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In recent decades, thanks to the advancements within materials science and engineering, a novel class of metallic
compounds, named high and medium-entropy alloys, has begun to capture the attention of researchers world-
wide. Despite their excellent mechanical and anticorrosive properties, the widespread usage of these materials in
industrial applications still remains a challenge and a subject worthy of investigation. In the present work, an

Microstruct

C;z;i:;zs;eysis innovative concept of developing high and medium-entropy alloys by deposition welding technique is presented
Hardness and analysed in detail. Melting a bundle of rods by the Gas Tungsten Arc Welding (GTAW) method, in the same
Corrosion molten pool, a medium-entropy alloy (MEA) from the AlCrFeNi system is deposited on a low carbon steel sub-

strate. In order to increase the chemical homogenization of the deposited material and to eliminate or reduce the
eventual defects that may occur, electric arc remelting without using filler metal was performed in transverse,
longitudinal, or combined (transverse and longitudinal) direction relative to the initial deposition welding di-
rection. The assessment of the resistance to corrosion, modifications of microstructure, chemical composition and
hardness have revealed that the medium-entropy alloy, obtained by melting in the same welding pool of several
common welding rods with various chemical compositions, is an innovative, sustainable, and advantageous

alternative to stainless steel materials.

1. Introduction

The increasingly severe operating conditions require more and more
materials with enhanced performances, characterized by both high
mechanical strength and good corrosion resistance in various environ-
ments. Therefore, it was somewhat natural to make a new step in the
materials development by refining and adding small amounts of
microalloying elements in the existing alloys, in order to create new
classes of materials which are, generically, called High-Entropy Alloys
(HEA) [1,2].

These materials have in composition a minimum of five chemical
elements, each of them being within 5%-35% atomic range [3,4]. Due to
the combination of diverse metallic elements in such high proportion,
the configurational entropy of HEAs reaches higher values than the
entropy of the traditional alloys, thereby leading to a higher tendency to
form solid solutions. Moreover, the presence in the crystal lattice of
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chemical elements with different atomic radii generates local stresses
and distortions that can anchor or block dislocations, with the effect of
strengthening the solid solution. The difference in the atomic radii of the
metals that form the high entropy alloys determines a slower rate of
elemental diffusion and phase transformations in comparison with the
conventional alloys. Besides, a noteworthy observation is the strength of
these novel materials that can be much higher than the average of the
constituent metals, this effect being dependent on the elements type and
their proportion. Also, the addition of five or more elements determines
four main effects in terms of high entropy, severe lattice distortion,
sluggish diffusion, and cocktail effects [5-7].

The special properties of HEAs, with reference to high mechanical
properties [8-11], considerable toughness [12-14], wear resistance
[15-18], thermal stability [19,20], corrosion resistance [21-24], and
good weldability [25-29], make them promising materials for future
industrial applications in various domains. In order to mitigate the
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manufacturing costs associated with HEAs, a series of Medium-Entropy
Alloys (MEAs) has been recently developed. This new category of ma-
terials with excellent mechanical properties usually has four or fewer
primary elements which are distributed in equiatomic or near equia-
tomic ratios [30-33]. Besides, the grain refinement has a positive effect,
enhancing the corrosion resistance of MEAs [34]. Also, the addition of
trace amounts of specific chemical elements contributes to the formation
of thicker passive films, thereby increasing the corrosion resistance. At
the same time, applying certain heat treatments or plastic deformation a
positive influence on the microstructure and texture of MEAs has been
noticed [35].

The HEAs and MEAs can be achieved by different processes, such as
vacuum arc remelting, powder metallurgy, induction melting, plasma
sintering of powders, and additive manufacturing. The most common
method for producing bulk multi-element alloys involves melting the
constituent chemical elements - whether in the form of powders, bars,
rods, or profiles - in electric arc furnaces under a controlled atmosphere
[36]. To enhance the homogeneity of the multi-element alloys, the
resulting mixture undergoes several cycles of turning and remelting [37]
which increases their production costs. On the other hand, the produc-
tion costs of HEAs and MEAs wires, to be used as filler metal in welding,
are high due to the raw materials cost. Besides, technical issues caused
by the high hardness of these alloys can occur in the rolling process. In
reference [38], the researchers have reported the development of
AlCoCrFeNi high-entropy alloy rod by vacuum arc remelting technique,
but this method implies higher cost of fabrication, comparing to our
method that uses conventional equipment and standardized rods for
performing the deposition and remelting by welding. Besides, after heat
treatments at 600 and 900 °C, for 4 or 6 h, the researchers [38] observed
an accumulation of chemical elements at the interface with the steel
substrate or a decarburization phenomenon in the Heat Affected Zone
(HAZ) that can affect the corrosion resistance through the galvanic ef-
fect. Therefore, to make these alloys more affordable, the researchers
have directed their studies into improving the surface quality of tradi-
tional materials, aiming to achieve HEAs and MEAs layers at much lower
costs [39-41]. However, although significant progress has been made in
the development and research of high and medium-entropy alloys, the
technology transfer of these novel materials from laboratory to industry
still remains a challenge. This may be attributed to the expensive
existing manufacturing procedures that increase the cost of alloys and
hinder their integration into large-scale industrial processes. Therefore,
the new medium-entropy alloy, obtained by mixing several molten filler
metals in the same welding pool, having various chemical compositions,
turned out to be a sustainable, innovative and advantageous alternative
to high-alloyed stainless steel. It is obvious that further research on the
development and optimization of new manufacturing technologies,
which would allow more efficient fabrication of these advanced mate-
rials is necessary.

