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Corrosion behavior of AlCuFeMn alloy in aqueous sodium chloride solution 
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H I G H L I G H T S  

• As cast AlCuFeMn alloy comprises of FCC and BCC phases only. 
• Corrosion rate in 3.5 wt% NaCl solution of as-cast alloy comparable to CoCrFeMnNi alloy. 
• Surface oxidized alloy corrosion rate is comparable to AISI 304. 
• The as-cast alloy surface revealed metallic as well as oxidized elemental states. 
• In oxidized alloy surface chiefly oxidized elemental states are present.  
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A B S T R A C T   

Medium Entropy Alloy AlCuFeMn possesses high room temperature strength and oxidation endurance. In present 
work, the aqueous corrosion resistance of the as-cast as well as low temperature oxidized AlCuFeMn alloy in 3.5 
wt% NaCl solution, is explored. Equimolar proportions of high purity copper, manganese, iron, and aluminum 
were arc melted and cast in a copper mold. The alloy primarily consists of a face-centered cubic and a body- 
centered cubic phase. Potentiodynamic polarization tests on the alloy after low temperature surface oxidation 
reveal an aqueous corrosion resistance comparable to AISI 304 steel and CoCrFeMnNi high entropy alloy. The X- 
ray photoelectron spectroscopic studies confirmed that the free surface in the as-cast alloy is in partially oxidized 
state. The same completely oxidizes after low-temperature surface oxidation. Such low temperature surface 
oxidation improves pitting corrosion resistance in AlCuFeMn alloy due to increased metal/oxide layer resistance. 
The electrochemical impedance spectroscopy tests coupled with microscopy confirmed that the principal 
corrosion mechanisms in the alloy are of the uniform and pitting type. The energy dispersive spectroscopy ex-
periments indicate that a copper oxide enriched layer is formed on the surface oxidized specimen during 
corrosion.   

1. Introduction 

The quest for materials with high strength to weight ratio and 
corrosion resistance is leading researchers to investigate a broad realm 
ranging from metals and alloys to composite materials. Many equimolar 
and near-equimolar high/medium entropy alloys (HEAs/MHEAs) 
possess, excellent mechanical property [1,2] and a corrosion resistance 
similar to or better than stainless steels [3–5]. However, the bulk of 
HEA/MHEA alloy compositions proposed in literature involve 3d ele-
ments, of high density. Therefore, incorporating light weight elements 
like aluminum and or titanium in existing HEA/MHEA alloy framework 

is of substantial interest. Recently, Roy et al. reported the structure and 
mechanical properties of annealed equimolar AlCuFeMn alloy (773 K for 
80 h) [6]. The alloy exhibits yield strength of ~1000 MPa which is 
significantly high compared to many commercial structural alloys. 
Again, oxidation resistance of the AlCuFeMn alloy is similar to Inconel 
and or stainless steel [7]. However, aqueous corrosion resistance of cast 
AlCuFeMn alloy is not reported in literature. Therefore, present work 
investigates the aqueous corrosion resistance of an as-cast AlCuFeMn 
alloy in 3.5 wt% aqueous NaCl solution in details. 

Again, aluminum/titanium dissolved in an alloy forms surface oxides 
rendering high oxidation resistance to the alloys [8]. Thus, aluminum in 

* Corresponding author. 
E-mail address: parthasarathi.de@iitbbs.ac.in (P.S. De).  

