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a b s t r a c t 

High corrosion resistance of alloys is essential for their structural applications; however, most alloys 

suffer from degradation of their corrosion resistance with the increasing acidity of their surround- 

ings. Nonetheless, we developed a series of medium-entropy alloys (MEAs) in this work, which ex- 

hibit high strength, superior fracture toughness and ultra-high corrosion resistance, outperforming the 

variety of corrosion resistant alloys hitherto reported. Most interestingly, our MEAs exhibit an unusual 

anti-corrosion behavior and their corrosion resistance increases with acidity in Cl − containing solutions. 

Through extensive thermodynamic calculations, density functional theory (DFT) simulations and experi- 

ments, we reveal that the unusual anti-corrosion behavior of our MEAs can be attributed to their surface 

chemical complexity, which facilitates the physio-chemical-absorption of H 2 O and O 2 and thus the rapid 

formation of metastable medium entropy passive films that contain the lowest amount of defects, as 

compared to the passive films on conventional alloys reported in the literature. 

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Metal corrosion has been a critical issue in a variety of engi- 

eering applications, which threatens the durability of structural 

omponents and could lead to expensive damage and even life loss 

f untendered [1] . Therefore, the development of corrosion resistant 

aterials is pivotal and has been attracting tremendous research 

ffort s over the past years [2] . Although various corrosion resis- 

ant alloys [3–5] , such as stainless steels, Al alloys and Ti alloys, 

ere developed following the conventional paradigm of alloy de- 

ign [6] , their corrosion resistance generally deteriorates with the 

ncreasing acidity in a harsh environment, which contains more 

ggressive species, such as chloride and hydrogen ions [ 4,7–9 ] , 
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han in an ordinary solution (such as NaCl) with pH = 7. On the 

ther hand, the novel paradigm of “high entropy” alloy design es- 

hews the conventional ‘base element’ notion, which has led to the 

iscovery of numerous chemically complex alloys with outstand- 

ng mechanical or functional properties [10–13] . In this study, we 

emonstrate the ultra-high corrosion resistance in the Mo-Cr-Ni- 

o medium-entropy alloy (MEA) even in Cl − containing low-pH 

olutions. Most importantly, unlike conventional corrosion resis- 

ant alloys, the corrosion resistance of the MEA becomes enhanced 

ather than deteriorated with the increasing acidity or reducing pH 

n the Cl − containing solution. Through a series of carefully de- 

igned electrochemical experiments and high-resolution transmis- 

ion electron microscopy, we found that this unique behavior of 

ur MEA can be attributed to the hydrogen ion assisted formation 

f a compact medium entropy passive film. Compared to the pas- 

ive films reported in the literature, the medium entropy passive 

lm is more stable and contains a very low point defect concen- 
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ration and hydroxide/oxide ratio. Moreover, despite the abundance 

f Sigma phase (volume fraction > 10%) in the MEA, which is no- 

orious for alloy embrittlement [14] , our MEA displays a balanced 

ombination of yield strength ( ∼1.0 GPa) and room-temperature 

racture toughness ( ∼46 MPa m 

0.5 ) [15] . These new discoveries 

ay open up a vast space for the development of corrosion resis- 

ant alloys with an excellent combination of strength and tough- 

ess. 

. Experimental 

.1. Sample preparation 

The Mo x CrNiCo ( x = 0.4, 0.6, 0.8, and 1.0) MEA samples were

roduced by arc melting pure ( > 99.9%) constituent metals under 

r atmosphere. To ensure chemical homogeneity, the alloy ingots 

ere fully re-melted at least five times in a Ti-gettered argon at- 

osphere. The melt was subsequently cast into a water-cooled Cu 

old (50 mm × 10 mm × 5 mm). Afterwards, all the MEA sam- 

les were cut into the geometry of 5 mm × 10 mm × 3 mm for 

lectrochemical tests. Their surfaces were ground sequentially with 

iC papers of up to 2500 grit and finally polished with 0.5 μm dia-

ond powder. After that, these samples were cleaned with deion- 

zed water and alcohol, and dried in cold air. Prior to electrochem- 

cal measurements, the MEA samples were sealed in epoxy resin 

ith only one exposed face of an area of 0.5 cm 

2 . 

.2. Microstructural analysis 

Before the electrochemical tests, the microstructure and chemi- 

al composition of the samples were analysed by a scanning elec- 

ron microscope (SEM, Quanta FEG450) equipped with energy dis- 

ersive X-ray spectrometry (EDS), and also by a transmission elec- 

ron microscope (TEM, JEOL JEM-2100 F). In addition, X-ray diffrac- 

ion (XRD, Rigaku SmartLab) using Cu K α radiation was performed 

or phase identification. 

