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ARTICLE INFO ABSTRACT

Keywords: In light of the low dissolved oxygen concentration in the deep sea, the corrosion mechanisms of
Deep sea ) the high entropy alloy (HEA) AlCoCrFeNi in artificial seawater with varying oxygen concentra-
Oxygen concentration tions (2.0, 4.0, 7.0 mg/L) were studied. As the oxygen concentration decreases, the alloy’s free

High entropy alloy
AlCoCrFeNi
Electrochemical corrosion

corrosion potential decreases, and at 2.0 mg/L, the corrosion rate is 421 times higher than that at
7.0 mg/L. The corrosion form transforms from pitting to uniform corrosion. The primary reasons
for this are the passivation film is thin under low oxygen concentration conditions, as well as the
preferential dissolution of the alloy elements Al and Ni due to their high activity and “local
acidizing” properties, respectively. In designing a super corrosion-resistant high entropy alloy for
use in the deep sea, it is advisable to avoid the use of element Al and to add Ni with caution.

1. Introduction

The deep sea is defined as the area with a depth greater than 500 m. Within the vast expanse, there is an abundance of resources
such as oil, gas, combustible ice, and metal deposits, making it one of the prime fields for future resource exploitation [1,2]. However,
the ocean is a harsh and complex corrosive environment that includes high salinity, high/low temperature, dissolved oxygen con-
centration differences, seawater velocity, and complex marine organisms, among other factors [3]. Compared to the shallow-sea
environment, the deep sea has low dissolved oxygen concentration, high hydrostatic pressure, and low temperature [4]. The corro-
sion behaviors of marine equipment’s metal structural components (such as gears, bearings, connecting rods, sliding rails of a sub-
marine, deep sea oil/gas pipelines and oil drilling platforms, slush pumps, etc.) working in the deep sea are distinctly different from
those in shallow-sea environments [5-8]. Starting in the 1960s, in-situ materials performance experiments in the deep sea at locations
such as Port Winnipeg in California and the Indian Ocean [9,10], as well as in the South China Sea [4,11], have demonstrated that the
dissolved oxygen concentration is the most significant factor affecting the corrosion rate of metals in deep sea environments [10,12,
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13].

Although oxygen concentrations vary in different oceanic areas, the change tendencies are similar along the ocean depth: it de-
creases near the surface and then slightly increases [10,14]. In shallow-sea environments, the dissolved oxygen concentration is the
highest (~7.0 mg/L) due to sea wave motion, contact with air, and photosynthesis by seaweed [4,10]. As the ocean depth increases,
the dissolved oxygen concentration decreases because photosynthesis weakens and more oxygen is consumed by ocean animals.
Generally, the oxygen concentration is the lowest (2.0-2.5 mg/L) near the ocean depth of 700 m [15]. As the depth further increases,
the oxygen concentration increases slightly. This is due to cold, dense, oxygenated water sinking and convection in polar regions; and
less oxygen is consumed by ocean animals [13].

There are two effects of dissolved oxygen on the corrosion behavior of a metal in deep sea environments. On one hand, except for
magnesium (Mg), which has a very low potential, most metals’ cathodic reactions in seawater are oxygen reduction reactions [13]. As
the concentration of dissolved oxygen decreases, the corrosion rate also decreases. Therefore, in-situ performance experiments in deep
sea environments have shown that the corrosion rates of low alloy steel (Ni-Cr-Mo-V) [13], martensitic steel, austenitic cast iron [10],
and copper alloy (Cu - 32.55 % Zn) [16] are consistent with the dissolved oxygen concentration. In other words, the corrosion rates of
these alloys decrease as the oxygen concentration decreases. Generally, those alloys are non-passivated alloy, and has high corrosion
rate in sea water. For example, the corrosion rate of a medium carbon steel (a component of a nuclear reactor that sank in 1989) is 75
pm/y at a depth of 1655 m in the Southwest Norwegian Sea [17]. On the other hand, as the dissolved oxygen concentration decreases,
the protective passivation film on the surface of a passivable alloy also reduces. This makes corrosion pitting more likely to nucleate.
In-situ exposure testing of a 316SS at a depth of 3000 m in the South China Sea showed that the main forms of corrosion are pitting and
crevice corrosion. As the exposure depth increases, the pitting depth and its diameter also increase. The corrosion rate of the 316SS at
3000 m depth is 2.5 times higher than that at shallow-sea depths. This is very dangerous for ocean equipment [18]. Certainly, the
impact of hydrostatic pressure and temperature cannot be disregarded in the aforementioned in situ exposure testing in deep sea
environments [3].

