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A B S T R A C T   

The present work studies the passivation characteristic and corrosion resistance of Al20Cr5Fe50Mn20Ti5 and 
Al7Cr23.26Fe23.26Co23.26Ni23.26 high–entropy alloys in Hanks’ solution at 37 ◦C, in view of potential biomedical 
applications. The Al7Cr23.26Fe23.26Co23.26Ni23.26 possesses a higher corrosion resistance than Ti-6Al-4 V alloy, 
mainly due to the formation of a stable p–type passive film composed of Cr(OH)3, Cr2O3, CoO, Co3O4, and Ni 
(OH)2, leading to low vacancy concentration and limited ion conductivity. The Al20Cr5Fe50Mn20Ti5 exhibits an 
n–type passive film composed of Fe2O3, Fe(OH)3, TiO2, and MnO2 that promotes chloride ions adsorption and 
diffusion–controlled corrosion, while its microstructural precipitates allowed a selective dissolution.   

1. Introduction 

High corrosion–resistant alloys have been used as materials for 
biomedical implants (biomaterials) since the invention of stainless steel 
in 1920 s and are still in use today. Each year, millions of implants are 
commercially made of 18Cr-14Ni-2.5Mo stainless steel (ASTM F138), 
Ti-6Al-4 V (ASTM F136), Co-28Cr-6Mo (ASTM F75), 50Ni-50Ti (ASTM 
F2063) [1]. The biocompatibility of these alloys is ensured through their 
high corrosion resistant, which comes from the formation of passive film 
(mainly composed of Cr and Ti oxides) that prevent the release of their 
high content of allergenic, toxic/cytotoxic or carcinogenic elements (e. 
g., Ni, Co, Cr, V, Al) to the body [2,3]. The fundamental paradigm of 
metallic biomaterials has been “the more corrosion resistant, the more 
biocompatible” [4,5]. With a high corrosion resistance in vitro (in 
chloride-containing simulated body fluids), a high corrosion resistance 
(inertness) in vivo could be anticipated. Therefore, biomaterials are 
often required to be tested for corrosion before they are approved by 
regulatory organizations. Many new materials have been proposed as 
potential biomaterials, including several high–entropy alloys (HEAs) 
[6–8]. HEAs are alloys of several principal elements with equal or near 
equal–molar fractions that form simple solid–solution phases instead of 
complex multi–phase microstructures consisting of intermetallics 

[9–11]. The HEAs microstructures provide unique properties when 
compared to conventional alloys, such as high strength and oxidation 
resistance, attractive to many applications [12–14]. Many HEAs 
demonstrated a high corrosion resistance resulting from their unique 
chemical composition and their solid–solution microstructure [15,16]. 
A homogenous microstructure, high strength and ductility, and high 
corrosion resistance are the key features of potential biomaterials for 
biomedical implants. 

In comparison with conventional alloys, studies have reported high 
wear resistance, wettability, and pitting corrosion resistance for TiZr-
TaHfNb [17], and high strength for TiZrHfCrMo and TiZrHfCoCrMo 
[18], as well as high cellular adhesion for TiNbTaZrMo [19]. The 
(MoTa)xNbTiZr medium– and high–entropy alloys exhibited a combi-
nation of strong passive behavior and non–toxic soft tissue response with 
high mechanical properties [20]. Other works focused on the study of 
microstructure and electronic structure and their effects on the me-
chanical properties required for biomedical application to select po-
tential HEAs. Among them is the design–approach study to predict HEAs 
properties based on the use of quantum mechanical metrics on 13 
biocompatible HEAs and modeling of the porosity to reduce the Young’s 
modulus to the values close to that of bone [21]. Another work inves-
tigated the single–crystal elastic properties of 21 Ti–containing HEAs to 
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study the effect of harnessing elastic anisotropy on elastic properties, 
and concluded that the valence electron count has a dominant influence 
on Young’s modulus and torsion modulus in the HEAs [22]. 

The family of AlCrFe–XY HEAs, of which X and Y are other chemical 
elements, have been widely studied for their expected high corrosion 
resistance due to the presence of passivating elements mainly Cr 
[23–25]. Chromium facilitates the formation and growth of a passive 
protective barrier/film on the surface in NaCl solution [26,27]. In 
AlCrFeCoNi, an increase in Al from 6.96 to 14.80 at% leads to a dete-
rioration of the film resistance to pitting due to film thickening and 
increasing volume fractions of the (Al, Ni)–rich and Cr–depleted BCC 
phase [28]. A galvanic coupling formed between the FCC–enriched 
Fe–Cr precipitates and the Al–Ni–enriched B2 matrix was found to 
govern the corrosion mechanism of AlCrFeCoNi in a 0.6 M NaCl solution 
at room temperature [29], which was also found for the equi–atomic 
AlCrFeCoNi fabricated by selective electron beam melting [30]. This 
alloy, when applied as coatings by high–velocity–oxygen–fuel spraying, 
well protects sintered NdFeB magnets against corrosion because of the 
increasing charge transfer resistance and the reducing corrosion current 
density [31]. In another case, a plasma–sprayed AlCrFeCoNi coating 
showed polarization behavior identical to that of SS316L, presenting 
prospects as corrosion resistant materials [32]. Differently, AlCrFeMnTi 
has been proposed as a lightweight HEAs for high-temperature appli-
cations for its energy efficiency [33]. The alloy is characterized by the 
presence of the BCC, C14–Laves and L21 phases, where L21 is homoge-
neously distributed in the BCC phase [33], but the corrosion aspect of 
the alloy is less known in the literature. 