In this paper, based on the authors’ patent [42], an innovative and
cost-effective procedure for developing High and Medium-Entropy Al-
loys (HEA and MEA) by deposition welding technique is presented and
discussed in detail. Thus, melting in the same molten pool a bundle of
rods by Gas Tungsten Arc Welding (GTAW) method, a multi-element
alloy is deposited on low carbon steel substrate, resulting in a new
material with superior properties. The present work is focused on
developing an MEA from the AlCrFeNi system, the case study has been
motivated by the excellent properties, high hardness, wear and corro-
sion resistance of this alloy group, performances that make it attractive
and appropriate for industrial applications in which the steel surface
with improved properties is a demand [43-45]. In industrial applica-
tions, cladding with different special alloys, such as filler metals from
the Fe-Cr-Ni-Mo system, is frequently used for improving the properties
of surfaces that need to be resistant to different corrosive substances or
at high temperature. Based on scientific literature [46] and own previ-
ous studies [21], it was found that aluminium in addition to the alloy
matrix, in certain percentages, has a beneficial role in increasing the
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corrosion resistance, this information being sufficiently convincing to
further investigate the microstructural and chemical changes developed
in MEA from the AlCrFeNi system. Another innovative element of the
research is the remelting of the weld seams, without additional filler
metal, on transverse, longitudinal, or combined (transverse and longi-
tudinal) direction relative to the initial welding direction, with the aim
of chemical homogenization of the material deposited by fusion and to
reduce the risk of developing potential defects. The dissimilar metals
joint achieved by deposition welding of MEA layers on the low carbon
steel substrate were subjected to microstructure analysis, and spectral
analysis to investigate the effects of dilution and diffusion and to
corrosion testing, contributing, in this way, to improvement of knowl-
edge in the science of MEA wherein the information is almost
non-existent in literature. The new medium-entropy alloy, obtained by
mixing several molten filler metals in the same welding pool, having
various chemical compositions, turned out to be a sustainable and
innovative alternative to high-alloyed stainless steel. Based on the
characterization of the MEA alloy from the AlCrFeNi system, the original
and innovative results, in terms of the concept and methodology, will
significantly contribute to the improvement of knowledge in the field of
materials science.

2. Materials and methods

Due to its versatility, which allows the welding process in all posi-
tions, the GTAW method was selected to develop the multi-element alloy
from the AlCrFeNi system, by melting the welding rods bundle with
various chemical compositions onto the S235 low carbon steel substrate.

2.1. Materials

The bundle of welding rods, shown in Fig. 1, consists of three wires of
2.4 mm diameter, made of aluminum (ALTIG AL99.7), stainless-steel
(INTERROD 22-9-3), and NiCr (NIROD 625) whose chemical composi-
tions are presented in Table 1. Four plates of S235 steel with dimensions
of 12x40x100, in [mm], whose chemical composition is presented in
Table 2, were used as substrate for depositing the molten rods, previ-
ously mentioned. Firstly, employing a high precision balance KERN ABJ,
the rods were weighed to determine the average mass which was 12.2g
for the ALTIG AL99.7 aluminum rod, 35.26g for the INTERROD 22-9-3
stainless steel rod, and 36.17g for the Ni-Cr NIROD 625 alloy rod. Based
on the chemical compositions, certified by the products suppliers, it was
possible to make an analytic estimation of the chemical composition of
the deposited metal (AlCr0.7FeNiMo0.1), as well as of the atomic ratios
of the component elements, as it is shown in Table 3.

