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This work aims to characterize the influence of temperature and chloride solution concentration on the
corrosion behavior of a newly developed high-entropy alloy system (Al,CrsCusFessNiss) in a simulated
marine environment. A direct correlation was found between temperature and chloride concentration with
localized corrosion resistance. The Point Defect Model approach is employed to analyze the influence of the
temperature and chloride concentration upon the properties of the passive film formation over the alloy
surface in seawater solutions. It turns out that the present system alloy exhibits a better local corrosion
resistance than conventional martensitic stainless steel UNS S40300 when temperature is below 60 °C in
similar electrolytic environment.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

A newly discovered advanced alloys known as high-entropy al-
loys (HEAs) have attracted research interest in the past two decades.
The high-entropy alloys, more generally referred to as complex-
concentrated alloys (CCAs), contain five or more principal elements
in equimolar ratios were firstly proposed by Cantor et al. [1] and Yeh
et al. [2-5,6] independently in 2004. When first introduced, HEAs
were defined as, "those compounds of five or more principal ele-
ments in equimolar ratios" [2]. However, in the same reference, the
authors claimed that a relaxation of the equimolar restriction is
possible, hence a new interesting configurational space can be un-
veiled. Nowadays, the HEAs are expanded to include, "multi-prin-
cipal elements with concentrations between 5 and 35 at.-%". Some
HEAs might conveniently contain minor amount of elements in
order to obtain certain specific mechanical properties and micro-
structure configurations [7].

Owing to the extremely broad ranges of compositions and mi-
crostructures of HEAs, new physical phenomena and exceptional
properties have being reported. For instance, the dual FCC phase
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CoCuFeMnNi wire exhibited extraordinary high strength (2 GPa) at
room temperature [8]; whereas CrCoNi reported exceptional da-
mage-tolerance at cryogenic temperatures [9] as well as a new
strengthening mechanism, called magnetic hardening, was recently
discovered in the same configuration [10]. Likewise, the non-
equiatomic FeggyMn,Co19Crigp HEA system combines increasing
strength and ductility by overcoming the strength-ductility trade-
off through promoting metastable dual-phase formation and trans-
formation induced plasticity mechanism (TRIP-DP-HEA) [11]. Due to
the appealing properties of these newly discovered alloys, HEAs are
shaping the future of material design and manufacturing [7,12,13].
Since the first single-phase, solid solution, high-entropy alloy Al-
CoCrFeNij, reported by Yeh et al. [2], a staggering number of research
studies have been published over the years about different systems
being the most relevant the Al,CoCrFeNi alloys. The mechanical
properties of HEAs have also been one of the most relevant research
topics [7,14-16] in parallel with the corrosion-resistant studies since
environmentally assisted cracking problem still remains un-
challenged [17-20,21]. HEAs are expected to be corrosion-resistant
materials because of the presence of some passivating elements, like
Cr, Ni, Mo, etc. in the matrix. Experimental results have revealed that
cobalt (Co) is not necessarily essential for obtaining a single-phase,
solid solution for high-entropy alloys [22], which can be fully sub-
stituted by nickel (Ni) to maintain similar level of face-centered
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cubic (FCC) single-phase, solid solution [23]. The copper (Cu) content
might decreases the corrosion-resistance of the alloy [24], however,
its presence has been revealed to be necessary for phase stabiliza-
tion and precipitation formation of the ordered L1, (y’) phase in
AlCrCuFeNi systems [25]. Likewise, Al content is known to enhance
not only the strength, but also ductility of the alloy at the expense of
its anticorrosive characteristics [20], hence the new HEA's selected
configuration is based on the following elemental concentrations
giVEl’l in wt¥%: AlszSCUSFe53Ni35.

The metallic alloys’ corrosion features are determined by the
interactions between the material and environment. The common
service environment in aqueous conditions for marine applications
includes seawater, as well as acidic environments. In stainless steel,
which is usually began with localized pitting rather than generalized
surface corrosion. A clear example of local attack mechanism on
stainless steel alloy is the influence of M,3Cg and/or ¢ phases on the
local formation of microcells resulting in Cr-depleted areas, which
lead to local material dissolution [26,27]. Similar to stainless steels,
the proposed high-entropy alloy system Al,CrsCusFes3Nizs is ex-
pected to have promising corrosion behavior in seawater due to the
inclusion of passivating elements such as Cr and Ni in its composi-
tion. Like other traditional-corrosion resistant alloys, the above
proposed HEA is assumed to form a protective passive film due to
their passive properties of the selected elements. It can, never-
theless, undergo localized pitting corrosion, which is considered to
be a major threat compared to uniform corrosion as structural
failure is generally triggered by local mechanisms (nucleation and
growth of pits). Moreover, the localized corrosion is more difficult to
detect, predict and design against [28].

In the present work, to investigate the effect of the temperature
and chloride solution concentration on the active-passive interfacial
characteristics of the material, potentiodynamic-polarization and
potentiostatic staircase tests were conducted at different tempera-
tures and seawater concentrations. Comprehensive microstructural
characterizations, such as x-ray diffraction (XRD), scanning electron
microscopy (SEM), energy-dispersive spectrometer (EDS), and elec-
tron-backscattered diffraction (EBSD), were used to determine the
microstructure of this new type HEA. Further, potentiostatic stair-
case method [29] was used to establish the potential formation and
stability of pitting. The use of electrochemical impedance spectro-
scopy (EIS) and x-ray photoelectron spectroscopy (XPS) enable the
analysis of the characteristics of the corrosion by-products (oxide
film) during the passivation state. In addition, the experimental data
were validated with the point defect model (PDM) [30-32], which
can predict the pitting potential at different chloride solution con-
centrations and scan-rates. In order to understand the applicability
of this novel high-entropy alloy, a direct comparison, via PDM, was
performed with published results of conventional martensitic
stainless steel . By revealing the microstructure and the corrosion
behavior of the Al,CrsCusFessNiss in a seawater environment
through complementary experiments, the present investigation is
envisaged to provide additional understanding of the relationship
between the corrosion properties of this new HEA system and its
microstructure, thus providing useful information for potential
structural alloys design for offshore applications.