Contents lists available at ScienceDirect 

Materials Chemistry and Physics 

journal homepage: www.elsevier.com/locate/matchemphys 

https://doi.org/10.1016/j.matchemphys.2021.125397 
Received 13 October 2019; Received in revised form 2 October 2021; Accepted 30 October 2021   

mailto:parthasarathi.de@iitbbs.ac.in
www.sciencedirect.com/science/journal/02540584
https://www.elsevier.com/locate/matchemphys
https://doi.org/10.1016/j.matchemphys.2021.125397
https://doi.org/10.1016/j.matchemphys.2021.125397
https://doi.org/10.1016/j.matchemphys.2021.125397


Materials Chemistry and Physics 276 (2022) 125397

2

iron improves scaling resistance with ~12% aluminum sufficient to 
resist oxidation at 1300 ◦C [8]. But, such iron aluminides are susceptible 
to environmental degradation due to hydrogen formed by the reaction 
between moisture and aluminum atoms [9,10] and possess a poor 
aqueous corrosion resistance [11]. Therefore, additional element sub-
stitution i.e. copper and manganese, in the binary aluminum-iron system 
to form HEA/MHEA alloys and corresponding reduction in aluminum 
chemical potential is expected to improve aqueous corrosion resistance 
without affecting strength and endurance to oxidation. Therefore, the 
present study specifically investigates the role of each element on the 
aqueous corrosion resistance of as-cast AlCuFeMn alloy using poten-
tiodynamic polarization, electrochemical impedance spectroscopy 
(EIS), and x-ray photoelectron spectroscopy (XPS) techniques. The 
following section discusses the experimental details of this work in more 
detail. 

2. Experimental procedure 

High purity metal wires of iron, aluminum, copper (all >99.99%), 
and manganese granules (purity >99.95%) were mixed in equimolar 
proportions and arc-melted in a water-cooled copper mold in an ultra- 
high purity argon atmosphere to form an alloy button. The as-cast but-
ton was flipped and re-melted six times and the top 1 mm of the final 
sample removed to ensure homogeneous composition. The bulk 
composition was then evaluated using energy dispersive spectroscopy. 
Subsequently, a test specimen of surface area 41.0 mm2 was sectioned 
from the as-cast alloy button (Sample A) and cold-mounted in epoxy 
resin. The exposed surface was polished and etched using Glyceregia (2 
ml Glycerine + 3 ml HCl + 1 ml HNO3) for 30 s. The microstructure of 

the etched specimen was characterized using Field Emission Scanning 
Electron Microscope (FE-SEM) and energy dispersive spectroscopy 
(EDS). The phase identification was done in Transmission Electron Mi-
croscopy (TEM), complemented by Electron Backscattered Diffraction 
(EBSD), and powder X-ray diffraction (XRD) where CuKα radiation at 40 
kV and 40 mA was used. For EBSD investigation, the crystal structure 
and composition information for AlCuFeMn alloy obtained from TEM 
results, EDS experiments, XRD data of current experiments, and the 
work of Roy et al. [6] were used. The crystal structure data generated 
was applied to simulate Kikuchi patterns for three out of total four 
phases identified. This was subsequently employed during EBSD 

Fig. 1. Euler contrast map of as-cast AlCuFeMn alloy cross-section showing 
elongated grains (only FCC phase mapped). The white regions are unresolved. 
The thick black lines are high angle grain boundaries. 

Fig. 2. (a) Secondary electron image of the etched dendritic surface (b) Iron and (b) Copper segregation. (Note: No marker bar is provided in (b) or (c) as they 
correspond to image (a)). Aluminum and manganese content is similar in both regions. 

Table 1 
SEM-EDS compositional analysis of Regions 1 & 2 of AlCuFeMn alloy (in atom 
%) and AISI 304 (in weight %).  

AlCuFeMn alloy  

Al Cu Fe Mn 

Average Composition 24.3 
±

1.3 

26.7 
±

4.3 

24.5 
±

2.9 

24.4 ± 1.3 

Region 1 (Fe Rich) 24.6 
±

1.2 

23.7 
±

1.8 

26.5 
±

1.5 

25.0 ± 1.1 

Region 2 (Cu Rich) 23.9 
±

1.2 

30.3 
±

3.5 

22.2 
±

2.2 

23.7 ± 1.1 

AISI 304  

Cr Fe Mn Ni Si Cu S P 
19.2 ±

0.2 
71.3 ±
0.2 

0.94 
±

0.1 

7.9 
±

0.2 

0.3 
±

0.03 

0.54 
±

0.05 

0.02 ±
0.0 

0.01 ±
0.0  

Fig. 3. Morphology of the alloy after glyceregia etching. Inset shows Region 1 
with cuboidal structures of size ~25–50 nm and Region 2 with threaded 
interweaved structure. 

