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Preface

Welding and joining technologies for metallic materials have played a fundamental role in the

development of numerous industries, from aerospace and automotive to energy and beyond. These

processes enable the creation of complex components and are essential to ensuring the mechanical

integrity and reliability of structures. The relationship between the microstructure of welded joints

and their mechanical properties holds the key to optimizing joint strength, durability, and overall

performance, particularly in the demanding conditions encountered in modern applications.

In recent years, rapid advancements in welding techniques and the emergence of new materials

have expanded the scope of research needed to optimize these processes. However, these innovations

also present new challenges, particularly in understanding the interactions between welding parameters,

microstructural evolution, and mechanical performance. Bridging the gap between fundamental scientific

research and practical industrial applications requires an ongoing, in-depth investigation.

The reprint Welding and Joining of Metallic Materials: Microstructure and Mechanical Properties

addresses this need by bringing together a collection of ten research articles. Through a combination of

experimental studies, numerical simulations, and process optimizations, the authors provide valuable

insights into recent advances in welding technologies.

This reprint is divided into three key areas of research. The first set of papers focuses on process

optimization and the development of advanced welding techniques, offering novel approaches to

enhancing weld quality, energy efficiency, and mechanical properties. The second set deals with the

microstructural evolution of welded joints and its impact on material performance, mainly in relation

to strength and corrosion resistance. Finally, the third set of studies addresses the complexities of

welding dissimilar materials, highlighting strategies to overcome the challenges associated with joining

dissimilar alloys.

The Guest Editors express their gratitude to the authors for their significant contributions and to

the Peer Reviewers for ensuring the quality of each paper. This reprint would not have been possible

without their commitment and expertise.

Reza Beygi, Mahmoud Moradi, and Ali Khalfallah

Editors
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The study of welding and joining technologies for metallic materials has long been
fundamental to advancing numerous industries, including aerospace, automotive, and
energy [1,2]. These techniques not only enable the fabrication of complex components but
also serve as a critical factor in the mechanical performance and reliability of structures [3,4].
A thorough understanding of the microstructure and mechanical properties of welded joints
is essential for improving joint strength, durability [5], and overall material performance,
particularly in demanding environments [6,7].

In recent years, technological advancements in welding processes [8] and the devel-
opment of new materials [9] have prompted an increasing need for in-depth research to
optimize these techniques [10,11]. In this context, the Special Issue “Welding and Joining of
Metallic Materials: Microstructure and Mechanical Properties” brings together a collection of
ten innovative research articles. These contributions focus on elucidating the relationships
between welding parameters, the resulting microstructures, and the mechanical properties
of both similar and dissimilar material joints.

This Special Issue aims to bridge the gap between fundamental scientific research
and practical industrial applications, addressing the challenges posed by modern welding
processes. By exploring advanced welding techniques, investigating the microstructure of
various alloys, and evaluating the performance of welded joints under different conditions,
the published articles provide valuable insights into how these processes can be refined
and adapted for enhanced performance.

The ten contributions can be broadly categorized into three key research themes. This
Editorial discusses their scientific significance, offering readers a cohesive overview of the
advancements in welding and joining technologies presented in this Special Issue.

1. Process optimization and advanced welding techniques

Three papers explore the optimization of welding processes and the development of
advanced techniques to enhance weld quality, energy efficiency, and mechanical properties.

- Contribution (1): Effect of Laser Heat Input on the Microstructures and Low-Cycle
Fatigue Properties of Ti60 Laser Welded Joints [12]. This study investigates the effects
of varying laser heat input on the microstructure and mechanical properties of Ti60
titanium alloy welded joints. The results reveal that different heat inputs significantly
affect the morphology of the weld zone (WZ), reducing porosity in Y-type WZs, which
enhances low-cycle fatigue resistance. The research contributes valuable insights into
optimizing laser welding parameters for improved weld quality.

Crystals 2024, 14, 839. https://doi.org/10.3390/cryst14100839 https://www.mdpi.com/journal/crystals1



Crystals 2024, 14, 839

- Contribution (2): Effect of Exothermic Additions in Core Filler on Arc Stability and
Microstructure during Self-Shielded Flux-Cored Arc Welding (FCAW) [13]. This paper
explores the use of exothermic additives in flux-cored arc welding to enhance arc
stability and deposition efficiency. By optimizing the CuO/Al and CuO/C ratios in
the core filler, this study demonstrates how filler composition influences arc stability
and welding current, providing a route to more energy-efficient welding processes.
The mathematical models developed in this work further enhance the prediction of
welding parameters.