2. Material and experimental methods
2.1. Test material

Using high-purity elemental constituents (such as Al, Cr, Cu, Fe,
and Ni at 99.99 wt%) a Al,CrsCusFes3Nizs HEA system was synthe-
sized via induction-melting. The as-cast rectangular ingots were
then hot rolled at 900°C to 40% thickness reduction and were solu-
tion treated at 1200°C for 2 h in Ar atmosphere, followed by water
quenching to eliminate as-cast microstructural heterogeneities. The
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Table 1

Chemical compositions (at%) of Al,CrsCusFes3Niss alloys.
Elements Al Cu Cr Fe Ni
at% 1.87 5.16 512 52.22 35.63
EDS result (at%) 1.98 4.83 534 53.89 33.96

dimension of the ingot is 5.6 inch x 12 inch x 0.5 inch (142.2 mm x
304.8 mm x 12.7 mm). Table 1 lists the chemical compositions of the
HEA used in the current study. The samples for the microstructural
characterization with SEM were cut into rectangular cuboids of
10 mm x 10 mm x 3 mm; then, they were wet polished with a series
of SiC papers ranging from 200 to 1200 grit number to finally be
mechanically polished using 3 ym, 1 ym and 0.04 ym diamond
suspensions. For the EBSD samples, after being mechanically po-
lished up to 0.04 xm, the samples were further vibrationally polished
by employing 0.04 yum diamond suspension to remove the polishing
scratches, then cleaned with alcohol before drying with nitrogen.
The specimens for the electrochemical tests were machined as cy-
linders with a radius of 3 mm and a height of 43 mm. Prior to each
electrochemical experiment, the exposed area (600 mm?) of the
specimens was wet grounded with SiC papers up to 1200 grit
number, cleaned with alcohol, and then dried. Moreover, to study
the passive film formation, the polished cubic samples were im-
mersed in simulated seawater at room temperature (20 + 2°C) for
21 days.

2.2. Microstructure characterization

The crystal structure of the Al,CrsCusFessNiss was characterized
using XRD apparatus (Bruker D8 Discover). The sample was placed in
a holder within a radiation-safe goniometer enclosure aligned with a
laser-source video camera. The x-ray source was a 3 kW Cu x-ray
tube maintained at an operating current of 40 kV and 40 mA (the
wavelength is 1.54060 A). The diffraction angle, 26, is defined be-
tween the incident beam and the detector. The incident angle w is 1/
2 of the detector angle 26. The 250 mm diameter 6 - 260 goniometer
was computer controlled with independent stepper motors and
optical encoders for the ¢ circle with the angular step size of 0.005°.
The SEM and EBSD analyses were carried out using a Tescan FERA-3
Model GMH Focused lon Beam Microscope. The concentration of
elements in various phases was measured by EDS linked to the SEM
system.

2.3. Electrochemical measurements

The electrochemical tests were conducted using a high-perfor-
mance potentiostat workstation GAMRY Reference 600 +in a three-
electrode electrochemical cell. The three-electrode cell consists of a
tungsten/tungsten oxide reference electrode, a platinum mesh as
auxiliary electrode, and a cylindrical HEA sample as the working
electrode. The potentiodynamic-polarization measurements were
conducted at six temperatures (2°C, 10°C, 25°C, 50°C, 60°C, and 75°C)
under three different chloride solution concentrations. The
PolyScience LM62GY1A110E LM6 Benchtop Chiller was used to
control the temperature of the solution at 2°C, 10°C and 25°C. For
higher temperatures, the Julabo C-B Series Open Heating Bath
Circulator was employed to control the electrolyte temperature. The
electrolytes were prepared containing inorganic salts in proportions
and concentrations representative of seawater [33], then diluted to
10% chloride-containing solution and condensed to ten times
chloride concentration in the solutions in order to obtain different
chloride concentration electrolytes. The samples were left immersed
in the solution overnight in order to reach a quasi-stationary value of
the open circuit potential (OCP), which was initially applied before
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Table 2

Sequence of experimental conditions used in the present study.
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Chloride solution

0.1 x seawater

Temperature (°C) 2 10 25 50 60 75
Scan rates (mV/s) 0.1 1 10 0.1 1 10 0.1 10 0.1 1 10 0.1 10 0.1 10
Chloride solution 1 x seawater
Temperature (°C) 2 10 25 50 60 75
Scan rates (mV/s) 0.1 1 10 0.1 1 10 0.1 10 01 1 10 0.1 1 10 0.1 1 10
Chloride solution 10 x seawater
Temperature (°C) 2 10 25 50 60 75
Scan rates (mV/s) 0.1 1 10 0.1 1 10 0.1 10 0.1 1 10 0.1 1 10 0.1 1 10
the EIS experiments were carried out at the OCP with a sinusoidal
a(l111) o FCC potential amplitude of 10 mV, running from 10 kHz to 10 mHz.
35000
- 2.4. Identifying the corrosion products
The x-ray photoelectron spectroscopy was carried out by means
= o000 Omicron XPS system with Argus detector. A Mg/Al X-ray source was
\S‘L 20000 employed to analyze the composition of the passive film formed on
= the surface samples. The spot size is 0.311 mm x 3.22 mm, and the
g 15000 pressure in the analysis chamber is 5x 10~ mbar. The spectral be-
= havior were subsequently peak-fitted through CasaXPS software. In
10000 order to determine the morphologies of the corroded surface, the
a(200) 0 1 l)”‘z 22 immersed samples in seawater were investigated by SEM after rin-
5000 LA . \ \ sing with deionized water and drying with nitrogen.
0(Z2
0 J _— A—A— 3. Analysis results
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2Theta WL=1.54056

Fig. 1. X-ray diffraction patterns of Al,CrsCusFes3Niss alloys.