A. Dutta et al.                                                                                                                                                                                                                                   



Materials Chemistry and Physics 276 (2022) 125397

3

mapping of samples where experimental Kikuchi patterns were matched 
with at least eleven bands (twelve maximum), to differentiate between 
the individual phases. The EBSD mapping step size was varied between 
2 μm and 0.06 μm, where gross microstructure was mapped using coarse 
steps while detailed phase identification was done using fine step size. 

An additional surface oxidized as-cast specimen (exposed to air at 
473 K for 5 h) was prepared (designated as Sample B) to study the effect 
of oxidation on corrosion behavior. To understand the reason behind 
underlying corrosion behavior, both the as-cast and the surface oxidized 
specimens (Sample A and B) were investigated using XPS (PHI 5000 
VersaProbe II) equipped with a monochromatic Al Kα (1486.6 eV) X-ray 
source and a hemispherical analyzer. Electrical charge compensation 
was applied to perform the XPS analysis where all the binding energies 
(B.E.) were referenced to the C1 s peak at 284.8 eV. 

Subsequently, room temperature corrosion behavior of both Sample 
A and B and a typical AISI 304 material in 3.5 wt% aqueous NaCl so-
lution (de-aerated using Nitrogen) were investigated using potentiody-
namic polarization and EIS. A three-electrode flat cell with the specimen 
as a working electrode, platinum as a counter electrode and a saturated 
calomel reference electrode (SCE, E = 0.2415VSHE) was used. Prior to 
the potentiodynamic polarization and EIS tests, the OCP value was 
recorded for 1 h to ensure steady-state potential. Potentiodynamic po-
larization measurements were started at the Open-Circuit Potential 
(OCP) value and scanned ± 0.5 V with respect to OCP at a scan rate of 
0.17 mV/s in accordance with ASTM G61 [12]. The EIS was performed 
over a frequency range of 105 to 10− 2 Hz, with a sinusoidal signal of 5 
mV amplitude and OCP as the mean value [13]. The EIS data were fitted 
for electrical equivalent circuit using NOVA™ software. Later, the 
corroded AlCuFeMn alloy samples were sectioned and examined using 
EDS, to understand the corrosion phenomena. The following section 
discusses the results in detail. 

Fig. 5. (a) Bright field image of Region-2 showing the BCC2 phase with interlaced structure, (b) The Selected Area Diffraction pattern corresponding to Figs. 5(a), (c) 
The bright field image of Region-1 where green arrows correspond to the BCC phase while yellow arrows correspond to FCC phase, and (d) The SAD pattern 
corresponding to Fig. 5(c). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. XRD Spectra of as-cast AlCuFeMn medium entropy alloy using CuKα 
radiation at 40 kV and 40 mA. 
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3. Results 

3.1. Composition and microstructure 

The cross-sectional microstructure of the arc-melted alloy button 
displays columnar structures as observed in the Euler orientation map 
obtained using EBSD (Fig. 1). EDS of individual columnar grains in-
dicates localized elemental partitioning into iron-rich - Region 1 and 
copper-rich - Region 2 (Fig. 2). The average composition of Regions 1 
and 2 is given in Table 1. The high-resolution SEM image of Region 1 
exhibits a cuboidal phase dispersed in a sparse matrix while Region 2 
reveals an interweaved structure (Fig. 3). Besides this, a mixed 
morphology consisting of both cuboidal and interweaved structures is 
also observed. In Fig. 4, the X-ray diffraction pattern of the alloy is 
presented where peaks typical of body-centered cubic (BCC) and face- 
centered cubic (FCC) crystal structures are observed. The correspond-
ing lattice parameter of the FCC phase is 5.85 ± 0.01 Å while that of the 
two BCC phases are of 5.11 ± 0.01 Å (BCC1) and 2.93 ± 0.01 Å (BCC2) 
respectively. High-resolution electron backscattered diffraction map-
ping further confirmed the presence of three phases (Fig. 7) where FCC 
adjoins the BCC2 phase, while BCC1 is sparsely distributed. 