- Contribution (3): Particle Swarm Method for Optimization of ATIG Welding Process
to Join Mild Steel to 316L Stainless Steel [14]. This article presents the optimization
of activating tungsten inert gas (ATIG) welding using particle swarm optimization
(PSO) to join mild steel to 316L stainless steel. The findings show that the optimized
flux composition significantly improves weld penetration and hardness, without
compromising the mechanical properties of the joint. This study offers a promising
solution for improving the quality of dissimilar material welds.

2. Microstructure and mechanical properties of welded joints

Four contributions focus on the intricate relationship between welding-induced mi-
crostructural changes and their effects on the mechanical properties of welded joints,
shedding light on material behavior under different conditions.

- Contribution (4): Microstructural Optimization of Sn-58Bi Low-Temperature Solder
Fabricated by Intense Pulsed Light (IPL) Irradiation [15]. This paper introduces IPL
soldering as a novel method for optimizing the microstructure of Sn-58Bi solder. By
regulating the irradiation time, this study demonstrates how the solder microstructure
evolves from immature to refined, impacting mechanical properties such as hardness.
This technique offers potential for improving low-temperature soldering processes in
electronics manufacturing.

- Contribution (5): Experimental and Computational Study of Microhardness Evolu-
tion in the HAZ for Al–Cu–Li Alloys [16]. This paper focuses on simulating the
microhardness evolution in the heat-affected zone (HAZ) of Al-Cu-Li alloy welds. By
replicating the thermal cycles experienced during welding, the research explores the
dissolution and coarsening of strengthening precipitates in the HAZ, contributing to a
deeper understanding of how welding affects the mechanical properties of advanced
aluminum alloys.

- Contribution (6): Heat-Affected Zone Microstructural Study via Coupled Numer-
ical/Physical Simulation in Welded Superduplex Stainless Steels [17]. This work
introduces a hybrid approach, combining physical and numerical simulations to in-
vestigate the HAZ of super-duplex stainless steel (SDSS). The authors successfully
simulate thermal cycles using a Gleeble® machine and compare the results with actual
welds, providing valuable insights into how thermal management during welding
can preserve the microstructural balance between ferrite and austenite, essential for
maintaining corrosion resistance and mechanical integrity.

- Contribution (7): Structure–Property Correlation between Friction-Welded Work-
Hardenable Al-4.9Mg Alloy Joints [18]. The research evaluates the microstructure and
mechanical properties of AA5083 H116 joints produced by rotary friction welding.
This study reveals that grain refinement in the dynamically recrystallized zone (DRZ)
enhances joint strength, although slight reductions in ductility are observed. These
findings are particularly relevant for applications in aerospace and automotive sectors
where high-strength aluminum alloys are frequently used.

3. Welding of dissimilar materials

Three papers address the complexities and challenges involved in joining dissimilar
materials, focusing on optimizing welding parameters and techniques to produce strong
and high-performance joints.
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- Contribution (8): Study of the Microstructure and Mechanical Property Relation-
ships of Gas Metal Arc Welded Dissimilar Protection 600T, DP450, and S275JR Steel
Joints [19]. This paper addresses the challenges of welding dissimilar steels through
gas metal arc welding (GMAW). The findings reveal that the mechanical proper-
ties of the joints, such as tensile strength and hardness, can be optimized by se-
lecting appropriate welding parameters. In particular, DP450/S275JR dissimilar
joints exhibit the highest joint efficiency, making this technique highly applicable to
industrial processes.

- Contribution (9): Effect of Microchemistry Elements in Relation to Laser Welding
Parameters on the Morphology of 304 Stainless Steel Welds Using Response Surface
Methodology [20]. This study investigates the effect of sulfur content on the weld
bead morphology of AISI 304 stainless steel by using laser welding. The response
surface methodology (RSM) analysis reveals how small variations in sulfur content
and welding parameters, such as power and focus point, can significantly influence
weld pool formation and mechanical performance.