.3. Electrochemical corrosion measurements 

The electrochemical tests were carried out in 1 mol/L Cl − so- 

utions with different pH values (0, 2, 5, 7) at 25 °C under atmo- 

pheric pressure on the Vertex TM electrochemical workstation (Ivi- 

mstat Technology). The concentration of Cl − and the pH for so- 

utions were adjusted by NaCl and HCl. A typical three-electrode 

ell was utilized, which consisted of the test sample as the work- 

ng electrode, a saturated calomel reference electrode (SCE), and 

 carbon rod counter electrode. All potentials stated in this work 

ere measured against the SCE. The data of the open circuit po- 

ential (OCP) was recorded in a one-hour test to attain a steady 

alue prior to the electrochemical tests. Potentiodynamic polariza- 

ion tests were carried out at a rate of 1 mV/s from an initial po-

ential of -0.3 V (vs. OCP) to a final potential of 1.3 V (vs. OCP).

rowth of the passive film was monitored in situ using a single- 

requency EIS (SF-EIS) method [16] . 

To probe the semi-conductive property, the capacitance of the 

assive film was measured in the anodic direction at a frequency 

f 10 0 0 Hz using a 5 mV AC voltage and a scanning rate of

0 mV/s. Before the capacitance measurement, the electrodes were 

nitially pre-passivated at OCP for 3 h. All the electrochemical tests 

ere repeated at least 3 times to confirm the data reproducibility. 

.4. Characterization of the passive films and surface morphologies 

To understand the mechanism of passivation, our samples were 

assivated for 10,0 0 0 s in the test solution at a potential of 0.40 V

vs. SCE) to obtain a stable passive film. Cross-section thin foils 
60 
ontaining the passive film were then prepared with the focused 

on beam (FIB) technique (FEI Scios DualBeam). The TEM images 

f the passive films were obtained with the transmission electron 

icroscope equipped with EDS. Moreover, the chemical composi- 

ion of the passive films was inspected by XPS with an Al K α ra-

iation source. The binding energies of the XPS spectra were cali- 

rated with the reference of adventitious C 1s peak (284.8 eV). The 

nalyses of the narrow scan spectra were carried out by MultiPak 

nd XPSPEAK 4.1 software by reference to NIST XPS database. To 

nderstand the mechanism of corrosion, the sample surface mor- 

hologies after the polarization test were examined using SEM. 

.5. CALPHAD 

The Pourbaix diagrams for MEAs and 304 SS are calculated us- 

ng Thermo-Calc software and a combination of thermodynamic 

atabases. Three CALPHAD-based databases are applied here. They 

re TCAQ3, TCHEA4 and SSUB6. Among the databases the Gibbs en- 

rgy for each phase is compatibly described as a function of com- 

osition, temperature and pressure. TCAQ3 includes the aqueous 

olution phase which consists of various anions, cations and neu- 

ral species. TCHEA4 includes metallic phases (e.g., FCC) for MEAs 

nd 304 SS. The SSUB6 database includes the gas phase and all 

hermodynamically possible solid phases (e.g., oxides). The calcu- 

ation results are presented in Pourbaix diagrams (i.e., Eh-pH dia- 

rams), which shows the thermodynamic stability region of alloys 

nd oxide precipitates in equilibrium with aqueous solution. The 

alculation conditions are at 25 °C, 1 atm, and 0.001 mole of alloys 

MEAs or 304 SS) in 1 kg of H 2 O with addition of 1 mole NaCl. The

ominal compositions are used for MEAs and the composition for 

04 SS is Cr 19.15 Fe 73.31 Ni 7.54 (at.%). 

.6. DFT simulations 

A algorithm to construct Special Quasirandom Structure (SQS) 

mplemented in ATAT code was used to generate the random solid 

olutions of dominated FCC phase of Mo0.6CrNiCo with totally 

44 atoms [17] . The DFT calculation was performed with VASP 

18] . A generalized-gradient-approximation (GGA) functional with 

erdew-Burke-Ernzerhof (PBE) form was employed to describe the 

xchange-correlation potential. A Gamma-centered grid 4 × 3 × 1 

 -point sampling was used for the surface calculation. A represen- 

ative (001) plane was chosen to study the adsorption properties 

nd a vacuum thickness of 15 Å was included to avoid surface- 

urface interaction. A 3 × 4 supercell was constructed with 6 

tomic layers, with the bottom 3 atom layers being fixed for ad- 

orption. The cutoff energy of plane-wave basis sets was set to 520 

V. An energy convergence criterion of 10 −5 eV was set for the 

elf-consistent field procedure and positions of ions were relaxed 

ntil a force convergence criterion of 0.02 eV/ ̊A was reached. Spin 

olarization was not considered in all calculations. The visualiza- 

ions of difference charge density were performed by VESTA [19] . 

