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Introduction

The research and development of new materials play an essential role in the technological
advancement and in increasing the quality of life. Just as the history of humanity is divided into
periods, such as the Stone Age, Bronze Age or Iron Age, it can be considered that the
development of new materials and the processes to obtain them have been the basis of the
evolution of society. Each advance in the quality and diversity of materials has revealed significant
innovations that have led to major advances in various fields, thus improving food science, health
care and other branches that contribute to the people’s state of comfort.

Starting with the 19th century, the materials science made remarkably and quickly
progress. Steel, superalloys, plastics and ceramics have been developed and improved, and the
last two decades a new category of materials — High Entropy Alloys (HEA) — has aroused the
interest and the attention of researchers around the world. The particularity of these new materials
is given by the chemical composition, in which at least four or five chemical elements are present,
but no any of them is dominant chemical element.

The percentages of the main chemical elements in these High Entropy Alloys can be
varied in different proportions; in addition, they can be micro-alloyed with other chemical
elements, so the possible combinations are practically unlimited. The study of high entropy alloys
is continuously advancing, focusing on the properties to be investigated, such as hardness, tensile
strength, ductility, stability at high or low temperature, resistance to fatigue, wear and corrosion,
many of them being superior to the those of the traditional alloys [1,2].

Despite the progress made, the current research and understanding of High Entropy
Alloys is only the beginning of the exploration in the field of materials science. New information,
observations, and results are constantly reported in the scientific articles whose main subject is
the study of these new alloys. Structural phases have a significant influence on the mechanical
properties of High Entropy Alloys. For instance, the face-centred cubic (FCC) structure generates
lower strength and higher plasticity, while the body-centred cubic (BCC) structure determines
higher strength, but less plasticity. The diversity of possible chemical compositions determines a
considerable number of alloys that requires a deep analysis and attention. Changing the
concentration of only one chemical element within the same alloys class can have a significant
impact on the microstructure and properties of the alloy [3].

As the number of experiments focused on the study of High Entropy Alloys has increased,
some researchers have suggested that entropy is not necessarily the main characteristic that
gives unique properties to these materials. Consequently, alternative names such as multi-
element alloys, multi-component alloys or compositionally complex alloys have been proposed.
These alternative terms reflect better the compositional diversity and complexity of these alloys,
suggesting that their exceptional properties are not due exclusively to high entropy, but also to
complex interactions between the chemical elements [4].

Although a significant number of results obtained by researchers who have studied the
multi-element alloys properties were promising, there is still a reluctance in transferring them from
the research laboratories to industry. The main reason could be the high cost of fabrication,
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generated both by the price of raw materials and the equipment and technology required for their
manufacture. Thus, it is necessary to develop effective strategies to reduce the production costs,
including the optimization of manufacturing processes, use of more economical alternative raw
materials and innovation in processing technologies, in order to facilitate the large-scale use of
multi-element alloys in industry.

Based on the current state analysis of development of multi-element alloys, it was
identified a good opportunity to develop an original and innovative method to obtain these special
materials that could facilitate their large-scale use in the industrial applications.

In this work, a new procedure for obtaining depositions of multi-element alloys from the
AICrFeNi system was designed, optimized and applied in the experimental tests. The motivation
of choosing this type of alloys is supported by the superior mechanical properties - hardness,
resistance to wear and corrosion — that recommend it for using in the industrial applications in
which the improvement of the surface properties of common carbon steels is a requirement. This
new technology is financially cost-effective and, in this way, the transfer of multi-element alloys
from laboratory to the industrial area becomes affordable and efficient. The originality of this
technology was recognized, the method being patented (patent no. 135988/29.03.2024) and
rewarded with numerous medals, diplomas and trophies at the International Inventions Salons
EUROINVENT (lasi, 2023), UGAL INVENT (Galati, 2023), INVENTICA (lasi 2024) and other
scientific events.

The research directions followed in the experimental program to achieve the objectives of
the PhD thesis are organized as follows:

o Development of an innovative process for obtaining multi-element alloys.
e Optimizing the welding deposition process, in order to obtain quality depositions of

AICrFeNi multi-element alloys on conventional steel substrate.

e Study of the multi-element alloys properties, deposited by TIG welding on carbon steel
substrate, particularly the mechanical and metallurgical characterization of these alloys.

e Finite Element Analysis (FEA) and simulation of the welding deposition process, in order
to investigate the thermal and mechanical effects generated during the welding process

(temperature field, thermal cycles, stress level and displacements caused by the heat

transfer). The method is an extremely useful tool in optimizing the parameters of the

manufacturing process, such as the deposition process by welding of multi-element alloys.

In the first chapter of the thesis, it was developed the state-of-the-art in the field of multi-
element alloys development. Aspects regarding their chemical composition and mechanical
characteristics, as well as the main processes applied for obtaining cast or depositions of multi-
element alloys have been investigated in detail. In the final of the chapter, there were presented
and explained the motivation, objectives and directions of the research approached in the
framework of the PhD thesis.

In the second chapter, the main equipment, methods and research methodology applied
for achieving the expected results are presented. The numerical and experimental results were
analysed, processed and interpreted in three university: the " Dunarea de Jos" University from
Galatj, the Polytechnic University of Bucharest and the University of Las Palmas de Gran Canaria.

The chapter 3 presents the theoretical concept of the new process for obtaining multi-
element alloys from the AlICrFeNi system that was the basis of the research activity. The process
consists in creating a beam of rods, with different compositions and/or diameters, and depositing
it by melting, through the Tungsten Inert Gas (TIG) welding process, on the surface of a substrate
material. The bundle can contain one or more aluminium, stainless steel and nickel-chromium
alloy rods. The chemical composition of the multi-element alloy can be controlled by the diameter
and number of rods used.
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In the chapter 4, the experimental tests with the new method of obtaining multi-element
alloy deposits are presented. It was necessary to optimize the welding parameters in order to
obtain crack-free deposits. After preparing the samples, they were analysed from a chemical and
mechanical point of view. The analysis of the chemical composition showed that the elements are
uniformly distributed in the deposited material. The wear and corrosion resistance of the multi-
element alloy deposited layers were also evaluated. In order to determine possible industrial
applications of the new process for obtaining deposits with the multi-element alloy of the AICrFeNi
alloy class, the obtained results were compared with those of other researchers who investigated
the mechanical characteristics of some traditional alloys currently used.

In the chapter 5, a model with finite elements was developed to simulate the depositing
process of the multi-element alloy on S235 carbon steel substrate. The purpose of the modelling
was to analyse the thermal effects (temperature filed and thermal cycles), as well as the stresses
and displacements developed during the welding deposition process, due to the heat transfer.

In the chapter 6, there are presented and analysed in detail the results of the experimental
validation of the numerical model developed for simulation of the process. An original device was
designed and made in order to experimentally determine the temperature distribution, by
thermocouples method, and the level of stresses by tensometry method.

In the chapter 7, the final conclusions related to the study of the multi-element layers
deposited by TIG welding on carbon steel substrate, without or with subsequent remelting, are
presented and discussed. Significant personal contributions to the knowledge improvement in the
field of advanced materials development, such as the multi-element alloys, are described and
explained in detail. Several directions for future research that definitely will open up new
perspectives for further explorations and results which will arouse the interest of researchers and
industry representatives are presented in the final of the chapte

10



CHAPTER 1

The current state of developement of multi-element alloys

1.1. Introduction

Since ancient times, the human civilization has made continuous efforts for discovering
new metals and alloys, but also for the development of innovative materials that had an essential
role in improving the quality of life by expanding the range of technical applications. Starting with
the Bronze Age, the alloys have been traditionally developed according to the "basic chemical
element" paradigm. Based on this elaboration method, one or two main chemical elements were
chosen, such as copper in bronzes, iron in steels, aluminum in aluminum-based alloys, or nickel
and chromium in superalloys. These chemical elements were mixed in predetermined proportions
and by adding other alloying elements in lower percentages, materials with superior properties
could be obtained [5].

In the last decades, due to the evolution and results reported in the field of materials
development, a new category of alloys, namely High Entropy Alloys — HEA, began to draw the
attention of researchers worldwide, [3,4,6—14]. These alloys are composed of at least four or five
chemical elements with concentrations between 5 and 35%, without any of them being dominant.
In addition to the main chemical elements, HEA alloys can be micro-alloyed with other elements,
in concentrations lower than 5%, in order to improve the mechanical characteristics of the
material.

The specific and distinctive composition of high entropy alloys gives them special
mechanical properties, such as high strength and hardness, resistance to wear, corrosion, and to
oxidation at high temperatures, and good structural stability. These special properties make high
entropy alloys suitable materials for a wide range of industrial applications [15,16].

Due to the ability of high-entropy alloys to maintain their mechanical properties, both at
low temperatures [17,18] and at high temperatures [19,20], the replacement of traditional alloys
with HEA in industrial applications is as natural as possible.

1.2. Characterization of high entropy alloys

1.2.1. Chemical characterization of high entropy alloys

Traditionally, the pure metals and alloys used in industrial applications are based almost
entirely on one main compound or element. The pure metallic materials, with a minimal degree
of impurity, are used in the jewelry industry, in various applications in the electrical and optical
fields, or in other specialized applications. The addition of alloying elements has the effect of
improving the mechanical, physical, and chemical characteristics, and the materials obtained
become extremely interesting and versatile for use, on a large scale, in industry. The metallurgists
have explored the development of new alloys by combining several chemical elements in high
and approximately equal proportions.

11
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Two decades ago, two researchers groups have independently proposed the investigation
of a new class of alloys which contain multiple chemical elements in approximately equiatomic
concentrations. The teams were led by researchers Yeh J.W. and Cantor B. and published the
first articles at the end of the year 2004 [21,22]. Jien-Wei Yeh and his team sustained an
interesting theory related to these alloys, suggesting the hypothesis that the presence of multiple
elements (five or more), in nearly equal proportions, would increase the configurational entropy
sufficiently enough to overcome the tendency of intermetallic compounds formation that can have
negative effects on the properties of the alloys.

They introduced a new and suggestive term for this class of materials that contain five or
more chemical elements in relatively equal concentrations of 5%...35%, calling it high-entropy
alloys. Other researchers have suggested alternative names, such as multi-component alloys,
compositionally complex alloys, or multi-element alloys. Despite the fact that some researchers
believe that entropy is not the main factor responsible for the structure and properties of these
alloys, the term "high-entropy alloys" is likely to prevail [4].

Comparing to the conventional alloys, the high entropy alloys present specific
characteristics, the difference being given by the existence of several chemical elements in
approximately equimolar proportions, without the existence of a dominant chemical element. For
this reason, comparing to the traditional alloys, specific effects, whose influence is much more
pronounced, appear in the high-entropy alloys. Yeh J.W. investigated and identified these effects,
with reference to the high entropy effect, the sluggish diffusion effect, the severe lattice distortion,
and the cocktail effect.

1.2.2. Mechanical characterization of high entropy alloys

A review of the literature on high entropy alloys has revealed that their mechanical
properties have been extensively studied, with particular focus on hardness [23—-27], compressive
strength [28-31], tensile strength [32—37], wear resistance [38—42], and fatigue resistance [43—
47]. The findings indicate that these alloys have characteristics that could significantly broaden
their range of industrial applications.

While some high-entropy alloys demonstrate superior mechanical properties in
comparison with the traditional alloys at ambient temperature, the most notable advantage lies in
their ability to mentain these properties under extreme temperature conditions, whether high or
low.

1.3. Multi-element alloy manufacturing processes
1.3.1 Processes for obtaining multi-element alloys

The most common method for producing bulk multi-element alloys consists of melting the
constituent chemical elements - whether in the form of powders, bars, rods, or profiles - in electric
arc furnaces under a controlled atmosphere. [48-50]. The process involves the formation of an
electric arc between a non-fusible electrode and the mixture of metals to be melted [51].

To enhance the homogeneity of the multi-element alloy, the resulting mixture undergoes
several cycles of turning and remelting [52-54]. Researchers have observed that the most
common defect developed by this manufacturing technique is the formation of heterogeneous
structure, characterized by the segregation of chemical elements within the alloy, particularly
when it includes elements with high density and high melting points, such as W, Ta, or Nb [55—

12
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57]. In the scientific literature, alternative processes for obtaining bulk multi-element alloys have
been identified, as follows:

e Sintering [27,30,58].

¢ Additive manufacturing [59,60],

¢ Bridgman solidification method [61-63],

¢ Induction melting [64—66],

e Mechanical alloying [67,68].

1.3.2. Multi-element alloy deposition processes

Comparing to the traditional materials, the production costs associated with multi-element
alloys are considerably higher, primarily due to the complexity of the technological processes
applied in producing the bulk products, the costs of raw materials, and the operational costs of
processing facilities.

Given the high costs of producing multi-element alloys, researchers have increasingly
focused on investigating cost-effective methods to enhance the quality and surface properties of
traditional materials. These methods include the deposition of thin films as well as thicker layers
[69—74]. The process of clading traditional steels with multi-element alloys offers a promising
approach for transferring innovative material technologies from research into industrial
applications. The literature presents several processes for depositing multi-element alloys onto
substrate materials, typically being the carbon steel. Several methods used to obtain deposits
with specialized properties, including those of medium and high entropy alloys, are presented
bellow:

e Magnetron sputtering [75-79],

e LASER clading [80-83],

e Tungsten Inert Gas (TIG) welding clading [84,85],

e Sintering clading [86,87].