each experiment begins. This is done to eliminate any electroactive
species in the form of oxide that can alter the metal-electrolyte in-
terface [34]. The potentiodynamic-polarization tests were per-
formed at three different scan-rate (0.1 mV/s, 1 mV/s, and 10 mV/s),
from an initial potential of - 0.4V vs. OCP until either the potential
exceeds the pitting potential or the current density reaches a max-
imum of 1 mA/cm?. The adopted matrix analysis is summarized in
Table 2 and covers for a wide range of temperatures, scan rates and
seawater densities. The values of the electrochemical potential vs.
the W/W,,;q4. reference electrode obtained from the tests were
converted to potential vs. saturated calomel electrode (SCE) [35]. In
order to confirm data reproducibility, each polarization test was
performed at least three times. The potentiostatic bias step was set
at 50 mV interval from the OCP until the current density exceeds 0.2
mA/cm?. The potential is kept constant for 2 h at each step. Likewise,

IPF X Color 2 IPF Y Color 2
=

L5
X

3.1. Microstructure analysis

Fig. 1 reveals that the Al,CrsCusFessNiss is a single-phase FCC
solid solution material. The peaks are exclusive response of the
disordered FCC phase, similar to the FeNi intermetallic compound,
which can be indicated by the (11 1) and (2 0 0) super-lattice peaks,
followed by the (2 2 0), (3 11) and (2 2 2) peaks. The PDF card
number for the Tetrataenite phase used in the XRD analysis corre-
sponds to the following code: 01-71-8321.

The EBSD patterns were indexed using the FCC iron phase, and
the maps presented in Fig. 2 show that the Al,CrsCusFessNiss alloy
contains only a single FCC phase. However, the grain size of the alloy
is quite large with an average grain size of 500 ym. The EDS maps, as
depicted in Fig. 3, depict that each element is homogeneously dis-
tributed in the matrix space and the chemical composition closely
matches with data provided in Table 1. The electron-backscattered
diffraction (EBSD) and the energy-dispersive spectrometer (EDS)
both indicate that the Al,CrsCusFessNiss alloy can be deemed as a
long-range order, single-phase, FCC crystal structure, which is con-
sistent with previous XRD outcomes.

IPF Z Color 2

om

Fig. 2. Electron-backscattered diffraction (EBSD) mapping of the microstructure of Al,CrsCusFes3Niss alloys along different axis.
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Fig. 3. Energy-dispersive X-ray spectroscopy (EDS) mapping shows the elemental distribution in Al,CrsCusFes3Niss alloys.
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Fig. 4. Typical potentiodynamic-polarization curve for the explanation of the elec-
trochemical parameters.

3.2. Potentiodynamic and potentiostatic measurements

To study the limit of the passive stability of the current material,
the potentiodynamic-polarization method is employed [36]. Several
electrochemical parameters are used to characterize the corrosion
properties of the material as indicated in Fig. 4. The E,,, stands for
the corrosion potential in the open circuit situation, I, is the cor-
rosion current density, which is determined from the Tafel plot by
extrapolating the linear portion of the polarization curve near E..
Meanwhile, the g, and g. are the anodic and cathodic Tafel slopes,
respectively; and the E, represents the critical pitting potential and
Iass is the current density in the passivation area.

Fig. 5 shows the corresponding potentiodynamic results obtained
at different temperatures and scan rates in seawater electrolyte. The
resulting electrochemical parameters as a function of electrolyte
temperature and scan rate are displayed in Table 3. From the plots, it
can be inferred, especially for 0.1mVs™! that as temperature in-
creases, the E, decreases whereas the I, increases. This indicates
that the resistance to localized corrosion diminishing accordingly.
Moreover, the potential difference between the OCP and the pitting
potential decreases with increasing temperature, which could be
attributed to the weakening and further instability of the passive
film that may lead to its breakdown. Likewise, the I, slightly in-
creases along with the rising temperature, which means that the rate
at which the corrosion takes place as a function of the temperature is
fairly invariant, especially for levels below 50 °C. In Figs. 5(c) and (d),
an obvious transition from a steady-state passivity at 25°C to an
active corrosion state at 50°C was observed, which specifies that the
stability of passive film decreases significantly at a certain tem-
perature between 25°C and 50°C. As per the influence of the scan rate
on the passivity response of the metal surface, certainly a significant

susceptibility of the passive film can be observed as Icor and Ipass
surge as a function of the scan rate and temperature with larger
passivation areas, mainly for temperatures below 25 °C. Similar
tendency, but with lesser activation of the oxide film is observed for
greater temperatures, where the lower scan rate (0.1 mVs™!) exhibits
some metastable pitting behavior in the passive region (defined as
the occurrence of a current fluctuation/serration during polarisation
as depicted by the solid black line).

To further study the stability of the oxide film, a set of po-
tentiostatic experiments were conducted to obtain additional in-
formation regardless the dynamic effects commonly induced by the
polarization scan rate [37]. The behavior of the current transients in
seawater near the OCP conditions (OCP + 50 mV) at different tem-
peratures are shown in Fig. 6. As it can be seen the metastable pit-
ting activity increases with the solution temperature (current
intensity oscillation), especially for temperatures of 60 °C and 75 °C,
whereas the steady-state oxide film protects firmly the metal surface
for lower temperatures. This analysis provides additional support to
the previous dynamic based potential polarisation results, where the
pitting potential strongly depends on temperature. However, the
occurrence of metastable pitting is somehow related to the magni-
tude of the scan rate as the current density perturbations are more
apparent in lower sweeping rate than higher ones as they tend to
disappear accordingly.

On the other hand, the Tafel plots for the material tested in dif-
ferent seawater solutions with varying chloride concentrations and
temperatures at fix scan rate of 0.1 mV/s are presented in Fig. 7. The
chloride concentrations of the solutions considered in this study are
0.55 mol/L for seawater, 0.055 mol/L for 0.1 x diluted seawater, and
5.5 mol/L for 10 x condensed seawater. Figure 7 displays that the
pitting potential diminishes with increasing chloride concentration
in all temperature intervals, as is normally observed in iron-based
alloys [38]. Also, the current density within the passive range in-
creases suggesting that the corrosion rate would eventually escalates
since there are more chloride ions in the solution. And it is obvious
that the potential difference between the OCP and the pitting po-
tential drops as chloride concentration climbs, indicating that the
stability of the passive film decreases with higher [CI].

