which is consistent with the CPP re-
sults. The SEM images at higher magnification reveal the pits
formed upon each sample in more detail. There were no apparent
preferential sites for pit formation (Fig. 11), neither at grain



Table 3
Electrochemical data of AlxCoCrFeNiTiy alloy system and 304L [44] obtained from potentiodynamic polarisation testing in 0.6 M NaCl 25 °C.

Sample Ecorr/mVSCE icorr/μA·cm−2 Epit/mVSCE Average Epit − Ecorr/mV

CoCrFeNi −248 ± 21 0.108 ± 0.044 442 ± 20 690
Al0.3CoCrFeNi −252 ± 28 0.238 ± 0.139 290 ± 50 542
Al0.6CoCrFeNi −179 ± 13 0.070 ± 0.017 190 ± 10 369
Al0.9CoCrFeNi −216 ± 35 0.093 ± 0.028 164 ± 30 380
Al0.9CoCrFeNiTi0.5 −347 ± 30 0.310 ± 0.157 184 ± 15 530
304L [44] −250 0.601 230 480
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boundaries nor at what may be considered to be more active phases
(by virtue of their composition). In addition, selective corrosion of
any particular phasewas also not observed in any of the CCAs studied
Fig. 10. (a–e) Cyclic potentiodynamic polarisation curves of
herein, despite their heterogeneous microstructure (see Fig. 11d, h
and j). At present, the passive film formation and dissolution, and
the pitting mechanism for many CCAs is still largely unknown,
the AlxCoCrFeNiTiy alloy system in 0.6 M NaCl at 25 °C.



Fig. 11. The surface morphologies of (a–b) CoCrFeNi, (c–d) Al0.3CoCrFeNi, (e–f)
Al0.6CoCrFeNi, (g–h) Al0.9CoCrFeNi and (i–j) Al0.9CoCrFeNiTi0.5 CCAs at low and high
magnification, after immersion in 0.6 M NaCl for a period of two weeks (at 25 °C).
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therefore, important future work is needed to attain a better under-
standing of such topics.

3.4. X-ray photoelectron spectroscopy (XPS) analysis of native surface of
CCAs

The native surfaces of the AlxCoCrFeNiTiy alloys were analysed using
XPS, to gain insights on the passivity of such CCAs via studying the air
formed surface film. High resolution Co 2p, Cr 2p, Fe 2p and Ni 2p spec-
tra for each of the AlxCoCrFeNiTiy alloy surfaces are presented in Figs. 12
and 13.

Al 2p spectra for Al = 0.3, 0.6 and 0.9 are presented in Fig. 14, as
well as the Ti 2p spectrum for the Al0.9CoCrFeNiTi0.5 sample in
Fig. 14f. Transition metal XP spectra are very complex to analyse,
due to multiplet splitting effects and satellite features in the spectra.
Briefly, asymmetric peaks were fitted for metallic components in
spectra, whilst symmetric peaks were used for oxides. The Al 2p re-
gion overlaps significantly with the Ni 3p and multiplet split Cr 3s
peaks (see Fig. 14) and in these cases a peak model was generated
for the CoCrFeNi sample (i.e. no Al content) and applied to the rest
of the samples where the remaining peak area was fitted as Al0 and
Al2O3.

The compositions (in relative at.%) of the native surfaces of the
different CCAs, as determined by XPS are summarised in Fig. 15.
The composition of the passive films formed upon the CCAs was nei-
ther uniform nor homogenous, indicating that CCAs undergo incon-
gruent oxidation. It was also observed that for each CCA, all its
constituent elements were detected in the surface film both in a
form of oxides and unoxidised metal (M0) species. This may not be
surprising if we consider an XPS information depth of XPS of
~5–10 nm, with the possibility of some signal below the native
oxide being detected. However, there is undoubtedly incongruent
dissolution, and a possibility that a proportion of the unoxidised
metal detected is present in the surface film – a notion that is sup-
ported by the recent findings using XPS profiling and SIMS, albeit
for another CCA system [21].

