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Abstract

Failure of materials such as steels during engineering applications can result in economic harm; hence, developing new
corrosion-resistant materials is critical. In this work, high-grade powders of Al, Cr, Fe, Mn, and Ni were used to synthesize
an equimolar AICrFeNiMn high-entropy alloy (HEA) for potential chemical industry application. The cast alloy's properties
were further altered by the addition of 1at%, 3at%, and 5at% tin (Sn) as alloying additives. To assess the impact of Sn on the
alloy's resistance to corrosion, potentiodynamic polarization tests were conducted in various acidic and basic environments.
Several surface inspection techniques, including scanning electron microscopy (SEM), optical microscopy (OPM), X-ray dif-
fractrometry (XRD), and energy-dispersive X-ray spectroscopy (EDS), were employed to examine the morphological changes
and elemental composition of the alloy after it was subjected to corrosive conditions. The nano-indentation machine was
used to analyze the materials' nanohardness. TGA analysis was also performed to determine how Sn additions affected the
AICrFeNiMn HEA'’s thermal stability. In 0.5 M HCI solution, the Sn-doped alloys demonstrated good corrosion resistance.
Their exposure to 0.5 mol/L H,SO, solution, on the other hand, found to be deleterious to their electrochemical stability.
The weight loss of 5 at% Sn-doped samples in 0.5 M H,SO, solution was found to be substantially reduced. The mass of all
the samples stayed constant in 3.5 wt% NaOH solution.

Keywords High-entropy alloys - Microstructure - Nano-indentation and corrosion

1 Introduction

Corrosion is a significant issue in several industries, includ-
ing the automotive, energy, aerospace, and marine sectors [1,
2]. It could lead to material degradation, structural collapse,
as well as monetary losses. As a Oresult, new materials with
improved corrosion resistance are always needed. The class
of metallic materials known as HEAs was first identified in
2004 by Yeh, Lin [3], and his research group at National
Tsing Hua University in Taiwan. The peculiar composition
of high-entropy alloys, which usually consists of a number
of elements with atomic percentages that are about equal or
close to equal, makes them stand out from other materials.
HEAs are generally made to deviate from traditional alloy
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design methods, which focus on one or a few key constitu-
ents [2].

A novel concept in the creation of alloys with five or
more principal components and each element blended in an
equimolar ratio or near to one is the concept of HEAs [4].
FeCrMnNiCo and AlCoCrFeMnNi are two examples [5].
Instead of forming complex phases or intermetallic com-
pounds, HEAs frequently consist of a single-solid solution,
which distinguishes them from typical alloys. Strong-mixing
entropies and sluggish diffusion, which further lessen the
material's brittleness, are mostly to blame for this [2, 6].

HEAs are desirable for a variety of applications in the
aerospace, energy, automotive, biomedical, and electronic
sectors thanks to their distinctive features. The design and
optimization of HEAs are a difficult undertaking since the
characteristics of HEAs can vary significantly depending
on their precise composition, microstructure, and pro-
cessing circumstances [7]. Because of its superior oxida-
tion resistance, high thermal stability, and exceptional
mechanical properties including thermal fatigue and high-
temperature strength, HEAs are successfully employed in
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high-temperature applications [2, 5]. Their exceptional qual-
ities and reasonable pricing have affected the applications
of everything from large, well-known structures, bridges,
buildings, and automobiles to small, sophisticated kitchen
appliances, everyday cooking utensils, and medical devices
[8].

There are several methods of synthesizing high-entropy
alloys (HEAs), including powder metallurgy, laser cladding,
electrodeposition, arc melting, and mechanical alloying [9].
Each of these methods has its advantages and disadvantages,
and the choice of method depends on the specific require-
ments of the application and the properties of the desired
alloy [10]. Currently, casting and arc melting are used to cre-
ate the alloys in the majority of papers on HEAs. According
to Liet.al,[11], HEAs costs might be greater than most ordi-
nary alloys because the elements being added to the alloys
are very expensive, for example, W, Nb, Cr, Ti, Co, V, and
Ni and their diameters are limited; therefore, research on
high-performance HEA films and coatings on inexpensive
metal substrates has also interested many researchers [11].
Varalakshmi et.al, [12] used mechanical alloying to syn-
thesize the AlFeTiCrZnCu. They found out that the HEAs
created by mechanical alloying had good compositional uni-
formity and crystallite sizes of around 10 nm. In comparison
to HEAs created by casting, those created by mechanical
alloying and consolidation have larger pore densities [13].
According to the investigation done by Ye et.al,[14], con-
ventional techniques and laser cladding both produce Alx-
FeCoNiCuCr alloys with the same phase composition.

Yin et al. [15] explain that HEAs have better resistance
to corrosion than many types of commonly used stainless
steel because their crystal structures tend to be simpler. For
instance, in 1 mol/L NaCl and 0.5 mol/LL H,SO, solutions,
the high-entropy alloy Cu0.5NiAlCoCrFeSi demonstrated
better resistance to corrosion compared to stainless steel
[15]. Chen et.al, [16] studied high-entropy alloys' electro-
chemical characteristics and microstructure are comparing
to those of type 304 stainless steel. The authors discovered
that HEA exhibited the least corrosion resistance when
the concentration of chlorine was 0.5 M. According to the
cyclic polarization conducted tests, the absence of hysteresis
proved that high-entropy alloys just like steel, are not vulner-
able to corrosion when using 1 M H,SO, without chloride
ions [16].