. Results and discussion 

.1. Microstructural characterization 

Fig. 1 (a) shows the X-ray diffraction (XRD) pattern of the as-cast 

o 0.6 CrNiCo (at.%) MEA, which reveals that our MEA is composed 

f a face-centered cubic (FCC) and sigma ( σ ) phase. To character- 

ze the microstructure, the surface of a specimen was chemically 

tched and examined under scanning electron microscopy (SEM). 

s seen in Fig. 1 (b), a dual phase structure consistent with the 

RD pattern could be observed. Based on our observations, the 

olume fraction of the FCC phase is estimated to be ∼91% while 

he rest ( ∼9%) is the σ phase. Transmission electron microscopy 
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Fig. 1. Structure and electrochemical characterization of the Mo 0.6 CrNiCo medium entropy alloy (MEA). (a) XRD pattern of the as-cast Mo 0.6 CrNiCo MEA, (b) SEM image of 

the dual-phase (FCC and sigma phase) microstructure, (c) low magnification TEM image of the dual phase structure. The insets show the selected area electron diffraction 

pattern (SAED) of the sigma phase (upper panel) and FCC phase (lower panel). (d–g) Potentiodynamic polarization curves of the MEA in 1 mol/L Cl − solution with different 

pH values. 
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Table 1 

Corrosion properties of Mo 0.6 CrNiCo MEA samples obtained at 

room temperature in 1 mol/L Cl − containing solutions with re- 

ducing pH. 

pH E corr (mV SCE ) I corr (A cm 

−2 ) E T (mV SCE ) 

7 -292 ± 14 (3.92 ± 0.65) × 10 −8 631 ± 12 

5 -313 ± 12 (5.32 ± 0.30) × 10 −8 633 ± 12 

2 -188 ± 7 (5.23 ± 0.36) × 10 −8 748 ± 22 

0 -104 ± 24 (5.53 ± 0.57) × 10 −8 883 ± 7 
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TEM) examination was also performed, which confirmed the crys- 

alline structure of both phases through indexing the selected area 

lectron diffraction (SAED) patterns ( Fig. 1 (c)), being consistent 

ith the XRD result. The chemical compositions of the two phases 

ere studied by energy dispersive spectroscopy (EDS), according to 

hich the FCC phase is Mo-lean while the Laves phase is Mo-rich, 

s listed in Table S1 in the Supplementary Information. 

.2. Corrosion and passivation 

In order to study the anti-corrosion behavior, potentiodynamic 

olarization curves of our MEA were measured in 1 mol/L Cl − so- 

ution with a variety of pH values ( Fig. 1 (d–g)). In sharp contrast

o 304 stainless steel (SS) (Fig. S1(a) in the Supplementary Infor- 

ation), our MEA exhibits an increasing transpassivation potential 

 E T ) with reducing pH, indicative of the formation of a more pro-

ective passive film in a more acidic environment [20] . After polar- 

zation tests, the corrosion morphologies of our MEA were exam- 

ned with SEM, which reveals slightly selective corrosion in both 

he NaCl (pH = 7) (Fig. S1(b)) and HCl solution (pH = 0) (Fig. S1(d)).

n contrast, the surface of the 304 SS sample suffered from severe 

orrosion attack in both solutions (Fig. S1(c) and (e)). 

Next, we extracted various key corrosion properties of our MEA 

rom the polarization curves, including the corrosion potential 

 corr , the corrosion current density I corr and the transpassivation 

otential E T , as listed in Table 1 . Notably, our MEA exhibits a much

obler E corr (-104 mV SCE ) in the HCl solution than in the NaCl so-

ution (-292 mV SCE ) while retaining a steady I corr value (between 

.92 × 10 −8 and 5.53 × 10 −8 A/cm 

2 ) regardless of the pH of the 

olution, which is in sharp contrast to 304 stainless steel (SS), of 

hich the corrosion current density rises by three orders of mag- 

itude from 3.61 × 10 −8 to 2.95 × 10 −5 A/cm 

2 as the pH of the 

olution reduces from 7 to 0 (Table S2). Furthermore, the E T value 

f our MEA also increases, from 631 mV SCE at pH = 7 to 883 mV SCE 

t pH = 0 in the Cl − solution. For a comprehensive study, we com-

iled the corrosion properties of various corrosion resistant metals 
61 
 3,4,21–28 ] obtained in Cl − solutions with different pH values at 