2.2. Methods

The GTAW deposition welding process was performed by employing
the SAF-RO DIGIWAVE III 420 multi-process power supply. The surface
of the S235 steel plates was mechanically machined in order to remove
the impurities that may lead to the development of potential defects and
to improve the adhesion of molten metal to the substrate. Also, to avoid
the contamination of welding pool with atmospheric gases existent in
the welding area, Ar shielding gas was used to create a protective at-
mosphere around the electric arc. As Fig. 2 illustrates, complete
coverage of the substrate was obtained by partially overlapping the weld
beads on approximately 50% of their width. After the GTAW welding
phase was completed, the next step was to remelt, without additional
filler metal, the weld beads on transverse, longitudinal, or combined
(transverse and longitudinal) direction, relative to the initial welding
direction (Fig. 3), aiming the chemical homogenization of the material
deposited and the risk reduction of developing potential defects.

Due to the novelty of the technology that consists of simultaneous
melting by GTAW of several metallic rods with different chemical
compositions, in the scientific literature there is a lack of information in



G. Simion et al.

Journal of Materials Research and Technology 33 (2024) 7136-7146

Fig. 1. Bundle of welding rods [42]: 1 — Al rod (ALTIG AL99.7); 2 — Stainless steel rod (INTERROD 22-9-3), 3 — NiCr rod (NIROD 625).

Table 1
Chemical composition of welding rods, [wt%].
Filler metal Si Mn Cr Cu A Ti Al B Fe Zn Mg
ALTIG AL99.7 0.06 0.01 0.17 0.01 0.01 0.01 99.8 0.01 0.09 0.01 0.01
Element Si Mn Cr Cu Ni Mo N C Fe S P
INTERROD 22-9-3 0.49 1.51 23.1 0.11 8.7 3.18 0.16 0.013 62.7 0.001 0.0016
Element Si Mn Cr Cu Ni Mo Al C Fe Ti Nb Co S, P
NIROD 625 0.1 0.02 22.2 0.01 64.4 8.8 0.1 0.06 0.3 0.19 3.68 0.01 0.003
Table 2
Chemical composition of S235 low carbon steel.
Substrate C Mn Si P S Al Cu Cr Ni v Mo Ti B N Fe
S$235 0.12 0.75 0.17 0.016 0.011 0.038 0.06 0.04 0.03 0.001 0.002 0.001 0.0002 0.0064 98.22
Table 3
Chemical composition of AlCr0.7FeNiMo0.1 alloy estimated by analytic method.
Element C Mn Si Cr Fe Ni Mo Nb Al N Co Cu Ti
Mass, [g] 0.01 0.54 0.21 16.14 22.33 26.36 4.31 1.33 12.24 0.06 0.004 0.04 0.07
wt, [%] 0.08 0.641 0.254 19.3 26.7 31.51 5.15 1.59 14.63 0.067 0.004 0.046 0.082
at, [%] 0.03 0.58 0.45 18.37 23.37 26.18 2.66 0.85 26.84 0.24 0.004 0.04 0.08

l

b)

Fig. 2. Deposition process by GTAW: a) principle of the method (1 - W electrode; 2 - shielding inert gas (Ar); 3 - layer deposited by GTAW method; 4 - bundle of

metallic rods; 5 — steel substrate) [42]; b) experimental test.

terms of calculus or recommendations for the main process parameters’
values. Therefore, the optimum parameters values, corresponding to the
defect-free samples, have been determined by employing the DIGIWAVE
III advanced welding system that allows accurate traceability and can
memorize a huge number of welding programs, ensuring, in this way, a
great reproducibility of welds. However, as it is well known, the welding
parameters strongly depend on the grade and material thickness, as well
as on the procedure and type of industrial application. Consequently, if
the diameter, number or chemical composition of rods are changed, then
new tests are required to set the optimal process parameters to achieve
quality welded joints. After many trials, the optimum parameters that
led to achieving good weld depositions were set to the following values:
current intensity (I) - 220A, arc voltage (U) - 18V, welding speed (s) -
170 mm/min, and gas flow rate (Dg) - 18 1/min. Another important

parameter that has a crucial influence on the performances of welds is
the inter-pass temperature which was optimised by iterative experi-
ments, aiming to perform quality weld deposits, and further maintained
at 300 °C for all samples. After each layer deposited by GTAW, the
interpass-temperature was measured by employing a portable pyrome-
ter that can ensure a maximal accuracy and process control in a large
range of temperatures (50-1500 °C). Based on the data collected, the
optimum process parameters determined experimentally and further
applied in the deposition welding phase, followed by remelting without
filler metal, are presented centralised in Table 4.