The metal oxides Cr2O3, Fe2O3, Co3O4 and NiO were detected on
the surface of all CCAs, which based on the knowledge of such
metal oxides from their respective conventional engineering alloys,
can provide a certain degree of protection in a corrosive environ-
ment. Cr2O3 and Fe2O3 are the major oxides formed on the surface
of the CoCrFeNi CCA, with a relatively smaller fraction of Co3O4.
Nickel was detected in metallic form along with its oxide and hy-
droxide. In general, the hydroxide appears to be the dominant form
of oxidised Ni in all the CCA surfaces tested herein. The addition of
Al results in the formation of Al2O3 upon the CCA surfaces, with me-
tallic Al also detected. Aluminium is the most reactive element in
such CCAs and therefore appears to be preferentially oxidised com-
pared to the other elements as a consequence. The concentration of
Al2O3 was found to be higher than the remaining metallic oxides
(such as Cr2O3, Fe2O3 and Co3O4) at relatively higher Al concentra-
tion (Al = 0.6 and 0.9) in spite of Al being present in a lower fraction
relative to the other elements Co, Cr, Fe and Ni. When Ti was added to
the alloy, it was detected as a mix of metallic Ti0 and TiO2 on the sur-
face. It should also be noted that for each CCA, the oxidised form of
each constituent element is of higher percentage than corresponding
unoxidised metal (M0) species. In a previous study of the AlTiVCr
CCA [46], it was proposed that the complex surface film consisting
of both metallic oxides and unoxidised metal species may serve to
enhance the passivity of CCAs. In case of this study, despite the incor-
poration of unoxidised metal in the passive film, their resistance to
pitting corrosion is not comparable to that of AlTiVCr, which may
be due to their heterogeneous microstructure, or perhaps resultant
from differences in passive film chemistry and/or structure - which
will require important future work. To date, a definitive understand-
ing of the corrosion performance of the CCAs as predicted from their
native oxide is yet to emerge. However, the data in the study herein,
is believed to add further important information to this emerging
field.

3.5. Micro-hardness test results

In order to provide a broader context aside from the presentation
of hardness values alone, the hardness values and corrosion current
densities of the CCAs tested herein are plotted in Fig. 16. The corre-
sponding values for some common engineering alloys were also
plotted for the sake of comparison. It was observed that the addition
of Al and Ti, in general increases the hardness of AlxCoCrFeNiTiy
CCAs. The measured hardness values were found to decrease in the
order Al0.9CoCrFeNi N Al0.6CoCrFeNi N Al0.3CoCrFeNi N CoCrFeNi.
This effect could be attributed to the solid solution strengthening
from Al additions, however most likely dominated by the formation
of the BCC and B2 phases [24,27]. The hardness of Al0.3CoCrFeNi is
higher than that of CoCrFeNi, likely owing to solid solution strength-
ening imparted by Al (as both such alloys are comprised of a single



Fig. 12. High resolution Co 2p, Cr 2p, Fe 2p and Ni 2p spectra of the native surface of CCAs for (a–d) CoCrFeNi, (e–h) Al0.3CoCrFeNi and (i–l) Al0.6CoCrFeNi.
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FCC phase. In the case of Al0.6CoCrFeNi, the FCC phase is dominant
with small amounts of both BCC and B2 phase present (BSE images
in Fig. 2c and d) resulting in a higher hardness compared to
Al0.3CoCrFeNi. Similarly, the significantly higher proportion of both
BCC and B2 phases in the Al0.9CoCrFeNi alloy resulted in this alloy
having an even higher hardness than Al0.6CoCrFeNi. Also, the fine-
scale full spinodal structure of the Al0.9CoCrFeNi alloy (Fig. 2f) also
contributes to the high hardness of this alloy. It has been reported
previously that the formation of an interwoven structure, which
has many interfaces with coherent internal stresses (due to the mis-
match between disordered BCC and B2 phases) can also contribute
an increment of hardening [56,57]. The incorporation of Ti also led
to enhanced hardness for the Al0.9CoCrFeNiTi0.5 alloy (620 HV may
be approximated to be ~6 GPa), owing to the solid solution strength-
ening by Ti, precipitation strengthening from the Fe-Cr sigma phase
and the presence of the BCC + B2 phase. The nano-sized B2 phases
distributed within the BCC solid solution may also contribute to a
hardening.