- Contribution (10): Investigation of the Microstructure and Mechanical Properties in
Friction Stir Welded Dissimilar Aluminium Alloy Joints via Sampling Direction [21].
This paper investigates the microstructure and mechanical properties of dissimilar
aluminum alloys joined by friction stir welding (FSW), with an emphasis on the effect
of sampling direction. This work shows that the longitudinal joints exhibit higher
tensile strength and elongation compared to the transverse joints, providing critical
insights into the optimization of FSW for dissimilar aluminum alloys.

In essence, this Special Issue on Welding and Joining of Metallic Materials: Microstructure
and Mechanical Properties brings together cutting-edge research that spans advanced welding
techniques, microstructural analysis, and the challenges of welding dissimilar materials.

This Special Issue reflects the incredible effort and dedication of the authors who
shared their valuable findings. We are deeply grateful to each contributor for their insights,
and to the peer reviewers for their hard work in upholding the quality of these papers. A
big thank you also goes to everyone else involved in making this possible.

The contributions to this Special Issue are listed as follows:

Contribution (1)—Zhang, Q.; Ren, L.; Lei, X.; Yang, J.; Zhang, K.; Zhang, J. Effect of Laser
Heat Input on the Microstructures and Low-Cycle Fatigue Properties of Ti60 Laser Welded
Joints. Crystals 2024, 14, 677.
Contribution (2)—Lozynskyi, V.; Trembach, B.; Katinas, E.; Sadovyi, K.; Krbata, M.; Balenko,
O.; Krasnoshapka, I.; Rebrova, O.; Knyazev, S.; Kabatskyi, O.; et al. Effect of Exothermic
Additions in Core Filler on Arc Stability and Microstructure during Self-Shielded, Flux-
Cored Arc Welding. Crystals 2024, 14, 335.
Contribution (3)—Touileb, K.; Djoudjou, R.; Ouis, A.; Hedhibi, A.C.; Boubaker, S.; Ahmed,
M.M.Z. Particle Swarm Method for Optimization of ATIG Welding Process to Joint Mild
Steel to 316L Stainless Steel. Crystals 2023, 13, 1377.
Contribution (4)—Go, H.; Noh, T.; Jung, S.-B.; Sohn, Y. Microstructural Optimization of
Sn-58Bi Low-Temperature Solder Fabricated by Intense Pulsed Light (IPL) Irradiation.
Crystals 2024, 14, 465. https://doi.org/10.3390/cryst14050465.
Contribution (5)—Maritsa, S.; Deligiannis, S.; Tsakiridis, P.E.; Zervaki, A.D. Experimental
and Computational Study of Microhardness Evolution in the HAZ for Al–Cu–Li Alloys.
Crystals 2024, 14, 246.
Contribution (6)—da Silva, L.O.P.; Lima, T.N.; Júnior, F.M.d.S.; Callegari, B.; Folle, L.F.;
Coelho, R.S. Heat-Affected Zone Microstructural Study via Coupled Numerical/Physical
Simulation in Welded Superduplex Stainless Steels. Crystals 2024, 14, 204.
Contribution (7)—Mahajan, A.M.; Krishna, K.V.; Quamar, M.J.; Rehman, A.U.; Bandi, B.;
Babu, N.K. Structure–Property Correlation between Friction-Welded Work and Hardened
Al-4.9Mg Alloy Joints. Crystals 2023, 13, 1119.
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Contribution (8)—Elmas, M.; Koçar, O.; Anaç, N. Study of the Microstructure and Mechani-
cal Property Relationships of Gas Metal Arc Welded Dissimilar Protection 600T, DP450 and
S275JR Steel Joints. Crystals 2024, 14, 477.
Contribution (9)—Touileb, K.; Attia, E.; Djoudjou, R.; Hedhibi, A.C.; Benselama, A.; Ibrahim,
A.; Ahmed, M.M.Z. Effect of Microchemistry Elements in Relation of Laser Welding Param-
eters on the Morphology 304 Stainless Steel Welds Using Response Surface Methodology.
Crystals 2023, 13, 1138.
Contribution (10)—Mabuwa, S.; Msomi, V. Investigation of the Microstructure and Mechan-
ical Properties in Friction Stir Welded Dissimilar Aluminium Alloy Joints via Sampling
Direction. Crystals 2023, 13, 1108.