Due to the small thickness of the deposited layers, the deposition processes offer the
advantage of rapid solidification in contrast to the methods employed for producing the bulk high-
entropy alloys via melting in electric arc furnaces. According to certain studies, the rapid
solidification is beneficial for high-entropy alloys, as it limits the phase transformations that occur
during slow cooling, as well as the diffusion of elements and the formation of intermetallic
compounds [69].

However, the methods mentioned above have certain drawbacks, including the limited
thickness of the layers deposited by spraying, the use of complex and costly equipment, such as
magnetrons and LASER systems, and the requirement for preparatory technological operations
that include the powder mixture elaboration and previous procedures applied before melting it
onto the substrate material. Additionally, the fabrication and handling of wires made from mixtures
of various chemical elements require further operations included in the technological process. A
synthesis of the current research in the field of high and medium-entropy alloys production
indicates the need for developing new deposition procedures for achieving multi-element alloys.
These procedures should be cost-effective and attractive for a broad range of industrial
applications.

13
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1.4. Conclusions

Based on the the state-of-the-art and detailed analysis of the scientific literature in terms
of multi-element alloys development, the following conclusions can be drawn:

¢ High-entropy alloys are typically composed of at least four or five chemical elements, each of
them being in concentration of 5% to 35%, and in equiatomic or approximately equiatomic
proportions. No single element is dominant in the chemical composition.

¢ Certain high-entropy alloys exhibit outstanding mechanical properties at ambient temperature.
Their most significant feature to be considered for the potential replacement of traditional
alloys in applications industrial is their ability to maintain these properties under both high and
low temperature conditions.

e The primary conventional processes for producing semi-finished products from high-entropy
alloys include melting in electric arc furnaces under a controlled atmosphere and induction
melting.

e The deposition of multi-element alloys onto conventional material substrates is typically
achieved through methods such as magnetron sputtering, LASER plating, electrodeposition,
and plasma spraying.

e To develop multi-element alloys that meet both quality and cost criteria, ongoing research is
needed to develop innovative, efficient, and more cost-effective manufacturing technologies.
Additionally, comprehensive interdisciplinary studies are essential to identify the most suitable
industrial applications for these materials.

1.5. The motivation for choosing the topic and research directions

The motivation for choosing the theme, addressed in the doctoral thesis, is to increase the
degree of knowledge in the following directions:
¢ development of procedures for producing multi-element alloys that meet quality standards
and offer clear economic benefits to industry;
o development of new chemichal compositions recipes for obtaining multi-element alloys
with medium entropy;
e investigation of the behavior and properties of multi-element alloys;
¢ identification and expanding of potential industrial applications.

The analysis of the state-of-the-art related to the on multi-element alloys research has
revealed the opportunity to develop an innovative method for producing these advanced
materials, facilitating the technology transfer from research to industrial applications. This work
presents an innovative technology for the deposition of multi-element alloys from the AICrFeNi
system and investigates their properties to identify the most appropriate industrial applications.
The selection of this alloy type is motivated by the outstanding properties - such as hardness,
wear resistance, and corrosion resistance - which make it particularly suitable for improving the
surface properties of conventional carbon steels. The novelty and originality of the method to
achieve multi-element alloys, developed during the PhD program, have been patented, according
to the patent no. 135988/29.03.2024. This invention has been awarded numerous medals, prizes,
and trophies at invention exhibitions, including EUROINVENT (lasi, 2023) and UGAL INVENT
(Galati, 2023), INVENTICA (lasi, 2024), as well as by the institution.

The research directions established for the development of the experimental program and
achievement of the objectives of this PhD thesis are organized as follows:

e Development of an innovative procedure for developing multi-element alloys.
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Chapter 1 The current state of developement of multi-element alloys

e Optimization of the welding deposition process to achieve high-quality depositions of the
AICrFeNi alloy class on a standard steel substrate.

¢ Investigation of the properties of multi-element alloys deposited by welding onto a carbon
steel substrate, with focus on their mechanical and metallurgical characterization:

- Macroscopic analysis of the samples to assess the quality, appearance, and height of
the deposited layers. The aim of the investigation is to produce deposited layers free
of visible defects, such as voids, cavities, or pores.

- Microscopic analysis of the samples to examine the transition area and the uniformity
of the fusion line, to evaluate the degree of homogeneity, and to determine the grain
size of the deposited material. This analysis also aims to detect microscopic defects,
such as cracks, pores, inclusions, and other discontinuities that could compromise the
integrity of the deposited layer and the quality of the multi-element alloy.

- Chemical composition analysis of the deposited layer to determine the base material's
participation in the formation of the molten metal pool. This analysis will also establish
the limit of the chemical elements diffusion from the deposited material to the substrate
material and vice versa.

- Investigation of the microhardness profile within the multi-element alloy, in order to
determine the minimum thickness for which the deposited layer can be mechanically
processed or can still have resistance to wear.

- Assessment of wear and corrosion resistance of the deposited alloy to facilitate a
comparative analysis with conventional materials, currently employed in industrial
applications, with the aim of evaluating the potential of replacing them by multi-element
alloys.

e Finite element modeling and simulation of the deposition welding process to analyze the
thermal and mechanical effects generated by the welding process, including thermal field
distribution, thermal cycles, stress levels, and displacements caused by the heat transfer.
This approach serves as a critical tool for optimizing the parameters of the manufacturing
process, particularly for the deposition welding of multi-element alloys with medium
entropy.
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CHAPTER 2

Research methodology, materials and equipment

2.1. The objectives of the PhD thesis and research methodology

The primary objectives of the doctoral thesis were to develop a novel procedure for the
deposition of multi-element alloys and to examine the properties of layers deposited by TIG
welding. To achieve these objectives, a research methodology was developed, as illustrated in
Figure 2.1.

Development of an original concept for the deposition of AICrFeNi multi-element alloys

¢ Development of analytical model for chemical e Designing original technologies for obtaining and
composition calculus of multi-element alloys homogenizing the multi-element alloys composition

§

Application of the innovative deposition process of AICrFeNi multi-element alloys

o Selection of filler materials (rods) e Optimizing the deposition welding parameters

]

Investigating the properties of layers achieved by deposition innovative method of multi-element

alloys with medium entropy from the AICrFeNi alloy system
e Macro and microstructural characterization e Evaluation of resistance to wear and corrosion
e Chemical composition analysis e Determination of the hardness variation profile

]

Modeling and simulation of the TIG deposition welding process of the medium-entropy multi-

element alloy of the AICrFeNi alloy system

¢ Development of original finite elements model e Processing and interpretation of numerical results

Designing an original stand for the experimental determination of temperatures distribution and

stresses generated during the deposition welding process
e Conception and creation of original model plate
substrate material

e Conception and creation of an experimental stand

Experimental validation of the numerical model developed for simulation of the TIG deposition

welding process of the AICrFeNi medium-entropy multi-element alloy
o Experimental determination of the temperatures e Comparative analysis of experimental and
distribution and stresses level numerical results. Calculus of errors

Fig. 2.1. The research methodology applied to achieve the objectives of the PhD thesis
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2.2. Materials used in the experimental program

The substrate material employed in the experimental tests is the structural steel S235 (EN
10025 — 2), having the chemical composition and mechanical properties provided by the
manufacturer, LIBERTY Galati, as detailed in Tables 2.1 and 2.2. For depositing the multi-element
alloy from the AICrFeNi system, plates with dimensions of 40x100x12 mm were cut, as Figure 2.2
shows. To prevent the potential inclusions, contamination of the molten pool with oxides, and the
occurance of other defects generated during the deposition process, the surface of the plates was
meticulously cleaned through polishing technique.

Table 2.1. Chemical composition of S235 substrate steel (manufacturer's certificate)

Material C Mn Si P S Al Cu Cr
0.12 0.75 0.17 0.016 0.011 0.038 0.06 0.04

S235 Ni \% Mo Ti B N Fe =

0.03 0.001 0.002 0.001 0.0002 0.0064 98.22 -

Table 2.2. Mechanical characteristics of S235 substrate steel ( manufacturer's certificate)

Material Tensile strenght Ultimate tensile Elongation | Hardness Vikers
oy [MPa] strength o, [MPa] [%0] [HV]
S235 320-350 440-450 32 155-190

For TIG (Tungsten Inert Gas) deposition welding of the multi-element alloy, performed in
Ar protective atmosphere, a bundle of three rods with distinct chemical compositions was
prepared, as follows: one aluminum rod ALTIG AL99.7 (EN ISO 18273: S Al 1450 (AI99.5Ti)),
one stainless steel rod INTERROD 22 9 3 (EN ISO 14343-A: W 22 9 3 N L), and one Ni-Cr alloy
rod NIROD 625 (EN ISO 18274-A: S Ni 6625 (NiCr22Mo9Nb)). The chemical composition of the
rods mentioned above are detailed in Tables 2.3, 2.4, and 2.5.

Table 2.3. Chemical composition of ALTIG AL99.7 aluminum rod

Si Mn Cr Cu V Ti Al B Fe Zn Mg
0,06 |<0,01 |<0,17 |<0,010 |001 |0,01 |998 |<0,01 |0,09 |<0,01 |<0,01
Table 2.4. Chemical composition of INTERROD 22 9 3 stainless steel rod
C Si Mn P S Cr Ni Mo Cu N
0,013 | 0,49 1,51 0,016 0,001 | 231 8,7 3,18 0,11 |0,16
Tabel 2.5. Chemical composition of NIROD 625 Ni-Cr alloy rod

C Si Mn |P S Cr Ni Mo [Nb |Cu |Ti Al Co |Fe
0,06 | 0,2 | 0,02 | 0,003 |0,001 |22,2|64,4 |88 |368|001|0,19|0,1 |0,01|0,3
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2.3. Equipment used in the experimental program
2.3.1. Multi-process equipment for deposition welding and remelting

The technique employed for melting the rod beam to perform multi-element alloy deposits
is the TIG (Tungsten Inert Gas) welding process, using a non-consumable electrode and Ar as
shielding gas. The multi-process welding equipment, SAF-RO DIGIWAVE Il 420, used for the
deposition and remelting processes, is integrated into the research infrastructure of the Center
for Advanced Research in Welding (SUDAYV) from Faculty of Engineering, "Dunarea de Jos"
University of Galati (UDJ Galati).

2.3.2. Equipment for structure analysis and microhardness measurement

To achieve a thin polished surface, Remet LS 1 equipment, which is part of the
infrastructure at the Centre for Advanced Research in Welding (CC SUDAYV), was used in the
experimental program. A wet sanding procedure was applied, employing abrasive papers with
400, 600, 800, 1000, 1500, 2000, and 3000 grits and felt soaked in diamond powder.

The structure analysis of the deposited and remelted layers was conducted using optical
microscopy and scanning electron microscopy (SEM) techniques, as illustrated in Figure 2.8. This
analysis was carried out in the LAMET Laboratory of the Department of Quality Engineering and
Industrial Technologies from the Faculty of Industrial Engineering and Robotics, National
University of Science and Technology Bucharest Polytechnic (UNSTP Bucharest).

|
B N
\‘,h“l/){“;‘ a

Fig. 2.9. FALCON 500 Hardness Tester (CC SUDAV, UDJ Galati)

The profile of HVos microhardness in the multi-element alloy layers was determined with
FALCON 500 hardness testing equipment (see Fig. 2.9) and the results were collected and
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processed with the IMPRESSIONS™ software program. This equipment and software are part of
the research infrastructure at the Centre for Advanced Research in Welding (SUDAV), from
Faculty of Engineering, "Dunarea de Jos" University of Galati.

2.3.3. Equipment for the analysis of wear and corrosion resistance

The tribological properties of the multi-element alloy deposited by welding onto the S235
steel substrate were assessed through wet abrasion tests which were conducted in the Metrology
Laboratory of the National University of Science and Technology Politehnica Bucharest, utilizing
the CSEM CALOWEAR equipment.

The corrosion resistance of the multi-element alloy layers was evaluated in the Laboratory
of Nanosciences and Nanomaterials at the University of Las Palmas de Gran Canaria (ULPGC),
Spain. This assessment involved specific tests using 3.5% sodium chloride (NaCl) solution and
SP-150 potentiostat manufactured by Biologic, Seyssinet-Pariset, France.

2.3.4. Equipment for determining the temperature and stress values

To measure the temperature distribution, six K-type thermocouples and Lutron BMT-
4208SD data acquisition system were employed. Stress measurements were performed with
strain gauges of type 10/20 LY11l. These sensors were applied to S235 steel plates with
dimensions of 100x20x2 mm. The data collected by the Quantum X data acquisition system were
subsequently analyzed with the "CatmanEasy-AP" software. The connection between the strain
gauges and data acquisition system was established through data transmission cable and eight-
port connectors.