From each sample, several specimens were prepared to investigate
the microstructure, chemical composition, and resistance to corrosion.
The microstructure analysis was made by optical microscopy method,
using the Olympus GX51 device, and by Scanning Electron Microscopy
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Fig. 3. Deposition welding and remelting direction: a) deposition welding without remelting; b) deposition welding followed by transverse remelting; c) deposition
welding followed by longitudinal remelting; d) deposition welding followed by combined remelting; e) samples 1D, 1L, 1T, 1C.

Table 4
Process parameters applied in the deposition welding and remelting phases.

Sample code Process Current Voltage Welding speed s [cm/min] Gas flow rate Dg [1/min] Heat input HI [J/cm]
I[A] U [V]
1D Deposition welding 220 18 17 18 8385
1T Transverse remelting 220 16 40 18 3168
1L Longitudinal remelting 220 15 20 18 5940
1C(T+1L) Combined remelting: Transverse 220 15 35 18 3394
Longitudinal 220 18 30 18 4752

using the FEI Inspect S SEM microscope, equipped with the AMETEC Z2e
chemical micro-composition EDS analyser. The sample’s surfaces were
sanded with Grit 400-1000 abrasive paper, followed by polishing with
alpha alumina abrasive powder with granulation 1 to 0.3 pm, suspended
in a water-based solution. After polishing, the specimens were cleaned
with water and ethanol to eliminate the residual abrasive and lipid
substances and then dried with warm air. Finally, the specimens were
subjected to chemical etching with Nital 4% reagent. The microhardness
testing was performed by employing the Shimadzu HMV 2T Hardness
tester and applying a pressure force of 5 N and an indentation time of 10
s. Five distinct imprints of hardness were made at a minimum distance of
2.5d each other, “d” being the average value of the indentation diagonal.

The corrosion resistance of MEA achieved by GTAW deposition
welding was tested in 3.5% sodium chloride (NaCl) solution, using the
Biologic SP-150 potentiostat and the EC - Lab® v-9.55 software to
implement the research methodology and to establish the process pa-
rameters. Additionally, this software allows the plotting of data
collected, calculus of polarization resistance (Rp), determination of Tafel
coefficients, and other electrochemical data and parameters. The tests
were carried out within a special electrochemical cell equipped with

three electrodes, designed for the coating specific analysis. The three
electrodes consist of the coated sample to be evaluated, which plays the
role of the working electrode, a saturated calomel electrode (SCE) as the
reference electrode, and a platinum electrode as the counter electrode.
Previously, the open circuit potential was measured by immersing the
samples in the salt solution for 24 h. To confirm the findings and to
ensure the research consistency, the corrosion tests were conducted
three times. The linear polarization test provides information on the
direct correlation between the applied polarization and the resultant
current response at the corrosion potential (Ey). In this study, the
electrochemical measurements were conducted following the guidelines
of the ASTM standard G 102-89 [47]. The potential range relative to E;o
was —0.25 V to 1V, with a sweep rate set of 1.66 mV/s, and the current
passing through the solution of sodium chloride was continuously
monitored. Furthermore, Electrochemical Impedance Spectroscopy
(EIS) testing was made by measuring single sine waves at frequencies
ranging from 10! to 10° Hz for all four samples, in conformity with the
standard ISO 16773-1-4:2016 [48].
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3. Results and discussion
3.1. Microstructure

Fig. 3 illustrates the fusion line characteristic of each sample, high-
lighting the boundary between the alloy deposited by welding and the
Heat-Affected Zone (HAZ) of the substrate material. The fusion line
displays a continuous profile, which is an indicator of the strong adhe-
sion achieved between the deposited material and the substrate. Above
this line, in sample 1D (Fig. 4a), it can be noticed an unmixed zone
within the weld deposit, with grains that have grown from the boundary
of the substrate material. The fusion line in sample 1T (Fig. 4b) appears
smooth, without any visible interference or adhesion issues. A me-
chanical mixing of the deposited material and the substrate can be
observed in the sample 1L, which was practically incorporated into the
welded deposit, without mixing completely (Fig. 4c). Fig. 4d depicts the
1C sample, revealing an area wherein partial mixing of the molten alloy
with the substrate metal has occurred, accompanied by the presence of
small particles of intermetallic compounds within the weld deposit.

3.2. Chemical composition

The chemical analysis of samples 1D, 1T, 1L, and 1C shows notable
modifications in the elemental concentrations, according to the EDS
chemical analysis (cps [eV] vs. energy [keV], where cps represents the
count per second), shown in Fig. 5. Specifically, an increase in the
concentration of Fe from 26 wt% (the estimated Fe percentage of the
alloy developed from the bundle of welding rods) to 59 wt%, accom-
panied by decrease in concentration of other constituents, as follows: Ni
from 31 wt% to 18 wt%, Cr from 19 wt% to 12 wt%, Al from 14 wt% to 7
wt%, and Mo from 5 wt% to 2 wt% (Table 5).