The ability of the material to be resistant to corrosion
is often changed through elemental alloying. By altering
the elemental segregation and phase structure, affecting the
quality of the passive film and affecting the kinetics of dis-
solution, alloying with different elements can have an impact
on how the materials resist corrosion [17]. Shi et.al [17]
investigated the effects of alloying, together with Cu, Mo,
and Al addition on the HEAs corrosion behavior in sulfuric
acid. The pitting potential was found to be less likely in
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the absence of Cl than in the solution containing chloride.
According to the investigations done by Shi et.al. [18], it
was found out that there was an increase in corrosion-cur-
rent density (Icorr) and a decrease in corrosion potential
(Ecorr) as the Al quantity was increased, with increasing Al,
indicating the diminished resistance to general corrosion in
the solution. Polat et.al [19] explained that low levels of Sn
segregation combine with a dense, uniform oxide film that
has a good shielding effect to increase the alloy's corrosion
resistance. Further enhancing the alloy's corrosion resistance
is the formation of a thick SnO, oxide film within the corro-
sion product film on its surface [20].

Among other HEAs, the AICrFeNiMn alloy has showed
excellent physical and mechanical properties, making it a
desirable candidate for a number of applications [21]. The
discovery and advancement of AICrFeNiMn HEA, as well as
other high-entropy alloys, have opened up new possibilities
for material design and engineering [21, 22]. Scientists are
actively working to improve the composition, microstruc-
ture, and processing of high-entropy alloys to enhance their
properties and explore new applications in structural materi-
als, aerospace, energy, and other fields [23].

Sn is commonly added to AICrFeNiMn HEA in order to
enhance certain properties or modify the alloy for a specific
use [24]. Testing the AICrFeNiMn alloy's corrosion resist-
ance in various corrosive environments, particularly in basic
and acidic conditions, is important to establish whether it is
acceptable for usage in practical applications. The study's
findings may improve understanding of how AICrFeNiMn
HEA could react to corrosion when Sn is added. In sec-
tors where exposure to basic and acidic environments is
widespread, the knowledge gathered from this study can
direct the development of materials that are more resist-
ant to c3orrosion and assist in the design of more durable
components.

2 Experimental

Al, Cr, Fe, Mn, and Ni high-grade powders were
employed to make an equimolar AICrFeNiMn HEA. A
tube mixer was used to ensure homogeneity of the mate-
rial. The material was further compressed using a tablet
press and then arc melted in a furnace. Argon gas with
high purity was utilized to make the furnace environment
more inert, and the Cu crucibles were rotated to ensure
chemical homogeneity. As-cast ingots of 20 mm in diam-
eter and 10 mm in height were divided into sections. The
characteristics of the cast alloy were further modified
by adding 1 at%, 3 at%, and 5 at% Sn as alloying addi-
tives. The microstructural evolution and phase composi-
tion of the cast and modified HEA were studied using an
energy-dispersive spectrometer (EDS) equipped scanning
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electron microscope (SEM), X-ray diffraction (XRD), and
optical microscopy (OPM). The nanohardness of the sam-
ples was assessed using the STEP 4 platform TTX-NHT3
Nano-indenter from the Surface Engineering Research
Laboratory, which employs a micro-compression tech-
nique to investigate the mechanical characteristics of the
different phases in the material. The samples' corrosion
behavior was examined using potentiodynamic polariza-
tion in five different mediums including 0.5 M of HCI,
0.5 M H,SO,, 3.5 wt% NaCl, 0.5 M NaOH, and 0.5 M
Na,SO,. The weight loss was also run for five weeks in
various solution media. Prior to being weighed, the metal
samples underwent preparatory grinding and polishing
before being immersed in test solutions of NaCl, H,SO,,
and NaOH. Every seven days, the samples were removed
from the test solutions, cleaned, and weighed. Statistical
modeling was done on the weight loss results.

Fig. 1 The optical micrographs
of control AICrFeNiMn HEA
and Sn-modified samples AlCr-
FeMnNi HEA with different Sn
percentages: A control B 1 at%
Sn, C 3 at% Sn, and D 5 at% Sn

3 Results and Discussion
3.1 Phase Formation and Microstructural Evolution
3.1.1 OPM Analysis Results

The optical micrographs of the Sn-doped AlCrFeNiMn
HEAs with different percentages of Sn are shown in Fig. 1.
The control shows the optical micrograph of the pure AlCr-
FeNiMn HEA with dendrite structures. It was observed that
the addition of 1 at% Sn promoted microstructure refinement
of the grains. This may be because tin atoms have the poten-
tial to serve as grain refiners, facilitating the development of
fine grains in the alloy [25].