oom temperature, which include elemental metals [ 21,22 ], steels 

 3,23,24 ], Mg alloys [ 25,26 ], Al alloys [ 4,27 ], and Cu alloy [28] (see

able 2 for details). Fig. 2 (a) compares I corr versus pH for the vari-

ty of alloys. As seen in Fig. 2 (a), our MEA displays a remarkably 

ow I corr value which is seemingly insensitive to the pH of the so- 

ution. Nevertheless, there is a clear trend that the I corr of other al- 

oys increases, by one to three orders of magnitude, with reducing 

H. Fig. 2 (b) further compares E T versus pH for different classes of 

assivating alloys. Evidently, the E T of the MEA remains the high- 

st relative to that of steels and Al alloys, and increases with re- 

ucing pH, which is opposite to the general trend shown by other 

lloys. 

.3. Passive film 

To explore the mechanisms underpinning the superb corrosion 

esistance of our MEA, we constructed the Pourbaix diagram (elec- 

rochemical potential E versus pH) of the FCC ( Fig. 3 (a)) and sigma

 Fig. 3 (b)) phase through extensive calculations with CALPHAD fol- 

owing the literature [29] . As shown in Fig. 3 (a) or (b), except 

or a small aqueous corrosion region #12, stable oxidization is 

redicted to take place by forming multicomponent oxides (e.g., 

r 2 O 3 , MoO 3 ) on the MEA throughout most of the E -pH space be-

ween two gas phases. This is in sharp contrast to the calculated 
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Table 2 

Summary of the corrosion properties of corrosion resistant metal and alloys obtained at room temperature in Cl − containing solutions with reducing pH. Note that the 

NaCl concentration (1 mol/L) in the testing solution for this study is equal to or higher than that for reported works. All the potentials listed in Table 2 were converted 

to the potentials versus standard calomel electrode (SCE). 

Materials Solution pH I corr (A cm 

−2 ) E corr (mV SCE ) E T (mV SCE ) Refs. 

Mo 0.6 CrNiCo HCl + NaCl 

(1 mol/L Cl −) 

7 3.92 × 10 −8 -292 631 This 

study 5 5.32 × 10 −8 -313 633 

2 5.23 × 10 −8 -188 748 

0 5.53 × 10 −8 -104 883 

Ti a H 2 SO 4 + 3.5 wt.% 

NaCl 

2 

1.5 

1 

0.5 

0.25 

1.10 × 10 −6 

2.00 × 10 −6 

2.90 × 10 −6 

6.00 × 10 −6 

9.00 × 10 −6 

-700 

-675 

-665 

-675 

-680 

- b [21] 

Ni a Britton Robinson 

buffers 

6 

2 

1.40 × 10 −5 

3.40 × 10 −5 

-437 

-385 

- b [22] 

Al a Britton Robinson 

buffers 

6 

2 

1.60 × 10 −5 

1.00 × 10 −4 

-547 

-757 

- b [22] 

304 SS c HCl + NaCl 

(1 mol/L Cl −) 

7 3.61 × 10 −8 -185 255 This 

study 5 7.14 × 10 −8 -164 223 

2 1.02 × 10 −7 -312 156 

0 2.95 × 10 −5 -381 - b 

High strength pipeline steel HCl + NaCl 

(1 mol/L Cl −) 

7 

4 

2.64 × 10 −5 

1.85 × 10 −5 

-700 

-742 

-409 [3] 

-562 

254SMO SS c HCl + 3.5 wt.% NaCl 5 

2 

0.1 

8.60 × 10 −8 

7.30 × 10 −6 

5.42 × 10 −5 

-256 

-437 

-301 

920 

719 

892 

[23] 

Cr 23 N 1.2 high nitrogen chromium steel HCl + 3.5 wt.% NaCl 6 

2 

1 

7.86 × 10 −7 

8.51 × 10 −5 

6.99 × 10 −4 

-354 

-598 

-599 

278 

276 

-181 

[24] 

AZ63 Mg alloy HCl + NaCl 

(1 mol/L Cl −) 