As welding technologies evolve and new materials are introduced, the interplay be-
tween microstructure and mechanical properties will continue to be a focal point of research.
We believe this collection of articles offers a clear snapshot of the latest breakthroughs and
makes a significant contribution to advancing our knowledge in this vital area. We hope
the findings presented in this reprint will inspire further innovations in the field of welding
and joining.

Funding: This study received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: In this paper, the effects of laser heat input on the microstructures, tensile strength, and
fatigue properties of Ti60 laser welded joints were investigated. The results show that with the
increase in laser heat input, the macro morphology of the weld zone (WZ) changes from the Y-type
to X-type. In the Y-type WZ, the porosity defects are almost eliminated. In contrast, there are a
lot of porosity defects in the lower part of the X-type WZ. The microstructure of the base metal
(BM) comprises equiaxed α phases, and β phases are mainly distributed at the boundaries of α
phases. The heat-affected zone (HAZ) is comprised of α phases and acicular α′ phases, while the WZ
mainly contains acicular α′ phases. With the increase in laser heat input, the quantity of the α phase
gradually decreases and the acicular α′ phase gradually increases in the HAZ, and the size of the
acicular α′ phase in the WZ gradually decreases. Due to the different microstructures, the hardness
of BM is lower than the HAZ and WZ under different laser heat input conditions. In the tensile tests
and low-cycle fatigue tests, the welded joints are fractured in BM. The porosity defects do not have
decisive effects on the tensile and low-cycle fatigue properties of Ti60 laser welded joints.

Keywords: Ti60 titanium alloy; laser welding; porosity defect; microstructure; low-cycle fatigue
property

1. Introduction

Titanium alloys are important structural materials in the aerospace field due to their
low density, high specific strength, and superior corrosion resistance [1–4]. In order to
achieve the light weight of titanium alloy components, welding has become a necessary
processing method [5,6].

Compared with other titanium alloys, Ti60 alloy has excellent comprehensive mechan-
ical properties and fatigue strength [7,8]. At present, the research on the welding of Ti60
mainly focuses on electron beam welding, friction welding and brazing. Li et al. [9] carried
out electron beam welding on TA15/Ti60 alloy and found that there were no welding
defects such as undercut and unwelded areas in the WZ. The microstructure of the WZ was
mainly columnar grains. Song et al. [10,11] studied the tensile property of an electron beam
welding joint of a Ti60/GH3128 alloy. It was revealed that the tensile fracture mode of the
joint was brittle fracture. Guo et al. [12,13] analyzed the linear friction welding behavior of
Ti60. They found that an element diffusion layer with a width of about 1 μm was formed at
the interface of the welded joint, and the grains on both sides of the interface connected in
a eutectic way. The tensile strength of the welded joint was higher than that of the BM. Liu
et al. [14] studied the inertial radial friction welding behavior of Ti60/TC18. They found
that the joint was tensile fractured at BM, and the fracture analysis consistently revealed a
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quasi-cleavage fracture mode. Zhao et al. [15] analyzed the microstructure and mechanical
properties of a C/C-SiC/Ti60 brazed joint. It was revealed with an increase in the brazing
temperature, the joint strength increased and then decreased. Both the block Ti2(Ni,Cu) at
low brazing temperature and the overreaction of SiC at a high brazing temperature deterio-
rated the joints. Wang et al. [16] studied the microstructure and mechanical properties of a
Ti2AlNb/Ti60 brazed joint and found that the fracture mode of the original brazed joints
predominantly exhibited cleavage fracture. However, after homogenization treatment at
600 ◦C for 1 h, the fracture mode shifted primarily to intergranular brittle fracture.