Many clinical reports reveal that cases of implant corrosion are not 
uncommon on current medical grade corrosion resistant alloys, partly 
due to the limitation of standard test methods for detecting corrosion at 
the microscopic level and revealing its mechanism [34,35]. The present 
work aims at revealing the underlying mechanism that governs the 
passivation and corrosion processes of Al20Cr5Fe50Mn20Ti5 and 
Al7Cr23.26Fe23.26Co23.26Ni23.26 HEAs in a Hanks’ solution at 37 ◦C, based 
on combined analyses of data obtained from electrochemical tests [cy-
clic potentiodynamic polarization (CPP), electrochemical impedance 
spectroscopy (EIS), and potentiostatic polarization test (PPS)] and sur-
face characterizations [scanning electron microscopy (SEM), atomic 
force microscopy (AFM), and X–ray photoelectron spectroscopy (XPS)]. 
By revealing microstructure–dependent passive–film characteristics 
through complementary modeling studies (high–electrical–field, ano-
dic–dissolution and film–growth as well as the point–defect models), 
which demonstrate the controlling process during passivation and 
localized corrosion, the present work will advance the fundamental 
understanding of localized corrosion mechanism that will be useful for 
future alloy design and for ensuring that corrosion will not be an issue 
once the alloys are made into biomedical implants. This work is an 
electrochemical biocompatibility evaluation, no data on cytotoxicity or 
biological biocompatibility were provided as they will be the subject of 
future works. 

2. Experimental 

2.1. HEAs preparation 

Two samples of HEAs: Al20Cr5Fe50Mn20Ti5 (HEA1), and Al7Cr23.26-
Fe23.26Co23.26Ni23.26 (HEA2) were prepared from alloying elements of 
99.9 (wt%) purity. The HEA1 was fabricated using an arc melting 
method where the ingot was melted at least six times before 
drop–casting to ensure chemical homogeneity. The HEA2 was fabricated 
by a vacuum induction melting followed by a hot isostatic pressing at 
103 MPa, 1204 ◦C for 4 h, and a 2 h homogenization at 1200 ◦C before 
water quench. A granular microstructure was observed for both HEA 
samples, with an average grain size of 30 µm and 500 µm for HEA1 and 
HEA2, respectively. A formation of high density coherent L21 pre-
cipitates in a disordered BCC solid solution matrix was detected in 

HEA1, while a single FCC phase was detected in HEA2. In general, the 
L21 precipitates contain more concentrations of Al and Fe than the BCC 
or C14 phases within the AlCrFeMnTi HEAs, as reported in the previous 
works [33,36,37]. As the two HEAs have different chemical composition 
and processing history, different electrochemical behavior was expected 
and not to be directly compared to each other. A comparison was made 
to Ti-6Al-4 V alloy representing a standard metallic biomaterial. 

2.2. Electrochemical corrosion test 

The electrochemical corrosion tests were performed, using a poten-
tiostat (CH Instruments model 760E, Austin, TX, USA) in a three-
–electrode cell configuration with the HEA specimen, saturated calomel 
electrode (SCE), and graphite rod as working, reference, and counter 
electrodes, respectively. Before the electrochemical tests, HEA speci-
mens were polished with SiC papers to 2400 grit, and final polishing 
with 1 µm diamond suspension, and further polished with 0.05 µm 
colloidal silica suspensions. All tests were performed in Hanks’ solution 
(Gibco HBSS (1X) Ref #14175–095, Fisher Scientific, Canada) main-
tained at 37 ± 1 ◦C with a measured pH of 7.2. Two electrochemical test 
methods were used: cyclic potentiodynamic polarization (CPP), and 
electrochemical impedance spectroscopy (EIS), which were started after 
6 h stabilization time on the open circuit potential (Eoc). The CPP ex-
periments were conducted with a scan rate of 1 mV/s from – 0.6–0.3 V 
vs. SCE, while the AC mode EIS experiments were done at a frequency 
range from 105 Hz to 10−2 Hz with an amplitude of 10 mV from the Eoc 
and an acquisition rate of 12 points per frequency decade. All the ex-
periments were triplicated, and data were collected and analyzed, using 
the CH Instruments and EC–Lab software. For comparison, the electro-
chemical properties of the Ti-6Al-4 V alloy were also examined under 
the same conditions. 