Detailed microstructure and phase analysis using TEM revealed that 
Region-1 comprised of clustered cuboid phases (Fig. 5- marked by yel-
low arrows) of size less than 40 nm with an FCC structure (a ≈5.85 Å) in 
addition to tiny (less than 15 nm) isolated BCC3 (a ≈5.93 Å) phase. In 
Region-2 an interlaced structure consisting of stringer (long and or 
short) aggregates of BCC crystal structure with a lattice parameter of 
~2.4 Å (Fig. 5) exists, which corresponds to the BCC2 phase in the pXRD 

Fig. 6. Representative EDS spectrum of FCC, BCC2 and BCC3 phases (shown in Fig. 5) obtained from TEM. In inset, typical median composition of the phases 
is provided. 

Fig. 7. Typical phase-contrast map of the alloy, where green denotes the FCC 
phase, while yellow is the BCC2 phase, and red is the BCC1 phase. The white 
regions indicate positions where Kikuchi patterns are unresolved. The mapping 
was done at a step size of 60 nm. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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pattern. The cuboidal FCC phase in Region-1 corresponds to the FCC 
phase in the pXRD pattern (Fig. 4). However, BCC3 phase (a ≈5.93 Å) is 
not evident in the pXRD pattern and is possibly due to its sparse distri-
bution. The BCC1 peaks in pXRD pattern are inferred to be that of the 
continuous matrix present in Region 1 and 2 respectively. In Fig. 6, 
characteristic X-ray spectrum obtained from EDS and corresponding 
semi-quantitative composition of FCC, BCC2 and BCC3 phase are pre-
sented. Similar EDS analysis of the stainless steel sample indicates a 
typical AISI 304 composition and is presented in Table − 1. 

3.2. X-ray photoelectron spectroscopy 

Figs. 8 and 9 illustrate the XPS spectrums of AlCuFeMn alloy for 
Sample A (as-cast) and Sample B (surface-oxidized) specimens. In 
Sample A, iron (Fig. 8(a)) is present in both metallic and oxidized state 
with B.E. peaks at 706.6 eV and 710.1 eV corresponding to the metallic 
and oxide of Fe2p3/2 level, respectively. The satellite peak (at 716 eV) 
also indicates that Fe is present mostly in the Fe2+ state. In Sample B 
(Fig. 9(a)), the metallic peak vanishes and iron is in its complete oxide 
state. The oxide peak at B.E. 710.1 eV and 712.4 eV and their satellite 
peaks around 716 eV and 720 eV are primarily attributed to Fe(II) state 
and Fe(III) state, respectively. 

For Cu, two peaks appear for Sample A at 932.5 eV (2p3/2) and 
952.3 eV (2p1/2) suggesting metallic Cu while a weak satellite around 
947 eV suggests the presence of Cu (I) state (Fig. 8(b)). In Sample B, the 
2p3 peaks broaden with an increase in the satellite peak, suggesting an 

increase in the Cu (I) state (Fig. 9(b)). The Cu LMM Auger spectra of the 
surface-oxidized samples (not shown) suggest that Cu is present in both 
metallic and Cu (I) state. 

For Sample A, Al peaks are observed at binding energies 72.2 eV and 
74.5 eV (Fig. 8(c)) corresponding to the metallic and oxide state of Al 
2p3/2, respectively. While in Sample B (Fig. 9(c)) Al is in a completely 
oxidized state. The peak at 77 eV in the spectrum corresponds to Cu3p 
level. 