Compared with electron beam welding, friction welding and brazing, laser welding
has the advantages of a flexible processing capacity, fast welding speed, small HAZ, and
easy automation, thereby, it is widely used in aerospace, petrochemical, nuclear energy,
biomedicine, and other fields [17–19]. Li et al. [20] studied the influence of laser welding
parameters on a TC4 alloy. The results indicated that the defocused position had the largest
effect, followed by the laser power and welding speed. The optimal welding parameters
were a laser power of 2.3 kW, welding speed of 0.04 m/s and defocused position of 0 mm.
Zhu et al. [21] analyzed the influence of laser welding parameters on a Ti-4Al-2V alloy.
They found that negative defocusing helped to increase the depth of penetration, but it
was more prone to undercut defects. Porosity defects were prone to forming in the middle
and bottom parts of the fusion zone due to rapid cooling. The mechanical properties of
the joints were significantly affected by the laser power [22]. Wang et al. [23] studied the
influences of laser power and welding speed on low-alloy high-strength steel. The results
indicated that the laser power was a decisive factor in the weld formation: excessive laser
power lead to an unstable behavior of the molten pool and key hole, while insufficient laser
power resulted in a lack of penetration. Cai et al. [24] studied the influence of parameters
on the porosity defects, weld formation, and properties of the joints. Results showed that
increasing the laser power and decreasing the welding speed were conducive to improve
the formation of welds and reduce porosity.

Clearly, the previous studies mainly focused on the effects of the laser power and
scanning rate on the microstructure and properties of welding joints, but the essence is
the interaction of these two parameters, that is, the influence of heat input. Particularly,
the design of heat input is crucial once it lies in the range that the shape of weld zone
changes significantly. However, the relevant work on Ti60 alloys is still insufficient, and
further clarifications on the relationships between heat input, microstructure, and fatigue
performance are indispensable. Therefore, in this paper, laser welding is performed on Ti60,
and the effects of laser heat input on the microstructures and low-cycle fatigue properties
of the welded joint are studied. The research results can provide a meaningful reference for
the regulation and optimization of the microstructure and mechanical properties of Ti60
welded joints.

2. Materials and Methods

The experimental BM is forged Ti60 titanium alloy comprising α + β phases, and the
chemical composition and mechanical properties are shown in Tables 1 and 2, respectively.
First, the forged Ti60 was cut into plates with a thickness of 5 mm. Then, the plates were
etched for 2 min using 90 mL of pure water + 6 mL of HNO3 + 4 mL of HF to remove the
surface stains. Afterward, the surfaces of the plates were wiped with dehydrated ethanol
and dried naturally. These treated specimens were welded using a YLS-4000 fiber laser with
a YASKAWA welding robot. The welding process and parameters are shown in Figure 1a
and Table 3.

Table 1. Chemical composition of the Ti60 base metal (wt%).

Al Sn Zr Mo Si Nd C Ta Ti

5.3 4.0 2.0 0.8 0.3 1.0 0.09 0.30 Bal.
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Table 2. Mechanical properties of the Ti60 base metal at room temperature.

Temperature
Density
(kg/m3)

E (MPa)
Poisson’s

Ratio
σb (MPa) σ0.2 (MPa)

25 ◦C 4.53 114 0.31 1050 960

Figure 1. Schematic diagrams: (a) welding process; (b) tensile test specimen; and (c) fatigue test
specimen.

Table 3. Laser welding parameters.

Specimen
Number

Laser Power
(kw)

Welding
Speed

(mm/min)

Laser Heat
Input (J/mm)

Laser
Defocusing

(mm)

Shielding
Gas

1# 3 90 2000

0 Ar (99.99%)
2# 3.5 90 2333
3# 3.5 80 2625
4# 4 80 3000

After welding, the welded plates were machined into metallographic, tensile, and
fatigue specimens using electrical discharge wire cutting equipment and a grinding ma-
chine. The metallographic specimen of the welded joint was polished with sandpaper
and a silica suspension, etched with 80 mL of pure water + 15 mL of HNO3 + 5 mL of
HF etching solution for 3 min, and then the surface was wiped with anhydrous ethanol
and finally dried with a hair dryer. The tensile specimens were prepared according to
ISO 4136:2022, and the low-cycle fatigue specimens were prepared in accordance with ISO
12106:2017. After processing, the final thicknesses of the tensile and fatigue specimens were
about 3 mm, and their dimensions are illustrated in Figure 1b,c. The low-cycle fatigue test
equipment was a PLS-100 electro-hydraulic servo static and dynamic testing machine, the
control mode was stress control, the waveform was a triangular wave, the stress ratio was
R = −1, the frequency was 0.125 Hz, and the stress amplitude was 900 MPa. The tensile
test equipment was a UTM5305 electronic universal testing machine, and the tensile rate
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was 5 mm/min. The microhardness test equipment was a TMVS-1 Vickers hardness tester,
the load was 200 g, and the load holding time was 15 s. In order to eliminate test errors, all
the mechanical property tests were repeated three times, and their average values were
taken as the experimental results.