These changes in chemical concentration are caused by the substrate
material (structural steel S235), whose participation in the formation of
the molten metal pool is approximately 45%. Besides, according to
Ref. [49], the dilution of an alloy in a dissimilar metal joint is mainly
influenced by the welding current intensity.

c)
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Comparable levels of dilutions have been reported in studies con-
ducted by other researchers who deposited by the TIG welding process
different alloys on dissimilar base materials [49-51]. Also, it is obvious
that the remelting process will determine a higher level of dilution and a
supplementary diffusion from substrate metal to the layer of MEA,
demonstrated by the increase in Fe element concentration from 54% to
approximately 59-61%.

Based on the SEM analysis, it was found that the main effect deter-
mined by the diffusion phenomenon between the AlCrFeNi layer and
S235 steel is the enrichment with Fe of the weld deposit, the diffusion
distance in the sample 1C, that was subjected to a combined remelting,
being limited to approximative 10 pm, relative to the fusion line (FL).
Besides, from Fig. 6a) it can be noticed that Cr, Ni, and Al chemical el-
ements diffuse on distance of 10 pm from the MEA to the steel substrate,
this phenomenon being influenced by the dilution effect, typical for the
dissimilar joints performed by fusion welding procedures. Also, in the
mixing zone of the MEA and the substrate material, on the distance of
10-15 pm, the grains are larger and there are no separate compounds
from the metal matrix (Fig. 6a). Another noteworthy observation was
the formation of Nb and Mo compounds, at the grain boundaries, only in
the samples subjected to transverse and combined remelting. The for-
mation of these compounds may be attributed to the lower heat input
applied during the remelting phase of these samples.

On the other hand, in the sample 1D, carried out by welding without
subsequent remelting, it was observed an accumulation of compounds
enriched in Fe, in the layer deposited by GTAW, above the fusion line
(Fig. 7a). The elongated conglomerate developed in the weld at 80 pm
relative to the fusion line has a dilution barrier role against the diffusion
of the alloying chemical elements from the MEA to the steel substrate.
The chemical composition of this non-homogenous mixture (Spot 2 to
Spot 4) contains Fe, as the main chemical element (80,03-84,13 wt%,;
75,77-80,51 at%), Ni (4,67-7,15 wt%; 4,25-6,44 at%), Cr (4,44-5,83 wt
%; 4,56-5,95 at%), Al (3,49-4,55 wt%; 6,92-8,93 at%), Si (0,84-0,91 wt
%; 1,59-1,74 at%), Nb (0,44-0,49 wt%; 0,25-0,28 at%) and Mn (1,26-
1,31 wt%; 1,21-1,27 at%), meaning a higher concentration of Fe and
lower of other chemical elements in comparison with the percentages

d)

Fig. 4. Optical image of fusion line in samples: a) 1D; b) 1T; ¢) 1L; d) 1C.
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Fig. 5. The EDS chemical analysis in samples: a) 1D; b) 1T; ¢) 1L; d) 1C.
Table 5
The effect of S235 steel substrate dilution on the chemical composition of AlCr0.7FeNiMo0.1 alloy.
Material Cwt Mn wt Si wt Cr wt Fe wt Ni wt Mo wt Nb wt Al wt Co wt Cu wt Ti wt
[%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
$235 substrate 0,12 0,75 0,17 0,04 98,22 0,03 0,02 - 0,038 - 0,06 0,001
AlCrp 7FeNiMog 0,008 0,641 0,254 19,3 26,7 31,51 5,155 1,592 14,631 0,004 0,046 0,082
(estimated)
Sample 1D - - - 13,04 54,29 18,18 2,35 1,33 9,09 - -
Sample 1T - - - 12,53 60,56 17,8 - 0,8 6,68 - -
Sample 1L - - - 13,15 59,09 17,94 1,85 0,9 7,07 - - -
Sample 1C - - - 11,04 58,97 17,34 - 1,1 8,35 - -

measured in the layers deposited by welding. This non-homogeneity
phenomenon could be explained by an incomplete melting and
mixture of the weld deposit. Also, from Fig. 7b), a fluctuation of Nb
concentration appears within the incomplete mixing zone. The two
peaks of Nb profile line may indicate the formation and segregation, in
this area, of Nb-rich compounds.