2.3. Metal dissolution and passive film evaluation 

The alloys’ dissolution rate was examined qualitatively from the 
surface topography, using an atomic force microscope (AFM, Oxford 
Instruments MFP–3D Origin+, Santa Barbara, CA, USA) with a scan size 
of 120 µm2, employing a silicon probe (AC160TS–R3) in a tapping mode 
in air, after a potentiostatic polarization test (PSP) for 1 h under the Ecorr. 
Surface observation was made on the specimens after a potentiodynamic 
polarization test for any sign of pitting, using a scanning electron mi-
croscope (SEM, Quanta 250 FEI, Hillsboro, OR, USA). The semi-
conductor characteristics of oxide films were investigated, employing 
the Mott–Schottky analysis in a passive–potential plateau range of – 0.35 
to – 0.10 V for HEA1 and – 0.15–0.10 V for HEA2 at a fixed frequency of 
1 kHz, in the cathodic direction with an increment of 0.05 V. The 
passivation behavior and oxides–film compositions were characterized, 
using an X-ray photoelectron spectroscope (XPS, PHI 5600–ci spec-
trometer, Physical Electronics, Chanhassen, MN, USA) in high-
–resolution and angle–resolved modes (AR–XPS) with an analyzed area 
of 0.5 mm2 and depth of analysis from ≈ 2–10 nm. The spectra were 
acquired, utilizing a standard aluminum X − ray source (Kα = 1486.6 
eV) with charge compensation, while high–resolution spectra were 
recorded, using a standard magnesium (Kα = 1253.6 eV). 

3. Results 

3.1. Electrochemical corrosion characterization 

All specimens exhibited a passive behavior and tended to form a 
passive film on the surface (Fig. 1a, b) with the two HEAs showed higher 
Eoc values than that of Ti-6Al-4 V (Table 1). The HEA2 exhibited a stable 
passivation domain with a low value of ipass and higher values of Ecorr and 
pitting potential (Epit) than HEA1 and Ti-6Al-4 V. Interestingly, HEA1 
exhibited an unstable passivation plateau with multiple perturbations. A 
negative–type hysteresis loop was observed for HEA2, indicating the 
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reduction of the current density during the reverse scan, while HEA1 
exhibited a positive–type hysteresis loop with a potential of anodic to 
cathodic transition lower than Ecorr. 

The HEAs specimens exhibited a large relaxation time constant, 
compared to Ti-6Al-4 V, with a non–ideal semicircle observed for HEA2 
and a linear variation in the Nyquist plot and a deviation in impedance 
and phase curves in the Bode plot at frequencies lower than 50 mHz for 
HEA1, as presented in Fig. 1c and d. The different behaviors in the EIS 
plots were modeled by the equivalent circuits shown in Fig. 1e for HEA2 
and Ti-6Al-4 V, which includes resistors for the solution, oxide film, and 
charge transfer (Rs, Rf, and Rct, respectively), constant–phase elements 
to account for the oxide film (CPEf) and for the double layer (CPEdl), as 
well as in Fig. 1f for the HEA1 containing a Warburg diffusion element. 
The maximum value of the phase angle was below than – 90 degrees. 
This behavior indicates a deviation from the ideal behavior of capaci-
tors. For this reason, a CPE was used to compensate the frequency 
dispersion resulting from surface roughness/porosity, geometric 

irregularities, or variation in resistivity through the thickness [38–41]. 
The HEA2 has higher resistances for the film and for the charge transfer 
than those of HEA1 and of Ti-6Al-4 V according to the fitting results 
presented in Table 2. The impedances of Warburg element and CPE are 
calculated by using the following formulae: 

Zw = σ
̅̅̅̅

ω
√ + σ

j
̅̅̅̅

ω
√ (1)  

ZCPE = [Q(jω)n ]−1 (2)  

where ZW is the Warburg element impedance, and σ is the Warburg 
coefficient of a unit Ω.s−0.5, and Q is the magnitude that represents a 
pre–factor of CPE, and n is the exponent of CPE (– 1 ≤ n ≤ 1). The 
following Brug’s formula [42] was used to calculate the effective 
capacitance: 
Ceff = Q

1
n × (Rs

−1 + R−1)n−1
n (3) 

The dissolution rate was evaluated by the potentiostatic polarization 
test with an applied potential of E = Ecorr. As shown in Fig. 2a, a rapid 
drop in the current density occurred during the first tens of seconds, 
followed by stabilization at very low current density values. The HEA2 
has a lower steady–state plateau and starting–pick of the current density 
than those measured for the HEA1. The dissolution rate was qualita-
tively evaluated, using the surface topography measurements after the 
PSP test (Fig. 2c, and d). The topographical parameters were extracted 
from the roughness profiles on the two surfaces (Fig. 2b). The surface 
roughness measurement, presented in Table 3, revealed that HEA2 has 
the lowest values of the square mean height (Sq), arithmetic mean height 

Fig. 1. Electrochemical corrosion tests results: (a) OCP curves, (b) CPP curves, (c) EIS Nyquist plots, (d) EIS Bode plots, and (e, f) proposed equivalent circuit models.  