2.4. Conclusions

This chapter outlines the principal materials, research methodologies, equipment, and
devices employed in the development of the advanced research program within the doctoral study
program. The experimental research was conducted in the following institutions:

e Doctoral School of Mechanical and Industrial Engineering (SDIMI), "Dunarea de Jos"

University, Galati (UDJ Galati);

e Centre for Advanced Research in Welding (CC SUDAYV), "Dunarea de Jos" University,

Galati (UDJ Galati);

e LAMET Laboratory and Metrology Laboratory, National University of Science and

Technology Politehnica, Bucharest (UNSTP Bucharest);

e Laboratory of Nanosciences and Nanomaterials, University of Las Palmas de Gran

Canaria, Spain (ULPGC).

It is important to note that certain equipment, including that used for testing the resistance
to wear and corrosion, measuring the temperature and stress, requires periodic calibration, in
order to mitigate the measurement errors and to ensure the accuracy and validity of the research
outcomes.
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CHAPTER 3

Original procedure for obtaining multi-element alloys

The research conducted within the doctoral study program has materialized in the
invention patent no. 135988/29.03.2024. This patent refers to an innovative method for
developing multi-element alloys from the AICrFeNi alloy system. The invention reveals elements
of originality and technical advancements, and provides a cost-effective solution for fabricating
deposited layers of AICrFeNi multi-element alloys. The process, characterized by flexibility in
achieving variable layer thickness and lack of constraints imposed by the technological process,
is based on deposition welding technology with standardized filler materials, in Ar protective gas
environment, without previous necessary preparatory technological operations [88].

3.2. Description of the procedure. Original elements. Case studies

One of the main objectives of the PhD thesis was to develop an original and advantageous
economic method for producing deposited layers of multi-element alloys from the AICrFeNi alloy
system, with outstanding mechanical properties, significantly superior to the substrate properties.
These layers, which can vary in thickness, are produced through a conventional deposition
welding process (TIG), using standardized filler materials, without previous necessary preparatory
technological operations.

Research into multi-element alloys of the AICrFeNi class has demonstrated that these
materials have remarkable mechanical strength, hardness, and wear resistance [31,87,89,90],
making them well-suited for industrial applications, where special mechanical properties of
surfaces are required.

3.2.1. New procedure for obtaining the multi-element alloys from the
AICrFeNi system

The manufacturing process consists of melting a bundle of rods with varying chemical
compositions and diameters, by TIG welding method, to obtain deposits of multi-element alloys
with controlled chemical composition on traditional carbon steel substrate. The atomic
percentages of the chemical elements incorporated into the multi-element alloy can be adjusted
based on the mechanical properties required in the industrial applications. Additionally, the multi-
element alloy can be microalloyed with elements such as C, Nb, Mn, Mo, Ta, W, etc., which have
the role to improve the alloys’ properties. The bundle of rods is positioned in the electric arc zone
developed between the non-consumable W electrode and the material substrate. To ensure
uniform coverage of the substrate, the deposited layers are partially overlapped, each layer
extending approximately 30-60% on the width of the previous deposit. The welding deposition
process is conducted in Ar shielding gas atmosphere. To improve the chemical homogenization
and enhance the mechanical properties of the deposited alloy, a remelting procedure is performed
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Chapter 3 Original process for obtaining multi-element alloys

by TIG welding process, without additional filler materials, on transverse, longitudinal, or
combined direction, relative to the initial deposition welding direction. The process is
schematically presented in Figure 3.1, where 1 represents the W electrode, 2 is the shielding gas
(Ar), 3 indicates the deposited multi-element alloy, 4 is the rod bundle, and 5 signifies the steel
substrate (base material).

Fig. 3.1. Obtaining multi-element alloys by TIG welding deposition process

3.2.2. Depositions of AICrFeNi multi-element alloys — Case studies

The chemical composition of the multi-element alloy is meticulously controlled by
selecting the chemical composition, number, and diameter of the rods that form the bundle that
has the role of filler material. The AICrFeNi multi-element alloys, with varying chemical
compositions, achieved by melting the bundle of rods through the TIG deposition welding, is
exemplified by the case studies 1 and 2, selected from the 4 cases described in the PhD thesis.

Case study 1: The bundle of wires comprises aluminum, stainless steel, and NiCr alloy
rods, all of them having identical diameters (2 mm). By weighing the rods and based on the
chemical composition certificates, provided by the manufacturer, the chemical composition and
the atomic ratio of the new multi-element alloy can be determined by analytical method. Finally,
the AICr0.7FeNiMo0.1 alloy, obtained by deposition welding, is presented in detail in Table 3.2.

Tabel 3.2. Chemical composition of the medium-entropy multi-element alloy AICr0.7FeNiMo0.1

Chem.
elem.

m [g] | 0.03 | 0.37 | 0.3 | 0.01 | 0.01 | 10.92 |16.66| 17.42 3 0.88 | 8.47 | 0.02
wt [%] | 0.056 | 0.633|0.509 |0.019|0.021 |18.793|28.68 | 29.995 |5.157 | 1.514 | 14.581 | 0.042
at[%]| 0.23 | 057 | 0.9 | 0.03|0.01|17.88 | 254 | 249 | 2.66 | 0.55| 26.73 | 0.15

C Mn Si S P Cr Fe Ni Mo Nb Al N

Where: m is mass, wt — weight ratio, at — atomic ratio

Case study 2: In this case, the objective was to mitigate the risk of cracking in the welded
material by decreasing the aluminum concentration below 7%, by using an aluminum rod with a
smaller diameter. The bundle of rods with different diameters consists of one aluminum rod with
diameter of 1.6 mm, one stainless steel rod with diameter of 2.4 mm, and one NiCr alloy rod with
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diameter of 2.4 mm. This configuration results in the Al0.5Cr0.7FeNiMo00.1 alloy, with the
chemical composition detailed in Table 3.3.

Tabel 3.3. Chemical composition of the medium-entropy multi-element alloy
Al0.5Cr0.7FeNiMo0.1

i?:r:‘_' C |Mn|si| s | P | c | Fe | N |[Mo|Nb | Al [N

m[g] | 0.05 | 0.53 | 0.43 | 0.02 | 0.02 | 15.71 | 23.98 | 25.09 | 4.31 | 1.27 | 5.43 | 0.04
wt [%]] 0.061 |0.688|0.544 | 0.021]0.023 | 20.446 | 31.196 | 32.641 | 5.612 | 1.647| 7.065 | 0.046
at[%] | 0.27 | 067 | 1.05 | 0,03 | 0.01 | 20.99 | 29.82 | 29.33 | 3.12 | 0.65 |13.98] 0.17

3.3. Conclusions

The investigations conducted in this chapter, which are the main subject of the invention

patent no. 135988/29.03.2024, have led to several significant conclusions in terms of developing
new materials appropriate for industrial applications that require specific properties:

Multi-element alloys from the AICrFeNi system can be produced applying this innovative
method that involves the use of aluminum, stainless steel, and Ni-Cr alloy rods.

The innovative technique presented in this chapter - melting of bundle of rods by TIG
deposition welding - enables the production of high-quality multi-element alloy coatings,
leading to substantial improvements in surface quality.

The chemical composition of multi-element alloys, fabricated through this new patented
method, can be precisely controlled by selecting the appropriate rods, number, and
diameters of the rods.

The multi-element alloys will comprise also additional microalloying elements from the
composition of selected rods - such as Nb, Mn, Mo, Ta, W etc. - confirming the beneficial
effects on the conventional alloys properties already reported in the literature.

Based on standard welding technique and available common filler materials, the novel
procedure for producing multi-element alloy depositions is a cost-effective solution that
facilitates the technology transfer from the research laboratory to industry.
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CHAPTER 4

Experimental research on the properties of AICr0.7FeNiMo0.1
medium-entropy multi-element alloy made by TIG deposition
welding

4.1. Implementation of the experimental program

4.1.1. Rods selection for developing the filler material

In the experimental phase of the doctoral studies program, the depositions of AlICrFeNi multi-
element alloy on S235 steel substrate were performed by melting a bundle of three rods with distinct
chemical composition (Fig. 4.1). The simultaneous melting of three rods in common molten pool,
created by TIG welding, results in formation of multi-element alloy with particular chemical composition.
In this work, the welding rods bundle, each of rods having diameter of 2.4 mm, comprises one ALTIG
AL99.7 aluminum rod, one INTERROD 22 9 3 stainless steel rod, and one Ni-Cr NIROD 625 rod.

Fig. 4.1. Bundle of welding rods

Prior to melting and deposition onto the substrate, the rods, each of them having the
diameter of 2.4 mm, were weighed. The results indicated an average mass of 12.2 g for the ALTIG
AL99.7 aluminum rod, 36.17 g for the NIROD 625 Ni-Cr alloy rod, and 35.26 g for the INTERROD
22 9 3 stainless steel rod. Based on these measurements and on the chemical composition
certificates, provided by the rods manufacturer, the composition of the AICr0.7FeNiMo0.1
microallyed with Nb, Mn, Si, Ti, Cu, C, and Co was determined by analytical calculus (Table 4.1).

Table 4.1. AICr0.7FeNiMo0.1 alloy’s chemical composition determined by analytical calculus

Chem.
elem.

m[g] | 0.01 | 0.54 | 0.21 | 0.00 | 0.01 {16.14|22.33|26.36| 4.31 | 1.33 | 12.24 | 0.06 |0.004| 0.04 | 0.07

wt [%] |0.008|0.641|0.254|0.001{0.009 | 19.3 | 26.7 |31.51| 5.155 |1.592|14.631|0.067 | 0.004 | 0.046 | 0.082

at [%] | 0.03 | 0.58 | 0.45 |0.001|0.004|18.37|23.37 |26.18| 2.66 | 0.85 | 26.84 | 0.24 |0.004| 0.04 | 0.08
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4.1.2. Preliminary studies to determine the optimal process parameters

4.1.2.1. Experimental determination of the primary welding parameters

After setting the primary welding parameters — 1s=220A, U,=15V, vs=10.8 cm/min -
successive welding beads were made on the 40x100x12 mm steel plates. The properties of the
distinct samples have been analyzed (Fig. 4.3): sample (a) on which the AICrFeNi alloy was
initially deposited (Fig. 4.3a), and samples (b), (c), (d) on which the initially deposited material
was remelted by TIG technique without the filler material. This method aimed to enhance the
chemical homogeneity and to improve the mechanical properties of the deposited multi-element
alloy. The remelting operations were conducted on three orientations: longitudinally (Fig. 4.3b),
transversely (Fig. 4.3c), and in combined (longitudinal and transverse) way (Fig. 4.3d), relative to
the initial deposition direction.

Directie de retopire

Directia de depunere
a cordonului

a) b)

Directia de depunere
a cordonului

Directie de retopire 2

Directie de retopire Directie de retopire

Directia de depunere
a cordonului

Directia de depunere
a cordonului

c) d)

Fig. 4.3. Directions of deposition (a) and remelting (b, c, d) of the AICrFeNi multi-element alloy

4.1.3. Welding parameters for obtaining the AICr0.7FeNiM00.1 alloy

Following the experimental tests, the samples were subjected to non-destructive testing
(NDT) in order to determine the welding parameters and the interpass temperature which are
critical factors in achieving high-quality deposits. The optimal parameters identified are as follows:
e Currentul de sudare (Is): 220A that ensures effective control of the welding pool and
satisfactory geometry of the deposited layers.
e Interpass Temperature (T): 300°C that is optimal to produce crack-free depositions.
Based on repeated experimental tests and taking into consideration the influence of the
welding parameters and of the interpass temperature, the final deposition layers were performed
on S235 steel plates with dimensions of 12x40x100 mm (Fig. 4.8). Complete coverage (100%)
was achieved after five successive depositions, each of them overlapping approximately 50% on
the previous deposit width.
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The primary parameters for both the deposition and remelting processes, carried out
longitudinally, transversely, and in combined way, relative to the initial deposition direction, are
presented in Tables 4.4 to 4.7. The parameters are defined as previously described, where Dy
represents the gas flow and tg the pre-gas/post-gas time.

Fig. 4.8. Non-destructive testing of samples accepted for investigation of AICr0.7FeNiMo0.1
multi-element alloy properties

Table 4.4. Optimal welding parameters of deposition process

Process Is Ua Vs Dy ty Heat Input
[A] [V] [cm/min] [1/min] [s] [J/cm]
Deposition 220 18 17 18 1/6 8385

Table 4.5. Optimal welding parameters of deposition longitudinal remelting processes

Process Is Ua Vs Dy tg Heat Input

[A] V] [cm/min] [I/min] [s [J/em]
Deposition 220 18 13 18 1/6 10966
Longitudinal 220 15 20 18 1/6 5940
remelting

Table 4.6. Optimal welding parameters of deposition transversal remelting processes

Is Ua Vs Dy ty Heat Input
Process [A] V] [cm/min] | [V/min] [s] [J/cm]
Deposition 220 18 18 18 1/6 7920
Transversal 220 16 40 18 1/6 3168
remelting
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Table 4.7. Optimal welding parameters of deposition combined remelting processes

Is Ua Vs Dy ty Heat Input

Process [A] V] [cm/min] | [U/min] [s] [J/cm]
Deposition 220 18 15 18 1/6 9504
Transversal 220 15 35 18 1/6 3394
remelting

Longitudinal

. 220 18 30 18 1/6 4752

remelting

4.2. Analysis of the properties of multi-element alloy layers

4.2.2. Codification of technologies applied for deposition welding

For easy identification of samples in the chemical, metallurgical, and mechanical study,
the samples’ codes have been established in a suggestive manner for each technological variant:

e 1D - samples with AICr0.7FeNiMo0.1 deposited layers without remelting;

e 1L - samples with AICr0.7FeNiMo00.1 deposited layers and longitudinal remelting;

e 1T - samples with AICr0.7FeNiMo0.1 deposited layers and transverse remelting;

e 1C - samples with AICr0.7FeNiMo0.1 deposited layers and combined remelting.