For manganese (Fig. 8(d)), peaks at 638.5 eV and 641.5 eV corre-
sponds to the metallic and oxidized state of Mn2p. The broad peak at 
647.6 eV corresponds to the Auger peak of Cu LMM. For Sample B, 
manganese present is in a completely oxidized state (Fig. 9(d)). 

3.3. Potentiodynamic polarization 

Fig. 10(a) presents the linear polarization curves of AISI 304 stainless 
steel, Sample A, and Sample B in 3.5 wt % aqueous NaCl solution. The 
measured values of the electrochemical parameters summarized in 
Table 2 indicate that AISI 304 (density 7.90 g/cm3) [14] is nobler 
compared to the others. The corrosion current density (icorr) is measured 
from the Tafel plot by extrapolating the linear portion of the polarization 
curve near corrosion potential (Ecorr) as shown in Fig. 10(b–d). The 
anodic (βa) and cathodic (βc) Tafel constants are measured from the 
slopes of the anodic and cathodic branches, respectively. The Ecorr and 
icorr values obtained for AISI 304 are very similar to the results observed 
in Ref. [14] (− 250 mVSCE and 0.601 μA/cm2, respectively). The 

Fig. 8. XPS spectra of Fe2p, Cu2p, Al2p and Mn2p levels in as prepared AlCuFeMn alloy.  
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corrosion rate (rcorr) of the alloys are calculated according to Faraday’s 
law as [5]. 

rcorr = 0.00327
icorr × EW

D
= 0.00327

icorr

D
∑

(
fini
ai

) (mm / yr) (1)  

where icorr is the corrosion current density (μA/cm2), D is mass density 
(g/cm3), fi is mass fraction, ai is atomic weight (at.%) and ni is the 
number of equivalents exchanged. The equivalent weight (EW) of 
AlCuFeMn alloy being ~18.62 and that of AISI 304–28, respectively. 
The calculated corrosion rate of Sample A in 3.5 wt% aqueous NaCl is 
0.034 mmpy, compared to 0.009 mmpy for AISI 304 and illustrates no 
passivation. In contrast, Sample B exhibits passivation and metastable 
pitting manifested by a fluctuating corrosion current with an overall 
improvement in OCP and a corrosion rate similar to AISI 304. The 
passivation region fails at the critical pitting potential (Epit in Fig. 10(c)) 
enhancing the corrosion rate. 

3.4. Electrochemical impedance spectroscopy 

The Nyquist and Bode plots of Sample A & B in 3.5 wt% NaCl so-
lution are shown in Fig. 11(a–c) and Fig. 12(a–c). The Nyquist plots 
contain two capacitive arcs, typical of metal-oxide (M/O) and oxide- 
electrolyte interface (O/E) at high and low-frequency regions [15]. In 
all the plots a good fit between experimental and simulated data is 

observed. The electrical equivalent circuit used to obtain the simulated 
spectra in both cases is presented in Fig. 11(d). The circuit consists of 
two parallel RQ arrangements with the solution resistance (RS) in series 
while Rpit is the resistance of solution inside the pit and CPEpit is the pit 
wall capacitance [15]. Similarly, RP and CPEP are corresponding pa-
rameters associated with the passive layer [15]. 

It may be noted that considering surface inhomogeneities, surface 
roughness, and composition variation of surface layers, a Constant Phase 
Element (CPE or Q) instead of a pure capacitor (C) is used [16]. The CPE 
impedance (ZCPE) being given by [17]. 

ZCPE = Y0
− 1(jω)

− n (2)  

where Y0 is the proportionality factor, j is the imaginary unit, ω is 
angular frequency and n is the phase shift. The values for corresponding 
circuit components of both samples are summarized in Table 3. 

In Fig. 13, a typical scanning electron micrograph of the specimen 
surface after 48 h of immersion is presented. The micrograph shows 
irregularly shaped pits which supports the potentiodynamic test results 
and the EIS model for corrosion. 