When solidifying and cooling processes take place, tin
may produce fine intermetallic precipitates that serve as het-
erogeneous nucleation sites for grain formation. These tiny
precipitates have the ability to efficiently pin the borders of
the grains, preventing grain development and producing a
fine microstructure [26].
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The grain growth increased with the addition of 3 at%
Sn. Slower cooling rates may be to blame for this. Tin can
potentially modify the alloy's microstructure and precipita-
tion behavior, which could result in a different behavior [27].
It is likely that the nature or shape of the precipitates created
at this greater tin concentration differs from those at 1 at%
tin. The grain boundaries may not be sufficiently pinned by
these new precipitations, enabling the grains to move and
consolidate and leading to an increase in grain expansion
thus reducing the hardness of the alloy sample [28].

Grain refining was seen at 5 at% tin. This may be due
to the occurrence of a distinct set of precipitates or modi-
fications in the precipitation behavior, which would result
in grain refinement. Greater hardness and strength may
result from the refined grain structure, since smaller grains
improve the efficiency of solid solution strengthening and
impede dislocation movement [29, 30]. The particular pre-
cipitates that occur at this level of tin concentration may
also have a strengthening impact on the alloy, adding to its
enhanced hardness [29].

3.1.2 SEM/EDS Evolution

SEM micrographs of AICrFeMnNi HEA with different Sn
percentages are shown in Fig. 2. Three separate phases,
shown as white, gray, and black dots on the micrograph,
can be seen in the microstructure of the 1 at% Sn sample.
Gray spots predominate in the microstructure, and bigger
asymmetrical gray particles surround extremely small asym-
metrical gray particles, suggesting that these phases make
up a greater volume proportion of the alloy's composition.
Figure 3 shows the EDS Micrographs of the AICrFeMnNi
HEA with different tin. According to EDS, Ni-Mn-Sn is
abundant in the white phase. These phases are known for
their great thermal stability and may tolerate high tempera-
tures without experiencing substantial change in structure
[28, 30]. In situations where the material is subjected to high
temperatures, this feature is essential. These phases also pos-
sess magnetic characteristics [31]. Fe-Cr—Mn is abundant
in the phase of gray big particles. Fe-Cr—Mn-rich phases
have remarkable corrosion resistance, particularly in hostile
conditions like acids and solutions containing chlorides [32].
Chromium and manganese increase the material's capacity
to create a shielding oxide layer, which prevents corrosion.
They are appropriate for use in chemical processing, oil and
gas production, and marine settings because of this feature
[33]. The gray tiny particles are a phase rich in Ni-Fe—Cr.
These phases are known to have remarkable resistance to
corrosion [34]. The combination of chromium and nickel
and chromium provides a protective oxide layer which inhib-
its corrosion in high-temperature, acids and alkaline envi-
ronments. These characteristics make them appropriate for
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use in the petrochemical, marine, and chemical processing
industries [35].

As the percentage of Sn increases to 3 at%, three distinct
phases are also observed. However, it was demonstrated that
the white phase was growing in size and enclosing the gray
phase. Several black dots were seen scattered around the
microstructure. The white phase is a Ni-Mn—Sn-rich phase.
These phases are known for their great thermal stability and
may tolerate high temperatures without experiencing sub-
stantial change in structure [32, 36]. In situations where the
material is subjected to high temperatures, this feature is
essential. These phases also possess magnetic characteristics
[37].

The gray phase is a Ni-Mn—Al-rich phase. The black spot
is an Al-Mn-Ni-rich phase. AI-Mn-Ni phase is known for
having a generally low density due to the presence of alu-
minum a lightweight metal [38]. This quality qualifies them
for uses in the automotive, transportation, and aerospace
sectors, where weight reduction is sought. These phases are
also known to show strong corrosion resistance, especially
in some conditions like saltwater and industrial atmospheres
[39]. This qualifies them for uses such as naval structures,
chemical processes, and outdoor buildings where corrosion
resistance is crucial [40].

At 5 at% Sn, three distinct phases where also observed.
Only a few black spots, with a larger volume of the white
phase, are circling around the gray phase. There is almost a
uniform distribution of the gray and white phases through-
out the microstructure. The white phase contains the
Sn—-Ni—Mn-rich phase. The gray phase is a Cr—Ni-Mn-rich
phase. This phase may display a combination of ductility and
high strength [41]. When nickel and manganese are present,
they can aid in strengthening processes, giving rise to mate-
rials with better mechanical qualities. They are, therefore,
excellent for structural applications where it is necessary for
both strength and toughness [42].

3.1.3 XRD Results

Figure 4 shows the XRD patterns of different AICrFeMnNi
HEA samples, control, 1 at% Sn, 3 at% Sn, and 5 at% Sn.
The XRD shows that the control AICrFeMnNi HEA sam-
ple consists of combination of BCC FCC, and intermetallic
phases. 1 at% Sn sample consists of only BCC phases. 3
at% Sn consists of only BCC phases. This may be because
tin tends to promote the formation of BCC (body-centered
cubic) or HCP (hexagonal close-packed) structure [43]. BCC
has excellent flexibility and great strength. However, despite
having a single high strength or toughness single FCC or
BCC phase, they are constrained by their incompatibility.
High strength and hardness are balanced by multiphase
HEAs, which also have further application possibilities
[44]. 5 at% Sn consists of a combination of intermetallic,
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Fig.2 SEM micrographs of AICrFeMnNi HEA with different Sn percentages: A 1 at% Sn, B 3 at% Sn and C 5 at% Sn

FCC, and BCC phases. The BCC phase's presence can
aid in the FCC phase's stabilization at high temperatures,
enhancing the material's high-temperature strength and
creep resistance. The presence of tin atoms can boost the
alloying elements’ interactions, resulting in a strengthen-
ing effect [36]. It was observed that with an increase in Sn
percentage, the intermetallic (AlSn) and FCC phases are
formed confirming the research of [31, 36, 45].