Table 1 
Corrosion parameters obtained by analyzing the OCP, and CPP curves.  

Specimen Eoc (mV/ 
SCE) 

Ecorr (mV/ 
SCE) 

icorr (μA/ 
cm2) 

Epit (mV/ 
SCE) 

ipass (μA/ 
cm2) 

HEA1 − 63 ± 51 − 370 ± 80 4.55 ±
3.06 

− 116 ±
04 

1.27 ±
0.33 

HEA2 − 1 ± 12 − 153 ± 17 0.89 ±
0.38 

67 ± 08 0.57 ±
0.25 

Ti-6Al-4 
V 

− 126 ±
04 

− 270 ± 11 0.52 ± 0.1 – 73 ± 04 0.87 ±
0.25  
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(Sa), and maximum pit height (Sv), compared to those of HEA1. 

3.2. Surface and passive film characterization 

A trace of more degradation of the passive film, in the form of deep 
and large pits up to 50 µm, was observed on the surface of HEA1, con-
trary to that of HEA2, which stayed smooth and clean after being sub-
jected to the polarization test (Fig. 3). The surface of HEA1 experienced 
a strong electrochemical activity, damaging the passive film, forming 
pits and enlarging the existing pores. The latter is related to the for-
mation of metal-chlorides and their hydrolysis to H+ and Cl– ions which 
decreased the pH inside the pores (local acidity) and thus accelerated the 
local dissolution of the metal (i.e. enlarging pores) as the result of an 
autocatalytic mechanism. 

The passive film formed on the HEAs specimens contains a mixture of 
oxides, of which Al2O3, Cr2O3, Cr(OH)3, FeOOH, and Fe2O3 were present 
in both, while Al(OH)3 was present only in HEA1 (Fig. 4). The Cr(OH)3 
fraction was more important in HEA2, while HEA1 was rich in Al2O3, 

Cr2O3, and Fe2O3. Moreover, the HEA1 passive film contained oxides of 
TiO2, MnO, and MnO2, while Ni(OH)2, Co3O4, and CoO were present in 
the HEA2 passive film. The O1s oxygen spectrum of the two specimens 
provides information on the coexistence of the Metal–O and Metal–OH 
bonds in the two HEAs specimens. The AR–XPS spectra indicated a 
major dominance of the Metal–OH bond on the outer side of the HEA2 
film (Fig. 5) with Cr and Fe as the most present elements on HEA2, while 
the passive film of HEA1 was rich in Al and Fe. 

Based on the Mott–Schottky theory, the semiconductor properties of 
passive films formed on the surface of HEAs can be studied by applying 
the following two equations [43]: 
1

C2
s

= 2

ε ε0 e ND

(

E−EFB −
kT

e

)

for n− type (4)  

1

C2
s

= − 2

ε ε0 e NA

(

E −EFB −
kT

e

)

for p− type (5)  

where ND and NA are, respectively, the donor and acceptor densities in 
the passive film that are calculated from linear regions of the Mott- 
Schottky plots, e is the electron charge (1.6 × 10−19 C), E is the 
applied potential, EFB is the flat band potential, T is the temperature, K is 
the Boltzman constant (1.38 × 10−23 J/K), ε is the dielectric constant, 
and ε0 is the vacuum permittivity (8.8542 × 10−12 F.m−1). The dielec-
tric constant for a high entropy alloy is unknown, however, we esti-
mated the dielectric constant of passive film formed of a high fraction of 

Table 2 
Fitting parameters derived from the proposed equivalent circuit model.  

Specimen Rs (Ω. 
cm2) 

Qf (×10−6 F.cm−2.s 
(n−1)) 

Cf_eff (×10−2 F. 
cm−4) 

nf Rf (×103 Ω. 
cm2) 

Qdl (×10−6F.cm−2. 
s(n−1)) 

ndl Rct (×106 Ω. 
cm2) 

Cdl_eff (×10−9 F. 
cm−2) 

σw (×106 Ω. 
s−0,5) 

HEA1  36  6.61  2.36  0.89  0.06  1.39  0.46  0.25  0.012 0.14 
HEA2  10  29.33  15.8  0.93  714.93  6.64  0.69  2.75  88 – 

Ti-6Al- 
4V  

11  19.05  11  0.91  0.20  19.09  0.58  0.13  41 –  

Fig. 2. Dissolution test results: (a) PSP curves, (b) topography profiles, (c, d) AFM surface topography after PSP, scan area = 120 µm for HEA1 and HEA2, 
respectively. 

Table 3 
Topographical parameters obtained from the AFM analysis.  

Specimen Sa (nm) Sq (nm) Sv (nm) 
HEA1  8.85  10.93  50.38 
HEA2  3.17  4.21  40.92  
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Al– and Fe–oxides, as HEA1, as ε = 12, and for the case of HEA2 that is 
rich of Fe– and Cr–oxides, the value of ε = 25. These values are based on 
those found in the literature for the various metal oxides [44–46]. 