3.5. EDS analysis 

In Fig. 14, the elemental distribution at surface of Sample A after 
corrosion is presented. The EDS results indicate uniform elemental dis-
tribution with a thin visible oxide layer formation. In Fig. 15, the EDS 

Fig. 9. XPS spectra of Fe2p, Cu2p, Al2p and Mn2p levels in air-oxidized AlCuFeMn alloy.  
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map of a typical corroded cross-section of Sample B after EIS is pre-
sented. The corroded surface consists of an oxide layer which is few 
microns in thickness and is predominantly of copper with minor pres-
ence of iron, aluminum and manganese. 

4. Discussion 

The microstructure of AlCuFeMn alloy consists of columnar ar-
rangements typical of dendritic solidification (Fig. 1). Within the grains, 
iron-rich cuboidal Region 1, threaded copper-rich Region 2 and a mixed 
morphology region exist. This phase morphology is similar to that re-
ported by Roy et al. [6] except for the absence of the mixed region. It is 
to be noted that the cast AlCuFeMn sample investigated by Roy et al. [6] 
was annealed for 80 h at 500 ◦C, unlike the as-cast state used in this 
work. However, the principal phases obtained from the present pXRD 
data (Fig. 4) corresponds with that of Roy et al. [6] where a mixture of 
FCC phase with lattice parameter 5.85 Å (iron-rich cuboidal Region 1) 
and BCC2 phase (copper-rich threaded Region 2) of 2.93 Å were 

reported. The phases were further confirmed during TEM analysis and 
EBSD mapping as shown in Figs. 5 and 7. The FCC phase located in 
Region 1 (see Reference [6]) is remarkably similar to the FCC interme-
tallic phase Fe3Al with a lattice parameter of 5.65 Å [18]. However, the 
BCC2 phase and the additional BCC1 phase reported in this work are 
unlike any equilibrium Fe-Al binary intermetallic compounds. The BCC1 
and BCC3 phases were not reported by Roy et al. [6] and had a minor 
volume fraction compared to the principal phases. 

The corrosion resistance of as-cast AlCuFeMn alloy i.e., Sample A 
(icorr ~ 5.322 μA/cm2) in aqueous 3.5% NaCl solution is lower than as- 
cast CoCrFeMnNi which has an icorr of 0.38 μA/cm2 [3]. However, the 
resistance improved substantially after surface oxidation (Sample B) 
and became comparable to AISI 304 steel [3]. The results indicate that 
protective surface layer development plays an important role in the 
aqueous corrosion protection of AlCuFeMn alloy. Significantly, poten-
tiodynamic polarization curve of Sample B demonstrated serrations 
below Epit which is attributed to pit nucleation, growth, and repassiva-
tion typical of metastable pitting [19,20]. On the other hand, the 

Fig. 10. Potentiodynamic polarization curves for (a) AISI 304 and AlCuFeMn alloys in a 3.5% NaCl solution. Anodic and Cathodic Tafel lines showing corrosion 
potential and corrosion current density in (b) Sample A, (c) Sample B (enlarged passivation region), and (d) AISI 304. 

Table 2 
Electrochemical parameters of the AlCuFeMn alloys in a 3.5% NaCl solution.   

D (g/cm3) Ecorr (mV vs. SCE) icorr (μA/cm2) rcorr (mmpy) 