Likewise, dynamic effects on passive film formation were also
removed by performing potentiostatic analysis on samples im-
mersed in simulated seawater solutions at different concentrations.
Fig. 8 illustrates the the effect of the chloride concentration on ty-
pical chronoamperometry transients obtained at near OCP condi-
tions, as observed from the experiments performed at 25°C (Fig. 8(a))
and 50°C (Fig. 8(b)). The lack of oscillation in the current transients
presented in Fig. 8(a) can be attributed to the absence of corrosion
activity in the form of pitting as the electromotive force necessary
for this process has not been achieved and thus the protecting oxide
film remains unaltered regardless solution concentration. However,
as depicted in Fig. 8(b), when the temperature is 50 °C, the weakness
of the passivation on the alloy surface is related to the chloride
concentration. Higher chloride concentration will lead to the acti-
vation of metastable pittings. That is, there is a steep climb of the
current after a few seconds of starting the experiment in the 10 x
seawater solution suggesting controlled-diffusion of electroactive
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Fig. 5. Potentiodynamic-polarization curves of Al,CrsCusFes3Niss alloys at (a) 2°C, (b) 10°C, (c) 25°C, (d) 50°C, (e) 60°C, (f) 75°C with various scan rates ranging from 0.1 mV/s to

10 mV/s in seawater.

Table 3

Electrochemical parameters of Al,CrsCusFes3Niss alloys in the seawater with scan rates of 0.1 mV/s, (1 mV/s), and [10 mV/s] at different temperatures.

Temperature Ecorr (MV vs. SCE) Leorr (uA/cm?) fa (mV/dec) pe (mV/dec) E, (mV vs. SCE) AE (mV vs. SCE) Ipass (uA/cm?)
2°C —-248.09 0.024 80.7 -575 357.05 605.14 0.470
(- 44331) (0.133) (142.6) (-951) (347.75) (791.06) (1273)
[ -515.25] [0.252] (88.2] [ -55.6] [461.75] [977.00] [4.533]
10°C -357.10 0.018 76.1 -39.9 305.90 603.01 0.468
( - 526.60) (0179) (180.3) (-818) (311.66) (838.26) (1.286)
[ -552.70] [0.491] [120.4] [ -776] [352.6] [905.3] [4917]
25°C -258.11 0.022 26.4 -33.9 275.42 533.53 0.605
(- 348.70) (0.201) (159.5) (-916) (232.02) (580.72) (2.083)
[ -600.88] [0.837] [1571] [ -811] [289.72] [890.6] [6.050]
50°C -144.76 0.023 64.3 -355 143.35 288.11 0.669
( - 207.80) (0.210) (167.6) (-731) (153.25) (361.05) (2.350)
[ -308.19] [0.438] [1433] [ -88.6] [11.25] [319.44] [5.104]
60°C -200.31 0.034 20.5 -15.2 87.49 277.80 0.793
(- 26134) (0.549) (108.8) (-562) (48.06) (309.40) (3.145)
[ -319.01] [0.716] [95.3] [ -74.6] [81.06] [400.07] [5.420]
75°C -196.34 0.028 40.8 -319 28.08 224.42 0.885
( - 279.65) (0.432) (163.5) (- 68.0) (-322) (276.43) (2.833)
[ -335.62] [1.154] [126.9] [-972] [14.78] [350.4] [6.793]

species, which is consistent with the potentiodynamic results shown
in Fig. 7(d). However, uniform passive film formation is steadily
built-up in 0.1 x seawater, which agrees with the flat chron-
oamperometry transient in Fig Fig 8(b).

3.3. EIS results

The electrochemical impedance spectroscopy is a steady state
method of characterizing many of the electrical properties of

materials and their interfaces with the electronically conducting
electrodes [39]. Fig. 9(a) and (b) display the Nyquist and Bode plots
of the studied alloy, under different temperatures in the seawater
solution. The Nyquist plots are semicircle arcs with centers below
the x-axis. As the temperature increases, the diameter of the de-
pressed semi-circle decreases, indicating a potential detrimental
influence of the passive film. The phase plots at lower temperatures
specify the characteristics of capacitor-like behavior resulting in a
time constant, showing a slightly constant mid-to-low frequency
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Fig. 6. Effect of temperature on the chronoamperometry transients obtained at the recorded OCP +50 mV for Al,CrsCusFessNiss alloys in seawater.

phase-angle magnitude close to 60 degrees. When temperature rises
to 25°C, the low frequency phase angle lessens revealing the capa-
citive-like behavior decreases. Moreover, for the range 50°C - 75°C,
the surface heterogeneity, especially caused by the erosion, the one-
time constant could in reality be the overlapping of two-time con-
stants [40,41]. The lower temperature cases can be associated with
the passive film formed on the alloy surface. However for the cases
with a temperature higher than 25°C, the second-time constant re-
lates to the electrolyte/alloy interface via defects resolved. These
latter case suggests that the chloride initiates the breakdown process
of the passive film [42,43]. It can be demonstrated from the varied

-2 -2

shapes of the Bode plots that the passive films become more vul-
nerable with increasing temperature, especially at the temperatures
above 25°C. This transition from stable passivity to film breakdown is
in agreement with previous results obtained with the polarization
analysis shown in Fig. 5: at higher temperatures (above 25°C), the
Al,CrsCusFessNiss alloys change from the Tafel region into the active
corrosion region, while at lower temperatures, the alloys change
directly from the Tafel region towards the stable passive region,
without showing an active to passive transition. The EIS analysis
indicates that the Al,CrsCusFes3Niss alloy could spontaneously form
the protective film at a lower temperatures to prevent further

10 10

Current Density (A/cm?)
Current Density (A/lcm?)