Human beings never stop innovating and exploring the unknown. In 2004, High Entropy Alloy (HEA) was introduced by Jien Wei
Yeh et al. [19], which consists of five or more elements in a mole fraction ranging from 5 to 35 %. In addition to its excellent me-
chanical performance, due to the “cocktail effect”, HEA containing elements such as Cr, Ni, and Al exhibits superior corrosion
resistance compared to conventional stainless steel in solutions such as NaCl, HNOs, HCl, and others [20-22]. Thanks to the “High
entropy effect”, HEA containing high concentrations of corrosion-resistant elements remains as a FCC or BCC phase without the
formation of complex intermetallic compounds. Therefore, galvanic corrosion can be prevented in electrolyte solutions [21,22]. It is
well known that the CoCrFeNi system HEAs were the earliest proposed and have been widely studied [19,23]. Yunzhu Shi et al. [24]
reported that the tensile strength increases significantly after adding alloy element Al to the CoCrFeNi system. Additionally, with the
increase of Al concentration, the AlxCoCrFeNi alloy exhibits good corrosion resistance in a 3.5 wt% NaCl solution due to the thicker
passivation film thickness and more positive pitting potential. In simulated seawater (3.5 % NaCl solution), the High entropy alloy
AINDbTiZrSiy exhibited higher passive current density, because the ZrsAls phase regions preferential corroded, and the addition of Si
reduced passive film stability, which worsening corrosion resistance [25]. A High-entropy alloy film (~3 pm) of VAITiCrSi was
prepared by using the DC magnetron sputtering with the (V-AI-Ti-Cr-Si) spliced targets. In artificial sea-water, a passive film mainly
composed of oxidation of V, Al, Ti, Cr and Si is formed, which can protect the sample from corrosion [26]. L. Xue et al. found the
Al,CrsCusFes3Niss is a single-phase, solid solution alloy with FCC crystal structure, similar to FeNi intermetallic compound. The alloy
exhibits a better local corrosion resistance than conventional martensitic stainless steel UNS S40300 when temperature is below 60 °C
in similar electrolytic environment [27]. A CoCrFeMnNi high-entropy alloy thin film was prepared on a Cu substrate by potentiostatic
electrodeposition at various potentials in the DMF-CH3CN organic system with LiClO4 additive. The film has a good corrosion behavior
in artificial seawater [28]. Dohyung Kim et al. for an offshore plant steel needs in deep sea, compared the microstructure and corrosion
performance of high-entropy alloy and austenite and super duplex stainless steels in 3.5 % NaCl solution. It is found SDSS2507 has
excellent corrosion resistance, but is unsuitable for use at low temperatures (in deep sea) owing to its low-temperature brittleness, the
HEA FeCrNiCoMn exhibit low-temperature twinning and low corrosion-resistance, which can be used in the deep seas environment
[29]. Yih-Farn Kao et al. [30] also reported that the hardness of Al;CoCrFeNi increases with the increase of x. When x approaches 1.0,
the HEA exhibits a BCC structure, which has excellent hardness (~500 HV), yield strength (> 1360 MPa), and plasticity (~17 %) [30,
31]. AlCoCrFeNi coatings have also been prepared using atmospheric plasma spraying (ASP) [32], high-velocity oxygen fuel (HVOF),
and high-velocity air fuel (HVAF) [33], and their corrosion resistance in solutions such as NaCl an H,SO4 have been studied. Therefore,
AlCoCrFeNi HEAs are the most promising materials as key components or coatings on inexpensive carbon steel surfaces used in ocean
equipment. However, to our knowledge, the corrosion resistance of AlCoCrFeNi in a deep-sea environment has not been reported.

The study investigated the impact of dissolved oxygen concentration on the corrosion behavior of cast AlCoCrFeNi in a simulated
South China Sea environment. The pH value (ranging from 7.4 to 8.0) and salinity (consistent with measured values of 3.43-3.44 % in
the South China Sea) were maintained to mimic the actual conditions [4]. To isolate the single-factor effect of dissolved oxygen
concentration on corrosion, the pressure (1 atm) and temperature (25 °C) of the corrosion system were kept constant. This research
provides a theoretical foundation for designing alloys with superior corrosion resistance to meet the demands of deep-sea equipment.

2. Experiment
The HEA AlCoCrFeNi cast ingots, each weighing approximately 200g, were produced using a medium frequency induction melting

furnace. Prior to casting, precise weighing of 40.0 g of electrolytically pure (> 99.9 %) raw Al, Co, Cr, Fe, and Ni particles was
conducted using an electronic analytical balance with a precision of 0.1 mg (SOPTOP-FA2004, Shanghai Sunny Hengping Scientific
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Fig. 1. Electrochemical corrosion test apparatus for simulating different oxygen concentration in deep sea environment, 1. Artificial seawater; 2.
Dissolved oxygen concentration tester; 3. Work electrode; 4. SCE; 5. Counter electrode; 6. Dissolved oxygen concentration controller; 7. Electrolytic
tank; 8. Electrolytic tank’s cover; 9. Electrochemical workstation; 10. water seal.

Instrument Co., Ltd.). These particles were approximately 3 mm x 3 mm x 3 mm in dimension and were supplied by Beijing Jiaming
Platinum Nonferrous Metal Co. Ltd. To minimize element content deviation caused by the ablation of active elements, an additional
1.0 g of elemental Al and Cr was added. The casting was conducted under an argon atmosphere. After the temperature of the ingot
dropped to room temperature, the ingot was removed from the furnace and then cut into small blocks with dimensions of 10 mm x 10
mm x 3 mm using an electric discharge wire cutting machine (China Taizhou electric discharge wire Co. Ltd). All block samples were
successively polished using 500#, 1000#, and 2000+# SiC paper, then cleaned and dried.

To investigate the microstructure of the HEA sample, the polished samples were corroded using aqua regia (HCl: HNO3 = 3:1).
Subsequently, the microstructure and elemental analysis were conducted using a laser scanning confocal microscope (LSCM,
KEYENCEVK-X250) and a scanning electron microscope equipped with an energy dispersive X-ray detector (SEM/EDS, Carl Zeiss
Sigma500). It is important to emphasize that the as-cast HEA sample without etching was used to determine its elemental composition
using EDS.