On the other hand, it can be assumed that due to the participation of
the structural steel substrate in weld formation, similar results would
have been obtained, even if the welding rod would had been made of
AlCr0.7FeNiMo0.1. Therefore, the great advantage of this innovative
cladding technology, applied to achieve MEA by deposition welding, is
the use of common standardized rods, instead of special rods of MEA
that need longer manufacturing time and higher fabrication cost.

3.3. Hardness

The HV( 5 microhardness testing, made on the multi-component
material which consists of the structural steel S235 and the AlCr0.7Fe-
NiMo0.1 medium-entropy alloy deposited by GTAW, showed an in-
crease of 3.5 times compared to the hardness of the base material. From
Fig. 8, it is observed that the average microhardness HVj 5 exhibits a
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significant rise from 165HV( 5 recorded in the substrate material to
570HV( 5 in the weld deposits. The comparative analysis of hardness
values revealed that the layer deposited by welding without subsequent
remelting showed the lower microhardness (558HV(s), while the
highest value, that was with 5% higher than the previous, was measured
in the MEA layer that was subjected to the combined remelting. This
hardening effect that makes this alloy to be adequate for industrial ap-
plications, in which the resistance to wear is a demand, can be explained
by the supplementary heat introduced during the remelting process by
GTAW, without filler metal. Similar hardness values of alloys AlCrFeNi,
in the range 500 ... 600HV, have been reported in Refs. [52,53].

3.4. Corrosion

The open circuit potential (OCP) is a method applied to achieve the
corrosion potential of a material and refers to the voltage differential
between the coated sample, which is considered the working electrode,
and the reference electrode, in the absence of electric current. The
corrosion potential of the coated sample is strongly influenced by the
chemical surroundings and might modify when the coating undergoes
the corrosion phenomenon. The OCP diagram, illustrating the variation



G. Simion et al.

b)

MoL_ROI (12

n

Journal of Materials Research and Technology 33 (2024) 7136-7146

NbL_ROI (21

c)

Fig. 6. Analysis of chemical composition: a) distribution of chemical elements in the transition zone from MEA to the steel substrate (sample 1C); b) and c) elemental
distribution maps revealing the accumulation, in the weld deposit at the grains’ boundaries, of Mo, respectively Nb chemical elements.
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Fig. 8. Hardness profile in material substrate and MEA deposited by GTAW
without remelting (1D) and with remelting (1T, 11, 1C).
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b)

Transition zone from MEA to the steel substrate (sample 1D): a) location of EDS measurement points; b) line analyse of chemical elements distribution.

in potential as a function of time, can be built by measuring the OCP over
time. Various parameters, such as the quantity of dissolved oxygen, pH
level, and the presence of corrosive ions, can impact the open circuit
potential of the coating in a corrosive environment.

The OCP diagrams, corresponding to the samples 1D, 1T, 1L, and 1C,
are displayed in Fig. 9. As it can be seen, the potential of all samples
exhibits fluctuations over time, illustrating the corrosion in the sodium
chloride environment (NaCl), as well as the formation of a passive layer
on the surface. After around 15 h, the OCP diagrams for the samples 1T,
1L, and 1C exhibit a rather steady potential, suggesting that the MEA
alloys deposited by welding are not undergoing active corrosion and,
hence, the materials show a considerable level of resistance to corrosion
under these specific testing conditions. For the sample 1D, made without
subsequent remelting it can be observed that the OCP graph is sharply
decreasing in the last 2 h, suggesting a strong corrosion process occurred
on the surface of the sample 1D.

The shape of the polarization curve can provide important infor-
mation about the electrochemical behaviour of the alloy investigated. In
Fig. 10 are presented the polarization curves for the coated samples. The
fit of the curves is based on the Stern and Geary equation which reveals
that the difference between the applied potential and the open circuit
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Fig. 10. Linear polarization curves of the coated samples.

potential correlates with the logarithm of the current measured during
electrochemical reaction [54].

For all samples, the Tafel slopes (fa and fc) were determined by
analysing the dynamic polarization curves within the range of 250 mV
relative to the open circuit potential. The data obtained from the
corrosion testing are summarized in Table 6, where: 8, and . represent
the Tafel slopes (anodic and cathodic, respectively); E.,r - corrosion
potential; I o - corrosion current density and Vo - corrosion rate. A
coated alloy exhibiting a tendency for passivation has always a higher
value of f, in comparison with fc. In scenarios where the calculated
value for the slope f3, exceeds fi;, and the difference is notable, as noticed
for samples 1T, 1L, and 1C, it can be stated that the MEA under inves-
tigation exhibits a clear tendency towards passivation by forming a
protective surface layer. This protective layer has a great role in corro-
sion, due to the slow down or even the prevention of the corrosive
process. However, failure to simultaneously satisfy both conditions, it
can suggest a susceptibility of the material to corrosion phenomenon, as
it was observed in the case of sample 1D [55].