8 

3 

2 

9.15 × 10 −4 

1.10 × 10 −3 

3.30 × 10 −3 

-1491 

-1519 

-1619 

- b [25] 

AZ91D Mg alloy HCl + 3.5 wt.% NaCl 7.25 

2 

6.82 × 10 −4 

1.27 × 10 −1 

-1463 

-1688 

- b [26] 

AA7075 Al alloy H 2 SO 4 + 0.05 mol/L 

NaCl 

7 

3 

0.85 

3.44 × 10 −5 

5.07 × 10 −5 

2.01 × 10 −3 

-1010 

-336 

-621 

-600 

-278 

-552 

[4] 

AA7075 Al alloy coated with 

phenyltrimethoxysilane 

H 2 SO 4 + 0.05 mol/L 

NaCl 

7 

3 

0.85 

1.80 × 10 −7 

4.60 × 10 −6 

4.00 × 10 −6 

-870 

-261 

-369 

-555 

-192 

-294 

[4] 

7050-T7451 Al alloy HCl + 3.5 wt.% NaCl 4 

2 

1 

5.34 × 10 −4 

1.34 × 10 −3 

1.32 × 10 −2 

-1195.31 

-825.881 

-770.96 

- b [27] 

CuCrZr H 2 SO 4 + 0.6 mol/L 

NaCl 

7 

5 

3 

1 

4.3 × 10 −2 

1.39 × 10 −1 

4.20 × 10 −1 

2.03 

-190 

-230 

-270 

-290 

- b [28] 

a Elemental metals. 
b No passivation behaviour. 
c Stainless steel. 
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ourbaix diagram for the well-known corrosion resistant 304 SS, 

n which corrosion is predicted to occur when pH is smaller than 

.4 (Fig. S2). In addition, this difference could be attributed to that 

he MEA is able to form protective Mo oxides when the pH is low. 

Subsequently, we studied the growth behaviour of the passive 

oxide) films in real time by using single frequency electrochemi- 

al impedance spectroscopy (SF-EIS), which allowed us to calculate 

he thickness ( h ) of the oxide film as a function of time in different

olutions (see Supplementary Information for details). As shown in 

ig. 3(c), the passive film grew in HCl from 0.6 nm to a plateau 

alue of ∼3.3 nm within 20 s (average growth rate ∼0.135 nm/s), 

hile the passive film grew in NaCl from 0.2 nm to the plateau 

alue ∼8 nm within 350 s (average growth rate ∼0.022 nm/s), 

hich is about one-sixth slower than in HCl on average. Through 

ross-sectional TEM imagining ( Fig. 3 (d) and (g)), we examined the 

tomic structures of the passive films grown at the potential of 

 0.40 V SCE in 1 mol/L NaCl ( Fig. 3 (d)) and 1 mol/L HCl ( Fig. 3 (g))

or 3 h, respectively. According to our TEM images, the actual thick- 

ess of the passive film in NaCl is ∼10 nm, about two times thicker 

han that ( ∼4 nm) in HCl, which generally agrees with our SF-EIS 

redictions. Interestingly, owing to the different growth rates, the 
62 
assive film formed in NaCl exhibits a nanocrystalline (NC) FCC 

tructure ( Fig. 3 (e)) while that in HCl is amorphous ( Fig. 3 (f)). Ac-

ording to Refs. [ 30,31 ], amorphous passive films are more corro- 

ion resistant than crystalline passive films if their chemical com- 

ositions are similar. 

To characterize the chemical composition of the passive films, 

e carried out a series of XPS experiments. As shown in Figs. 4 and

 , we were able to detect all constituent elements of our alloy in 

oth passive films in the form of either oxide or hydroxide. We 

ote that this behaviour is slightly different from the calculated 

ourbaix diagrams ( Fig. 3 (a) and (b)) because the latter does not 

onsider the kinetics in the formation of passive films [32] . Evi- 

ently, both passive films are rich in Cr and Mo but lean in Ni 

nd Co ( Fig. 6 (a)). To be specific, the passive film in HCl comprises

r 0 , Cr OX 
3 + , Cr OH 

3 + , Mo 4 + and Mo 6 + while that in NaCl only com-

rises Cr 0 , Cr OH 
3 + , Mo 4 + and Mo 6 + . According to Ref. [33] , Mo 4 + 

orresponds to MoO 2 and Mo 6 + to MoO 4 
2 − in a passive film. Since 

oO 4 
2- is more likely to form polymolybdate ions (e.g. Mo 7 O 24 

6 −) 

s an insoluble product in an acidic environment, which effectively 

hields the chemical attack of corrosion species [ 34,35 ], it is desir- 

ble for a passive film to possess more Mo 6 + to enhance its corro- 
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Fig. 2. Comparison of the corrosion properties of the Mo 0.6 CrNiCo MEA with other corrosion resistant alloys. The plots of (a) corrosion current density ( I corr ) versus pH and 

(b) the transpassivation potential ( E T ) versus pH. 