The samples utilized for the electrochemical property studies were connected to a wire and sealed with epoxy resin, except for a 1
cm? surface area that was exposed. The electrochemical corrosion test setup is illustrated in Fig. 1. A conventional three-electrode
system was employed, with the reference electrode being a saturated calomel electrode (SCE), Escg = Esyg + 0.241 V. The counter
electrode used was a Pt net measuring 20 mm x 20 mm. The electrolytic tank was filled with 200 ml artificial seawater prepared
according to ASTM-D1141 [34]. The pH level of the solution was adjusted to 7.8 by adding HCI solution. The dissolved oxygen
concentration was controlled by adjusting the flow rates of O3 and Nj. The gaps between the electrode/wire and the electrolytic tank
cover were sealed to prevent oxygen from dissolving into the electrolyte from the air. The exhaust holes are sealed by water. During the
experiment process, the oxygen concentration in artificial seawater was measured using a dissolved oxygen concentration meter
(LEICI, JPB-607A). After the oxygen concentration is stable within the proposed range c+0.1 mg/L (c = 7.0 mg/L (shallow-sea), 4.0
mg/L, 2.0 mg/L (the lowest level in deep sea)) for 1 h, the work electrode immersed into the artificial seawater. The electrochemical
parameters were evaluated using a multi-channel electrochemical workstation (Autolab M204). After the working electrode (sample)
was allowed to corrode freely for more than 2 h, the electrochemical impedance spectroscopy (EIS) was conducted over a frequency
range of 0.01 Hz-100 MHz under open circuit potential (OCP). The AC modulation amplitude was set at 10 mV. After the EIS testing
was complete, the OCP value was re-measured. Once the values stabilized, the sample underwent a reduction treatment at a constant
potential of —0.5 V vs. OCP to remove any oxide films that may have been present on its surface. Then the potentiodynamic polari-
zation curve was then tested from —0.5 V to 1.5 V vs. OCP at a scanning rate of 1.0 mV/s. When the anode polarization current reached
0.5 mA/cm?, the scanning direction was reversed. The corrosion rates of the alloy in artificial water were calculated using Tafel strong
polarization region data. According to Faraday’s law, the corrosion rate expressed in terms of corrosion depth, v (mm/y), is calculated
as: v = Micor/nFp. Here, M represents the relative atomic mass of the material (50.4 g/mol), icorr denotes the corrosion current at the
intersection of the extrapolated Tafel lines in the strong polarization region; n is the number of electrons gained or lost in the electrode
reaction equation; F is Faraday’s constant (96,485 C/mol); p stands for the material density (7.1 g/cm®). Both M and p are calculated
using the formulas M = Y~ A;W; and p = p;W;, respectively.” Where, A;, W;, and p; represent the relative atomic mass, mass fraction
(wt%) and the density of the ith component in the high-entropy alloy, respectively. Compared to the loss weight method, the electricity
method has high test efficiency, but it also has a larger data error range [35]. And the following approximations were adopted: (1)
Assuming that the mass transfer process in the strong polarization region is sufficiently fast, thus neglecting the concentration po-
larization in this region; (2) The corrosion rate was determined based on the assumption that uniform corrosion occurred in the sample.
(3) The electrochemical equivalent, C = 21.42, of the high-entropy alloy is calculated using the following formula: C = 1/ >~ %, where
x;j and ¢; is represent the mass fraction and the chemical equivalent of the ith element in the alloy, respectively. Three parallel samples
were tested at each dissolved oxygen condition. During the electrochemical testing, O, and N, were continuously supplied to the
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Fig. 2. Microstructure and composition of AICoCrFeNi (a) LSCM metallographic picture; (b), (c), (d) high resolution SEM images with EDS (insert in
(c)) and XRD analysis (e).

electrolyte, and the dissolved oxygen concentration was constantly monitored. To confirm the corrosion mechanism, electrochemical
experimental data for pure metals (Al, Co, Cr, Fe, and Ni) were obtained using the same methods under specific conditions. In the
deep-sea environment, in addition to dissolved oxygen content, changes in factors such as pressure, temperature, pH, and salinity can
all affect the corrosion rate of metals. However, because this article only studies the influence of dissolved oxygen content, other
parameters are set at constant values: pressure is 0.1 MPa, temperature is 25 + 2 °C, pH is 7.8 (except for corrosion experiments on
pure metals in acidic environments), and salinity is 3.43 %.

After the potentiodynamic polarization testing, the samples were immersed in deionized water and ethyl alcohol for 10 min each,
then dried with Ny. The corroded sample surface was then analyzed using scanning electron microscopy/energy-dispersive X-ray
spectroscopy (SEM/EDS).
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Table 1
The mixing enthalpies of atom-pairs between each element for present alloys (kJ/mole) and pure metals’ melting point [35].
Cr Fe Co Ni Al Melting point/°C
Cr 0 -1 —4 -7 -10 1907
Fe / 0 -1 -2 -11 1538
Co / / 0 0 -19 1493
Ni / / / 0 —22 1453
Al / / / / 0 660
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Fig. 3. OCP of the AlCoCrFeNi in artificial seawater with different oxygen concentration.
3. Results

3.1. Microstructure

The cast AlICoCrFeNi’s microstructure taken by LSCM is presented in Fig. 2(a). The equiaxed dendrites can be clearly observed in
polygonal block grains, indicating that their solidification temperature ranges are broader. The SEM images and the microstructure
linear scanning results are showed in Fig. 2(b) and (c), respectively. The composition of the tested as-cast sample (without etching
using aqua regia) is as follows (at %): Al: 18.9 + 0.6 %, Co: 21.0 + 1.5 %, Cr: 18.4 + 0.3 %, Fe: 19.6 & 0.5 %, and Ni: 21.1 £ 0.6 %. This
composition is similar to the nominal composition of 20.0 at% for each element. The equiaxed dendritic protrude around the surface.
The content of elements Al and Ni are slightly higher at the interdendrite than that in the dendrite.