The plots presented in Fig. 6a and b display two different n– and 
p–type semiconductor behaviors between the two HEAs specimens. The 
HEA2 showed a p–type character, while HEA1 had an n–type character. 
The donors and acceptors densities were calculated and presented in  
Table 4, whose ND of HEA1 was much higher than the NA of HEA2. 

3.3. Modeling of the passivation–process kinetics 

The kinetics of the passivation process were evaluated from poten-
tiostatic polarization tests by applying a passive potential of E = Epass of 
0.05 V/SCE and – 0.15 V/SCE for HEA2 and HEA1, respectively. These 
passive polarization tests were done directly just after the active polar-
ization tests (dissolution test) to remove the naturally formed oxide film 
on the surface, and to study the different passivation mechanisms on a 
bare surface. As shown in Fig. 6c, an identical behavior between the two 
specimens manifested by a rapid drop in the current density and fol-
lowed by stabilization. The starting peak current density and the 
steady–state plateau were lower for HEA2 than those of HEA1, but the 
transition between the two stages was faster for HEA2 than for HEA1. 

By measuring the current densities generated during the passivation 
process at the metal surface and based on current transient analysis 
theories for the high field model and for the anodic dissolution and film 
growth model, we can study and follow the kinetics of the processes 
existing simultaneously during the early time. The first model is the 
high–field model that relates the current density to the time and charge 
density according to the following equations [47–50]: 
i = At−n (6)  

logi (t) = logA1 − nlog(t) (7)  

logi(t) = logA2 +
cBV

q(t) (8)  

where i(t) is the current density, t is the time, q(t) is the charge density, 
A1 is a constant, and n is the passivation index that can express, indi-
rectly, the passive film growth rate, c is a constant related to the film, A2 
and B are parameters associated with the energy of activation for 
charges displacement, and V is the potential drop across the passive film. 
The slope (n) of the plot log i(t) vs. log (t) as well as (cBV) of the plot of 
log i(t) vs. 1/q(t) represent the passivation rate [51]. The cBV can also be 
a measure of stress corrosion cracking (SCC) susceptibility [51–53]. Two 
growth regimes of the passive film can be differentiated from the log (i) 
vs 1/q(t) curves: the first is at intermediate current and charge densities 
characterized by a low resistance to ion conduction, and the second is at 
low values of i(t) and higher values of q(t) characterized by a more 
resistant film. However, these two films are not separated, and the 
change in the regime produces a change in the behavior of the entire film 
[48]. 

According to the high–field model, the film–growth process is a 
result of ionic conduction and species migration through the film under 
a high electric field. This model assumes that at a very early time, the 
current generated during the passivation process is the result of passive 
mechanisms of film formation and growth without any contribution 
from other mechanisms. The anodic dissolution and the film–growth 
model demonstrated that the linear relationship between log i(t) and log 
(t) at early passivation times is no longer effective or valid and deviates 
from the – 1 slope (ideal linearity) due to the voltage drop (IR) [50,54]. 
Thus, the second model assumes that the anodic dissolution mechanism 
also contributes to the passivation current density. Then, the total cur-
rent density can be expressed as [55]: 

Fig. 3. (a, c) Optical micrographs after polishing and (b, d) secondary electron mode of SEM micrographs after being subjected to the polarization test (just after 
reaching Epit): (a, b) HEA1, (c, d) HEA2. 
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itot = idiss + ifilm = (1− θ)ipeak + θAt−b (9)  

where ipeak is the peak current density, A is a characteristic charge 
density coefficient, and b is a constant, and θ is the fraction of the oxide 
film coverage on the surface, as described by Avrami kinetics [56]: 
θ = 1− exp(− ktn) (10)  

where k is the film growth rate, and n is the exponent associated with the 
reaction order of the growth mechanism (1D, 2D, or 3D dimension) and 

the geometry of the oxide (spheres, rods, etc.). 
As shown in Fig. 6e and f, both HEAs specimens exhibited current 

decay curves, but the results deviated from the high–field model at an 
earlier stage (t < 400 ms) and later stage (t > 10 s) for the plot of log (i) 
vs. log(t) for both specimens, and the same for the plot of log (i) vs. 1/q(t) 
at (t < 1.7 s) and (t < 0.75 s) for HEA1 and HEA2, respectively. The 
passivation rate can be measured by the linear slope of the two plots of 
log (i) vs log(t) and log (i) vs 1/q(t), of which HEA2 had a higher 
passivation index, n, and lower cBV value than those of HEA1 (Table 4). 

Fig. 4. XPS spectra after being subjected to a potentiodynamic polarization test for HEA1 and HEA2, respectively.  
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To overcome the limitations of the high–field model and to reveal 
what governs the passivation process at the early times, the ano-
dic–dissolution and film–growth models allowed us to individually 
study the processes kinetics of the dissolution and film formation. As 
shown in Fig. 6d, current decay curves of both HEAs were fitted to this 
model at the early time. A film–growth mechanism parameter of n = 1 
was used to follow the two–dimensional growth and constant thickness 
mechanism. The corresponding fitting results are presented in Table 4, 
and from the fit parameters, we can calculate idiss, ifilm, and θ as a 
function of time, as exhibited in Fig. 7a, c. 