A comparative analysis of V o values, with values collected in

Table 6
Experimental data collected by corrosion testing of AlICr0.7FeNiMo0.1 alloy
layers.

Sample pa pe Ecorr [mMV]  Icorr [HA/ Veorr [mm/
code [mV] [mV] cm?] year]

1D 109,6 86,5 —499,764 1,096 0,0213

1L 103,6 58,2 —203,802 0,012 0,234 E-03
1T 66,1 29,4 —148,176 0,001 0,019 E-03
1C 66,2 33,7 —110,468 0,002 0,039 E-03
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similar testing conditions and reported in references [56,57], demon-
strates that the corrosion resistance of the coatings performed by this
innovative method is even higher than of SS304, SS316L, SSMn7N-Ni,
SSMn4N, SSMn6N-Ni steels. Moreover, the deposited layers exhibited
superior performance compared to the bulk AlCrFeNi alloy produced via
electric arc furnace that provided a corrosion current density of 0.178
pA/cm? during testing in a 3.5% NaCl solution [58]. This improvement
can be attributed to the beneficial effects of microalloying elements
contained by the welding rods used in deposition by GTAW, such as Nb
and Mo that act as dissolution blockers.

The higher welding speed applied to remelt the MEA layers on
transverse direction has determined, in comparison with the samples
performed only by deposition welding or deposition welding followed
by longitudinal remelting, an increased cooling rate and, further, a more
refined grain structure. As it was reported in Ref. [59], a finer grain
structure may be associated with improved corrosion resistance in
certain cases. On the contrary, other researchers have suggested that a
larger grain size may lead to the improvement of corrosion resistance
[60,61]. However, the consensus achieved in the scientific literature
shows that an optimum grain size must be obtained when the main goal
of the application is to maximize the corrosion resistance. The number of
studies regarding the heat input influence on MEA corrosion resistance
is limited, but the research focused on stainless steels [62,63] indicates
that an increase in heat input correlates with a decrease in corrosion
resistance. In the present work, it was found that the lower heat input,
applied in the cases of samples subjected to transverse or combined
remelting, after deposition welding, is associated with higher corrosion
resistance, confirming the conclusion highlighted in Refs. [62,63].
Moreover, the enhanced corrosion resistance achieved only in the
samples subjected to transverse or combined remelting can also be
explained by the formation, at the grain boundaries, of compounds
containing the chemical elements Nb and Mo as it was presented in
Fig. 6.

Another method to assess the corrosion resistance of the alloys
achieved by deposition welding is the analysis of the impedance data.
Upon analysing the Nyquist plots, shown in Fig. 11, it becomes obvious
that all samples have two clearly distinguishable zones. The first zone
refers to the area characterized by low impedances at high frequencies,
whereas the second zone shows the area where the impedance has
medium and high values. This pattern unambiguously suggests that
there is at least one frequency-dependent activity that is contributing to
the feedback. Thus, the Nyquist curves allow an analysis of the polari-
zation resistance, which is closely related to the rate of electrochemical
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Fig. 11. Nyquist curves for the coated samples.
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reactions at the metal-electrolyte interface. A high polarization resis-
tance indicates a slowed electrochemical reaction, which can be inter-
preted as an indicator of good corrosion resistance. Ideally, a material
with perfect corrosion resistance would be graphed by a 90-degree
slope. The Nyquist curves from Fig. 11 illustrate that samples 1T, 1L,
and 1C have the best corrosion resistance, while sample 1D shows a clear
deterioration and a possible penetration of the coating. These results
confirm clearly the data provided and discussed in the previous
paragraphs.

In the Bode-IZI chart, shown in Fig. 12, the impedance spectra for all
samples display overlapping curves at high frequencies, representing the
electrolyte resistance, which is the same for all samples. The impedance
within the low-frequency range is determined by the inherent properties
of the passive film as shown in the Bode-IZI chart. The low-frequency
zone represents the combined resistance of the passive film and elec-
trolyte. Assuming that the final resistance remains consistent across all
samples, any change observed in the low-frequency range can be
attributed to modifications in the passive layer. These modifications
may be caused by the presence of conductive channels inside the passive
film. The low-frequency impedance for sample 1D decreased by about
10 times, indicating a reduced corrosion resistance of the coating. On the
contrary, the samples with transversal, longitudinal, and combined
subsequent remelting exhibit the highest corrosion resistance, con-
firming the conclusions drawn previously.