— 0.1 x seawater 10
—— seawater
—— 10 x seawater

Current Density (A/lcm?)
S

-9
—— 0.1 x seawater 10

—— seawater
—— 10 x seawater

—— 0.1 x seawater
—— seawater
—— 10 x seawater

-0.8 -0.4 0 0.4 0.8 -0.8 -0.4
Potential (V) vs. SCE

(@)

0 0.4 0.8 -08 -06 -04 -02 00 02 04 06
Potential (V) vs. SCE

Potential (V) vs. SCE

(b) (©)

Current Density (A/lcm?)
8\
Current Density (A/lcm?)

—— 0.1 x seawater -1
—— seawater
—— 10 x seawater

—— seawater

—— 0.1 x seawater

—— 10 x seawater

Current Density (Alcm?)

10 | —— 0.1 x seawater
—— seawater
—— 10 x seawater

-08 -06 -04 -02 0.0 0.2 0.4 -08 -06 -04
Potential (V) vs. SCE

(d)

-02 0.0 0.2 04 -08 -06 -04 -02 00 0.2 0.4
Potential (V) vs. SCE

Potential (V) vs. SCE

(f)

Fig. 7. Potentiodynamic-polarization curves of Al,CrsCusFes3Niss alloy at (a) 2°C, (b) 10°C, (c) 25°C, (d) 50°C, (e) 60°C, (f) 75°C in various chloride concentration solutions with a

scan rate of 0.1 mV/s.
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Fig. 8. Effect of chloride concentration on the chronoamperometry transients obtained at the recorded OCP +50 mV for Al,CrsCusFessNiss alloys. (a) at 25°C, (b) at 50°C.

dissolution, however when the temperature increases higher than
50°C, the protective film is hardly form on the surface leading the
material to actively corrode.

Figure 9(c) displays the equivalent electrical circuit designed to
fit the experimental results at 2°C, 10°C and 25°C, while Fig. 9(d)
shows the equivalent electrical circuit for the three selected tem-
perature levels of 50°C, 60°C and 75°C. As shown in Fig. 9(c), the
surface is covered with a protective passive layer, which is consistent
with the polarization-dynamic results previously discussed in above
subsection. This equivalent circuit is simply composed of the re-
sistance of the electrolyte (Rejectroyte)s Charge-transfer resistance
(Rpass)» and a constant phase element (CPE,qs;) used to characterize
the pseudo-capacitance properties of the passive layer [44]|. More-
over, the equivalent circuit designed for the three higher tempera-
ture levels is composed of two parts: the first circuit describes the
passive film formation (similar to the equivalent circuit of lower
temperatures cases); whereas the second one is a series-connected
circuit to the Rpess used to describe the corrosion process which
occurs in the sensitive area where local attack (pits) are likely to
form due to the surface defects [45]. The active mechanism of film
breakdown can be characterized as an equivalent circuit having a
charge-transfer resistance (R.) and a pseudo-double-layer capaci-
tance (CPEy;) covering the pit surface partially. The impedance [46]
of the CPE is described by the expression

Zepe = Yo (i)™ (1)

where Zcpg is the impedance of the CPE, Yy is the proportionality
factor, i is the imaginary unit,  is the angular frequency, and « is the
phase shift [47]. The effective capacitance [46] associated with the
CPE can be expressed by the formula proposed by Hsu and Mansfeld
for studies on passive film [48,49].

Ceff — Y(])/aR(f1—ot)/oz (2)

The Nyquist and Bode curves of the Al,CrsCusFes3Niss alloy are
included in Fig. 9(a) and (b). The fitted lines are in good agreement
with the experimental results indicating the suitability of the pro-
posed models to describe the electrical characteristics of the passive
film of the alloy in the solution. The theoretical-simulated im-
pedance parameters are summarized in Table 4. As it can be seen,
the charge-transfer resistance decreases with the increasing of
temperature for both passive film and active dissolution due to
passivity breakdown or activation surface, which illustrates the in-
fluence of the temperature on the corrosion resistance. The Yy
coefficient in the CPE.ss decreases, while the Y, in the CPEq in-
creases with increasing temperature, which indicates that when the
temperature exceeds 50°C, the porosity in the film plays a significant
role on the corrosion resistance of passive film. The « value, though,
is found to have a negative effect with respect to the temperature.
According to Hirschorn and Orazem [46] the passive film thickness
(degr) of the Al,CrsCusFessNiss can be calculated based on the data
obtained from EIS by means of

)
deff = —

Cefr (3)
where ¢ is the relative dielectric constant taken as 12, which is
suitable for HEAs [50], while &g is the permittivity of vacuum whose
value is 8.8542 x 1074 F/cm. In Table 4 the estimate film thicknesses
for each considered temperature are provided.

From the EIS study, Al,CrsCusFessNiss has better corrosion re-
sistance at lower temperatures than higher ones. Evidence indicates
that the equivalent electric circuit to describe the properties of the
interface translates from a simple passive film to a passive film with
a number of active areas, which is agreed upon with the potentio-
dynamic-polarization analysis for higher temperature levels. On the
other hand, oxide film thickness estimation based on effective ca-
pacitance does not exhibit an overall temperature dependence, but it
does when is considered as a function of the chosen equivalent
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Fig. 9. The effect of temperature on the (a) Nyquist and (b) Bode plots of Al,CrsCusFes3Niss alloys measured at open circuit potential with a sinusoidal potential amplitude of
10 mV, running from 10 kHz to 10 mHz in seawater. The equivalent electrical circuit representative of the electrode interface for the alloys at (c) 2°C, 10°C, 25°C and (d) 50°C,

60°C, 75°C.

circuit illustrated in Fig. 9¢ and d. For instance, Ceg varies slightly in
the temperature range of 2°C <T <25°C, while certain improvement
of potential corrosion E, is observed (see Fig. 5(a), (b) and (c)).
Hence, the film thickness oscillates accordingly with an average
value of 8.0 nm. This response is consistent with the equivalent
circuit model defined in Fig. 9(c) that represents a homogeneous
time-constant distribution. Conversely, the model in Fig. 9(d) for
T250°C yields an increase of oxide film thickness with respect to
temperature, which is consistent with Eq. 3 that indicates an inverse
relationship between film thickness and effective capacitance with a
compositional configuration of the passive layer [21,46].