Fig. 3. Thermodynamic, kinetic and structural characterization of the passive film on the Mo 0.6 CrNiCo MEA. The calculated Pourbaix diagram for the FCC (a) and sigma (b) 

phases of Mo 0.6 CrNiCo MEA in 1 mol/L Cl − containing solution. (c) Effective thickness of the passive film derived from the potentiostatic oxide growth tests on the MEA in 

NaCl or HCl. The cross-sectional HRTEM image of the passive film grown on the MEA in (d) 1 mol/L NaCl and (g) 1 mol/L HCl. (e) and (f) Fast Fourier Transformation (FFT) 

images of the passive film in (d) and (g), respectively. Note the red (blue) lines in Fig. 3(a) and (b) represent the boundaries between a non-gaseous phase and oxidizing 

(reducing) gas. 
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ion resistance. Notably, the molar ratio of Mo 6 + to Mo 4 + is 0.57 

n the passive film formed in HCl as opposed to 0.45 in the passive

lm formed in NaCl, which supports the improved corrosion resis- 

ance of our alloy in HCl. Besides, we also note that the ratio of 

xide to hydroxide (e.g. Ni and Co) is higher in the passive film in

Cl than that in NaCl. This is consistent with our finding because 
63 
 higher oxide/hydroxide ratio usually suggests a better corrosion 

esistance of the passive film according to the literature [ 36,37 ]. 

ig. 6 (b) shows the XPS depth profiles of both passive films, from 

hich it can be seen that the concentration of Cr near the surface 

f our MEA is greater than those of other metallic elements in both 

assive films. 
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Fig. 4. Detailed XPS spectra of O 1s (a, b), Cr 2p (c, d) and Mo 5d (e, f) of the passive film formed on Mo 0.6 CrNiCo MEA in 1 mol/L NaCl and 1 mol/L HCl solutions. 
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Fig. S4(a) shows the Mott-Schottky (M-S) plots obtained from 

oth passive films at the open circuit potential (OCP) in 1 mol/L 

aCl solution for 3 h. Based on the well-established M-S relation- 

hip [ 38,39 ], we can calculate the level of point defects in both 

assive films. According to Fig. S4(a), we obtained the donor den- 

ity N D = 2.6 × 10 20 cm 

−3 for the passive film formed in HCl and

 D = 6.9 × 10 20 cm 

−3 for the one formed in NaCl. We further 

ompared our results with the N D values reported for a variety of 

orrosion resistant metals, as extracted from the M-S plots in low 

H Cl − containing solutions (see Table S5 for details). As shown 

n Fig. 3 (c), although all the prior results were obtained from solu- 

ions equally or less corrosive than ours (1 M HCl), the passive film 

ormed on our MEA is characterized by the lowest N D, which is 

bout one to two orders of magnitude smaller than the N D values 

itherto reported for passive films formed on stainless steels [40–

2] , Ti alloy [43] , Al alloys [44] , Ni-Cr-Mo alloys [45] , elemental

etals [ 43,46 ] and metallic glass [47] . This extremely low defect 

oncentration is strong evidence of the unusually high corrosion 
esistance of our MEA. w

64 
.4. Absorption mechanism via first-principles calculations 

Both the calculated Pourbaix diagrams and XPS results indi- 

ate that, aside from Cr, Mo plays a vital role in the passivation 

f our MEA. To elucidate the underpinning mechanisms, we per- 

ormed extensive density functional theory (DFT) calculations to 

tudy the absorption of O 2 /H 2 O onto the surface of our MEA since

t is generally accepted that O 2 /H 2 O absorption is critical to passive 

lm formation [48] . In our DFT calculations, we chose a represen- 

ative (001) plane and tested different adsorption sites (e.g. top, 

ridge and hollow sites). In general, our results indicate that the 

ost stable adsorption sites for H 2 O and O are the top and hol- 

ow sites, respectively. As shown in Fig. 7 (a), the average adsorp- 

ion energy is -0.53 ± 0.017 eV (physisorption) for H 2 O. Compared 

o other constituent elements, Mo shows the strongest tendency 

or H 2 O adsorption, which is followed by Cr, Co and Ni. Fig. 7 (b)