4.2.3. Analysis of the structure and chemical composition of the multi-

element alloy

Following the chemical etching with Nital 4% reagent, the S235 steel substrate, onto which
successive material layers were deposited, was emphasized. These layers were deposited by
melting the bundle of rods that have distinct chemical compositions. Melting simultaneously the
rods in common molten pool by TIG welding method, a medium-entropy multi-element alloy was

achieved.

Figure 4.10 presents the macrostructure of AICr0.7FeNiMo0.1 multi-element alloy
deposited on the steel substrate. After mechanical processing, the thickness of the deposited
layer remained approximately 2.5 mm. It is evident that the deposited material has appropriately
adhered to the S235 steel substrate. Visual inspection confirmed that the connection between the
materials is adequate, and no cracks, pores, voids, gaps, or other defects have been observed.

Material de incércare

Material suport

e Material de incarcare e Cladding material

e Material suport e Substrate material

Fig. 4.10. Cross-section in the specimen taken from the deposition area
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4.2.3.1. Microscopic and chemical analysis of the multi-element alloy obtained by
deposition welding and subsequent longitudinal remelting (sample 1L)

The microscopic examination of the S235 steel substrate revealed a structure consisted
of elongated ferrite grains and pearlite (Fig. 4.11a). In the heat-affected zone (HAZ) within the
base material, there is a noticeable alteration in the geometry of the ferrite grains, which transform
from elongated shape into formations with irregular grain boundaries. Among these ferrite
formations, a relatively uniform dispersion of pearlite is observed (Fig. 4.11b). The transition
region, marked by the fusion line between the two materials, is continuous and free of
imperfections. A slight increase in grain size is evident near the fusion line, as shown in figure
4.11c. Figure 4.11d provides a detailed view on the fusion line area, positioned at the intersection
between two successive deposited layers.

50.01m

50 ym

C) d)
Fig. 4.11. Microstructure of sample 1L (deposition welding and longitudinal remelting):
a) base material; b) Heat Affected Zone; c) fusion line between the deposited layer and the
base material; d) fusion line between two successive depositions

The chemical composition of the deposited layer was determined by employing the
scanning electron microscopy (SEM). A micro-zone with five grains, located in the sample 1L that
was achieved by depositing the AICr0.7FeNiMo0.1 multi-element alloy, followed by subsequent
remelting on longitudinal direction, was analyzed (Fig. 4.12). The image revealed elongated
grains aligned with the thermal flow, containing precipitates of intermetallic compounds.
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Fig. 4.12. SEM analysis of the chemical composition (sample 1L)

The chemical composition of the AICr0.7FeNiM0o0.1 multi-element alloy in the layer
deposited and subsequently remelted in the longitudinal direction was determined through
spectral analysis. The following chemical elements were identified (Fig. 4.13): Fe at 59.09 wt%
(55.46 at%), Ni at 17.94 wt% (16.02 at%), Cr 13.15 wt% (13.26 at%), Al at 7.07 wt% (13.74 at%),
Mo at 1.85 wt% (1.01 at%), and Nb at 0.9 wt% (0.51 at%). Other microalloying elements present
in the rods used for the TIG deposition welding - C, Mn, Si, Co, Cu, and Ti - were found to be in
concentrations too low to be detected by the energy dispersive X-ray spectroscopy (EDS).
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Fig. 4.13. Spectral analysis in the multi-element alloy obtained by deposition welding and
longitudinal remelting (sample 1L)

In the same micro-zone, a distribution map of the chemical elements was generated,
revealing good chemical homogeneity. The results indicated that the alloying elements - Fe, Ni,
Cr, Al, Mo, and Nb - are uniformly distributed throughout the multi-element alloy, demonstrating
an adequate homogeneity level (Fig. 4.14).
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Fig. 4.14. Elemental distribution in the multi-element alloy obtained by deposition welding and
longitudinal remelting (sample 1L)

In the deposited layer, small, white, flamentous compounds were identified (Fig. 4.15).
Their development, attributed to the slow diffusion process, is a common phenomenon in multi-
element alloys. These compounds exhibit an acicular morphology with thicknesses less than
1 um and lengths approximately 5 um, and with high Nb content ranging from 7 to 12%.
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Fig. 4.15. Inter-metallic filiform compounds with high Nb content precipitated in the matrix of the
multi-element alloy obtained by deposition welding and longitudinal remelting (sample 1L)

4.2.3.2. Microscopic and chemical analysis of the multi-element alloy obtained by
deposition welding and transverse remelting (sample 1T)

Figure 4.32 illustrates the microstructure within the layer deposited by welding and
subsequently remelted in the transverse direction (1T), highlighting specific points (Spot 1, Spot
2, Spot 3) selected for the chemical composition analysis. The primary chemical elements
identified through SEM analysis are Fe (59.93-61.18 wt%; 55.54-56.95 at%), Ni (17.39-18.20
wt%; 15.4-16.04 at%), Cr (12.49-12.56 wt%,; 12.49-12.52 at%), and Al (6.45-6.91 wt%; 12.42—
13.26 at%). In addition to these elements, Mn (0.84—-0.91 wt%; 0.79-0.76 at%), Si (0.74-0.77
wt%; 0.81-0.86 at%), and Nb (0.78—-0.82 wt%; 0.44-0.46 at%) were also detected, with results
comparable with the chemical analysis results of other samples.

Figure 4.36 displays the micro-zone within the multi-element alloy where the distribution
maps for the principal alloying elements were generated. Upon examining the microstructure of
the multi-element alloy produced through deposition welding, followed by the transverse
remelting, an accumulation of white-colored compounds at the grain boundaries is observed. The
distribution maps reveal a uniform dispersion of alloying elements such as Ni, Cr, Co, Fe, and
Mn, whereas Al exhibits both uniform distribution and localized accumulation, leading to the
formation of aluminum nitride (AIN) compounds.

Fig. 4.32. Microstructure of the multi-element alloy obtained by deposition welding and
transverse remelting (sample 1T)
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Fig. 4.36. Micro-zone located in the multi-element alloy obtained by deposition welding and
transverse remelting (sample 1T)

The chemical elements Nb and Mo play a significant role in the formation of compounds
identified at the grain boundaries. The presence of Nb and Mo compounds at these boundaries
in the multi-element alloy offers certain advantages, as these elements are known to enhance the
strength, hardness, and corrosion resistance of conventional metallic materials.

Figure 4.45 illustrates the microstructure of a section within the heat-affected zone of
sample 1T, along with the locations where the chemical composition was determined. The fusion
line (LF) distinctly separates the multi-element alloy layer (top area) from the underlying unalloyed
steel substrate (bottom area).

Fig. 4.45. Microstructure of Heat Affected Zone of sample 1T

4.2.3.3. Microscopic and chemical analysis of the multi-element alloy obtained by
deposition welding and combined remelting (sample 1C)

Figure 4.57 presents the microstructure of the multi-element alloy obtained through
deposition welding and combined remelting (sample 1C), along with the location of the chemical
analysis area. The image reveals the presence of Al-rich compounds within the grain structure
and also Nb and Mo-rich intermetallic compounds arranged along the grain boundaries. The
chemical analysis of the area designated as Full Area 1 (Figure 4.58) indicates that the
composition of the multi-element alloy is predominantly composed of Fe (58.97wt%), with typical
alloying elements Si, Mn, and Nb dissolved within it.
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The principal alloying elements of the multi-element alloy, produced through deposition
welding, followed by combined remelting, are Ni (17.34wt%), Cr (11.04wt%), and Al (8.35wt%).
In conventional alloys, Nb is typically added to stabilize the microstructure and to reduce
susceptibility to intergranular corrosion. Although Mo was detected in the elemental distribution
maps, it could not be quantified by the EDAX sensor due to the similar spectral of Nb.

v

Fig. 4.57. Microstructure of the multi-element alloy obtained by deposition welding and
combined remelting (sample 1C)
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Fig. 4.58. Results of spectral analysis in the multi-element alloy obtained by deposition welding
and combined remelting (sample 1C)

4.3.3.4. Microscopic and chemical analysis of the multi-element alloy obtained by
deposition welding without remelting (sample 1D)

Figure 4.72 provides an image from the central area of the 1D sample within the layer
deposited by TIG welding, indicating the region selected for the chemical element analysis. The
chemical analysis of this region, labeled Full Area 1 (Figure 4.73), reveals that the concentration
of alloying elements in the multi-element alloy align with the ranges observed in the analyses of
samples 1T, 1L, and 1C. Notably, there is a slight decrease in the Fe concentration from 59wt%
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(observed in the remelted samples) to 54wt% in the non-remelted sample. This decrease may be
attributed to a slight increase in the contribution of the base metal during the remelting process
of the deposited layers.

Fig. 4.72. Microstructure in the central area of the layer deposited by TIG welding without
remelting (sample 1D)
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Fig. 4.73. Results of spectral analysis in the layer deposited by TIG welding without remelting

4.3.3.5. Dilution of the multi-element alloy with the S235 steel substrate material

The chemical analyses of the multi-element alloys deposited using by four technological
variants on samples 1L, 1T, 1C, and 1D indicate an increase in the Fe concentration from 26wt%
(the estimated Fe percentage for the alloy derived from the bundle of rods) to 59wt%, and a
decrease in the concentrations of the other elements: Ni from 31wt% to 18wt%, Cr from 19wt%
to 12wt%, Al from 14wt% to 7wt%, Mo from 5wt% to 2wt%, and Nb from 1.6wt% to 1wt% (Table

(sample 1D)
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4.9). These variations in concentration are attributed to the participation of the S235 steel
substrate to the formation of the molten pool, the participation coefficient being around 45%.

This participation percentage of the base material to the the weld and to the final
composition of the AICr0.7FeNiMo0.1 alloy layer is in line with the findings reported by other
researchers who have studied disimilar material clading by TIG welding process [85,91,92]. It can
be concluded that the use of rod of AICr0.7FeNiMo0.1 multi-element alloy developed for TIG
deposition welding would lead to a result comparable to that obtained by melting and depositing
a bundle of rods with different chemical compositions. Conclusively, the inovative process for
producing AICrFeNi depositions by welding, developed through this doctoral research, offers the
advantage of enabling clading by TIG welding process, without the need of developing prior rods
through other fabrication methods.

Table 4.9. Dilution of AICr0.7FeNiMo00.1 alloy with S235 steel substrate material

Material C Mn Si Cr Fe Ni Mo | Nb Al Co | Cu Ti
wit[%] (wt[%] |wit[%] [wt[%] |wit[%] [wt[%]|wt[%] lwt[%]| wt[%] |wt[%] wt[%]|wi[%]
S235 steel 0.12 | 0.75|0.17 | 0.04 |98.22| 0.03 | 0.02| - |0.038| - |0.06 |0.001
AICr0.7FeNiM00.1/0.008|0.641|0.254| 19.3 | 26.7 |31.51|5.155|1.592|14.631|0.004|0.046|0.082
Sample 1L - - - 113.15|59.09|17.94| 1.85| 0.9 | 7.07 - - -
Sample 1T - - - |12.53|60.56| 17.8 | - 0.8 | 6.68 - - -
Sample 1C - - - 111.04|58.97|17.34| - 1.1 | 8.35 - - -
Sample 1D - - - |13.04|54.29(18.18| 2.35 | 1.33 | 9.09 - - -

4.2.4. Determination of the hardness profile in the multi-element alloy

A significant increase in hardness, approximately 3.5 times, was observed, the average
value rising from 165 HVO0.5 in the base material to 570 HVsin the deposited layers. The lowest
average hardness was measured in the layer without remelting (558 HVy5s), while the highest
value was obtained in the layer which was subsequently subjected to combined remelting,
showing an approximate 5% increase in comparison with the non-remelted sample. Similar
hardness values, ranging between 500 and 600 HV, have also been reported by other
researchers who have investigated alloys that belong to the AICrFeNi system [93,94].