3.4. XPS analysis

The protective oxide films formed on the surface of materials
have a direct effect on the dissolution process . In order to obtain

more information about the passive film products, XPS is usually
utilized to study the chemical compositions of oxide films [51]. The
Fe 2ps,,, Ni 2p3,5, Cr 2p3,», Al 2p, Cu 2p3,5, and O 1 s spectra of the
Al,CrsCusFes3Niss alloy are presented in Fig. 10. The Al 2p spectra
contain the metallic-state aluminum, aluminum oxide, and hydro-
xide [52]. Similarly, the Ni 2ps,,, Cr 2ps,» spectra contain the me-
tallic-state metal, the oxide, and the hydroxide product, while the Fe
2p3,» spectra contain the metallic-state metal, and the oxide with
different valence [53]. The Cu 2ps3,» spectra contain metallic-state
Cu, and oxide product only, without hydroxide product [54]. The O
1s spectra are composed of the 0%~ and OH™ peaks. From the fitting
results presented in Fig. 10, the spectra were fitted well with the
metallic state or the oxide of each element. The cumulative fit peaks
agree well with the raw data. According to the area under the peaks,
the percentage atomic concentration of each element [20] can be
computed by

Table 4

Equivalent circuit element values for EIS data of Al,CrsCusFes3Niss alloys in seawater.
Temp. Rpass Ree Relectrotyte CPEpqss parameters CPE parameters Cep degr

(Qcm?) (Qcm?) (Qcm?) Yo (Fem™2s™1) a Yo (Fem™2s™1) a (Fcm™) (nm)

2°C 1.54x 107 N/A 61.8 423x107° 0.71 N/A N/A 118x 1074 9.0
10°C 1.58 x 107 NJA 68.4 6.08x 107 0.66 N/A N/A 1.74x 107 6.1
25C 3.38x10° N/A 522 5.90x 107 0.85 N/A N/A 119x 107 8.9
50°C 2.00x 108 1.48 x 108 384 243%x107° 0.87 2.67x107° 0.78 3.77x107° 282
60°C 1.87 x 108 1.26x 108 28.8 1.40x107° 0.85 8.57x107° 0.82 2.00x107° 531
75°C 9.87x10° 7.14x10° 24.6 7.88x10°¢ 0.85 8.50x107° 0.86 9.24x10°® 115.1
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Fig. 10. (a) Fe 2ps3,, (b) Ni 2p3,; (c) Cr 2p3,» (d) Al 2p (e) Cu 2p3,,, and (f) O 1s spectra of Al,CrsCusFes3Niss alloys after immersed in seawater for 24 h at room temperature.

A
Yini A (4)

Xi =100

where X; stands for the atomic percent of the ith element, n is the
total number of elements in the material, which is 5 in this case, and
A; is the adjusted intensity [20], which is given by

e
A_&K (5)

where J; is the measured intensity, R; is the relative sensitivity factor
which can be obtained from CasaXPS software, and K is the kinetic
energy. The calculation results of the chemical compositions for the
passive film are presented in Table 5.

Based on the information given by Table 5 and Fig. 10, the XPS
results indicate that the dissolution rate of each element has

significant differences. It can be observed that the Al is mostly
present in the alloy’s passive film products formed at room tem-
perature. The Al,03 is commonly used as coating material due to its
insulated behavior as reported in the literature [55,56]. Hence, the
large amount of Al,05 in the passive film serves as a protective layer
at the outer surface of the material to prevent further corrosion. It is
consistent with the stable passive behavior observed in the 25°C
potentiodynamic-polarization curves as well as the lack of

Table 5
Chemical compositions (at%) of passive film formed on the surface of
Al,CrsCusFes3Niss alloys after immersed in seawater for 24 h at room temperature.

Element Al Cr Cu Fe Ni 0]

at% 212 13 0.7 4.8 2.7 69.3
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Fig. 11. SEM micrograph for Al,CrsCusFes3Niss alloys after immersed in seawater for
21 days at room temperature.

metastable pitting activity depicted by the 25°C current transient in
potentiostatic experiment.

3.5. Photomicrograph of corroded surface

Fig. 11 illustrates the surface morphology of the Al Crs
CusFes3Niss alloy after immersion in simulated seawater solution for
21 days at room temperature. It can be seen that tiny pits are
sparsely formed in the FCC phase, while the remnant area remains
smooth, which contributes to the stable passivation process. As in-
dicated by the polarization tests at room temperature, the protective
films are formed spontaneously at the OCP to prevent the metallic
alloy from active corrosion. Moreover, the lack of the oscillation in
the current transient presented in Fig. 8(a) reveals that few me-
tastable pittings develop at room temperature due to the occurance
of discontinuity-like porous on the passive film.

4. Discussion
4.1. Point Defect Model (PDM) analysis

Over the past 40 years, there have been many studies related to
measuring the pitting potential. Several theories have been devel-
oped to explain the passivity breakdown and pit nucleation, but only
the Point Defect Model (PDM) has achieved certain success to
characterize the linear dependence of the pitting potential on the log
[CI"] with a slope greater than 2.303RT/F, and the pitting potential
relation with the potentiodynamic-polarization scan rate [57].

The point Defect Model states that the cation vacancies which are
generated at the interface between the film and the solution will
move to the interface of the film and the metal, and this movement
can be annihilated by cation injection into the film from the metal
following the Schottky-pair type reaction as expressed by the fol-
lowing equations [57]

m+ V& — My + Vi + xe’

(6)

m — My + %V@,’ + xe’ 7)
where m and v, are metal atom and metal vacancy in the metal
phase, while V& and My are cation vacancy and metal cation in
cation site . Noting that the above equations set represent the fun-
damental reactions that occur in the metal/film interface only, and
include the nonconsevative process involving film generation given
by the two first terms of the oxidation reaction in Eq. (7). The cation
vacancies condense at the metal/film interface whether the annihi-
lation rate of cation vacancies (J,) is smaller than the enhanced flux

10
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of cation vacancies (J,). Furthermore, when the areal concentration
in the condensate exceeds a critical value (&), the local separation of
the barrier layer from the substrate metal will occur, which will
continue at the edge of blister leading the expansion of an already
formed blister while it dissolves at the blister/solution interface.
Further details are not given here for the sake of the space, but in-
terested readers are refered to ref. [57].