isplays four different configurations of H 2 O adsorption on top of 

he four different metallic atoms. For the adsorption of O atoms, 

e calculated 24 hollow- sites and classified the adsorption en- 



S. Shuang, G.J. Lyu, D. Chung et al. Journal of Materials Science & Technology 139 (2023) 59–68 

Fig. 5. Detailed XPS spectra of Ni 2p (a, b) and Co 2p (c, d) of the passive film formed on Mo 0.6 CrNiCo MEA in 1 mol/L NaCl and 1 mol/L HCl solutions. 

Fig. 6. Chemcial composition and defect density of the passive film on the Mo 0.6 CrNiCo MEA. (a) Calculated cationic fractions of the passive films formed in NaCl and HCl 

solutions. (b) XPS depth profile (at.%) the elements in the passive films of the MEA after passivation in NaCl and HCl solutions. (c) Comparison of the donor density ( N D ) of 

the passive films on the MEA with other passive films reported in the literature. 
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Fig. 7. DFT simulations of H 2 O and O adsorptions on the MEA. Adsorption energy of (a) H 2 O and (b) corresponding top-sites on four atoms with different types; adsorption 

energy of (c) O atom and (d) corresponding hollow-sites with different neighbouring atoms; the transfer of electron during the O adsorption on the surface of (e) (001) 

BCC-Mo and (f) (001) MEA. 
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rgy into four classes based on the total number of Mo and Cr 

s its neighbouring atoms in the top layer. As shown in Fig. 7 (c),

he average adsorption energy is -4.27 ± 0.3 eV (chemisorption) 

or O. Fig. 7 (d) displays the typical adsorption configurations of O 

toms with the varying number (0 to 4) of Mo and Cr as its neigh-

ouring atoms. Evidently, more Mo or Cr atoms lead to stronger 

hemisorption of the O atoms. Electron density differences of O 

dsorptions on a simple BCC Mo and our MEA alloy were also cal- 

ulated, which show the accumulation (yellow regions) and deple- 

ion (blue regions) of electrons during the adsorptions. Compared 

o the O adsorption on Mo ( Fig. 7 (e)), our MEA alloy ( Fig. 7 (f)) ex-

ibits a more complex pattern of electron transfer, which demon- 

trates the complexity of our MEA in the adsorption process due 

o the chemical disorder. In addition, the more significant electron 

ransfer around Mo and Cr atoms implies that Mo and Cr atoms 

re preferred during the O adsorption. Based on our DFT simula- 

ions, we conclude that, on one hand, Mo atoms in our MEA facil- 

tate the physisorption adsorption of H 2 O molecules and also pro- 

ide the potential sites for the successive adsorption of O atoms; 

n the other hand, Mo and Cr atoms promote the chemisorption of 

 atoms. The combined actions of these constituent elements pro- 

ide the synergy for the rapid formation of the excellent passive 
66 
lm on the surface of our MEA, regardless of the acidity of the 

olution. 

.5. More corrosion resistant MEAs 

Based on our above findings, we further extend the de- 

ign of our MEA to include other possible corrosion-resistant 

ompositions. Fig. S7(a) shows the XRD patterns of the as-cast 

o 0.4 CrNiCo, Mo 0.8 CrNiCo and Mo 1.0 CrNiCo, which all comprise an 

CC and σ phase. As seen in the SEM images (Fig. S7(b-d)), the 

olume fraction of the σ phase increases with the Mo content. 

e performed potentiodynamic polarization tests on these MEAs 

n 1 mol/L HCl to characterize their anti-corrosion properties (Fig. 

7(e)). We note that all the MEA samples passivated and exhib- 

ted remarkable anti-corrosion attributes (see Table 3 for details), 

hich outperform many corrosion-resistant metals and alloys [49–

8] (including other Ni-Cr-Mo alloys) in terms of -log( I corr ) and E T ,

s clearly seen in Fig. 8 . Moreover, we note that these MEAs also 

ossess attractive mechanical properties, such as excellent hard- 

ess, good malleability, and superior fracture toughness [15] , which 

re desirable for structural alloys. 
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Table 3 

Summary of the corrosion properties of corrosion resistant metal and alloys obtained at room temperature in 1 mol/L HCl 

solution. 

Materials I corr (A cm 

−2 ) E corr (mV SCE ) E T (mV SCE ) Refs. 