3.1.4 Nano-indentation Results

The addition of 1 at% Sn causes the displacement value
to shift to the positive while the elastic modulus value
changes further to the negative, as can be seen from the
plot of load—displacement curves of specimens in Fig. 5.
The displacement value and lowest elastic modulus are
more strongly shifted in the positive direction by 5 at% Sn
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Fig.3 EDS micrographs of the AICrFeMnNi HEA with different Sn percentages: A 1 at% Sn, B 3 at% Sn, and C 5 at% Sn

addition. Table 1 shows the hardness, elastic modulus, and
displacement data from nano-indentation.

The 5 at% Sn sample had the lowest displacement value
of 1668.98 nm, indicating that it has the strongest strength
and restricts the passage of indenter forces through the
alloy sample [30, 46]. The displacement is negatively
shifted by 3 at% Sn, which also has the largest displacement
(1668.98 nm) and lowest elastic modulus (159.14 GPa). This
demonstrates that there is a decrease in strength, while the
elasticity also decreases, permitting the movement disloca-
tions under indentation stresses [30].

Figure 6 shows the plot of penetration depth against time
for AICrFeNiMn HEA and the modified alloy samples with
1 at% Sn, 3 at% Sn, and 5 at% Sn. The penetration depth of
5 at% Sn alloy was observed to be lower as compared to 1
at% and 3 at% Sn-modified AICrFeNiMn HEA. This may

@ Springer

be due to the fact that a higher solid solution tin content of
5 at% can increase solid solution strengthening, resulting in
increased hardness and decreased nano-indentation test pen-
etration depth [30]. This is also made feasible by the fact that
the 5 at% tin alloy has a more refined microstructure than
the 1 at% and 3 at% tin alloys, which results in increased
hardness and a reduced nano-indentation test penetration
depth [46].

4 Electrochemical Behavior
4.1 H,SO, Solution

Figure 7 depicts the cathodic and anodic polarization curves
of HEAs with 1 at% Sn, 3 at% Sn, and 5 at% Sn additions in
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Fig.5 The plot of load—displacement curves of the control HEA
against Sn additions

contrast to the control HEA. The Tafel experimental data,
performed in 0.5 M H,SO, solution for all four samples,
are shown in Table 2. The polarization resistance ( R)

Table 1 Summarized nano-indentation data for control HEA and Sn-

containing samples

Sample Hardness (Hv) Elastic modulus Displacement
(GPa) (nm)
Control 728.5 171.57 1647.82
1 at% Sn 623.38 127.64 1817.15
3 at% Sn 541.36 144.9 1881.47
5 at% Sn 722.35 159.14 1668.98
2000 4
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Fig.6 Penetration depth as a function of time for Sn-modified HEAs
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Fig.7 Potentiodynamic polarization curves of AICrFeMnNi control
HEA and HEAs with 1 at% Sn, 3 at% Sn, and 5 at% Sn additions in

0.5 M H,SO, solution at room temperature
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Table 2 Electrochemical properties of HEAs with 1 at% Sn, 3 at%
Sn, and 5 at% Sn additions in comparison with the control HEA when
polarized in 0.5 mol/L H,SO, solution at room temperature

Eoor (V) gy (A/em?)  Corrosion Polarization
x107 rate (mm/ resistance
year) )
Control  —0.31663  695.18 0.178 3491.5
1at% Sn —0.37327 14.899 0.07313 5709.83
3at% Sn —-0.33983 10.351 0.03028 6912.74
5at% Sn —0.32746 0.67014 0.01787 8041.6

was calculated using Tafel slopes ( b, and b,) and current
densities while the corrosion rate (Cg) was determined for
samples using corrosion-current density values, equivalent
weight, and density (e and p), as shown in equations below
[47-49];

b.Xb

C a

2303 %, (b, +b,)

RP
corr (

. e
Cp=013xi,.(%).
® <p>

With the addition of 1 at% Sn, the potential shifted nega-
tively than that of the control HEA. However, there was a
more negative shift in the current density, showing a rise
in the alloy surface's resistance to current flow and, con-
sequently, a rise in corrosion resistance. When Sn content
increases, the potential switches to the positive, as evidenced
by a decrease in HEA corrosion rate. Alloy samples doped
with 1 at% and 3 at% Sn had lower corrosion rate compared
to the control HEA.

However, 5 at% Sn additive alloy had a much lower
corrosion rate than all of the other alloys, hence, higher
resistance to corrosion. This is shown by both higher E_
(- 0.32746 V) and smaller i_,,, (6.7014E-06 A/cm?), which
indicates that it may have better corrosion resistance com-
pared to the ones with 3 at% Sn and 1 at% Sn and also in
comparison with the control HEA. All this is demonstrated
by its smaller value of corrosion rate of 0.01787 mm/
year. The control HEA had a high corrosion rate value of
0.178 mm/year which was shown to decrease in other alloys
with the addition of Sn. The reason for this is Sn causing
HEA samples to develop stable passive layers that resist
contact with H +1ions, making them substantially more cor-
rosion resistant. Cr and Mn elements present increase the
material's capacity to create a shielding oxide layer, which
prevents corrosion [33].