The unique microstructure is associated with the negative mixing enthalpy of Ni-Al. As indicated in Table 1, the mixing enthalpy of
Ni-Al is more negative compared to other elements [36]. During the initial stage of solidification, due to structural and energetic
fluctuations, regions rich in Al-Ni and those rich in Fe-Cr emerge in the subcooled melt. The new grains first appear in the rich-Fe-Cr
regions due to their higher melting point compared to the rich Al and Ni regions [37]. It has been reported [38] that there is significant
lattice distortion when the element Al is added to HAE CoCrFeNi (FCC), as the atomic radius of Al is large. In comparison to the FCC
structure, the BCC structure has a lower fill rate, which helps to relieve lattice distortion. Consequently, the first grains formed in the
HEA (rich in Fe-Cr and containing Al) have a BCC structure. Certainly, some scholars believe that the element Al possesses a unique
electronic structure, which facilitates the formation of bonds with transition metals that have an incomplete filling of electrons in their
d-layer. The rich Al-Ni melts are squeezed into the dendrites, which are reminiscent of the Al-Ni phase. This phase exhibits an ordered
BCC structure like the CsCl structure upon solidification [39]. The high-magnification SEM image of the microstructure, presented in
Fig. 2(d), reveals a periodically arranged fine-scale structure with a width of approximately 100 nm. These structures are spinodal
decomposition products, which have been previously reported in Refs. [30,40]. In a solid solution, the diffusion coefficient of

component i is expressed as: D; = kTB; (1 + Z}E 2) . In the formula, k is the Boltzmann constant, T is the absolute temperature, B; is the

atomic mobility of component i, y; is the activity coefficient of component i in the solid solution, and ¢; is the concentration of

component i. When the thermodynamic factor (1 + gix 2) <0, D; < 0, indicating that diffusion proceeds in the same direction as the

concentration gradient. This leads to uphill diffusion, resulting in the formation of phases with identical crystal structures but with
periodic compositional fluctuations, a phenomenon known as spinodal decomposition. Through this process, an ordered BCC phase
(B2 structure) and a disordered BCC phase (A2 structure) are formed. Their unit cell structures resemble the conventional BCC
structure, but in the B2 structure, the atoms at the vertices differ from those at the body center, while the A2 atoms exhibit a disordered
arrangement [41,42]. Reference [40] further analyzed these structures using transmission electron microscopy (TEM). The TEM
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Fig. 4. EIS of the AlCoCrFeNi in the artificial seawater with different oxygen concentration, (a) Nyquist plot, (b) Bode plot.

Table 2
The main electrochemical parameters of the equivalent circuit
0, concentration/(mg/L) Ry(Q) Ry(Q) Yo(Mho*S%) 0 $
7.0 26.596 448.470 26.168 0.893 0.09
4.0 26.753 413.830 20.907 0.928 0.08
2.0 28.395 0.603 1.783 x 10* 0.937 0.03
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Fig. 5. Cyclic potentiodynamic polarization curves and corrosion rate of AlICoCrFeNi under the different oxygen concentration, (a) cyclic poten-
tiodynamic polarization curves, (b) corrosion rate.

images revealed that the spinodal structure consists of an ordered BCC phase (B2 structure) and a disordered BCC phase (A2 structure).
This finding is consistent with previous reports in Refs. [30-32,40]. But the elements Al and Ni are rich lightly at the interdendrite.
After being corroded by the aqua regia, the interdendritic region was preferentially corroded due to the high activity of the alloy
element Al, which was more susceptible to corrosion. So, the equiaxed dendritic can be found as shown in Fig. 2(a) and (b).

3.2. Electrochemical corrosion behavior

The sample’s OCP under three different oxygen concentrations are showed in Fig. 3. The OCP reduces with the decreasing of the
oxygen concentration.

The electrochemical impedance spectroscopy (EIS) data under three different oxygen concentrations are presented in Fig. 4. A
simplified R-C equivalent circuit model was utilized to represent the electrochemical system’s architecture, which is schematically
illustrated in Fig. 4(a). The main electrochemical parameters are showed in Table 2. The solution resistance, denoted by R, exhibits
minimal variations across the three oxygen concentration levels. This observation suggests that the oxygen concentration has minimal
impact on the solution resistance. Ry, is a film resistance. As shown in Table 2, the lower of the oxygen concentration, the lower of the
R,. It’s worth noting that the R;, at the oxygen concentration of 7.0 mg/L is 744 times larger than that of 2.0 mg/L. CPE is a constant
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Table 3
Cyclic potentiodynamic polarization parameters under different oxygen concentration
Samples 0O, concentration/(mg/L) Ecorr(V) Ipass(A/crnZ) Ep(V) Epro(V) v(pm/y)
304SS 7.0 —0.320 2.0 x 107°-2.2 x 107° 0.300 —0.157 10.1
HEA 7.0 —0.268 1.0 x 107°-1.0 x 107° 0.384 -0.244 6.5
4.0 —0.471 1.3 x107%1.1 x 107° 0.288 —0.361 9.1
2.0 —0.797 4.4 x107%1.1 x 1072 0.258 0.016 3.2 x 10°

ok
To Figb. (b) .4
ey SLoeed

Fig. 6. SEM images of the AlCoCrFeNi after the cyclic potentiodynamic polarization testing at an oxygen concentration of 2.0 mg/L, (a) low
resolution, (b) corrosion pits, (c) no corrosion pit position.