Table 4.13. Results of hardness testing in the substrate material and multi-element alloy layers

winess s | enge | Sindmd | Coeicirt o
S235 Steel 158; 166; 163; 170; 168 164.82 4.83 2.93
Sample 1D 539; 542; 573; 564; 574 558.42 16.62 2.98
Sample 1T 571; 560; 571, 554, 578 566.77 9.69 1.71
Sample 1L 581; 573; 567; 565; 588 574.77 9.78 1.7
Depunere 1C 570; 599; 564; 598; 563 578.88 18.29 3.16
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4.2.5. Determination of the wear resistance of the multi-element alloy

The results of the wear testing are presented in Tables 4.15-4.18:

e for the deposition without subsequent remelting, an average wear coefficient of
k=6.95-10""[mm3/Nm] was recorded (Table 4.15);

e the deposition with subsequent longitudinal remelting (Table 4.16) exhibited improved
wear resistance, the average wear coefficient being 5.17-10"[mm3/Nm];

¢ the deposition with subsequent transverse remelting (Table 4.17) showed increased
wear resistance, the average wear coefficient being 4.18-10"[mm3/Nm];

e the multi-element alloy produced by deposition welding with combined remelting
(Table 4.18) exhibited the highest wear resistance, around 2.7 times greater than the
alloy non-remelted, the average wear coefficient being 2.59-10"[mm3/Nm].

The wear resistance testing demonstrated superior performance of the multi-element
alloys that was subjected to subsequent remelting. This technological process can be associated
with heat treatment, which enhances the surface quality, influencing positively the properties such
as grain refinement, pore remove, defects mitigation, good chemical homogeneity, and lower

internal stresses in the deposited multi-element alloy [95-98].

Table 4.15. Results of the wear testing in the multi-element alloy deposited layers (sample 1D)

Friction Wear Volume Depth
No. Load force . . Wear
ort length Fx [N] coefficient | of wear material intensit wear layer
' [mm] N k [mm3Nm] V [mm?] y [mm]
1 214956.28 0.19 2.5412E-07 0.010378672 7.50316E-08 | 0.016128504
2 214956.28 | 0.202 1.13583E-06 0.018544912 1.00296E-07 | 0.021559346
Averagel 214956.3 0.196 6.95E-07 0.014462 8.77E-08 0.018844

Table 4.16. Results of the wear testing in the multi-element alloy layers (sample 1L)

Friction Load Wear Volume Depth
No. g . Wear
ort length force Fn | coefficient | of wear material intensit wear layer
© 1 [mm] IN| | k [mm3Nm] V [mm?] y [mm]
1 214956.28| 0.183 6.60189E-07 0.025969864 1.18688E-07 | 0.025512795
2 214956.28| 0.207 3.73504E-07 0.016619431 9.4947E-08 | 0.020409449
Average 214956.3 0.195 5.17E-07 0.021295 1.07E-07 0.022961

Table 4.17. Results of the wear testing in the multi-element alloy layers (sample 1T)

Friction Load Wear Volume Depth
No. . . Wear
ort length force Fn | coefficient | of wear material intensit wear layer
C |l mm] IN| | k [mm3Nm] V [mm?] y [mm]
1 214956.28 0.22 5.49157E-07 0.025969864 1.18688E-07 | 0.025512795
2 214956.28| 0.278 2.85919E-07 0.017085913 9.62703E-08 | 0.020693898
Averagel 214956.3 0.249 4.18E-07 0.021528 1.07E-07 0.023103
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Table 4.18. Results of the wear testing in the multi-element alloy layers (sample 1C)

Friction Load Wear Volume Depth
No. - : Wear
ort length force Fn | coefficient | of used material intensit worn layer
| [mm] N | k [mm3Nm] V [mm?] y [mm]
1 214956.28| 0.193 1.51905E-07 0.006302023 5.84673E-08 | 0.012567913
2 214956.28| 0.165 3.66275E-07 0.012990948 8.39447E-08 | 0.018044449
Averagel 214956.3 0.179 2.59E-07 0.009646 7.12E-08 0.015306

The comparative analysis of the wear resistance results in case of traditional alloys layers,
reported by the researchers worldwide [99—-105], indicates that the data achieved in this doctoral
research are comparable or even higher to the existing alternatives. Furthermore, the deposition
welding technology, applied for melting the bundle of aluminum, stainless steel, and nickel-
chromium rods, with the aim to obtain the AICr0.7FeNiMo00.1 alloy, offers significant advantages.
These advantages refer to the low cost of equipment (TIG welding) and the chemical composition,
which does not contain rare metals and needs a reduced Ni-Cr superalloy percentage. The good
wear resistance of the AICr0.7FeNiMo0.1 deposited alloy can be attributed to the presence of
aluminum in the alloy’s chemical composition, that contributes to the hardening and to increased
strength of multi-element alloys, as it was found in the scientific literature

4.2.6. Determination of the corrosion resistance of the multi-element alloy

In the experimental part, focused on determining and analyzing the corrosion resistance
of the multi-element alloy produced by deposition welding, all samples, with and without
subsequent remelting of the deposited layers, the electrochemical measurements were
conducted in accordance with the ASTM G 102-89:2010 standard [106]. The linear polarization
testing was employed to identify the direct relationship between the applied polarization and the
current response at the corrosion potential (Ecorr). The potential range varied from -0.25V to 1V
relative to Ecor, With a sweep rate set at 1.66 mV/s. The current passing through the electrode
was continuously monitored during the experiments. Additionally, the electrochemical impedance
spectroscopy (EIS) testing was performed by recording simple sine waves across a frequency
range from 0.1 to 105 Hz, in accordance with ISO 16773-1-4:2016 [107]. The analysis of the
resulted spectra facilitated the establishment of a correlation between the chemical and physical
characteristics of the developed alloys and the evolution of the electrochemical process [108].

Figure 4.99 presents the open circuit potential (OCP) diagrams for all samples (1C, 1D,
1T, 1L), which had multi-element alloy layers deposited under various technological conditions.
These samples were immersed in 3.5% NaCl solution for 24 hours. The OCP diagrams illustrate
the material tendency to corrosion phenomenon. A shift in potential (E) toward more positive
values indicates the formation of a passive film, suggesting an enhanced corrosion resistance.For
the 1D sample, which was deposited without subsequent remelting, the potential abruptly shifted
from -0.2 mV to -0.5 mV, indicating the material inability to form a protective passive layer.
Conversely, for the 1C sample, the potential moved from -0.3 mV to -0.1 mV, with a noticeable
increase after approximately 4 hours, reflecting favorable behavior against the corrosion process.
The 1T sample reached a steady state after about 5 hours, with the potential increasing after 10
hours due to passive film formation. For the samplelL, the potential decreased from -0.1 mV to -
0.2 mV with minor fluctuations, showing a tendency towards positive values after 24 hours.
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Fig. 4.99. OCP diagrams plotted for the multi-element alloy achieved by deposition welding,
with or without subsequent remelting (3.5% NaCl solution, imsersion time 24 h)

The configuration of the polarization curve offers valuable information on the
electrochemical behavior of the alloy. Figure 4.100 presents the polarization curves for the
samples with multi-element alloy deposited layers. These curves are plotted based on the Stern
and Geary equation, reflecting that the difference between the applied potential and the open
circuit potential is correlated with the logarithm of the current measured during the electrochemical
reaction [109].
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Fig. 4.100. Linear polarization curves of the samples 1C, 1D, 1L, 1T achieved by different
technological variants

The anodic and cathodic Tafel slopes (Ba and Sc¢) for all samples were determined by the
analysis of potentiodynamic curves. These curves were generated using the EC-Lab® v-9.55
software over a +250 mV range relative to the open circuit potential (OCP). The corrosion testing
results are summarized in Table 4.19. The parameters have been defined as follows: (Ba is the
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anodic Tafel slope, Bc represents the cathodic Tafel slope, Ecor the corrosion potential, lcor
indicates the corrosion current density, and Vo refers to the corrosion rate.

When the calculated anodic slope Ba exceeds significantly the cathodic slope Bc, as it is
noticed for the samples 1T, 1L, and 1C, it suggests that the material exhibits a tendency toward
passivation. This phenomenon is characterized by the formation of protective surface layer that
mitigates or inhibits the corrosion process. Conversely, if this condition is not met, as it is case of
the sample 1D, the material is considered more susceptible to the corrosion phenomenon [110].

Tabel 4.19. Electrochemical corrosion testing results for the samples 1D, 1T, 1L, 1C

Sample | Ba[mV/dec] | Bc [mV/dec] Ecorr [MV] lcorr [MAJEM?] | Vcorr [Mm/year]
1D 109.6 86.5 -499.764 1.096 0.0213
1T 66.1 29.4 -148.176 0.001 0.019 E-03
1L 103.6 58.2 -203.802 0.012 0.234 E-03
1C 66.2 33.7 -110.468 0.002 0.039 E-03

A comparative analysis of the corrosion testing results of the AICr0.7FeNiMo0.1 deposited
layers with the findings reported in the literature by other researchers who studied various
materials under similar conditions [111-114] highlights the advantages of the innovative
procedure developed in the doctoral program.

Briefly, the results presented and discussed in this work indicate that the multi-element
alloy AICr0.7FeNiMo00.1, deposited without subsequent remelting, exhibits higher corrosion
resistance compared to carbon steels. Furthermore, the multi-element layers deposited by
welding, followed by subsequent remelting, demonstrated enhanced corrosion resistance
comparing to stainless steels.

4.2.7. Industrial applications

The analysis and interpretation of the results regarding the properties of the layers
deposited by TIG welding revealed that the multi-element alloy, AICr0.7FeNiMo0.1 layers,
subjected or not to subsequent remelting, exhibits a hardness of 550-600 HV, 5. Additionally, the
corrosion resistance of the deposited and remelted layers exceeds the resitence to corrosion of
of stainless steels, and the wear resistance is comparable or even superior to certain materials
which are currently employed in industrial applications designed to enhance the wear resistance
of various metalic components. Therefore, the AICr0.7FeNiM00.1 multi-element alloy is
characterized by both high corrosion resistance and wear resistance, making it highly suitable for
applications in industrial sectors where components must perform well under demanding
operating conditions in corrosive and/or abrasive environments. Such applications include:

e Machine Building Industry: Components of production equipment (molds, dies)

e Chemical Industry: Equipment for chemical processing (tanks, containers, parts for
handling chemical substances);

e Energy Production Industry: Turbine blades;

¢ Oil and Gas Industry: Valves, pumps, and drilling tools

e Naval Industry: Naval propellers, offshore structures, metal components exposed to the
marine environment;

¢ Mining Industry: Components of mining machinery and equipment;

e Pulp and Paper Industry: Components for manufacturing systems, blades, rollers.
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4.3. Conclusions

The investigation and characterization of multi-element layers deposited by welding,

followed or not by subsequent remelting, have revealed significant and valuable information in
terms of development of materials with outstanding properties, such as high or medium entropy
alloys. The following information is the key conclusions regarding the properties of these alloys:

The medium entropy alloy AICr0.7FeNiMo00.1 can be produced using an original and
innovative procedure, which involves melting a bundle of rods - comprising three rods with
a diameter of 2.4 mm and distinct chemical compositions (Al ALTIG AL99.7, stainless steel
INTERROD 22 9 3, and nickel-chromium alloy NIROD 625) - by TIG welding process.

To prevent the crack formation during the solidification of the AICr0.7FeNiMo00.1 multi-
element alloy, the inter-pass temperature must be maintained at 300°C, as it was
experimentally determined.

The metallurgical compatibility between the S235 steel substrate and the
AICr0.7FeNiM00.1 multi-element alloy is approproiate, demonstrated by the absence of
defects at the alloy-substrate interface and confirmed through the macroscopic analysis.
The spectral analysis has demonstrated that the chemical elements of the
AICr0.7FeNiMo0.1 multi-element alloy are uniformly distributed within the deposited layer
on the substrate material.

Compounds rich in Nb and Mo were observed at the grain boundaries of the multi-element
alloy deposited layers, having a positive impact on the mechanical strength, hardness,
and corrosion resistance of the alloys.

The remelting process determines higher participation of the substrate material to weld
formation and, implicitly, a greater influence on the final chemical composition of the
deposited layer, also demonstrated by the increase in the concentration of Fe from 54wt%
to 59wit%.

The participation of the base material to the chemical composition of the deposited metal
is approximately 45%, a value that is in line with the findings reported by other researchers
who studied the cladding by TIG welding process;

The average micro-hardness of the multi-element alloys, achieved by all technologies, is
570 HVos. The lowest hardness value was recorded for the alloy without subsequent
remelting (558 HVos), while the highest, with approximate increase of 5%, was observed
in the alloy subjected to combined remelting. This increase in hardness can be attributed
to the homogenization phenomenon and grain refinement, resulting from both longitudinal
and transverse remelting.

Tribological studies revealed that the multi-element alloy exhibited the lowest wear
resistance in the absence of subsequent remelting (sample 1D), and the highest wear
resistance (2.7 times greater than that of sample 1D) was achieved in the alloy subjected
to combined remelting (sample 1C).

The wear resistance of the AICr0.7FeNiMo0.1 deposited layers is comparable or either
superior to that of the traditional materials used in the wear resistant coatings.
Subsequent remelting by TIG welding, without addition of filler material, enhances the
corrosion resistance of the multi-element alloy deposited layers.