In the Bode-phase diagrams (Fig. 13), the typical behaviour of the
initial nucleation of a passive layer on the surface of the metal is
observed at the corrosion potential. For the remelted samples (1T, 1L,
and 1C), the formed film increases in thickness and has a capacitive
response illustrated by a phase angle close to 90° over a wide range of
frequencies. This phenomenon is associated with an increase in the ca-
pacity, which is related to an increase in effective surface area in com-
parison with the sample without remelting.

4. Potential industrial applications

The remarkable properties of the Medium-Entropy Alloys (MEA),
achieved by an innovative deposition welding technology, could make
these materials a sustainable and advantageous alternative for many
industrial applications, including repair and reconditioning of worn
parts, such as.

e Machine building industry: components of production equipment
(moulds, dies);

e Chemical industry: equipment for chemical processing (tanks, con-
tainers, parts for handling chemical substances);

e Energy producing industry: turbine blades;

e Oil and gas industry: valves, pumps, and drilling tools;
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s | ——1C
Gl —e—1D
£4F
9 —o—1L
£
o3 1T
~
=2 [
o ° J
1 Fk
0 L L L L L L L s
-2 -1 0 1 2 3 4 5 6
logFreq (Hz)
Fig. 12. Bode-IZI plots for coated samples.
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Fig. 13. Bode-phase plots for coated samples.

e Ship industry: naval propellers, offshore structures, parts in contact
with the marine environment;

e Mining industry: components of mining machinery and equipment.

e Industry of cellulose and paper: components for manufacturing sys-
tems, lamellae, rollers.

5. Conclusions

Based on the original and innovative scientific results discussed in
this work, significant conclusions that demonstrate the high originality
of the research are presented, as follows.

e By applying the innovative deposition welding technology, layers,
and coatings of Medium-Entropy Alloys (MEA), with remarkable
features, can be achieved and used in a wide range of industrial
applications;

Subsequent remelting of alloys deposited on the common steel sub-
strate, by welding without filler metal, in the transverse, longitudi-
nal, or combined (transverse and longitudinal) direction relative to
the initial deposition direction with the aim of chemical homogeni-
zation and removal of potential welding defects;

Development of a special filler metal bundle that consists of several
welding rods with different chemical compositions and diameters,
melted together, in the same welding pool, to achieve multi-element
alloys (HEA or MEA);

The microstructure and spectral analysis, as well as the hardness and
corrosion testing, applied to investigate the features of the MEA ob-
tained by GTAW technique, have led to the following important
conclusions.

e The fusion line, detected by microstructure analysis, has exhibited a
continuous profile, demonstrating the strong adhesion achieved be-
tween the deposited alloy and the steel substrate. Small unmixed
zones or partial mixing of the molten alloy with the substrate metal
have been observed, but no any adhesion issue that may compromise
the joint was identified.

The chemical composition of the deposited alloy is highly influenced
by the participation of the material substrate in the formation of the
welding pool, being estimated, in this work, at approximately 45%, a
usual value reported in the scientific literature for welding proced-
ures with tungsten electrode and Ar shielding gas. Besides, the
welding current is a key factor in determining the penetration (depth
of fusion), increasing or decreasing, depending on the value of the
amperage, the participation of the base material in forming the
welded joint.

The spectral analysis has revealed an increase of Fe percentage from
54% to 59%, after the subsequent GTAW remelting process,
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confirming the influence of the remelting technology on the final
chemical composition of the layer of MEA.

The hardness testing revealed a significant increase of microhardness
HVys, from 165HV(s, recorded in the substrate material, to
570HVy 5 in the weld deposits, meaning an increase of 3.5 times.
Also, a hardness increase of 5% was found in the sample 1C
compared to the sample 1D. This hardening effect can be explained
by the supplementary heat introduced during the subsequent
remelting made by GTAW that determined a modification of the
grain size.

To assess the resistance to corrosion of the MEA, deposited by
welding, all samples were immersed in a solution of 3.5% NaCl for
24 h. Based on the information achieved by analysis of the open
circuit potential diagram for the coated samples, linear polarization
curves, Nyquist curves, Bode-IZI plots, and Bode-phase plots, it can
be concluded that the multi-element alloy AICr0.7FeNiMo0.1,
deposited and remelted by welding, is characterised by a good
resistance to corrosion, comparable or even higher than of stainless
steel.

In the context of a sustainable and economic approach, the welds

depositions of AlCr0.7FeNiMo0.1 medium-entropy alloys, achieved by
this innovative technology, represent a promising option for industrial
applications that require materials resistant to corrosion.

Further research will be focused on the assessment of the resistance

to wear of this type of alloy and it will be extended also to studying other
combinations of welding rods with different chemical compositions and
diameters.
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