For HEA1, the metal–anodic dissolution dominated the passivation 
process at the early time until t = 20 s, where the idiss fell below ifilm. On 
the contrary, the film formation and growth dominated all the passiv-
ation process for HEA2. The idiss values of HEA2 were much lower, 
compared to those of HEA1. The fraction of the surface coverage, θ, was 
equal to unity (θ = 1) after 30 s and 65 s for HEA1 and HEA2, 
respectively. 

The previously calculated current density, ifilm, was assumed to be 

generated during the passive film formation and thickening processes. 
Therefore, the charge density of qfilm(t) consumed during the process of 
film formation and thickening is the integral of ifilm over time [57]: 

qfilm(t) =
∫ t

t=0

ifilm dt (11) 

As shown in Fig. 7e, the charge density increases with time for both 
HEAs specimens, and the q(t) of HEA2 was higher than that of HEA1. 
Also, the charge–density variation after θ = 1 for HEA1 was very small, 
compared to that of HEA2. The charge density for θ < 1 was used during 
the process of forming a uniform film on the surface, and for θ = 1, it was 
used in the process of film thickening. The passive film thickness was 
calculated by employing the following equation [57]: 

h(t) = qfilm.
M

zρF
(12)  

where z is the charge of the cation, M is the molecular weight of the film, 
ρ is the density of the film, and F is Faraday’s constant. Z = 3, M and ρ 

Fig. 5. AR–XPS spectra and the approximate depth profiling: (a, c) HEA1, (b, d) HEA2, and (e) the high–resolution metallic–cationic fraction in oxide films 
from Fig. 4. 
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are calculated from the mean values of the oxides and their fractions in 
Fig. 5e. From the graphical representation of the two kinetics in Fig. 7f, 
the thickening rate, expressed here by the slopes of the straight lines, of 
HEA2 was greater than that of HEA1. 

4. Discussion 

In comparison with Ti-6Al-4 V, as a standard stent material, HEA2 
has better corrosion and pitting resistance, while HEA1 is poorer, as 
demonstrated by the values of Ecorr and Epit and the passivation–plateau 
disturbance resulting from aggressive pitting attacks. This trend can be 
related to the microstructural homogeneity of the single FCC–phase 
HEA2, unlike the microstructural heterogeneity of cuboidal 
L21–nanoscaled precipitates in a BCC matrix of HEA1, which generates a 

local electrochemical potential difference leading to selective or 
galvanic dissolution [58,59]. Moreover, the larger total percentage of Al 
and Fe concentration in HEA1 relative to that of HEA2 (70 % versus 
30.26 %) may also have contributed toward the significant metal 
dissolution in HEA1 as both elements are quite prone to pitting corrosion 
under hydrochloric acid solution [60,61]. The drop in Fe content for 
instance can be appreciated by comparing the Fe cationic fraction 
extracted from the XPS in Fig. 5 (28 %) to the initial 50 % of Fe based of 
the nominal composition of HEA1. Furthermore, the additional presence 
of Ni content in HEA2 has been known to improve the resistance to 
pitting corrosion in general. Both factors (nano-galvanic coupling and 
the overall compositions) may lead to an accelerated degradation of 
HEA1. 

The HEA2, on the other hands, has a more stable and high resistive 

Fig. 6. (a, b) Mott–Schottky curves and potentiostatic polarization at Epass: (c) current density vs. time plots, (d) the fitting of the early time stage of the current 
density from (c), (e) log i vs. log t plot, and (f) log i vs 1/q plot. 

Table 4 
Fitting parameters derived from Fig. 6.  

Specimen ND or NA (×1021) /cm3 Passivation index n cBV (µC.cm2) Ipeak (×10–6 A.cm–2) K (s–1) A (×10–5 C.cm–2) b 
HEA1  8.71  0.33  2.88  9.26  0.19  4.50  1.17 
HEA2  5.35  0.50  0.20  1.10  0.07  2.27  1.15  
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passive film than that of HEA1, which has a low repassivation ability due 
to a strong electrochemical and reactional activity at the surface level 
[62]. As well as the lower passivation current ipass measured for HEA2, 
which is associated to higher corrosion protection ensured by the 
passivation oxide. The retention of the Cr content, relative to its original 
nominal composition, also suggests the relatively low rate of Cr disso-
lution which is not necessarily common for Cr–containing alloys under 
Cl– solution attack. The stable passive film of HEA2 limits the charge 
transfers between the metal/film and film/solution interfaces (high 
value of Rct), with a smoother surface state (high value of nf), similar to 
that of Ti-6Al-4V [63]. In the Bode diagrams, at high frequencies the 
value of the impedance modulus remains constant, and the phase angle 
is close to zero, indicating resistive–like behavior [64], while at medium 
and low frequencies the phase angle of HEA2 is higher, indicating better 
corrosion resistance [65]. On the other hand, the low values of Rct, Rf 
and ndl for HEA1 are associated with the increase in the real surface area 
resulting either from the active dissolution or in the pores, which leads 
to the increase in the surface roughness [66]. These observations are 
widely expected in severe localized corrosion situations. 

