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Abstract
Corrosion behaviour of Cr, Mn, Fe, Co, Ni, high-entropy alloy is studied

with immersion test and electrochemical test in 3.5 wt.% NaCl solution in open
environment to test the life of the alloy. In immersion testing, the weight loss
percentage obtained for sample for five days and 14 days is 1.02% and 1.44%,
respectively. The average surface roughness for sample in immersion testing is
1.879 pm at five days and 1.889 pm at 14 days duration. Corrosion rate obtained
using weight loss method is 0.32 mm/year as compared to 0.47 mm/year and
0.30 mm/year for 304L SS and Cu alloy, respectively. Tafel plot shows the
corrosion potential Ecorr value of -319 mV and the Icorr value of -5.099 A/cm?,
and highest open circuit potential (OCP) of -344 mV at 600 seconds, results that
sample has increased corrosion resistance capabilities than 304L SS, 201L SS.
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Introduction

Corrosion plays detrimental effect on the life of the components [1]. Dr.
Yeh hypothesized in 1995 that multi-component alloys would’ve had significant
configurational entropy, reduced Gibbs free energy, and encouraged the formation
of a simple solid solution or possibly a sophisticated structure, in opposition to the
primary mode of thinking [2]. High-entropy alloys (HEAs) are the name given
to these alloys. HEAs have raised interest since their launch in 2004 because of
their superior mechanical, operational, and corrosion characteristics [3]. These
have contributed to answers to critical material difficulties in various industries
[4]. HEAs, often called multi-principal element alloys are alloyed with five or
more elements with varying concentrations from 5% to 35% [5]. Corrosion
behaviour of these has been extensively studied in a variable mode of setting
[6]. Elemental alloying changes the corrosion resistance of materials in general.
Different elemental alloying can alter corrosion resistance by adjusting phase
structure and elemental segregation, affecting the passive layer characteristic,

changing the nobility of a phases, and affecting dissolution kinetics [7].

'The potentiodynamic-polarization test, a classic electrochemical method, is
commonly used to study the corrosion behaviour of a material. Han et al. 8] in-
vestigated the corrosion behaviour of CoNiFeCrMn HEA with ultra-fine grains.
When compared to a coarse-grained sample, a potentiodynamic test and electro-
chemical impedance spectroscopy (EIS) revealed that an unstable passive layer
formed more quickly on the surface of the UFG Cantor alloy, causing it to show
an enhanced corrosion rate.

Nishimoto et al. [9] studied that plasmanitrided CoCrFeMnNi HEAs have

microstructural, mechanical, and corrosion characteristics. For nitride materials,
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the pitting potential was determined using a 3.5 wt.% NaCl
(sodium chloride) aqueous solution. Wang et al. [10] investi-
gated that in a 0.5 M H,SO, environment, the effect of grain
size on the rate of corrosion of CoCrFeMnNi HEAs. Increas-
ing it can improve corrosion resistance when the grain size is
below a threshold limit. Fine-grained (1.24 mm) HEA devel-
ops several grain boundaries, which accelerates galvanic cor-
rosion at grain boundaries with inter-grains as well as reduces
corrosion resistance. Moon et al. [11] studied the corrosion
of Additively Manufactured CoCrFeMnNi HEAs in molten
NaNO,-KNO,. During potentiodynamic polarization testing,
the CoCrFeMnNi HEA had such a larger passive current
density than steel alloys SS316L and 4130, as well as the high-
Ni alloy 800 H. Cr and Ni were discovered to be fully depleted
at the oxide’s outer surface and dissolved in large amounts in
the molten salt.

Materials

Non-equiatomic Cr, Mn, Fe, Co, Ni, HEA synthe-
sized using induction melting process is used for the corrosion
behaviour study. Samples exposed to an area of 400 mm? is
used for electrochemical experiments. Before the experiments
to be performed sample working surface was abraded using
automatic grinder and polishing machine using grit papers
120, 400, 800, 1500, and 2000 sizes according to the standards
GB5776-86 followed by polishing on a felt pad having 3 pm
and 1 pm diamond paste to get mirror like surface. After all
this use ethanol clean the sample surface using cotton wool
gently [12]. For the corrosion test, pure crystal of sodium chlo-
ride with 99.5% purity, density of 1.023 g ml* and molecular
weight of 58.44 ¢ ml! by the company name of CDH chem-
icals is used.

ASTM G44 [13] standard used for immersion corrosion
test for metal alloys in a 3.5% NaCl solution. It is used mainly
for aluminum and ferrous alloys but can be used for any metal
that shows susceptibility to CI ions. It is also used in other
solutions, such as synthetic sweat or seawater. For the exper-
imental work, 0.6 M or 3.5 wt.% NaCl is taken as shown in
figure 1.