Sample A (as-cast) 6.53 − 596.24 5.322 0.049 
Sample B (air-oxidized) 6.53 − 488.86 0.561 0.004 
AISI 304 7.90 − 180 0.86 0.009  
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polarization curve of the as-cast alloy (Fig. 10) demonstrates an absence 
of distinct passivation and propensity to pitting corrosion similar to cast 
CoCrFeMnNi alloy [3]. The pitting corrosion susceptibility of CoCr-
FeMnNi alloy in 3.5 wt% NaCl solution was ascribed to micro-
segregation of chromium (dendritic region) and nickel (interdendriditic 
region) [3] respectively. Quite similarly, pitting corrosion in the as-cast 
alloy (Sample A) is attributable to separation of copper into BCC2 phase 
(Region-2) and iron in the FCC phase (Region-1). Alternatively, in 
Sample B, the oxide layer formation on the other hand results in a 
passivation tendency with resultant metastable pitting. The above 
pitting behavior difference correlates well with the equivalent circuits 
obtained from the EIS study, where simultaneously (a) pitting due to 
local alkalization and (b) growth and deterioration of the passive layer is 
observed. For any alloy, an “n” value between 0.5 and 0.8 of CPE in-
dicates a deviation from ideal capacitor behavior and is attributed to the 
formation of an inhomogeneous corroded surface [16]. Thus, the in-
crease in RP value for the first 30 h of immersion (Table 3) in Sample A, 
reflects the formation and development of a protective layer [21]. 
Thereafter, RP value decreases from 1849.1 Ω cm2 to 763.2 Ω cm2, 
implying localized damage to the protective film [22]. Once the pro-
tective layer breaks down, it doesn’t regenerate immediately. The 
damaged regions are consequently attacked by chloride ions (Cl− ) in 

solution, resulting in galvanic cell formation, pit creation and propa-
gation [19]. Further increase in pit resistance (Rpit) with exposure time, 
indicates decreased pit growth rate [23]. Consequently, Rpit decreases at 
30 h but reverts to a maximum value at 48 h suggesting an insignificant 
increase in active surface within the pits [24,25]. On the other hand, in 
Sample B (oxidized surface condition) the initial RP values are consid-
erably higher and comparable to 24 h value for Sample A. The obser-
vation indicates that the protective layer formed during 
low-temperature oxidation acts as an effective barrier to metal ion 
transport immediately after immersion. Thus, the consistently high Rpit 
value of Sample B compared to Sample A indicates a better pitting 
corrosion resistance. According to the Helmholtz model [26], the 
thickness of any passive layer is 

δ=
ε0ε
Y0

S (3)  

where ε0 is permittivity of free space (8.85 × 10− 14  F/cm), ε is the 
dielectric constant of the medium and S is the surface area of the elec-
trode. As seen in Table 3, the Y0 value for the protective layer on Sample 
B is significantly smaller in comparison to Sample A. This suggests 
improved protection by the superficial oxide layer in the surface 
oxidized specimen compared to as-cast [22]. 

Fig. 11. Nyquist (a) and Bode phase (b) and Bode modulus (c) plots for as-cast AlCuFeMn alloy after 2, 7, 24, 30 and 48 h of immersion in 3.5 wt% NaCl solution. 
Equivalent circuit used to analyze the EIS results (d). 
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Fig. 12. Nyquist (a) and Bode phase (b) and Bode modulus (c) plots for air-oxidized AlCuFeMn alloy after 2, 7, 24, 30 and 48 h of immersion in 3.5 wt% 
NaCl solution. 

Table 3 
EIS results for as-cast and air-oxidized AlCuFeMn medium entropy alloys after different immersion times.  

Sample Immersion time RS (Ω cm2) Rpit (Ω cm2) RP (Ω cm2) CPEpit CPEP 

Y01(μΩ¡1 cm¡2 S¡n)  n1 Y02(μΩ¡1 cm¡2 S¡n)  n2 

As-cast 2 h 4.10 10.8 554.7 1838.2 0.809 6543.7 0.543 
7 h 4.05 17.9 603.5 3973.8 0.754 8685.3 0.665 
24 h 4.11 36.5 1502.8 7971.4 0.749 9101.7 0.860 
30 h 3.98 27.1 1849.1 5883.4 0.781 9875.1 0.778 
48 h 3.98 40.1 763.2 8982.7 0.760 6424.7 0.795 