The corrosion testing indicated that the corrosion resistance of the layer deposited without
remelting, immersed in a 3.5% NacCl solution, is superior comparing to the unalloyed and
low-alloy carbon steels, while the deposited and remelted alloys exhibit corrosion
resistance superior to that of stainless steels.
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The wear and corrosion tests conducted on the AICr0.7FeNiMo0.1 multi-element alloy
layers demonstrated that these alloys have superior resistance to wear and to corrosion
in comparision to the stainless steels.

Studies on hardness, wear resistance, and corrosion resistance have demonstrated the
critical importance of remelting the deposited layers, highlighting the positive impact on
these properties. Therefore, the remelting process should be considered a key factor when
deposition welding technologies are designed to achieve multi-element alloys.

The innovative process developed for producing the AICr0.7FeNiM00.1 multi-element
alloy is not only technically viable, but also economically advantageous, due to the low
cost of the TIG welding equipment and the lack of expensive metals, such as cobalt,.
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Modeling and simulation of TIG deposition welding process
of AICr0.7FeNiMo00.1 medium-entropy multi-element alloy

5.2. Modelling and simulation of the TIG deposition welding
process of the multi-element alloy AICr0.7FeNiMo0.1

To analyze the temperature distribution and stress levels, a numerical model was
developed in order to simulate the TIG deposition welding process of the AICr0.7FeNiMo0.1 multi-
element alloy on S235 steel substrate. The process parameters used as input data for the
numerical model were identical with those used in the experimental program. The model
simulated the deposition of the five weld beads on S235 steel sheet with dimensions of
100x40x12mm. Each of the four samples — deposition without remelting (1D), deposition with
longitudinal remelting (1L), deposition with transverse remelting (1T), and deposition with
combined remelting (1C) - was subjected to assessment of the thermal (temperature distribution)
and mechanical (equivalent stresses, displacements) modifications.

The mesh of the geometric model comprises 129,488 nodes and 83,460 tetrahedral
elements. This configuration enables precise simulation of the effects of the welding process,
providing valuable information for evaluating the thermomechanical behavior of the investigated
materials. The application of precise and well-calibrated model enhances the accuracy of
simulation and analysis of the deposition and remelting processes, thereby contributing
significantly to the advancement of knowledge in the development of materials with special
properties and their performance under industrial conditions.

5.2.1. Multi-element alloy deposition by TIG welding without subsequent
remelting

The model developed to simulate the TIG deposition welding process, without subsequent
remelting, is depicted in Figure 5.2. This model includes a graphical representation of the
geometry of the S235 steel plate and the weld beads deposited using the AICr0.7FeNiMo0.1
multi-element alloy. The process parameters, which were used as input data for the simulation,
are consistent with those employed in the experimental program. Additional input data include the
dimensions of the heat source, detailed in Table 5.2, which define the geometry of the heat
source, determine the amount of heat conducted into the base material, and play a crucial role in
the thermal, mechanical, and metallurgical changes experienced by the materials during the
welding process under the influence of the electric arc. The heat source is considered a volumetric
semi-ellipsoid source, according to the Goldak model. The configuration of the heat source is
illustrated in Figure 5.3, where ¢ represents the front length, ¢, the rear length, a the width, and b
the depth of the source. The dimensions of the heat welding source are presented in Table 5.2.
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Fig. 5.2. The geometric model developed for simulating the TIG deposition welding process
without subsequent remelting of multi-element alloy layers

4_-—_-_-_-_ 3

Fig. 5.3. The heat source model used to simulate the TIG deposition welding process of multi-
element alloys [115,116]

Tabel 5.2. Dimensions of the heat source used to simulate the TIG deposition welding process
without subsequent remelting

Dimensions of the heat source
Process
Ct [mm] Cr [mm] a[mm] b [mm]
Deposition 3.12 12.5 4.45 9.27

5.2.1.1. Temperature distribution predicted by simulation of TIG deposition welding
without subsequent remelting

Figure 5.4 illustrates the temperature distribution resulting from the conduction heat
transfer during the TIG deposition welding process of the multi-element alloy layers. The
maximum temperature within the molten metal pool is observed to range between 1700 and
1800°C, which aligns with values reported in other scientific articles focused on welding
simulation. Accurate prediction and analysis of the temperature distribution are crucial, as the
heating and cooling cycles induce expansion and contraction within the metalic structure. These
thermal fluctuations can lead to the development of residual stresses, which may subsequently
cause deformations, displacements, or even cracking of the welded joints.
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Fig. 5.4. Temperature distribution predicted by simulation of TIG deposition welding of multi-
element alloy without subsequent remelting

5.2.1.2. Stress field distribution predicted by simulation of TIG deposition welding
without subsequent remelting

The analysis of the distribution of equivalent Von Mises stresses and the prediction of the
maximum values offer critical insights on the mechanical performance of welded structures and,
on the other hand, can be a useful tool for assessing their structural integrity. Figure 5.5 depicts
the distribution of the Von Mises equivalent stress field generated during the TIG deposition
welding of multi-element alloy beads. Numerical results indicate that the maximum stress levels
reach approximately 700MPa in the multi-element alloy and 350MPa in the S235 steel plate.
These values are significantly lower than the tensile strength of both materials, suggesting
adequate mechanical performance and good behaviour under operational conditions.

Fig. 5.5. Von Mises equivalent stress field predicted by simulation of TIG deposition welding of
multi-element alloy without subsequent remelting

5.2.2. Multi-element alloy deposition by TIG welding with longitudinal
remelting

The model developed for simulating the TIG deposition welding process of the multi-
element alloy layers, followed by longitudinal remelting, is illustrated in Figure 5.11. The
parameters of the deposition welding and remelting processes are identical to those applied in
the experimental part. The dimensions of the heat source, introduced as input data in the
numerical model, are determined by the process parameters values, as shown in Table 5.4.
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Fig. 5.11. The geometric model developed for simulating the TIG deposition welding process
with subsequent longitudinal remelting of multi-element alloy layers

Tabel 5.4. Dimensions of the heat source used to simulate the TIG deposition welding process
with subsequent longitudinal remelting

Dimensions of the heat source
Process
ct[mm] Cr [mm] a [mm] b [mm]
Deposition 2.74 10.95 3.67 7.65
Longitudinal remelting 2.77 11.09 3.74 7.8

5.2.2.1. Temperature distribution predicted by simulation of TIG deposition welding
with subsequent longitudinal remelting

From the analysis of the temperature distribution (Fig. 5.12), generated during the
deposition welding and remelting processes of the multi-element alloys layers, it was found that
the maximum temperature recorded in the molten metal pool reaches values between 1650 and
1800°C. Although the heat input applied during remelting is lower than that applied in the
deposition welding phase, a continuous increase in the temperature of the steel substrate was
noticed. This phenomenon can be explained by the cumulation of the thermal effects, generated
in the two processes, being determined by the introduction, through the subsequent remelting
process, of additional amount of heat in the sample.

Fig. 5.12. Temperature distribution predicted by simulation of TIG deposition welding of multi-
element alloy with subsequent longitudinal remelting
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5.2.2.2. Stress field distribution predicted by simulation of TIG deposition welding
with subsequent longitudinal remelting

The distribution of the Von Mises equivalent stress field, generated during the deposition
welding and subsequent longitudinal remelting of the five multi-element alloy beads, is depicted
in Figure 5.13. The maximum stress values observed in the multi-element alloy reach 700MPa
during the deposition welding phase and increase up to 900MPa during the remelting phase. This
increase in stress, compared to the deposition welding without subsequent remelting, is attributed
to the prolonged exposure to high temperatures and the uneven heating of the substrate material.
This uneven heat distribution, generated during the deposition welding and remelting processes,
results in stress concentration in specific regions of the plate, thereby the maximum stress level
increasing within the entire metalic structure.

Fig. 5.13. Von Mises equivalent stress field predicted by simulation of TIG deposition welding of
multi-element alloy with subsequent longitudinal remelting

5.2.3. Multi-element alloy deposition by TIG welding with transverse remelting

Figure 5.18 presents the geometric model developed to simulate the deposition welding
process of the multi-element alloy, followed by subsequently remelting on the transverse
direction. This model simulates five weld-deposited beads along with 16 transverse remelting
paths. The process parameters for both deposition welding and remelting, introduced as input
data in the numerical model, are identical with those employed in the experimental program.

Fig. 5.18. The geometric model developed for simulating the TIG deposition welding process
with subsequent transverse remelting of multi-element alloy layers
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The dimensions of the heat source, determined experimentally, are summarized in Table
5.6. The modelling of simulation conditions is crucial for generating relevant and realistic output
data. Proper modeling of the heat source and the spatial heat distribution significantly influences
the accuracy of the simulation process and, consequently, the reliability of the numerical results
obtained. These results must be critically analyzed because the decisions regarding the optimal
welding technologies are based on the outcomes achieved.

Tabel 5.6. Dimensions of the heat source used to simulate the TIG deposition welding process
with subsequent transverse remelting

Dimensions of the heat source
Process
Ct [mm] Cr [mm] a[mm] b [mm]
Deposition 3.06 12.25 4.32 9.01
Transverse remelting 2.27 9.07 2.73 5.7

5.2.3.1. Temperature distribution predicted by simulation of TIG deposition welding
with subsequent transverse remelting

The analysis of the temperature distribution (Fig. 5.19), obtained from the simulation of
the deposition welding process of the five weld beads, followed by their transverse remelting along
16 paths, revealed that the maximum temperature in the molten metal pool reaches 1600-1700
°C. This temperature is slightly lower than in the previous technology version, due to the reduced
heat input applied during deposition welding (around 30%) and remelting (approximately 50%).
Similarly to the simulation of longitudinal remelting, an increase in the temperature is observed
during the second phase of the manufacturing process. This increase is attributed to the
cumulative thermal effects generated by both the deposition welding and remelting processes.

Fig. 5.19. Temperature distribution predicted by simulation of TIG deposition welding of multi-
element alloy with subsequent transverse remelting

5.2.3.2. Stress field distribution predicted by simulation of TIG deposition welding
with subsequent transverse remelting

Figure 5.20 illustrates the distribution of the Von Mises equivalent stress field developed
during the deposition and transverse remelting processes. The results reinforce the significant
impact of primary welding parameters on the thermo-mechanical changes observed in the base
material. A slight reduction in the Von Mises stress level is noticed compared to the previous
technological variant, attributed to the lower heat input values used during welding. In the multi-
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element alloy, maximum stress values reach up to 650MPa during deposition and 700MPa during
transverse remelting. The experimental tests of multi-element alloy deposition welding and
transverse remelting, revealed a more pronounced non-uniform heating of the steel plate,
compared to the longitudinal remelting process - a phenomenon corroborated by the simulation
results. Although this uneven heating might suggest higher stress levels, the primary welding
parameters play a crucial role, significantly influencing the thermo-mechanical effects generated
in the base material. Consequently, welding with approximately 30-50% lower heat input led to
25% Von Mises equivalent stresses lower.

Fig. 5.20. Von Mises equivalent stress field predicted by simulation of TIG deposition welding of
multi-element alloy with subsequent transverse remelting

5.2.4. Multi-element alloy deposition by TIG welding with combined remelting

Figure 5.25 illustrates the model developed for simulating the deposition process of the
multi-element alloy by TIG welding, incorporating combined remelting without filler material. This
model includes the simulation of the five deposited multi-element alloy beads, along with 16
transverse remelting paths, followed by 5 longitudinal remelting paths. The process parameters
for deposition and combined remelting used in this simulation are consistent with those applied
in the experimental program. The dimensions of the heat sources, which were introduced as input
data in the finite element model, are detailed in Table 5.8.

Fig. 5.25. The geometric model developed for simulating the TIG deposition welding process
with subsequent combined remelting of multi-element alloy layers
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Tabel 5.8. Dimensions of the heat source used to simulate the TIG deposition welding process

with subsequent combined remelting

Dimensions of the heat source
Proces
ci[mm] Cr[mm] a[mm] b [mm]
Deposition 3.27 13.07 4.74 9.87
Transverse remelting 2.32 9.26 2.83 5.9
Longitudinal remelting 2.57 10.3 3.35 6.98

5.2.4.1. Temperature distribution predicted by simulation of TIG deposition welding
with subsequent combined remelting

Figure 5.26 presents the temperature distribution from the simulation of the deposition of
the five multi-element alloy beads, followed by combined remelting phase. The maximum
temperature in the molten metal pool reaches values between 1700°C and 1800°C, which is
closely aligned with the temperatures observed in other technologies variants involving transverse
or longitudinal remelting.

Fig. 5.26. Temperature distribution predicted by simulation of TIG deposition welding of multi-
element alloy with subsequent combined remelting

5.2.4.2. Stress field distribution predicted by simulation of TIG deposition welding
with subsequent combined remelting

Fig. 5.27. Von Mises equivalent stress field predicted by simulation of TIG deposition welding of
multi-element alloy with subsequent combined remelting
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Figure 5.27 illustrates the distribution of the Von Mises equivalent stress field generated

during the deposition and combined remelting process. Notably, the equivalent stresses achieved
during this process were the highest recorded among all the investigated variants, reaching up to
930MPa in the deposited alloy, due to the increased amount of heat introduced in the materials.