phase element, which designates the impedance of a constant phase element as Zcpg = Y5 (jw)~?, where Yj is the proportionality
factor, j is the imaginary unit, o is the angular frequency, and 6 is the phase shift, —1 < § < 1. Z¢cpg represents an inductance (L), a
resistance (R) and a capacitance (C) when § = —1, 0, 1, respectively [36-44]. As shown in Table 2, where the 0 are approaching 1.0. So,
Yy = C. Based on the Helmholtz model [45], the adsorptive capacitance is inversely proportional to the thickness of the passivation
film (6) [44-47]:

Yo ~ %A 6))

Where, ¢ is the permittivity of a vacuum (8.85 x 10~ 1* F/cm), ¢ is the dielectric constant of the passive film, and the A is the surface of
the electrode. The values of Y are similar at the oxygen concentration of 7.0 mg/L and 4.0 mg/L, but far less than that at 2.0 mg/L.
After corrosion in artificial seawater, the composition on the HEA surface primarily consists of Cr,Os, along with small amounts of
hydroxides of Fe, Al, and Ni [43]. Based on the inverse relationship between Y, and passivation film thickness, the relationships
between passivation film thickness and dissolved oxygen concentrations were only qualitatively evaluated. So, it is concluded that the
passivation film formed under low oxygen concentration conditions is thinner than that formed under higher oxygen conditions.

In conclusion, under low oxygen conditions, the resistance of the passivation film (R},) is smaller due to its thinness. Consequently,
the thin film offers weaker protection to the sample. As shown in Fig. 3, the Open Circuit Potential (OCP) is more negative compared to
high oxygen conditions.

The cyclic potentiodynamic polarization curves of AlCoCrFeNi under different oxygen concentrations are presented in Fig. 5(a).
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Table 4
EDS results of the AlCoCrFeNi after corroded with the oxygen concentration of 2.0 mg/L as shown in Fig. 6 (at%)
Position Al Co Cr Fe Ni o
1 1.3 17.3 43.8 25.4 3.3 8.8
1.7 19.4 41.1 23.7 5.5 8.7
3 17.8 17.7 18.8 19.6 21.9 4.3

Fig. 7. SEM images of the AlCoCrFeNi after the cyclic potentiodynamic polarization testing at an oxygen concentration of 4.0 mg/L, (a) low
resolution, (b) corrosion pit.

Table 5
EDS results of the AlCoCrFeNi after corroded with oxygen concentration of 4.0 mg/L as shown in Fig. 7 (at%)
Position Al Co Cr Fe Ni o
1 1.4 18.8 43.7 24.7 5.8 5.5
18.1 20.8 19.2 19.8 221 /

The main electrochemical parameters are summarized in Table 3. For comparison purposes, the corrosion parameters of 304SS under
the same corrosion conditions with an oxygen content of 7.0 mg/L are also included in Table 3. At 7.0 mg/L, the free corrosion po-
tential (Ecorr) of 304SS is slightly more negative than that of the high entropy alloy (HEA), and the corrosion rate (v) is slightly higher
than that of the HEA. For the HEA, as the dissolved oxygen concentration decreases, besides the free corrosion potential (Ecorr)
decreasing, the breakdown potential (Ep) also decreases. The “breakdown potential” is also referred to as “pitting potential” in any
literatures [44,48,49]. However, the anode passivation current density (I,ass) increases with the reducing of the oxygen concentration.
The I, at the oxygen concentration 2.0 mg/L is about 400 times larger than that at 4.0 mg/L and 7.0 mg/L.

The protection potential (Ejo) is the potential value corresponding to the intersection point of the current-potential curve obtained
by reversing the scan (decreasing the potential gradually) after the anode current density suddenly increases and reaches a certain
value during the forward scan (increasing the potential gradually) of the steady-state potentiodynamic anodic polarization curve, with
the passivation region of the forward scan polarization curve. When the potential is higher than E, (E > Ep,), not only does a new
corrosion pit form, but the existing corrosion pits also continue to develop. When Ej,;, < E < Ep, a new corrosion pit does not form, but
the existing corrosion pits continue to develop. When E < Ep,, no new corrosion pit can be formed, and the existing corrosion pits do
not develop either. According to Fig. 5, the Epy, value of the AlCoCrFeNi sample at an oxygen concentration of 7.0 mg/L is marginally
higher than that at 4.0 mg/L. This suggests that the sample is more prone to undergo repassivation at an oxygen concentration of 7.0
mg/L.