The low value of ndl can also be correlated with the selective 

dissolution of the precipitated phase in HEA1 [63]. The difference in the 
effective capacitance is due to the frequency dispersion resulting from 
the variation of the activity of the electrode along the surface expressing 
a two–dimensional or/and three–dimensional heterogeneity [67,68]. 
The diffusion–controlled corrosion process, as indicated by the Warburg 
element [69–71], can be explained by the accumulation of corrosion 
products in the pores, producing a concentration gradient which caused 
the mass transfer reaction [72]. In chlorine solutions, the formation of 
the chlorine complex is delayed by the diffusion of Cl– ions from the bulk 
solution towards the surface of the electrode. In the pores, the presence 
of corrosion products limits the arrival of Cl– ions or the diffusion of 
anodic products from the metal/electrolyte interface towards the bulk 
solution (reaction 12 – 13). There should also be the contribution of the 
cathodic reaction of oxygen in controlling the corrosion process. Of 
which a non–constant concentration of dissolved oxygen will limit the 
corrosion (reaction 14 – 16) [73].  
Cl– 

(in the bulk solution) → Cl– 
(adsorbed on the surface)                                  (13)  

Mn+
(metallic cation from the metal or the oxide) + n Cl– → MCln                     (14) 

Fig. 7. Graphical representation and the zoomed parts of idiss, ifilm, and θ as a function of time according to the parameters in Table 4 for: (a, b) HEA1, (c, d) HEA2, (e) 
plot of qfilm vs time, and (f) film thickness as a function of time. 
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O2 (dissolved in the bulk solution) → O2 (dissolved at the cathodic sites)                   (15)  

O2 + 2H2O + 4e– → 4OH–                                                             (16)  
M

n+ + n OH
– → M(OH)n                                                               (17) 

The passive film of HEA2 behaves like a p–type semiconductor due to 
the presence of Cr(OH)3, Cr2O3, CoO, Co3O4, and Ni(OH)2 [74–78], 
which have been linked to the high resistance of oxidation and corrosion 
[79–82]. In addition, the presence of the metal–OH bond at the outer 
side of the film reinforces and improves the resistance of the film against 
the species displacement and the charges transfer by reducing the 
number of defects and vacancies [83,84]. This trend forms a kind of 
amorphous structure between the inner and the outer sides of the pas-
sive film which is advantageous against cytotoxicity, of which numerous 
studies have demonstrated minimal interaction between blood and the 
amorphous oxide film [85–87], as well as many studies and reports have 
indicated no carcinogenic or chronic effects related to Cr(III) oxides [88, 
89]. On the other hand, Cr is characterized by a free energy of formation 
of Cr2O3 and Cr(OH)3 more negative than that of the oxides and hy-
droxides of Ni [90], therefore the presence of a high content of Cr will 
lead to a preferential formation of its oxides which will accelerate 
passivation and act as a barrier limiting the dissolution of other ele-
ments. On the contrary, the passive film of HEA1 exhibited an n–type 
semiconductor behavior related to the presence of Fe2O3, Fe(OH)3, TiO2, 
and MnO2 [91–95]. The dominance of aluminum oxides affects the 
fraction of other passivating oxides, such as TiO2 and Cr2O3, while the 
presence of Fe2O3, and especially MnO2, reduce the quality of the pas-
sive film and its protective capacity by favoring the dissolution and the 
creation of defects in the passive film [52,96]. This finding is supported 
by the results of the Mott–Schottky analysis, where the donor density 
(oxygen vacancies and cation interstitials) in the n–type film of HEA1 is 
higher than the acceptor density (cation vacancies) in the p–type film of 
HEA2 [97]. The proposed film growth and dissolution mechanisms of 
the two specimens are illustrated in Fig. 8. 

Based on the point–defect model, the passive film stabilization and 
pitting corrosion susceptibility are strongly associated with the semi-
conductor properties and the electronic structure of the film [98,99]. 
Oxygen vacancies and cation interstitials are generated at the metal/film 
interface and consumed at the film/solution interface. The accumulation 
of oxygen vacancies (sites of highly positive charge) attracts chloride 
ions and promotes their adsorption, leading to increasing the suscepti-
bility of HEA1 to initiate pits and produce film cracking due to local 
tensile/fatigue stresses generated during the process of film growth 
[100]. The film reacts against the absorption of chloride anions by the 
generation of cation and/or oxygen vacancies that will attract more 
anions to the film/solution interface, producing an autocatalytic 
mechanism. The ability of the passive film to resist breakdown depends 

on the kinetics of the vacancies–generation and annihilation reactions. 
In addition, for metals with a strong affinity for complexing with chlo-
ride ions, such as iron [98], they will favor the generation of vacancies 
resulting from the reaction of metal–chlorides formation [101]. In the 
case of HEA2, the affinity of chloride ions towards p–type defects (sites 
of highly negative charge) is not favorable, which reduces the risk of the 
pitting initiation and passive film damage [98,102]. 