M — M™ + ne At Anode,
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Sn+20H" < SnO + H,0 + 2e,
Sn+20H™ < Sn(OH), + 2e,

SnO + OH™ < HSnO;,

2H* +2e — H, At Cathode.

4.1.1 HCl Solution

Comparing the electrochemical behavior of HEA samples
with different Sn additions, Fig. 8 shows the cathodic and
anodic polarization curves. The Tafel and cyclic polarization
data are shown in Table 3.

With a rise in the value of Sn, there was a positive shift
in the potential value and a negative shift in the current den-
sity value, signifying a decrease in the rate of corrosion.
The sample with 5 at% Sn additions had both higher E

corr

154 Control HCI
1% Sn |
104 3% Sn !
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0.5
=
5 0.0+
-
i
g 05+ =
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Fig. 8 Potentiodynamic polarization Curves of AlICrFeMnNi Control
HEA and HEAs with 1 at% Sn, 3 at% Sn, and 5 at% Sn additions in
0.5 M HCI solution at room temperature

Table 3 Electrochemical properties of HEAs with 1 at% Sn, 3 at%
Sn, and 5 at% Sn additions in comparison with the control HEA when
polarized in 0.5 mol/L HCI solution at room temperature

E . (V) iy (A/em?)  Corrosion Polarization
x107 Rate (mm/ Resistance
year) @
Control ~ —0.30687 1.004 0.1166 3188.3
lat% Sn —0.19026 1.9262E-04 0.04238 6462.2
3at% Sn —0.24358 6.4343E-05 0.03530 5974.8
5at% Sn  —0.24094 2.7175E-07  0.02320 8287.09
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Fig.9 Potentiodynamic polarization curves of AICrFeMnNi Control
HEA and HEAs with 1 at% Sn, 3 at% Sn, and 5 at% Sn additions in
3.5 at% NaCl solution at room temperature

Table 4 Electrochemical properties of HEAs with 1 at% Sn, 3 at%
Sn, and 5 at% Sn additions in comparison with the control HEA when
polarized in 3.5 at% NaCl solution at room temperature

E . (V) icon (A/em?)  Corrosion Polarization
x107 Rate (mm/ Resistance
year) ()
Control ~ —0.47305 2.8666 0.2331 3449.4
1 at% Sn —0.40207 18.061 0.03594 7414.98
3at% Sn —0.68876 233.34 0.31320 2311.3
5at% Sn  —0.42207 0.55638 0.07114 7027.6

(- 0.24094 V) and smaller i, (2.7175E-12 A/cm?), which
implies superior corrosion resistance as compared to the
other alloy samples. This is also demonstrated by its lower
corrosion rate of 0.02320 mm/year. The control HEA had a
high corrosion rate value of 0.1166 mm/year, and this was
proven to diminish with the inclusion of Sn in other alloys.
The samples with 1 at% and 3 at% Sn addition had lower
deterioration rate compared to the sample without Sn. How-
ever, 5 at% Sn additive alloy had a much lower corrosion
rate than all of the other alloys, hence, higher resistance to
corrosion. This confirms the research of Muangtong, Namus
[31], which states that the high corrosion resistance of 5 at%
Sn sample can be attributed to the passive film generated
at the surface as well as the high Ni—Sn phase corrosion
potential [36].

4.2 NaCl Solution

Figure 9 shows the cathodic and anodic polarization curves
for HEAs with 1 at% Sn, 3 at% Sn, and 5 at% Sn additions

in contrast to the control HEA in NaCl solution. The cor-
rosion potential (E_,,,), corrosion potential density (i),
corrosion rate (mm/year), and polarization resistance (£2.)
derived from Tafel data are summarized in Table 4. The
addition of 1 at% Sn shows a more positive potential shift
compared to that of 0 at% Sn. This can also be explained by
its higher E__,, (— 0.40207 V) and a lower i, (0.00018061
A/em?), indicating that it possesses a higher corrosion resist-
ance than the samples with 0 at%, 3 at% Sn, and 5 at% Sn.
This is further evidenced by its decreased corrosion rate of
0.03594 mm/year. Polat and Tekin [19] explain that low lev-
els of Sn segregation are combined with a dense, uniform
oxide film that has a good shielding effect to increase the
alloy's corrosion resistance. This is supported by the equa-
tions written below.

In the neutral and alkaline media, the cathodic reaction is
taken place as follows:

0, + 4e + 2H,0 — 40H".

The produce OH™ can collaborate in other reactions
to form highly coordinated Sn(II) hydroxo-complexes as
follows:

Sn 4+ 60H™ < [Sn(OH)(1*™ + 2e,

[Sn(OH)s]*™ < SnO + 40H™ + H,0.