Ignoring concentration polarization, the corrosion rates of the AlCoCrFeNi sample in artificial seawater with varying oxygen
concentrations are displayed in Fig. 5(b)-as determined by the Tafel curve extrapolation method. As the oxygen concentration de-
creases, the corrosion rate increases. It is worth noting that while the corrosion rate increases slightly when the oxygen concentration
decreases from 7.0 mg/L to 4.0 mg/L, it experiences a sharp increase when the oxygen concentration further decreases from 4.0 mg/L
to 2.0 mg/L. In fact, the corrosion rate at an oxygen concentration of 2.0 mg/L is 421 times higher than that at 7.0 mg/L.

3.3. Microstructure and compositions after corrosion

Fig. 6 is SEM images of the HEA following cyclic potentiodynamic polarization testing at an oxygen concentration of 2.0 mg/L.
Numerous corrosion pits are visible on the sample surface. Upon closer inspection of the high-resolution images in Fig. 6(b) and (c), it
becomes evident that apart from a handful of areas that remain uncorroded (position 3 in Fig. 6), the microstructure of most other



J. Wang et al. Heliyon 10 (2024) e32793

To Fig. 8(b). “ *

200 pm S ' -

Fig. 8. SEM images of the AlCoCrFeNi after the cyclic potentiodynamic polarization testing at an oxygen concentration of 7.0 mg/L, (a) low
resolution, (b) corrosion pit.

Table 6
EDS results of the AlCoCrFeNi after corroded with the oxygen concentration of 7.0 mg/L as shown in Fig. 8 (at%)
Position Al Co Cr Fe Ni o
1 1.2 18.2 46.3 27.3 21 4.8
2 1.5 19.1 43.2 24.5 6.7 5.0
3 17.5 19.3 19.6 20.9 22.7 /
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Fig. 9. Relationships between the pit area rate and the dissolved oxygen concentration.

regions, both surrounding and away from the corrosion pits, appears porous (position 1 and 2 in Fig. 6). Table 4 provides the com-
positions of the different positions in Fig. 6. At the loose microstructure, the Al content (1.3-1.7 %) and Ni content (3.3-5.5 %) are
significantly lower than the initial composition (Al: 19.6 %, Ni: 21.0 %). Under low oxygen concentration, the HEA’s corrosion form
tends to uniform corrosion, which is consistent with the results of a low alloy steel (Ni-Cr-Mo-V) under high hydrostatic pressure [50].

Fig. 7 presents SEM images of the HEA following cyclic potentiodynamic polarization testing at an oxygen concentration of 4.0 mg/
L. Numerous corrosion pits also develop on the sample surface. However, only the microstructure surrounding the pits appears loose,
where the Al and Ni content (position 1 in Fig. 7) is also lower than the initial composition, as shown in Table 5. Around the loose
microstructure, large uncorroded areas can be observed, where the contents of each element (position 2 in Fig. 7) are similar to the
initial composition.

Fig. 8 presents SEM images of the HEA following cyclic potentiodynamic polarization testing at an oxygen concentration of 7.0 mg/
L. Like the oxygen concentration of 4.0 mg/L, only a few corrosion pits are visible on the sample surface. The microstructure around
the corrosion pit is loose, where the Al and Ni content (position 2 in Fig. 8) is lower than the initial composition. It is worth noting that
the Ni content within the corrosion pit (position 1 in Fig. 8) is lower than that at the loose microstructure (6.7 at% at position 2 in



J. Wang et al. Heliyon 10 (2024) e32793

@ ®

(b)

film

©
©

[(Me H,0),5s—[Me(OH), ], + H' + ¢

Thick

passive
_[Me(OH),,, Me,0, ]

ay
o
>
@)

Fig. 10. Diagrammatic drawing of the passivation process with different dissolved oxygen concentration, (a) high oxygen concentration, (b) low
oxygen concentration.

Fig. 8).

The “pit area rate” denotes the proportion of the pit opening area on a corroded sample surface to the overall sample surface area. It
is observed by comparing Figs. 6-8 and Tables 4-6 that, as the oxygen concentration increases, the pit area rate on a single sample
surface decrease. After counting the corrosion pit’s area on multiple SEM images, the relationships between the pit area rate and the
oxygen concentration are presented in Fig. 9. Under an oxygen concentration of 2.0 mg/L, the pit area rate is 6.43 %, which is
significantly larger than that at 4.0 mg/L and 7.0 mg/L.

Second, under low oxygen concentration conditions, corrosion pits and loose microstructure are observed in most places on the
HEA surface. However, under high oxygen concentration conditions, only loose microstructure is found around the corrosion pits. This
suggests that as the dissolved oxygen concentration decreases in the artificial seawater, the corrosion form of the AlCoCrFeNi alloy
changes from pitting to uniform corrosion. The reduction in oxygen concentration may lead to a more uniform distribution of corrosion
on the alloy surface, resulting in a transition from localized pitting corrosion to more widespread uniform corrosion.

Third, in the corroded loose microstructure, not only the content of Al reduces, but also the element Ni decreases.

4. Discussion

Although the cast AlICoCrFeNi HEA has a dendrite microstructure, there is minimal difference in element content between the
dendrite and interdendrite regions. Therefore, it is considered that the chemical composition of the cast HEA is relatively uniform.
When the HEA with a uniform composition is immersed in artificial seawater, metal elements from the alloy dissolve into the solution,
and a passivation film forms on its surface. This passivation film acts as a protective layer that can prevent further corrosion of the
metal. The dissolved oxygen concentration plays a crucial role in the passivation process, as shown schematically in Fig. 10.