5.3. Conclusions

Based on the results analysis and discussion regarding the simulation of the TIG

deposition welding process of the multi-element alloy AICr0.7FeNiMo0.1, both with and without
subsequent remelting, the following important conclusions can be drawn:

The maximum temperature achieved in the molten metal pool ranges between 1650 and
1800°C, aligning with values reported in the literature for fusion welding of ferrous alloys.
During TIG deposition welding of the multi-element alloy without subsequent remelting,
the maximum stress values are 700MPa in the alloy and 300-350MPa in the S235 steel
plate.

In case of deposition welding of the multi-element alloy, followed by longitudinal remelting,
the maximum equivalent Von Mises stresses reach 700MPa during the deposition phase
and increase to 900MPa during the remelting phase.

The results from the simulation of the alloy deposition process, followed by transverse
remelting, highlight the significant influence of the heat input on stress level. Specifically,
a lower heat input causes reduced Von Mises equivalent stress values in the multi-element
alloy, predicting 650MPa during deposition welding and up to 700MPa during remelting.
Prolonged exposure to high temperatures, as observed in the deposition followed by
combined remelting (both transverse and longitudinal), lead to the highest equivalent Von
Mises stresses, reaching up to 930MPa.
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CHAPTER 6

Experimental validation of numerical model developed for
simulation of TIG deposition welding of AICr0,7FeNiMo0,1
medium entropy multi-element alloy

6.1. Experimental program for numerical model validation

6.1.1. Designing and making the stand for the measurement of temperature
values and stress level

Due to the potential deterioration of the thermocouples and strain gauges during the TIG
deposition welding and remelting of multi-element alloys on S235 steel substrate plates
measuring 100x40x12 mm, a special experimental setup was developed to accurately determine
the thermo-mechanical changes (thermal cycles and stresses) determined by the welding
process. A monolithic support plate with extended arms to minimize the influence of the electric
arc on the stress distribution and to facilitate the positioning of strain gauges was designed.

Figure 6.5 illustrates the experimental stand, designed and made in the CC SUDAYV, that
was employed to measure temperature and stress during the multi-element alloy deposition by
TIG welding. The stand was equipped with data acquisition devices, including the QantumX and
Lutron BMT 4208SD, as well as four strain gauges and six thermocouples. These instruments
were used to collect the experimental data, which were subsequently processed, analyzed, and
compared with the numerical simulation results.

Lutron BTM-4208SD

Fig. 6.5. Stand for measuring the temperature values and stress level developed during the TIG
deposition welding process
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6.1.2. Characterization of the materials used in the experimental program

Weld beads of multi-element alloy AICr0.7FeNiMo0.1 were deposited by TIG welding
process on 12 mm thick S235 steel plate. The chemical composition and mechanical properties
of the base material and the deposited multi-element alloy are presented in Tables 6.1 and 6.2
and the process parameters are shown in Table 5.3. To mitigate the risk of cracking, the
temperature between successive passes was maintained at 300°C, similarly to the conditions
used in the experimental part.

Table 6.1. Chemical compositions of S235 steel and deposited AICr0.7FeNiMo0.1 alloy

C Mn | Si | Cr Fe Ni | Mo | Nb Al Co | Cu Ti
[%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%] | [%]

S235 0.12 |0.75]0.17|0.04(98.22(0.03| 0,02 | - |0.038, - |0.06|0.001

Material

AICr0.7FeNiMo00.1| 0.01 |0.64|0.25|19.3| 26.7 |31.5|5.16 | 1.59 |14.63|0.01 | 0.05 | 0.08

Table 6.2. Mechanical characteristics of S235 steel and deposited AICr0.7FeNiMo0.1alloy

Material Ultimate tensile strength Elongation Vikers hardness
o: [MPa] [%] [HV]

S235 440-450 32 155-190

AICr0.7FeNiMo0.1 1400-2100 0-40 500-800

6.1.3. TIG deposition welding process parameters

The welding current is the primary parameter set on the control panel of the SAF-RO
DIGIWAVE Il 420 welding source. The parameter value was 220A, identical with the value set in
the experimental program, designed for the characterization of deposits made with the multi-
element alloy AICr0.7FeNiMo0.1. The welding parameters, either recorded or computed, for each
deposited bead, are shown in Table 6.3.

Table 6.3. Parameters of the TIG deposition welding process of AICr0.7FeNiMo00.1 medium-
entropy multi-element alloy

Deposited Is Ua Vs Heat input
bead [A] [V] [cm/min] [kJ/ecm]
1 220 21 25 6.7
2 220 21 26 6.4
3 220 22 26 6.7
4 220 22 23 7.6
5 220 21 27 6.2
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6.2. Finite element modeling of the temperature field and
stress level

6.2.1. Development and discretization of the geometric model

The geometric model was designed and developed using the MSC APEX software, while
the deposition process by TIG welding was simulated with the Simufact Welding program. For
simulating the deposition of the multi-element alloy onto the surface of the S235 steel plate, a
semi-ellipsoidal heat source was assumed for all five weld beads. The geometric model, including
the finite element mesh, is illustrated in Figure 6.6.

Vg WAV VAV
TavavavAYAY

SVAVAVAVATA

Fig. 6.6. Geometric model developed for simulation of TIG deposition welding process of
multi-element alloy

To accurately simulate the deposition process by TIG welding and minimize the potential
errors that may occure in the numerical model, the geometry and dimensions of the sheet, used
as substrate for depositing the medium-entropy multi-element alloy AICr0.7FeNiM00.1, have
been maintained identical to those employed in the experimental program.

6.2.2. Finite element analysis of the temperature distribution

Figure 6.7 shows the temperature distribution, developed during the deposition process
by TIG welding, for each of the five deposited layers. Also, it can be observed the geometry of
the molten metal pool, in liquid state, whose temperature exceeds the melting point of the
deposited multi-element alloy.

Based on the analysis of numerical results achieved from the thermal analysis, it was
found that the maximum temperature reached in the welding pool is in the range of 1650...1750°C,
values that match the numerical results in terms of simulation of the welding process of ferrous
alloys, which have been reported in numerous articles published in journals with high impact in
the scientific world.
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Fig. 6.7. Temperature distribution predicted by simulation of TIG deposition welding of multi-
element alloys layers (the interpass temperature between two successive depositions is 300°C)

6.2.3. Finite element analysis of the Von Mises equivalent stress level

The distribution of the Von Mises equivalent stress field developed during the TIG
deposition welding process for each of the five weld beads is depicted in Figure 6.9. The
maximum stress values recorded in the multi-element alloy AICr0.7FeNiMo0.1 (witch has a tensile
strength range of 1400 to 2100 MPa.) reach up to 700 MPa. The maximum stress values within
the S235 steel substrate, which has a tensile strength of 440-450 MPa, are limited to 350 MPa.

Fig. 6.9. Von Mises equivalent stress field predicted by simulation of TIG deposition welding of
multi-element alloys layers

A notable variation in stress values is observed, being strongly influenced by the stage of
the welding process. Specifically, when a new weld bead is deposited, a decrease in the stress
level within the previously deposited beads is noticed. This decrease can be attributed to the
effects induced by the successive depositions, the process being similar to a heat treatment.

6.3. Validation of the numerical model. Calculus of errors

To validate the numerical model developed for finite element analysis of the heat transfer
and stress level developed during the TIG deposition welding process, both numerical results
obtained by the finite element method and experimental results acquired through thermocouples
and strain gauges methods were graphically processed and comparatively analysed. The
experimental stress data were gathered from the strain gauge measurements, whose position
was similarly located as in the experimental setup described in the previous chapters. Due to
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interference from the electric current, data from four out of six thermocouples (1, 3, 4, and 6) were
successfully collected and processed. Figures 6.10 and 6.11 present the experimental (red chart)
and numerical (blue chart) variations in temperature and stress levels.

The thermal cycles, depicted in Figure 5.12, illustrate the temperature variation in the
reference points where the thermocouples were positioned. Each point recorded the temperature
variation, corresponding to the heating and cooling cycles, developed during the deposition of the
five weld beads. To calculate the errors associated with the developed numerical model, the
equation (6.1) can be applied, providing an straightforward and rapid analytical calculation.

n |Texpn~—Tsimy 100
=1 Texpn

e = ~ (6.1)

where: Teyp represents the temperature measured by the experimental method; Tsim - temperature
resulting from the finite element analysis; n — the reference time interval.
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Fig. 5.12. Thermal cycles determined by FEM and experimentally by the thermocouples
mesurement method

The reference points correspond to the locations where the thermocouples (1, 3, 4, 6)
were positioned during the experimental program. The resulting errors were found to be within
the range of 4.18% to 5.62% (4.53% in the spot 1, 4.72% in the spot 3, 5.62% in the spot 4, and
4.18% in the spot 6). These values are comparable to the findings of other researchers who have
developed and experimentally validated numerical models for simulating various welding
processes [117-120]. The graphs that describe the stress variation in the reference points,
obtained both experimentally and numerical modeling, are presented in Figure 6.11. The strain
gauges were mounted in mirrored pairs in the spots 1-2 and 3-4, the correlation between these
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positions being evident in the charts from Figure 6.11. Specifically, when the stress is tensile
stress in a certain spot, compressive stress is recorded in the corresponding mirrored spot.
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Fig. 6.11. Stress level vs. time determined by FEM and experimentally by the strain gauge

mesurement method

6.4. Conclusions

Based on the results achieved by experimental testing and finite element analysis of the

TIG deposition welding of the AICr0.7FeNiM00.1 medium-entropy alloy, the following important
conclusions can be draw:

The maximum temperature reached in the welding pool ranged from 1650°C to 1750°C,
which are in line with the values reported in the literature for fusion welding of ferrous
alloys.

The model developed for simulation of the AICr0.7FeNiMo0.1 alloy deposition on S235
steel substrate was experimentally validated by measuring the temperature with
thermocouples and the stress level with strain gauges, using an original experimental
stand designed and made in the Centre for Advanced Research in Welding (SUDAV).
The comparative analysis of the experimental and numerical values of temperature and
stress level revealed minor errors in the range of 4-6% which demonstrates the viability
and accuracy of the numerical model that could be effectively applied to other materials
and welding regimes.
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CHAPTER 7

Final conclusions, personal contributions and future
research directions

7.1. Final conclusions
7.1.1. Development of multi-element alloys

Over the past two decades, a novel category of alloys has emerged, capturing significant
attention from researchers worldwide. These materials, named high-entropy alloys, consist of at
least four or five chemical elements, distributed in equiatomic or near-equiatomic proportions, with
no single element playing a dominant role. While the term "high entropy" is commonly used to
describe these alloys, some scientists argue that the entropy is not the primary factor contributing
to their unique properties. Consequently, alternative names such as multi-component alloys,
multi-element alloys, or compositionally complex alloys have been proposed. Due to their
distinctive properties and potential applications, high-entropy alloys have become a focal point in
materials research, particularly regarding their behavior under operational conditions. The
research on these new materials has concentrated on clarifying the mechanisms related to their
structural and functional behavior and on optimizing their chemical composition with the aim to
achieve enhanced performance that make them appropriate for various environmental conditions.

Improving the mechanical properties or achieving similar properties at reduced costs can
offer significant advantages for integrating the multi-element alloys into industrial applications.
However, despite the substantial progress in the research and development of these alloys, the
technology transfer from the research laboratory to industrial applications remains a challenge. A
possible explanation is related to the current manufacturing processes for these alloys that are
not yet suitable for large-scale industrial implementation. Therefore, continuing the research
focused on developing and optimizing new manufacturing technologies that would facilitate the
efficient and economical production of these advanced materials is essential.

7.1.2. Original procedure for obtaining multi-element alloys by TIG welding

Based on the state-of-the-art in terms of multi-element alloys development, it was
identified the need to continue the research, particularly in developing a novel process for
manufacturing these alloys and facilitating the technology transfer from research to industry and
expanding the applicability range, too. In the pursuit of this goal, an original and innovative method
for AICrFeNi multi-element alloys deposition by welding was developed in the framework of the
doctoral research program. The selection of this alloy type was motivated by its remarkable
mechanical properties, including hardness, resistance to wear and corrosion, which are critical
for industrial applications where the quality of steel surfaces needs to be improved. The originality
of the process for producing these multi-element alloys, developed during the doctoral program,
has been recognized through the invention patent no. 135988/29.03.2024. This innovation has
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been awarded with numerous medals, awards, and trophies at various invention exhibitions,
including EUROINVENT (lasi, 2023), UGAL INVENT (Galati, 2023), INVENTICA (lasi, 2024), and
other scientific events:

The novel method for welding deposition of multi-element alloys on conventional steel
substrate consists of melting a bundle of rods with distinct chemical compositions by TIG
welding process in inert shielding gas (Ar) environment.

This innovative approach enables the control of the chemical composition of multi-element
alloys by selecting the appropriate rods, as well as their number and diameters.

The resulting multi-element alloys incorporate also micro-alloying elements present in the
rods, such as carbon (C), niobium (Nb), manganese (Mn), molybdenum (Mo), tantalum
(Ta), tungsten (W) etc. As in the case of traditional alloys, The micro-alloying elements
have an importnat role, in obtaining specific mechanical and chemical properties.