Mo 0.4 CrNiCo 1.1 × 10 −7 -49 852 This study 

Mo 0.6 CrNiCo 5.5 × 10 −8 -104 883 

Mo 0.8 CrNiCo 7.9 × 10 −8 -44 875 

Mo 1.0 CrNiCo 1.3 × 10 −7 -57 865 

Cr 29.4 Fe 29.4 Mo 14.7 C 14.7 B 9.8 Y 2 
a 7.0 × 10 −8 -19 771 [49] 

Cr 36.75 Fe 22.05 Mo 14.7 C 14.7 B 9.8 Y 2 
a 4.0 × 10 −7 -29 771 [49] 

Cr 44.1 Fe 14.4 Mo 14.7 C 14.7 B 9.8 Y 2 
a 3.0 × 10 −7 -25 775 [49] 

Fe 70 Cr 8 Mo 2 P 13 C 7 
a 1.1 × 10 −5 -325 860 [50] 

Fe 68 Cr 8 Mo 4 P 13 C 7 
a 4.7 × 10 −6 -341 879 [50] 

Fe 66 Cr 8 Mo 6 P 13 C 7 
a 3.1 × 10 −6 -302 873 [50] 

Fe 46 Cr 16 Mo 16 C 18 B 4 
a 4.0 × 10 −6 -47 810 [59] 

Fe 44 Cr 16 Mo 16 C 18 B 6 
a 2.9 × 10 −6 -3 766 [59] 

Fe 42 Cr 16 Mo 16 C 18 B 8 
a 2.2 × 10 −6 -23 851 [59] 

Fe 48 Cr 15 Mo 14 C 15 B 6 Y 2 
a 2.3 × 10 −6 -374 840 [60] 

Fe 49 Cr 15.3 Mo 15 Y 2 C 15 B 3.4 N 0.3 
a 5.5 × 10 −7 -7 853 [52] 

Fe 43 Cr 16 Mo 16 C 15 B 10 
a 4.5 × 10 −6 -54 836 [53] 

Fe 43 Cr 16 Mo 16 C 10 B 5 P 10 
a 2.1 × 10 −6 -24 773 [53] 

316L SS b coating 1.3 × 10 −5 -578 -41 [60] 

304 SS b 3.3 × 10 −5 -384 - c This study 

SUS316 SS b 6.7 × 10 −5 -315 - c [49] 

Cr d 1.3 × 10 −6 -259 863 [61] 

Al-36Cr-9Mo 7.3 × 10 −7 -80 880 [61] 

Al-19Cr-25Mo 1.5 × 10 −6 -48 851 [61] 

Al-26Cr-16Mo 9.8 × 10 −7 -70 880 [61] 

Ni 59 Zr 20 Ti 16 Si 2 Sn 3 6.0 × 10 −6 -347 -98 [54] 

Hastelloy B-2 5.0 × 10 −6 -51 97 [62] 

HAYNES 282 5.6 × 10 −5 -250 858 [63] 

INCONEL 718 9.6 × 10 −5 -272 845 [63] 

Ni-19P 1.3 × 10 −5 -317 348 [55] 

HT e Ti-Ni alloy CX1351-1A 1.1 × 10 −5 -237 44 [56] 

Ti-31Al 1.0 × 10 −5 -742 637 [57] 

Ti 45 Zr 5 Cu 45 Ni 5 3.0 × 10 −6 -205 - c [58] 

a Metallic glasses. 
b Stainless steels. 
c No passivation behavior. 
d Elemental metals. 
e Heat treated. 

Fig. 8. Comparison of the corrosion current density ( I corr ) versus transpassivation potential ( E T ) obtained from the Mo x CrNiCo MEAs and other corrosion-resistant materials 

in 1 mol/L HCl at room temperature. 
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. Conclusion 

In summary, we developed a series of MEAs in this work with 

emarkably high corrosion resistance in chloride solution with pH 

anging from 0 to 7. Unlike conventional alloys, the corrosion re- 

istance of our MEAs is unusually improved with reducing pH in 

hloride solution. Such unique corrosion behaviour is due to the 

ormation of a protective and compact medium entropy oxide film, 

hich can be attributed to the synergic effect of the chemical com- 

lexity on absorption of H 2 O and O 2 . We note that, aside from the

xcellent corrosion resistance, these MEAs possess a balanced com- 
67 
ination of yield strength, malleability and fracture toughness [15] , 

hich should have great potential as a structural alloy or a metal- 

ic coating for use in an extremely harsh environment. 
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