The passivation processes remain similar across various oxygen concentration conditions. At the interface between the HEA and the
solution, metal atoms (Me = Al, Co, Cr, Fe, Ni) adsorb water through physical adsorption [35,51]:

Me + H,;0 < Me @ Hy O, 2

Then, Me e Hy0,4s multiple ionization occurs consecutively:

Me e Hy0,45 = (MeOH) 4 + H" + €~ 3)
(MeOH), 4, +H>0 < [Me(OH),] . +H" +e” 4
[Me(OH), ], < Me;0, + H20 5

Where, n is the valence number of the Me to form hydroxide or oxide. According to the double layer model [52], the electrons (e™)
accumulate on the surface of the specimen, while the hydrogen ions (H") are attracted to the interface between the specimen and the
solution due to electrostatic forces.

At the interface between the passivation film and the solution, the dissolved oxygen captures the electrons that are transmitted from
the passivation film, leading to the following reactions [44]:

0,+e -0, 6
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Fig. 11. Potentiodynamic polarization curves of pure metal Al, Co, Cr, Fe and Ni in the artificial seawater with oxygen concentration 7.0 mg/L.

0, +H,0+e - HO;, + OH~ 7)

HO, +H,0+2e —30H" (8)
The combined reaction resulting from reactions (6) through (8) is as follows:
O, +4H,0 +4e —-40H" (9)

The OH™ ions generated in reactions (7) and (8) are transmitted to the metal/passivation film interface, where they react with the
H™ ions generated in reactions (3) and (4), ultimately producing water. As a result, hydroxides of the alloy elements are formed on the
sample surface. After the hydroxide loses water, a metal oxide film is formed.

According to the phase-forming-film theory [35], the main components of the passivation film are Me(OH),, and Me30y,, as shown
in Fig. 10(a). For the HEA AlCoCrFeNi in artificial seawater, the passivation film’s main compositions have been reported to be hy-
droxides of Al, Fe, and Ni, as well as oxides of Al, Fe, Cr, Ni, Co by X-ray photoelectron spectrometer testing in published papers [36].

During the above process, CI~ and OH™ competitively adsorb with the metal ions in reaction (4). This results in the formation of
MeCl,, which dissolves into the solution, disrupting the integrity of the passivation film and accelerating corrosion [4,53,54].

When oxygen concentration is low, as shown in Fig. 10(b), the reactions (6)—(8) are inhibited. This leads to two consequences: First,
the electrons generated by reactions (3) and (4) cannot be consumed and accumulate on the HEA surface. Therefore, the sample’s OCP
and E o at low oxygen concentration are more negative than those at high oxygen concentration, as evident in Figs. 3 and 4(a).

Second, due to the reduced production of OH™ from reactions (7) and (8), the H" generated by reactions (3) and (4) cannot be
neutralized. Therefore, the concentration of H' increases, which in turn inhibits the reactions (3) and (4). As a result, fewer Me(OH),
and MeO,, are produced on the sample surface. Consequently, the passivation film is thinner and has lower corrosion resistance, as
evident in Fig. 4 and Table 2.

Moreover, due to the passivation film which generated in artificial seawater with low oxygen concentration is thin, the film cannot
effectively protect the HEA sample. On one hand, more pitting active points will be formed on the sample surface, as shown in Fig. 10
(b); On the other hand, because dissolved oxygen diffuses more difficultly under low oxygen levels, it promotes the formation of a block
cell and the cell’s autocatalytic process, leading to faster development of metastable pitting into steady-state pitting. As a result, there
are more corrosion pitting formed on the sample surface after corrosion testing under low oxygen levels. And the most place on the
sample surface are loose, as shown on Fig. 6(c). The corrosion mechanism tends to change to uniform corrosion. As a result, corrosion
testing under low oxygen levels leads to the formation of more corrosion pits on the sample surface. Additionally, most of the sample
surface becomes loose, as shown in Fig. 6(c). The corrosion mechanism tends to shift towards uniform corrosion. Furthermore, the
passivation current (I,ass) and corrosion rate at low oxygen levels are higher than those at high oxygen levels due to the thin passivation
film. Additionally, the breakdown potential (E}) at low oxygen levels is slightly lower than that at high oxygen levels.

Under low oxygen concentration (2.0 mg/L) conditions, the high anodic current density suggests that the alloy elements Al and Ni
undergo significant dissolution. Consequently, the concentration of ions such as AI** and Ni T increases in the vicinity of the sample
surface. The deposition of their oxides and/or hydroxides onto the specimen surface serves to protect the corroded areas from further
corrosion. As a result, the protection-current density curve observed under low oxygen concentration exhibits similarities to that
observed under high oxygen concentration conditions. Furthermore, due to the notably higher anodic current density at low oxygen
concentration (2.0 mg/L) compared to high oxygen concentrations (4.0 mg/L and 7.0 mg/L), the hysteresis loop is particularly narrow
at the lowest oxygen concentration, with the intersection of the curves corresponding to the reverse and forward scan occurring at a
relatively more positive potential.

As shown in the EDS results in Figs. 6-8 and Table 4 to Table 6, the element Al content at the loose microstructure is lower than its
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Fig. 12. Potentiodynamic polarization curves of pure metal Al, Co, Cr, Fe and Ni in artificial seawater with an oxygen concentration of 7.0 mg/L
and pH values of 4.0 and 7.8, (a) Al, (b) Co, (c) Cr, (d) Fe, (e) Ni.

primordial content. As is well known, when the potential exceeds the breakdown potential (Ep,), metal atoms (Me) at the pitting active
points begin to dissolve into the electrolyte [35].