For the AICrFeNi alloys, produced through this patented process, aluminum rods,
stainless steel, and Ni-Cr alloy were chosen to be melted by fusion welding in a common
welding pool. By adjusting the number and the diameter of rods, the chemical composition
of the multi-element alloy can be controlled, as well as the risk of cracking and
improvement of properties such as resistance to wearand corrosion, plasticity.

This innovative deposition method represents a cost-effective economic solution,
facilitating the transition of technology from research laboratory to more industrial sectors.
Employing a well-established welding process and standardized filler materials, this
technique provides affordable and efficient solution for developing multi-element alloys
and broadening the industrial applicability.

Based on this innovative concept and method applied for achieving depositions of multi-
element alloys by welding, a comprehensive experimental program was conducted to optimize
the process parameters. The key findings resulted from the experiments are described below:

The AICr0.7FeNiM00.1 multi-element alloy can be successfully produced by melting a
bundle of rods with a diameter of 2.4 mm. This bundle comprises one Al ALTIG AL99.7
rod, one INTERROD 22 9 3 stainless steel rod, and one Ni-Cr NIROD 625 alloy rod.

The welding current, a critical parameter that has a strong influence on the penetration
and geometry of the welding pool, was maintained constant at 220A value. This value was
found to be optimal for all technology variants applied to obtain depositions of
AICr0.7FeNiMo0.1multi-element alloys.

Preliminary results indicated that the cracking risk can be prevented by maintaining the
interpass temperature of 300°C during the deposition of AICr0.7FeNiMo0.1 alloy. This
temperature was identified as optimal for minimizing the residual stress level and for
reducing the cracking risk.

7.1.3. Characterization of AICr0.7FeNiMo00.1 medium-entropy multi-element
alloy deposited by TIG welding

Following the experimental determination of optimal welding parameters, a complex study

of the properties of AICr0.7FeNiMo0.1 medium entropy alloy, performed by four distinct
technology variants — deposition welding without subsequent remelting (1D); deposition welding
followed by longitudinal remelting (1L); deposition welding followed by transverse remelting (1T);
and deposition welding followed by combined remelting (both transverse and longitudinal) — was
developed and applied. These investigations provided critical insights into the field of advanced
materials science that are summarized below:
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e The macroscopic examination of samples made by four different deposition methods
revealed the lack of defects, indicating that the optimal welding conditions have ensured
metallurgical compatibility between the AICr0.7FeNiMo0.1 multi-element alloy and the
S235 steel substrate.

e Scanning Electron Microscopy (SEM) analysis of the multi-element alloy layers, deposited
by TIG welding, with or without subsequent remelting, demonstrated a uniform distribution
of the main chemical elements - Al, Fe, Ni, and Cr - across the deposited layers. This
uniform distribution confirms the feasibility and high quality of the deposition welding
process.

e The formation of niobium (Nb) and molybdenum (Mo)-rich compounds at the grain
boundaries within the multi-element alloy enhances the tensile strength, hardness, and
corrosion resistance, similarly to the effects observed in traditional alloys.

e The chemical composition of the multi-element alloy is influenced by the substrate material
that participates with approximately 45% to the composition of layer, being in line with the
results reported in other studies focused on TIG deposition welding of dissimilar materials.

e The remelting process significantly affects the final chemical composition of the multi-
element alloy. Energy Dispersive Spectroscopy (EDS) analysis revealed an increase in
iron (Fe) concentration from 54% to 59% in layers that were subsequently subjected to
remelting by TIG welding without filler metal.

e The average hardness of the AICr0.7FeNiMo00.1 medium-entropy multi-element alloy,
deposited by four different technology variants, was 570 HVqs.

e The tribological testing of the AICr0.7FeNiMo0.1 alloy indicated that it exhibits superior
wear resistance compared to traditional material coatings. This exceptional tribological
performance demonstrates the potential suitability of the alloy for a wide range of industrial
applications.

e The lowest wear resistance was observed in the alloy deposited by welding without
subsequent remelting. Conversely, the alloy subjected to deposition welding, followed by
combined remelting, demonstrated the highest wear resistance, approximately 2.7 times
greater than that of the non-remelted alloy.

e The corrosion testing of the AICr0.7FeNiMo00.1 multi-element alloy, achieved by TIG
welding, revealed a comparable or even higher corrosion resistance than of the stainless
steels.

e The layers deposited by welding, followed by subsequent remelting on transverse
direction (1T) and combined remelting (1C) showed the most favorable results in terms of
corrosion resistance.

e The research on the AICr0.7FeNiM00.1 medium-entropy alloy, produced by this
innovative method, highlights the outstanding performance of the alloy, as well as the
economic benefits du to the low costs of the standard welding equipment and of the
common filler metals. Besides, these filler materials include a minimal amount of Ni-Cr
superalloy and exclude expensive elements such as cobalt (Co).

The investigation of the properties of the layers deposited by TIG welding revealed two
great advantageous characteristics of the multi-element alloy AICr0.7FeNiM00.1: superior
corrosion resistance relative to stainless steels and enhanced wear resistance in comparison to
the coatings made with conventional materials in similar applications. From a sustainable and
cost-effective perspective, the depositions produced with AICr0.7FeNiMo00.1 medium-entropy
alloy by this innovative patented process present a promising alternative for industrial applications
in which the materials/surfaces with both high wear and corrosion resistance are demanded.
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7.1.4. Modeling and simulation of the multi-element alloy deposition process,
with or without remelting, and validation of the numerical model

The finite element analysis of the simulation of AICr0.7FeNiM00.1 medium-entropy multi-

element alloy deposition by TIG welding has revealed significant findings, summarized as follows:

The maximum temperature reached in the welding pool ranges from 1650 to 1800°C,
being dependent on the welding technology applied. These values are in concordance
with the results reported by other researchers whose studies focused on the simulation of
ferrous alloys welding.

For the welding variant without subsequent remelting, the maximum Von Mises equivalent
stress reached approximately 700MPa in the multi-element alloy and between 300 and
350MPa in the S235 steel substrate. Given the tensile strength of these materials (1400-
2100MPa for the alloy and 440-450MPa for the steel), it can be concluded that the multi-
component structure obtained by this innovative method is adequate to perform well under
operational conditions.

In the scenario involving longitudinal remelting, the maximum Von Mises stress values
reached 700MPa during deposition welding and 900MPa during remelting. Conversely, in
the case of transverse remelting, applying lower heat input led to reduced equivalent Von
Mises stress level (650MPa during deposition welding and up to 700MPa during the
remelting phase). The highest Von Mises stress (930MPa), reached in the deposited
material, was observed in the combined remelting variant, the explanation being the
longest exposure to high-temperature.

The model developed for simulation of the AICr0.7FeNiMo0.1 alloy deposition on S235
steel substrate was experimentally validated by measuring the temperature with
thermocouples and the stress level with strain gauges, using an original experimental
stand designed and made in the Centre for Advanced Research in Welding (SUDAV).
The comparative analysis of the experimental and numerical values of temperature and
stress level revealed minor errors in the range of 4-6% which demonstrates the viability
and accuracy of the numerical model that could be effectively applied to other materials
and welding regimes.

7.2. Personal contributions

The results found by theoretical and experimental research can be considered significant

contribution to the knowledge improvement in the development of advanced materials and
welding process. This research is strongly characterized by interdisciplinary due to the integrated
concepts and methods from industrial processes, materials science, heat transfer, and advanced
mathematical data processing. Based on the complex and comprehensive research methodology,
developed in the doctoral study program, significant and original contributions in terms of
materials with special properties and methods to achieve them are briefly presented below:

Based on detailed examination of 305 references, a complex and comprehensive review
was conducted in order to assess the current state of research in terms of multi-element
alloys development and fabrication methods. This analysis provided critical insights into
the chemical and mechanical characterization of these materials, as well as the methods
to achieve them, with the main objective of identifying new research directions, developing
the research methodology, and defining the goals of the PhD thesis (Chap. 1, Chap. 2).
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o Development of an original and economically viable procedure for performing depositions
of AICrFeNi multi-element alloys that was recently patented (invention patent no.
135988/29.03.2024). This novel process consists of melting and depositing on structural
steel substrate a bundle of rods with distinct chemical compositions and diameters by TIG
welding, with Ar inert shielding gas. The process allows the control of the alloy chemical
composition by adjusting the rods configuration and type, taking into consideration the
specific industrial requirements (wear resistance, corrosion resistance, oxidation
resistance, and impact resistance (Chap. 3).

e New chemical composition recipes for performing medium-entropy multi-element alloys
were developed, improving the knowledge level of these relatively unexplored alloys in
the literature (Chap. 3, Subchap. 3.2).

¢ An analytical method for estimating the chemical composition of multi-element alloys
produced by melting a bundle of rods with distinct chemical compositions and diameters
was developed (Chap. 3, Subchap. 3.2.2).

¢ A comprehensive experimental program was developed to implement the original method
for producing AICrFeNi multi-element alloys by TIG welding. This program aimed to
investigate the properties of these advanced materials and establish the foundation for
technology transfer from research laboratory to several industrial sectors (Chap. 4).

e Four technologies for producing the AICr0.7FeNiM00.1 medium-entropy multi-element
alloy by melting and depositing a bundle of three rods with distinct chemical compositions
and identical diameters by TIG welding were designed and optimized to ensure high-
quality multi-element alloy coatings (Chap. 4).

e Three technologies that include also the subsequent remelting process on transverse,
longitudinal, and combined (transverse and longitudinal) directions were designed and
optimized. The phase, applied to remelt the medium-entropy AICr0.7FeNiMo0.1 alloy
layers, was made by TIG welding without filler material and the aim was to ensure high-
quality multi-element alloy coatings (Chap .4, Subchap. 4.1).

e Characterization of the AICr0.7FeNiMo00.1 medium-entropy alloy layers, deposited by TIG
welding, without subsequent remelting or followed by remelting on transverse,
longitudinal, and combined directions, were investigated from chemical point of view. The
study provided significant and valuable information in terms of diffusion of chemical
elements, and identification of potential impurities and chemical heterogeneities (Chap 4,
Subchap 4.2).

e Assessment of the wear resistance of the AICr0.7FeNiM00.1 medium-entropy alloy,
produced by TIG deposition welding, with or witout subsequent remelting, aiming to
evaluate the performance and to identify the industrial applications of the multi-component
structures (AICr0.7FeNiMo0.1 alloy layers deposited on S235 steel substrate) where the
resistance to wear is a demand (Chap. 4, Subchap. 4.2).

o Assessment of the corrosion resistance of the AICr0.7FeNiMo0.1 medium-entropy alloy,
deposited using TIG welding, with or witout subsequent remelting, aiming to determine
the performance and industrial applicability of these multi-component structures (S235
steel substrate claded with AICr0.7FeNiMo0.1 alloy) under corrosive conditions which are
typical for the chemical industry and marine environment (Chap. 4, Subchap. 4.2).

e Development of an original finite element model useful to simulate the thermal and the
mechanical effects associated with TIG deposition welding process, without or with
subsequent remelting. This model allows the analysis of heat distribution, thermal cycles,
equivalent Von Mises stress level, and displacements developed during the deposition of
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AICr0.7FeNiMo00.1 medium entropy alloys deposited by TIG welding on S235 steel
substrate. (Chap. 5, Subchap. 5.3 and 5.4).

Design and build an original experimental stand, including thermocouples and strain
gauges, for measuring the temperature and the stress level in the multi-component
structure made by AICr0.7FeNiM00.1 medium-entropy alloy and S235 steel substrate
(Chap. 6, Subchap. 6.1.1).

7.3. Perspectives and future research directions

The research findings related to the application of the novel method to achieve depositions

of AICr0.7FeNiMo0.1 multi-element alloys by TIG welding, with or without subsequent remelting,
as well as the assessment of the layers properties are promising and suggest new perspectives
for advancement in the development of advanced materials and fabrication methods. Future
research direction will focus on the following topics:

Investigating the influence of the primary welding parameters on the participation
coefficient of the substrate material in the formation of the welding pool, in order to more
accurately estimate the chemical composition of the multi-element alloy, especially in the
area of the fusion line.

Investigation the influence of the rods positioning, in the bundle of rods and in relation to
the electric arc, on the chemical homogeneity degree of the deposited alloy.

Investigating the possibility of splice of rods bundle, using with wire with a similar or
different chemical composition of the rods, and studying the influence on the chemical
homogeneity and properties of the deposited multi-element alloy.

Improving the analytical calculus method for estimating the chemical composition of the
multi-element alloy, especially in the area of the fusion line, by introducing coefficients that
take into consideration the chemical composition of the substrate material.

Development of new multi-element alloy recipes, obtained by diversifying the rods, from
the point of view of chemical composition, and by changing the number and diameters of
the rods that are included in bundle of filler materials.

Investigating the influence of heat treatment on the mechanical properties of multi-element
alloy layers deposited by the original and innovative method presented in this work.
Investigating the properties of the multi-component structure, performed by buttering
method, in order to improve the metallurgically compatibility between the substrate
material and the multi-element alloy.

Investigating the reconfiguration of deposition welding and remelting paths, in order to
significantly decrese the level of stress and strain developed in the multi-component
structure by manufacturing process.
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