The control HEA had a high corrosion rate value of
0.2331 mm/year, which was proven to diminish with the
inclusion of Sn in other alloys except for 3 at% Sn. As the
amount of Sn increases to 3 at%, the potential swings to
the negative side of the control, reflecting a reduction in
ability to resist corrosion. However, at 5 at%, the potential
returns to the positive side, implying an improvement in
polarization resistance. This is because the addition of Sn
enhances the durability of the created passive layer, which
shields the alloy from degradation due to corrosion. This can
also be attributed to the chloro-chromium complexes that
develop when Cr is present in NaCl at room temperature.
This reduces the alloy's resistance to pitting [50].

4.3 NaOH Solution

The cathodic and anodic polarization curves are shown in
Fig. 10. Table 5 summarizes the corrosion potential (E_,,),
corrosion potential density (i), corrosion rate (mm/year),
and polarization resistance (£2) computed from the Tafel and
Potentiodynamic curves.

The introduction of Sn reduced the control HEA's high cor-
rosion rate value of 1.168 mm/year in other alloys. There is a
positive potential shift when 1 at% Sn is added. The potential
swings more positively as the amount of Sn increases, which
boosts the HEAS' resistance to corrosion. This can be further
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Fig. 10 Potentiodynamic polarization curves of AICrFeMnNi control
HEA and HEAs with 1 at% Sn, 3 at% Sn, and 5 at% Sn additions in
0.5 M NaOH solution at room temperature

Table 5 Electrochemical properties of HEAs with 1 at% Sn, 3 at%
Sn, and 5 at% Sn additions in comparison with the control HEA when
polarized in 0.5 mol/L NaOH solution at room temperature

20
Control Na,S0,
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Fig. 11 Potentiodynamic Polarization Curves of AlCrFeMnNi Con-
trol HEA and HEAs with 1 at% Sn, 3 at% Sn, and 5 at% Sn Additions
in 0.5 M Na,SO, Solution at Room Temperature

Table 6 Electrochemical Properties of HEAs with 1 at% Sn, 3 at%
Sn, and 5 at% Sn Additions in Comparison with the Control HEA
when Polarized in 0.5 mol/L Na,SO, Solution at Room Temperature

E . (V) i, (A/cm?)  Corrosion Polarization E e (V) i (Alem?) X Corrosion Polarization
x 107 Rate (mm/ Resistance 1073 Rate (mm/ Resistance
year) (9] year) (9]
Control  —0.50151 74.043 1.168 4753.99 Control  — 0.4068 63.654 0.1966 7267.17
lat% Sn —0.47305 42.231 0.07902 7175.2 1 at% Sn —0.028421 2.3281 0.02752 15,017
3at% Sn —0.42981 36.515 0.04443 8880.86 3at% Sn —0.56727 0.32563 0.03788 22,109
5at% Sn —0.31516 0.31169 0.026218 9870.29 5at% Sn —0.39487 59.235 0.28831 47,322.4

supported by the Fe—Cr—Mn-rich phases present in the sam-
ple with remarkable corrosion resistance [32]. The corrosion
rate was lowered in the alloy samples with 1 at% and 3 at%
Sn addition compared to the alloy with zero amount of Sn.
The sample with 5 at% Sn additions showed a higher E_ .
(-0.31516 V) and a lower i, (3.1169E-06 A/cm?) than the
samples with 3 at% Sn and 1 at% Sn additions, as well as the
control HEA, demonstrating increased corrosion resistance.
Its reduced corrosion rate estimation of 0.026218 mm/year
adds to this. This could be due to the fact that the presence of
Sn makes the resultant HEAs form considerably more solid
coatings on the surface of the alloys, shielding the HEAs from
contact with the basic environment and increasing their corro-
sion resistance [51].

The more resistance by the presence of Sn may be attrib-
uted to enhance the tin oxide film as protective layers by many
reactions as follows:

Sn+4HO™ © SnO,_,.nH,0 + 4e,

@ Springer

SnO.nH,0 +20H™ < Sn0,_,.nH,0 + 2e.

4.4 Na,SO, Solution

Figure 11 presents the cathodic and anodic polarization
curves, showing the polarization behavior of Sn-doped HEA
samples. Table 6 provides an overview of the corrosion data
computed from Tafel curves.

A more negative potential shift is observed with the
addition of 1 at% Sn. The sample also had both higher E_,
(-0.028421 V) and smaller i, (0.000023281 A/cm?), which
shows better corrosion resistance compared to all the other
alloys. This is also proven by its smaller value of corrosion
rate of 0.02752 mm/year. This shows that it is more cor-
rosion resistant than other alloys in Na,SO, environment.
This may be due the alloy’s ability to form much more sta-
ble oxide film which enables it to resist interaction with the
environment, hence, making it resistant to corrosion. The
control HEA had a high corrosion rate value of 0.1966 mm/
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year which was shown to decrease in other alloys with the
addition of Sn. However, increasing the percentage of Sn has
a much more negative potential shift compared to the control
and other Sn-containing alloys. This explains the inability of
the alloy to form stable passive layers which resist corrosion.
Further addition of Sn beyond 3 at% caused the potential to
shift negatively, thus, making the HEA resistant to corro-
sion. This can also be explained by the presence of Cr and
Al which supports the stability of oxide films [52].