Air-oxidized 2 h 5.44 31.8 1173.3 1154.1 0.596 175.2 0.824 
7 h 5.59 34.1 1182.4 1475.3 0.571 205.9 0.863 
24 h 4.92 35.1 1330.5 2076.1 0.525 137.0 0.918 
30 h 5.83 98.2 1494.1 2201.1 0.573 241.7 0.821 
48 h 5.19 74.1 1259.2 3402.7 0.696 651.1 0.769  
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The above corrosion behavior is further elucidated using the EDS and 
XPS results. The EDS cross-sectional analysis of Sample A indicates an 
oxygen enriched surface with all four elements unlike the pronounced 
copper enriched oxide layer in Sample B. The result corresponds to the 
XPS results of the as-cast sample surface before corrosion where all the 
four elements are in an oxidized state, along with a small fraction in the 
metallic form. Moreover the elemental iron is in multiple oxidation 
states. Passivation offered by such mixed oxide films along with lower 
valence oxides is poor [27–29]. Thus, the protective layer in the as-cast 
alloy (Sample A), with extant metal is both ionically and electronically 
conductive resulting in diminished corrosion resistance in a 3.5 wt % 
NaCl aqueous solution. 

On the other hand, the surface oxidized alloy (Sample B) displays a 
brief passivation with metastable pitting followed by a transpassive re-
gion of pit growth. The results correlates with the XPS spectra of the 
surface oxidized sample in Fig. 9 where the metallic states present in the 
as-cast specimen reduces (in case of Cu) or completely disappears (in the 
case of Fe, Al, and Mn). This improves the barrier protection offered by 
the oxide layer in Sample B compared to Sample A [27–29]. Similar 
enhancement in aqueous corrosion resistance of ternary chromium 

alloyed Fe3Al intermetallics is ascribed to the formation of the p-type 
passive layer due to Cr3+ and Cr6+ enrichment [30]. However, such 
passive layer formation cannot completely resist pitting corrosion in a 
chloride environment [30]. 

Again, failure of corrosion resistance for Sample B at Epit can be 
explained from the nature of the protective surface layer observed in 
post corrosion cross-section of Sample B (see Fig. 15), where a layer of 
copper oxide, with minor presence of aluminum, iron, and manganese is 
seen. It is to be noted that, XPS results before corrosion (Fig. 9) indicated 
presence of all elements on the surface in an oxidized state. This suggests 
a preferential dissolution of elements from the protective oxide layer 
during corrosion resulting in the ultimate failure of the passivation 
process in Sample B beyond ~ (− )0.43 V (Fig. 10). However, a more in- 
depth study is required to understand the mechanism of this failure and 
is the subject of future work. 

5. Conclusions 

The microstructure of as-cast AlCuFeMn alloy is similar to that of 
cast-annealed AlCuFeMn reported earlier by Roy et al. [6] apart from the 
two additional minor phases. The corrosion resistance of the surface 
oxidized alloy (at 473 K) in 3.5 wt% aqueous NaCl is similar to stainless 
steel although the as-cast sample shows a higher corrosion rate. Pitting 
corrosion tendency observed in the as-cast state improved after 
low-temperature oxidation due to complete oxidation of Al, Fe, and Mn 
atoms. However, the pitting resistance failed beyond ~ − 0.43 V due to 
the selective dissolution of the protective layer. Overall, the aqueous 
corrosion resistance of the AlCuFeMn alloy in 3.5 wt% NaCl solution is 
comparable to corrosion resistant HEA like CoCrFeMnNi and is signifi-
cantly superior to that of binary iron aluminides reported in literature. 
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Fig. 13. SEM images of the corroded surface with pit formation after 48 h EIS 
test in 3.5 wt% NaCl solution. 

Fig. 14. EDS image of the cross-section of Sample A (as-cast) after potentiodynamic polarization, showing (a) Electron Image (b) Oxygen distribution (c) Manganese 
distribution (d) Iron distribution (e) Copper distribution and (f) Aluminum distribution. 
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