The passivation rate of HEA2 is higher than that of HEA1, as indi-
cated by the shape of the potentiostatic polarization curves of which the 
transition between the two stages of kinetics process is faster for HEA2. 
The first stage is the rapid decrease in the current density during the first 
seconds under passive polarization that is mainly related to the film 
formation mechanism, and the second stage is the stable plateau mainly 
related to the film growth mechanism. This trend means that a rapid 
formation of protective passive film limits the electrochemical activity 
on the surface of HEA2, as indicated by the low steady state current 
density and the low starting current density pick, while HEA1 has an 
imperfectly stable current density plateau that continues to decrease 
over time. 

Based on the high electric field for the ion conduction model, the rate 
of the passive film formation process can be indirectly expressed by the 
passivation index, of which the HEA2 has the highest value indicating 
rapid kinetics. A higher passivation index value also indicates a more 
compact and less defective surface quality [103,104]. The same for the 
cBV parameter that is considered as the passivation rate and passivation 
protection degree [50,57], which correlates with the activation energy 
for the transfer of charges and ions through the film. The lower cBV 
value of HEA2 means a better film protection, linked to a low activation 
energy or a high barrier energy limiting the conduction of ions between 
the two film–interfaces. The cBV is also associated with the measure-
ment of the susceptibility of a passive film to stress corrosion cracking 
(SCC) [105]. Since SCC occurs through a repetitive process of film 
breakdown/dissolution/repassivation, low cBV (high passivation rate) 
leads to low SCC susceptibility, whereas high cBV (low passivation rate) 
leads to high SCC susceptibility due to a high amount of dissolution [52, 
105]. By comparing the two cBV values for the two specimens, one may 
say that HEA1 has a higher susceptibility to SCC than HEA2. The cBV 
parameter is strongly related to the chemical composition of the passive 
film [51], and the Mn content in HEA1 increases the cBV value and thus 
increases the susceptibility to SCC [106,107]. However, an SCC exper-
iment should be conducted to confirm this hypothesis, but beyond the 
scope of the present work. 

Based on the anodic–dissolution and film–growth models, the 
different dissolution and passivation processes at an early time decay are 
investigated individually. The HEA2 shows a better passivation behavior 
and dissolution resistance and faster film growth rate than those of 
HEA1. This behavior is manifested by the retention of a film formation 

Fig. 8. Schematic illustration of film growth and dissolution mechanisms of: (a) HEA1, and (b) HEA2.  
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and growth current density higher than that of film dissolution 
throughout the passivation. On HEA1, a dominant strong dissolution 
activity at a very early time decay (the first 20 s) occurred until the film 
formation process took place. The HEA1 formed the first oxide layer 
more rapidly (after 30 s) than HEA2 (after 65 s), leading to a thick layer 
but not as compact and as stable than that of the HEA2, with high charge 
density values. After θ = 1, the film thickening rate of HEA1 was slower 
than that of HEA2 due to a continuous dissolution process, which makes 
it prone to pitting, and stress corrosion cracking in the presence of local 
stresses [108]. 

5. Conclusion 

In comparison to Ti-6Al-4 V alloy, Al7Cr23.26Fe23.26Co23.26Ni23.26 
(HEA2) possess better passivity and corrosion resistance in Hanks’ so-
lution at 37 ◦C, while Al20Cr5Fe50Mn20Ti5 (HEA1) is poorer. The surface 
of both HEAs specimens was covered by a passive film composed of a 
mixture of Al2O3, Cr2O3, Cr(OH)3, FeOOH, and Fe2O3 oxides. The pas-
sive film of HEA2 exhibits a p–type behavior resulting from the presence 
of Cr(OH)3, Cr2O3, CoO, Co3O4, and Ni(OH)2 known for their resistive 
properties, with a large fraction of Cr2O3 and the dominance of the 
metal–OH bond at the outer side of the film. This compact film exhibits a 
high passivation kinetics and favorable semiconductor properties, 
leading to a high passivation behavior and pitting resistance. The pas-
sive film of HEA1 exhibits an n–type behavior with a high concentration 
of defects and vacancies resulting from the presence of the Fe2O3, Fe 
(OH)3, TiO2, and MnO2 that promotes chloride ions adsorption, leading 
to diffusion–controlled corrosion/dissolution and high susceptibility to 
pitting corrosion. The corrosion resistance of HEA1 can be further 
improved by promoting the presence of p–type oxides through the 
substitution of Al with other passivating elements of low propensity to 
dissolution, and reduction of Al content to lower its oxide fraction in the 
passive film, as well as Fe content to limit the adsorption of chloride 
ions. With further confirmation on its cytocompatibility, the HEA2 could 
become a new potential biomaterial for biomedical applications. 
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