The icorr values of CCAs tested herein are significantly lower than
that of light alloys including puremagnesium,magnesiumalloys and al-
uminium alloys – and are comparable or lower than that of 304L SS and
Ti-6Al-4V alloys (Fig. 16).

Overall, the CoCrFeNi and Al0.3CoCrFeNi CCAs not only possess
higher hardness but also lower icorr values than a large portion of



Fig. 13. High resolution Co 2p, Cr 2p, Fe 2p and Ni 2p spectra of the native surface of CCAs for (a–d) Al0.9CoCrFeNi and (e–h) Al0.9CoCrFeNiTi0.5.
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engineering alloys. The alloys with a higher Al content (such as
with Al = 0.6) present (for the CCA system studied herein) the
best balance of high hardness and corrosion resistance (in
0.6 M NaCl), even outperforming 304 SS. It is also worthwhile
to note that Al0.9CoCrFeNi and Al0.9CoCrFeNiTi0.5 CCAs have
higher hardness than the Ti-6Al-4V alloy, with comparable corro-
sion resistance. We concede that given the alloys studies
were produced by arc melting, their size did not permit tensile
testing.
4. Conclusions

The microstructural evolution, electrochemical and corrosion
characteristics of the AlxCoCrFeNiTiy systemwere holistically studied
herein. Based on the results, the following conclusions may be
drawn:

• Aluminium serves as a BCC/B2 phase stabiliser, leading to the forma-
tion of a BCC and B2 modulated microstructure (where x = 0.6, 0.9),



Fig. 14.High resolution Al 2p region in theAlxCoCrFeNi CCA for (a) x=0, (b) x=0.3, (c) x=0.6, (d) x=0.9 and (e) x=0.9with Ti=0.5. Note the overlap of theNi 3p and Cr 3 s regions.
Shown also in (f) is the Ti 2p region for the Al0.9CoCrFeNiTi0.5 CCA.
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which dramatically increases the hardness of the alloys without
sacrificing corrosion resistance.

• Titanium additions (where y = 0.5) led to the formation of a Fe-Cr
sigma phase, significantly enhancing the hardness of the
Al0.9CoCrFeNiTi0.5 alloy. However, the corresponding Fe-Cr sigma
containing microstructure presented a relative decrease in the cor-
rosion resistance of Al0.9CoCrFeNiTi0.5 in 0.6 M NaCl.

• In spite of the meaningful differences between the alloys studied,
all of the HEAs tested herein exhibited what is deemed good
general corrosion resistance, indicated by potentiodynamic
polarisation testing and minimal corrosion following immersion
in 0.6 M NaCl.

• Cyclic polarisation tests and surface morphologies after immersion
revealed that fine pitting is the major type of corrosion experi-
enced by this alloy system.

• Results from XPS revealed that oxides of Cr2O3, Fe2O3, Co3O4 and
NiO were detected upon the surface of CCAs tested herein with
Al2O3 as the major oxide when x = 0.6 and 0.9. Despite the forma-
tion of TiO2 on the CCA surface when Ti was added, the presence of
TiO2 did not translate to improved corrosion performance in 0.6 M
NaCl.
• Unoxidised (M0) species of all the constituent elements were de-
tected via XPS within the surface oxide of each CCA, which ap-
pears to be a feature associated with CCAs. This so-called
incongruent surface oxidation merits further investigation as a
basis for rationalising the corrosion performance of CCAs more
generally.
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Fig. 15. The composition (in relative at.%) of the native CCA surfaces as determined from XPS analysis.

Fig. 16. Comparison of Vickers hardness values and corrosion current densities (icorr) of
AlxCoCrFeNiTiy CCAs and some common engineering alloys. icorr values of Ti-6Al-4V,
pure Al and 304 SS were obtained by the authors in 0.6 M NaCl, hardness values and
icorr values of other engineering alloys were from [41,47–55].
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