For 100 ml of 0.6 M NaCl chemical solution it needs 3.5
g of NaCl with 96.5 ml of distilled water. As per the standard
of ASTM-G31-12a, the immersion test has been performed
for the period of 5 days and 14 days duration and determined

Reference electrode

Figure1:(a) Immersion test setup for non-equiatomic Cr, Mn, Fe, Co, Ni,|

HEA under 3.5 wt.% NaCl for 5- and 14-days duration and (b)
Electrochemical three electrode flat cell setup.

the weight loss percentage during this period. Also, as per the
ASTM-G31-12a [13], Standard Guide for Laboratory Im-
mersion Corrosion Testing of Metals, the average corrosion
rates have also been determined by the weight-loss method,
which determined from the equation:

Corrosion rate(mm/year) = % (1)

Where, C is constant (8.76 x 10*), W is the total weight
loss in gram, A is the exposed area of the sample in cm?, T is
the exposing time in hour, and D is the density of the alloy in
g/cm®. This method is applicable to uniform corrosion. Non-
equiatomic Cr, Mn, Fe, Co, Ni,  HEA has initial weight of
4.962 gm and density of 8.96 gm/cm®.

At the immersion test, all the anodic and cathodic reaction
rates on electrode surface is zero or the total anodic current is
equal to the total cathodic current at the potential (OCP). As
the result current will be approximately equal to zero.

Results and Discussion
Immersion test results

The surface after corrosion testing in immersion test for
the duration of 5 days and 14 days duration has been observed
for non-equiatomic Cr, Mn, Fe, Co, Ni,, HEA under 3.5
wt.% NaCl solution. The surfaces got corroded severely with a
greater number of pits and scratches on the surface. The cor-
rosion obtained on the surface is pitting corrosion as shown
in figure 2b for the 5 days duration and figure 2c¢ for the 14
days duration in S1 sample. The intensity of pitting corrosion
in sample S1 is less as compared to SS316L. More number of
scratches can be seen on sample S1 and number of pits per
area is more. Based on the literature survey, addition of more
concentration of Mn leads to the detrimental effect on pitting
corrosion resistance of stainless steel in 3.5 wt.% NaCl solution
[14]. By this we can say that sample with lesser value of Mn
composition will have better corrosion resistance as compared
to other two samples. With 14 days duration, major changes
have been observed in the form of increased size of pits.

Comparison has been made for corrosion rate (mm/
year) using weight loss method for non-equiatomic Cr, M-
n Fe, Co, Ni, HEA sample in 3.5 wt.% NaCl solution and
from table 1, it can be observed that S1 has lower corrosion

rate as compared to 304L SS.

Pitting corfosion

Figure 2: Microscopic images of post immersion testing for the sample
in 3.5 wt.% NaCl solution. (a) surface before corrosion, (b) after 5 days
duration, and (c) after 14 days duration.
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Table 1: Comparison of corrosion rates (mm/year) of HEAs and conven-
tional alloys in the 3.5 wt.% NaCl solution at room temperature.

Sample Corrosion rate (mm/year) *
S1 (Non-quiatomic) 0.32

304L SS 0.47 1]

Cu alloy 0.30[1]

*Average corrosion rates are obtained, including electrochemical measure-
ments and the weight-loss method.

Electrochemical test results

Sample of the non-equiatomic Cr,Mn, Fe Co,Ni,
HEA was processed in electrochemical three electrode flat cell
setup. The optical microscopic images pre and post corrosion
are shown in figure 2. One can easily observe the pitting cor-
rosion spots.

'The surface topology and surface roughness profile can
be observed from figure 3. Surface has the etched pits due to
chemical erosion. S1 sample has 0.571 pm roughness before
test and 1.879 um after 14 days of immersion test. NaCl solu-
tion leads to form chlorides of alloy. Due to the 14 days test,
we were able to calculate corrosion rate per year of the sample.

SEM (scanning electron microscope) images of the elec-
trochemical etched sample are shown in figure 4. One can eas-
ily observe the inclusions and the pitting on the magnified
image after corrosion. Surface get oxidized faster due to anod-
ic and cathodic reactions on the surface on supply of current.

Potentiodynamic polarization results

In this potentiodynamic polarization test, Tafel plot has
drawn for NaCl solution under multiple trials to insure the
accurate results for analysis with different conventional alloys.