5 Corrosion SEM/EDS Results

SEM was used to examine the microstructural development
during corrosion and determine how adding Sn affected the
stability of the AICrFeMnNi HEA alloy in an acidic and
basic environments. Figure 12 shows SEM Micrographs of
AICrFeMnNi HEA samples with different Sn percentages
which showed highest resistance to corrosion in HCI, H,SO,,
NaOH, NaCl, and Na,SO, solutions. On the microstructure
of alloy containing 1 at% Sn in HCl solution (Fig. 12a), dark

gray oxide deposits can be seen which could potentially be
explained by the aggressiveness of HCI, which can cause
the alloy to degrade quickly and lose material, resulting in
reduced mechanical qualities. Figure 12b displays the pres-
ence of light gray and white layers that are peeling off. On
the material's surface, there are also a few tiny pits or holes
that can be seen. Sulfuric acid's strong reaction with the
alloy's surface may be the cause of this.

Aggressive anions break down the passivating layer on
the alloy’s surface and cause micro-anodes of active metal
surrounded by large cathodic protective areas of the passive
metal to be formed. Scaling of the sample surface is apparent
on the sample surface with holes and pits on the microstruc-
ture of Fig. 12d (3 at% Sn sample in NaCl solution). Perhaps
this is owed to the presence of chloride ions from NaCl,
which have the capacity to form microscopic pits or holes in
the material, resulting in faster corrosion in these locations.

Figure 13 displays EDS Micrographs of AICrFeMnNi
HEA samples with different Sn percentages which showed
highest resistance to corrosion in HCI, H,SO,, NaOH,
NaCl, and Na,SO, solutions. The presence of oxygen may

Fig. 12 SEM Micrographs for Corrosion in a) HCI, b) H,SO,, C Na,SO,, D NaOH, and E NaCl
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Table 7 Calculated Weight Loss Results for Control and Sn-Contain-
ing HEAs in H,SO, Solution

Control 1 at% Sn 3 at% Sn 5 at% Sn

5 weeks
weight loss

02g 122¢ 032¢g 0.16 g

Daily weight
loss

0.006 g/day 0.035 g/day 0.009 g/day 0.0046 g/day

Yearly weight 2.19 g/yr
loss

12.72 gfyr ~ 3.34 glyr 1.67 glyr

be seen in the EDS micrographs. It is possibly due to the
fact that Sn can act as an alloying element, giving cor-
rosion resistance by passivating the surface and forming
a protective oxide layer. Sulfuric acid may also develop
a passive oxide layer on the surface of several metals,
including Al and Sn. This oxide layer can operate as a
protective barrier, delaying the corrosion process by pre-
venting additional acid-alloy reaction.

@ Springer

6 Weight loss corrosion

6.1 H,SO, solution

Table 7 depicts how several alloys interact with an
H,S0, solution environment. When the control HEA was
immersed in H,SO, solution for 5 weeks, it lost 2.19 g/
year in weight. When compared to the control HEA, add-
ing 1 at% Sn boosted weight reduction by 6 times.

As the amount of Sn increased, the pace of weight loss
dropped. The weight loss of 5 at% Sn HEA was much
lower than that of the other alloys, at 1.67 g/year. This
explains why the 5 at% Sn HEA is so resistant to corrosion.

Figure 14 represents a 3D graphical depiction of the
observed weight loss in grams and the computed weight
loss percentages of various HEAs in an H,SO, environ-
ment over a 5-week period. The percentages of weight loss
in all of the HEA samples grow as the duration of time
rises. The graph shows that 5 at% Sn has a large increase
in weight loss percentage and good corrosion resistance.
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Fig. 14 Weight Loss for Control and Sn-Containing HEAs in H,SO, Solution in A Percentage B Grams

Table 8 Calculated weight loss results for control and Sn-containing
HEAs in NaCl solution

Control

1 at% Sn 3 at% Sn 5 at% Sn
5 weeks weight 0.12 g 0.04¢ 02g 0.11g
loss
Daily weight ~ 0.003 g/day 0.001 g/day 0.006 g/day 0.003 g/day
loss
Yearly weight 1.25 g/yr  0.42 g/yr 2.09 gfyr 1.15 glyr
loss
&
[
4
E 2
i
% 0
2

B: Time (weeks)

6.2 NaCl Solution

It was discovered that the addition of Sn AICrFeMnNi HEA
samples reduced weight loss in a NaCl environment. Table 8
demonstrates that as the content of Sn gets to 3 at%, it causes
areduction in the alloys' corrosion resistance. This might be
due to the alloys' inability to form a stable passive layer that
prevents the solution from interacting with the alloy further.
As a result, corrosion resistance is lowered because of the
development of less protective and uneven passive coatings.

However, an increase in Sn to 5 at% results in the reduction
of weight loss.

Weight loss (g)

B Time (weeks) A Compomtion of 5n (%)

Fig. 15 Weight loss for control and Sn-containing HEAs in NaCl solution in A percentage and B) grams
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Figure 15 shows that 1 at% Sn has a lower weight reduc-
tion percentage than other HEAs. This reveals that it has
greater corrosion resistance in a NaCl environment when
compared to all other alloys. This good attribute is due to the
alloy's ability to form a stable passive covering that protects
the alloy against corrosion. This oxide layer acts as a barrier,
keeping C1™ ions out and decreasing the rate of corrosion.
The 3 at% Sn-modified alloy lost weight at a faster pace
than the 1 at% and 5 at% Sn-modified alloys. This might be
explained by the existence of intermetallic complexes, which
make the 5 at% Sn-modified alloy more sensitive to corro-
sion attack and cause it to lose weight quicker.