Me — Me"" + ne™ (10)

Me"" +4H,0 — Me(OH), | +nH" an

It is thought that the alloy element Al is more reactive than other elements in the AlCoCrFeNi alloy, and the element Al prefer-
entially replaces Me in reactions (10) and (11). Therefore, the Al content decreases. To confirm this idea, the potentiodynamic po-
larization curves of pure metals Al, Co, Cr, Fe, and Ni were tested in artificial seawater with an oxygen concentration of 7.0 mg/L. The
results are shown in Fig. 11. Compared to other pure metals, pure Al has the lowest free corrosion potential (E.o;y = —0.94 V vs. SCE)
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Fig. 13. Electrochemical impedance spectroscopy of the pure Ni in the artificial seawater at an oxygen concentration of 7.0 mg/L with pH = 4.0 and
pH = 7.8, (a) Nyquist plots, (b) Bode plots.

and the highest anodic current density. Therefore, the above speculation (Al preferentially dissolves due to its high activity) is
confirmed.

In addition to the alloy element Al, the nickel (Ni) content also decreases at the HEA’s loose microstructure. However, as shown in
Fig. 11, the free corrosion potential of pure Ni in the artificial seawater is high (Eco;y = —0.32 V vs. SCE), which is only slightly lower
than that of pure Cr. So, the dissolve mechanism of Ni is different with that of Al. How do we explain this phenomenon?

It is found from reactions (10)-(11) that the H' content is high near the pitting active points after the alloy elements Al is dissolved
(local acidizing). So, it is hypothesized that the “local acidizing” near the pitting active points leads to the dissolution of alloy element
Ni. To confirm this speculation, the potentiodynamic polarization curves of pure metals Al, Co, Cr, Fe, and Ni were tested in artificial
seawater with oxygen concentrations of 7.0 mg/L at pH values of 4.0 and 7.8 (adjusted by adding HCl solution). As shown in Fig. 12,
the anode passivation current of pure Ni at pH = 4.0 is 20 times larger than that at pH = 7.8. Therefore, it is confirmed that acidi-
fication promotes the dissolution of alloy element Ni in artificial seawater. Additionally, it is observed from Fig. 12 that the free
corrosion potential (Eco) of pure Al at pH = 4.0 (—1.31 V vs. SCE) is lower by 0.37 V than that at pH = 7.8, which is also the lowest
among the five alloy elements at pH = 4.0 in artificial seawater. At pH = 4.0 and pH = 7.8, the free corrosion potential (Ecqr) of other
pure metals (Co, Cr, Fe and Ni) exhibits only small differences (<0.1 V). Moreover, the polarization curves of pure Co, Cr, and Ni
display similar shapes under both pH conditions.

Fig. 13 illustrates the electrochemical impedance spectroscopy (EIS) of pure Ni in artificial seawater, with pH levels of 4.0 and 7.8.
The Nyquist plots in Fig. 13(a) clearly show that the arc radius of capacitive reactance at pH 4.0 is notably smaller compared to that at
pH 7.8. In the Bode plots depicted in Fig. 13(b), it is evident that the impedance value (Z) in the low frequency band is lower at pH 4.0
compared to pH 7.8. Consequently, the passivation film formed on pure Ni in artificial seawater at pH 4.0 offers lesser protection to the
underlying matrix than that at pH 7.8. These findings provide additional evidence that the dissolved Ni elements from the surface of
AlCoCrFeNi are insufficient to effectively protect the sample from further dissolution in a local acidic environment.

Based on the previous analysis, the increased acidity within the corrosion pit leading to a greater dissolution of Ni atoms into the
solution. As a result, as illustrated in Fig. 8(b), the Ni content is not only reduced in the corroded loose microstructure compared to the
initial composition, but it is also lower within the corrosion pit (position 1 in Fig. 8) than in the surrounding loose microstructure
(position 2 in Fig. 8) of the pitting area.

In summary, it was observed that in artificial seawater with low oxygen concentration, the corrosion mechanism of the HEA
(AICoCrFeNi) alloy transitions from pitting corrosion to general corrosion. Additionally, the alloy elements Al and Ni demonstrate
preferential dissolution due to their high activity and “local acidification”, respectively. These findings represent the main innovation
points of this manuscript.

5. Conclusion

(1) As the decreases of the dissolved oxygen concentration in the artificial seawater, the HEA’s free corrosion potential decreases,
and its passivation current density and corrosion rate increase. The corrosion rate of the HEA at oxygen concentrate 2.0 mg/L is
421 times larger than that at 7.0 mg/L.

(2) Because the reduction process of the O is inhibited at the interface of the passivation film/solution under low oxygen con-
centration conditions, the passivation film becomes thin, and the pitting active sites number increase. The corrosion form
changes from pitting to uniform corrosion.

(3) Under the simulated conditions of three different dissolved oxygen concentrations in the seep sea, the alloy elements content of
Al and Ni at the corroded loose microstructure on the AlCoCrFeNi surface reduce obviously. The reducing of Al caused by its
high activity in the artificial seawater. The dissolving of Ni caused by the local acidizing near the active sites and corrosion pits.
To design a super corrosion resistance in deep sea, the alloy element Al should be avoided and Ni should be added with caution.
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