The picture PDM draws is that the cation vacancy condenses
when the enhanced flux of the cation vacancies exceeds a critical
value first, vacancy condensation then causes this region to expand
and form high local discontinuous areas and these "weak points" on
the surface are where passivity breakdown occurs [30-32,58].

The PDM asserts that the pitting potential for a single site on the
passive film can be determined by

E,— 4.606RT10g(2) _ 2.303RT log[Cl]
xaF D aF (8)
po Rno AG? + ZAGR — %BFpH — 4Fg),
FxeN, RT 9)

where T represents the temperature; y is the oxide stoichiometry;
and g are the dependencies of potential drop across the film/solution
interface (¢y/s) on the applied potential and pH, respectively, ¢}’/s is
the value of ¢y, in the standard state of E=0 and pH = 0; D stands for
the cation vacancy diffusion coefficient; the Q is defined as the vo-
lume per mole of the cation in the barrier film and the ¢ is the
electric field strength. The energy term AG) + £AGR — 4F#{ is used
to describe the energy related to the absorption of aggressive anions
into V; [59]. And the others are standard chemistry constants such as
R is the gas constant, F is Faraday’s constant, and N, is Avogadro’s
number. According to the PDM theoretical framework, the relative
stability of the passive layer is largely dependent on the behavior of
the polarizability of the film/solution interface, @, and the rate of
annihilation of the cation vacancies at the metal/film interface,
Jm [60].

As indicated in Eq. 8, the pitting potential is linear regarding the
chloride concentration, and the slope steepness is associated to the
degree of polarizability of the film/solution interface (a). From the
relationship between E, and [CI"] described in Eq. 8, the intercept at
low [CI7] can be used to compute the b/D ratio, which describes how
fast the metal cations are used at the metal/film interface. It can be
used as an indicator of the stability of the passive film. Figure 12(a)
shows the effect of [CI] on the pitting potential, since the pitting
potential here is obtained by potentiostatic staircase method, there
is no scan rate influence on it. The results presented in 12(a) are
consistent with the prediction of PDM, as the pitting potential (E,) of
Al CrsCusFessNiss decreases linearly with the increasing of the
logarithmic chloride concentration (log[Cl"]), and the slope changes
with the polarizability of the film/solution interface. The slope de-
creases, so that the « value will become larger when the temperature
increases.

According to Eq. 9, the rate of cation annihilation at the metal/
film interface, J,, needs to be evaluated experimentally with the
effect of the scan rate included in the potentiodynamic-polarization
experiments. On the basis of PDM description, the pitting potential
exhibits a linear dependency with the square root of the scan rate
(v”?) as indicated by Eq. 10 [37]

26RT

1/2
] Xd) V2 4+ Ey(v=0)
m.

Ey(v) = (

’ (10)
where ¢ is the critical areal cation vacancy concentration, which is
related to the crystal structure of the metal oxide and the corre-
sponding metal substrate [30]. The parameters value used in Point
Defect Model are summerized in Table 6 and 7.
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Al,CrsCusFes3Niss alloys.

Table 6
The slope and intercept of the fitted results about the linear relationship (y = Ax + B) between E, vs. log[Cl"] shown in Fig. 12(a) and E,, vs. v1”2 shown in Fig. 12(b).
Temperature (°C) E, vs. log[Cl] Ep vs. v17?
A B R? A B R?
2 -0.253 0.2792 0.99644 0.676 0.3403 0.90691
10 -0.2305 0.2448 0.98288 0.390 0.3169 0.47880
25 -0.2438 0.1829 0.99397 0.300 0.2482 0.90723
50 -0.2477 0.0587 0.99995 0.291 0.1505 0.85449
60 -0.2195 0.0108 0.99940 0.180 0.0794 0.74927
75 -0.1787 -0.0423 0.99515 0.059 0.0114 0.72412
Table 7
Parameter values used in the PDM calculating for Al,CrsCusFes3Niss alloy in seawater solution (pH = 8.1 + 0.1) with different temperature.
Parameter Value Units Source
F, Faraday’s constant 96487 C/equiv Fundamental constant
R, gas constant 8.3144 J/(mol K) Fundamental constant
N,, Avogadro’s number 6.023x10%* no./mol Fundamental constant
1 the barrier layer stoichiometry (Fe,03) 3 - Assigned|31]
Q, molar volume of Fe,03 per cation 15.27 cm?/mol Assigned|[31]
¢, the electric field strength 5x 108 V/cm Assigned|30]
¢, the critical areal cation vacancy concentration 3.3x10™" no. /cm? FromFig. 12(b)
w=AGY + %AGR — %F%Q/s -234 kJ/mol FromFig. 12(a)
p, the dependence of ¢y, on pH -0.01 \ Assigned|30]

The E, vs. scan rate outcomes obtained from potentiodynamic-
polarization experiments are depicted in Fig. 12(b). As it can be
observed, under the potentiodynamic-polarization conditions, the
pitting potential is found to be linearly dependent with respect to
the square root of the scan rate. That is, the higher the scan rate is,
the larger the pitting potential. The results shown in Fig. 12(b) are
consistent with the PDM description in Eq. 10 [37,61]. It can be in-
ferred from the decreasing slope magnitude shown in Fig. 12(b) in-
dicates that the value of J,, increases with the solution temperature
as well. This is consistent with the surging of the apparent passive
current density observed in experiments as shown in Fig. 5
and Fig. 6.