Figure 3: 3D Profilometric images of S1 sample in 3.5 wt.% NaCl solu-
tion. (a) Pre-corrosion image and (b) Post corrosion image.

Pitting > 7%

Sum |

= AT
Figure 4: SEM images of non-equiatomic Cr, Mn, Fe, Co, Ni, HEA.
(a) before corrosion, (b) after electrochemical three electrode flat cell test,
and (c) surface at higher magnification.

The Tafel plot has been drawn between potential (V vs Ag/
AgCl) vs current density (A/cm?) for the sample under NaCl
chemical solution. The increase of corrosion potential and de-
crease of corrosion current density shows that the corrosion
resistance property of the alloy has improved. Metastable
pitting (metastable pitting happens due to the initiation and
passivation of the pits on the metal surfaces) has also been
not observed in the sample. In salt water, the Cl anions are
detrimental to their nature which destroy the passive layer by
penetrating the oxide film at weak points (where the passive
films are relatively loose). The common corrosion mode in the
CI' containing solutions is pitting corrosion. Figure 5 shows
that S1 has the Ecorr value of -319 mV and the Icorr value of
-5.099 A/cm? Mn is helping in forming unstable Mn oxides
leading to low passive film stability thus it reduces the corro-
sion resistance of stainless steel (SS). Thus, the S1 has the out-
standing corrosion resistance in comparison to other samples
of 304 and 201 SS bulk materials at room temperature.

Impedance spectra were used to determine the electro-
chemical and corrosion behaviour of non-equiatomic Co-
CrFeMnNi HEAs in 0.6 M NaCl solution. In this, we have
plotted the EIS plots, which are the Nyquist plot and Bode
plot. In the Nyquist plots, as shown in figure 5b the measured
spectroscopy has shown unfinished semi-circular arcs in all the
selected frequency domains. The passive film resistance is di-
rectly proportional to the semi-circular arc radius observed in
the Nyquist plot. As the semi-circle radius increases, corrosion
resistance also increases. From this, we can say that an increase
in passive film resistance can be seen from the Nyquist plot for
the S1 sample. We can say that alloy with higher Mn composi-
tion will experience higher pitting because it is found that Mn
has a higher affinity for sulphur and form inclusion (MnS)

which in turn starts initiation for pits nucleation.

The Bode-phase angle plot, as shown in figure 6a and 6b
also shows that lower depression of phase angle for the S1 sam-
ple at the lower frequency region. The higher negative phase
angle and broader plateau of phase shift also indicate the su-
perior passive film resistance. The difference in the corrosion
resistance is related to the passive films with different elements’
composition and integrity formed on the alloy’s surfaces.

Conclusions

The  corrosion  behaviour  of  non-equiatomic
Cr,Mn, Fe, Co, Ni,  HEA synthesized using low vacuum
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Figure 5: (a) Tafel plot and (b) Nyquist plot for sample S1 in 3.5 wt.%
NaCl solution.
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Figure 6: (a) Bode phase angle plot and (b) Bode impedance plot.

induction melting was studied using 3.5 wt.% NaCl solution
for immersion test and electrodynamic polarization test. The
results were analyzed using stereo-optical microscope, 3D
profilometer, SEM and graphs (Tafel plot, Bode impedance
plot, and Nyquist plot). Based on the experimental study, the
following conclusions can be made:

e 'The average surface roughness for sample in immersion
testing is 1.879 pm at five days and 1.889 pm at 14 days

duration.

* Inimmersion testing, the weight loss percentage obtained
tor sample for five days and 14 days is 1.02% and 1.44 %,
respectively. Corrosion rate obtained using weight loss
method is 0.32 mm/year as compared to 0.47 mm/year
and 0.30 mm/year for 304L SS and Cu alloy, respectively.

+ Tafel plot shows the corrosion potential Ecorr value of
-319 mV and the Icorr value of -5.099 A/cm?, and high-
est OCP of -344 mV at 600 seconds, results that sample
has increased corrosion resistance capabilities than 3041

SS, 201L SS.

* EIS sample has the highest impedance of 945 ohm and
lowest frequency of 0.01 Hz and highest negative phase
angle of -62.3 degree at lower frequency of 6.81 shows its
highest corrosion resistance under NaCl solution against
pitting corrosion.

*  Post SEM analysis revealed oxides formation, pits, and
scratches over the surface. Ni is a less stabilized element
among all the other elements. we can say that alloy with
higher Mn composition will experience higher pitting
because it is found that Mn has a higher aflinity for sul-
phur forming MnS resulting in inclusion forming initia-
tion for pits nucleation.
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