6.3 NaOH Solution

All of the HEA samples remained in NaOH solution for
5 weeks without experiencing any weight reduction. Table 9
and Fig. 16 demonstrate this.

The samples' mass is constant throughout. This might be
due to a lack of interaction between the alloy surfaces and
the NaOH environment. The alloys can endure not losing
electrons into the solution due to their strength. As a result,
all alloys are corrosion resistant in a NaOH environment.
The presence of Sn in the alloy composition may have con-
tributed to the formation of a protective surface layer that
acts as a physical deterrent to the corrosive effects of NaOH
solution. This layer protects the alloy from solution penetra-
tion while also keeping the alloy's weight stable.

6.4 Statistical modeling
6.4.1 NaCl solution

The Design-Expert Software was used to do statistical mod-
eling. Response surface in two-dimensional plot is displayed
in Fig. 17. It is clear that the Sn percentage has the most
impact on the rate of weight loss. The relationship between
the experimental results and the model's output response
variables is depicted in Fig. 18.

The figure demonstrates a strong connection, which sup-
ports the validity of using this mathematical modeling to
forecast the weight loss characteristics of the Sn-modified
HEA samples in NaCl solution. The normalcy assumption
is met when the residuals roughly follow a straight line

Table 9 Calculated weight loss results for control and Sn-containing
HEAs in NaOH solution

Control 1at%Sn  3at% Sn 5 at% Sn
5 weeks weightloss 0Og Og Og Og
Daily weight loss 0g/day 0 g/day 0 g/day 0 g/day
Yearly weight loss 0 glyr 0 g/yr 0 glyr 0 glyr
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Fig. 16 Weight loss percentages for control and Sn-containing HEAs
in NaOH solution

[53]. The normality assumptions for both responses are met
since it can be determined that the residuals are normally
distributed [54]. The validity of the model was tested using
ANOVA analysis of variance, and the degree of significance
of the terms was determined using the t test and p values at P
0.05. Table 10 displays the essential model terms as well as
the model's F-value from the analysis of variance. The model
has an F-value of 30.01, indicating that it is significant [55,
56]. An F-value this big might arise owing to noise just 0.01

Weight loss (%)

54

4 ¢

B: Time (weeks)

0 1 2 3 4 5

A: Composition of Sn (%)

Fig. 17 Two-Dimensional Representation of Weight Loss in NaCl
Solution
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Fig. 18 ANOVA for Cubic

L Design-Expert® Software
Model for Sn-Containing Sam-

Predicted vs. Actual

ples in NaCl Solution Weight loss 8 _|
Color points by value of
Weight loss:
o I 763 ;
4 _
e
@
S
o
@
e 2
0 ]
2
| I | | | |
2 0 2 4 6 8
Actual
il'able 10 Response 1: Weight Source Sum of Squares df Mean Square F-value p value
0ss
Model 66.94 9 7.44 30.01 <0.0001  Significant
A-Composition of Sn 0.1043 1 0.1043 0.4209 0.5270
B-Time 0.0541 1 0.0541 0.2184 0.6474
AB 4.79 1 4.79 19.31 0.0006
A? 11.84 1 11.84 47.77 <0.0001
B? 2.14 1 2.14 8.65 0.0107
A’B 11.12 1 11.12 44.87 <0.0001
AB? 0.9794 1 0.9794 3.95 0.0668
A’ 0.4307 1 0.4307 1.74 0.2086
B? 0.0057 1 0.0057 0.0229 0.8820
Residual 347 14 0.2479
Cor Total 70.41 23

at% of the time. Model terms with P values less than 0.0500
are significant. In this situation, the model variables AB, A2,
B2, and A?B are relevant [55, 57].

7 Conclusion

Success has been achieved in the synthesis and modifica-
tion of AICrFeMnNi HEA with various Sn concentrations.
Sn addition's impact on the modified HEAs' microstructural
development, nanohardness, thermal stability, and corrosion
behavior was studied. Corrosion testing results in 0.5 M
NaOH, 0.5 M HCl, 0.5 M H,SO,, 3.5wt% NaCl, and 0.5 M

Na,SO, solutions on all the tin-modified samples, which was
done. The corrosion resistance of the 5 at% Sn sample in
NaOH solution was higher. The corrosion resistance of the
3 at% Sn sample in NaCl solution was higher. In Na,SO,
solution, the 1 at% Sn sample exhibited superior corrosion
resistance. The corrosion resistance of the 5 at% Sn sample
in HCl solution was higher. In H,SO, solution, the 5 at% Sn
sample exhibited greater corrosion resistance. The 5 at% Sn
sample had the lowest displacement value of 1668.98 nm,
indicating that it has the strongest strength and restricts the
passage of indenter forces through the alloy sample. The
penetration depth of 5 at% Sn alloy was observed to be lower
as compared to 1 at% and 3 at% Sn-modified AlCrFeNiMn
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HEA. This may be due to the fact that a higher solid solution
tin content of 5 at% can increase solid solution strength-
ening, resulting in increased hardness and decreased nano-
indentation test penetration depth.
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