The influence of the solution temperature on the polarizability
of the precipitated outer layer («) and the rate of annihilation of the

1

cation vacancies at the metal/film interface (J,,) is presented in
Fig. 13. The values of « and J,, were obtained from the PDM re-
lationships shown in Eq. 8 and 9, with the linear fitting analysis of
the data presented in Fig. 12(a) and 12(b). It can be seen, both « and
Jm values increase with temperature. According to the passivity
description of PDM [62], these results indicate that the rise of
temperature is responsible for undermining the passive film
formed on the surface of Al,CrsCusFes3Niss alloy. Moreover, the
upper limit of the J,, value is 2 x 107 within the barrier layer of
Cr,03 [63], which is typically lower than the J,,, of the current alloys
revealing that the passive film is constituted by additional other
elements rather than Cr solely. This can be proved by the chemical
compositions of the passive film shown in the XPS results, the
smallest amount of Cr was detected. The good agreement with the
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XPS results provides a convincing argument for the validity of the
Point Defect Model.

Based on the values of polarizability (a) at the passive layer/so-
lution interface and the rate of annihilation of the cation vacancies at
the metal/film interface (J;,,), the metal cation diffusivity at the metal
barrier, D, can be obtained from the relationships presented in Eq. 8,
9 and 10. The polarizability was considered a weak function of the
temperature when calculating the value of D [29,64]. The calculated
cation vacancy diffusion coefficients D for the passive film formed by
Al,CrsCusFessNiss alloys are shown in Fig. 14(a). According to the
result shown in Fig. 14(a), the value of the metal cation vacancies
diffusivity (D) increases with temperature, indicating that higher
temperature will decrease the stability of the passive film formed on
the Al,CrsCusFessNiss alloys in seawater, as observed in previous
electrochemical experiments.

4.2. Evaluation of the solution temperature effect on the passive film
Figure 14 (a) also presents the pitting potential (E,) and the po-

tential difference between OCP and pitting potential (AE) in sea-
water solution under different temperatures. It can be observed from
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Fig. 14(a) that the values of E, and AE are decreasing with the in-
creasing value of D while the temperature of the solution rises,
which indicates that not only the limits but also the stability of the
passive film decrease with the increasing temperature. It is asso-
ciated with the increasing of D within the passive film formed by the
Al,CrsCusFessNiss alloy under the conditions above considered. This
passive film behavior is consistent with the prediction of PDM
analysis, as it can be seen in Eq. 8, the rising in the value of D will
lower pitting potential by increasing the mobility of the cation va-
cancies at the metal/film interface. This is coherent with the ex-
planation based on the presence of highly defective outer layer
which is also pointed out in previous publications [60,65]. The AE
has a significant drop between 25°C and 50°C, and also the slope of
the D curve is steeper after 50°C, these results indicate the transition
of passive to active is dictated by the consistency of the passive layer,
which is in a good agreement with the EIS analysis.

4.3. Quantitative comparison with a conventional martensitic stainless
steel

Many efforts have been made using PDM approach to evaluate
the corrosion behavior of martensitic stainless steels [66-68,63].
UNS S40300 stainless steel in the borate buffer solution (pH = 8.1)
[63] was chosen to compare with current high-entropy alloy. The
reason is that the pH environment is an important factor in metal
cation diffusivity [32] and the pH of the simulated seawater solution
is about 7.9. With « and J, values provided in the work [63], the
metal cation diffusivity (D) of the UNS S40300 stainless steel can be
calculated. The quantitative comparison results of D between the
Al,CrsCusFessNiss alloy and UNS S40300 stainless steel are pre-
sented in Fig. 14(b). According to the results shown in Fig. 14(b), the
value D of UNS S40300 is larger than the Al,CrsCusFes3Niss alloy
when the temperature lower than 60°C. Based on the physico-
chemical model underlying by PDM , it can be concluded that the
passive film formed on the surface of the Al,CrsCusFessNiss alloy is
more stable and superior than the UNS S40300 stainless steel when
the temperature is not exceed more than 60°C in certain pH solu-
tions. In general, high-entropy alloys usually have promising me-
chanical properties [69], therefore Al,CrsCusFes3Niss alloy, based on
the current analyses, may serve as starting point for the discovery of
new corrosion resistant alloys that bring scientific significance and
practical benefit.

1077 F
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Fig. 14. (a) The pitting potential (E,), potential difference between OCP and pitting potential (AE), and metal cation diffusivity (D) of Al,CrsCusFessNiss alloy in seawater at
different temperatures; (b) The metal cation diffusivity (D) between Al,CrsCusFessNiss alloys and UNS S40300 stainless steel [63] in the solution with similar pH.
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5. Conclusions

The Al,CrsCusFes3Niss is a single-phase, solid solution alloy with
FCC crystal structure, similar to FeNi intermetallic compound.
Owing to the different atom sizes of the constituent elements,
XRD analysis indicates the presence of distorted crystalline lat-
tice structure whose averaged grain size is about 500 xm.

The potentiodynamic-polarization and potentiastatic staircase
experiments show the localized corrosion resistance of
Al,CrsCusFessNiss alloy is undermined by higher concentrations
of chloride in the solvent. Likewise, the resistance to localized
corrosion diminishes as solution temperature rises, especially in
the range above 50°C where the alloy undergoes corrosion
without transition stage between activation and passivation.
These external factors (temperature and acidity) promote in-
stability and subsequent passive film breakdown. Conversely, the
impedance analysis indicates that the Al,CrsCusFes3Niss alloy
could spontaneously form a protective film at lower tempera-
tures (2°C, 10°C, and 25°C) almost without active dissolution
process at the working electrode surface.

Stable passive film formation at room temperature is observed
that is mainly comprised by Al,03 surface layer with few micro
porous-like defects, which can act as entrances of CI” anions into
the metal surface. These pores can be exacerbated by higher
temperatures making the apparent film thickness grows as in-
dicated in Table 4, thereby facilitating film breakdown and active
dissolution.

The Point Defect Model (PDM) approach provides a convincing
argument about the passive film properties of the
Al,CrsCusFessNiss alloy formed in seawater solution. The values
of polarizability («), cation vacancies at the metal/film interface
(Jm) and metal cation diffusivity at the metal barrier (D), all in-
crease with the solution temperature indicating that higher
temperature will decrease the stability of the passive film in
seawater. According to the PDM analysis, the localized corrosion
resistance of Al,CrsCusFessNiss alloy is slightly superior to UNS
S40300 stainless steel when temperature is below 60°C.
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