Finally, a HIROX-200 optical microscope (OM), a JSM-6510A scanning electron micro-
scope (SEM), and a JEM-2100 transmission electron microscope (TEM) were used to charac-
terize the macro morphology, microstructure, and fracture morphology of the welded joints.

3. Results and Discussion

The microstructure of Ti60 BM is shown in Figure 2. As can be seen in Figure 2a, its
microstructure is an α + β dual-phase structure; β phases are mainly distributed at the
boundaries of α phases, and the average size of α phases is about 13 μm. In the magnified
image, the β phases present lamellar structure features, as shown in Figure 2b. According
to the TEM images of BM in Figure 2c,d, it can be seen that the width of the β phase is
about 200 nm, and α phases are distributed between β phases.

Figure 2. Microstructure of the Ti60 base metal: (a,b) SEM images and (c,d) TEM images.

The macroscopic morphologies of Ti60 laser welded joints are shown in Figure 3. It
can be seen that with the increase in the laser heat input, the macro morphology of the WZ
changes from the Y-type to X-type. There are basically no porosity defects in the Y-type
WZ, while lots of welding pores emerge in the middle and lower parts of the X-type WZ.

The macro morphology types of the WZs are mainly caused by the keyhole effect of
laser deep penetration welding. Due to the high laser energy density, the liquid metal in the
molten pool is vaporized, and a keyhole is formed under the impact of metal vapor. When
the depth of the keyhole is smaller than the thickness of the specimen, the metal vapor can
only eject outwards from the upper surface of the specimen. Under this circumstance, the
metal vapor drives the liquid metal to move upward along the inner wall of the keyhole,
forming Marangoni vortices, as shown in Figure 4a. Under the action of Marangoni vortices,
the width of the upper part of the weld is larger than those of the middle and lower parts,
forming the Y-type WZ. In contrast, when the depth of the keyhole exceeds the thickness
of the specimen, the bottom of the molten pool is penetrated by the laser, and the metal
vapor in the keyhole simultaneously ejects outward from the upper and lower surfaces of

9



Crystals 2024, 14, 677

the specimen, forming Marangoni vortices in the upper and lower parts of the molten pool,
respectively, as shown in Figure 4b. As a consequence, the widths of the upper and lower
parts of the weld are larger than that the middle part, forming the X-type WZ.

 
Figure 3. Effect of the laser heat input on the macroscopic morphologies of the welded joints:
(a) 2000 J/mm; (b) 2333 J/mm; (c) 2625 J/mm; and (d) 3000 J/mm.

 
Figure 4. Schematic diagram of the influence of the laser heat input on the macroscopic morphology
of the joint: (a) Y-type and (b) X-type.

The difference in the number of welding pores is due to the different ejection directions
of metal vapor between the Y-type and X-type WZs. During the cooling process of the
molten pool, the liquid metal of the Y-type WZ flows along the keyhole wall to the bottom
of the keyhole, and the metal vapor escapes along the center of the keyhole, rendering the
formation of a pore-free weld after solidification.

For the X-type WZ, the escape mode of the metal vapor in the keyhole becomes
complicated. As shown in Figure 5, the liquid metal at the upper part of the molten pool
flows down along the keyhole wall under the action of gravity during the post-welding
cooling process, blocking the narrow zone in the middle of the X-type WZ. In this context,
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the keyhole is divided into two independent zones, as shown in Figure 5b. In the upper
part of the keyhole, the metal vapor ejects upward along the keyhole, so that after cooling,
there is almost no porosity defect in the upper part of the WZ, as shown in Figure 3b–d.
However, in the lower part of the keyhole, the upward escape channel of metal vapor is
blocked, and so the metal vapor has to eject through the opening on the lower surface
of the specimen. Meanwhile, the liquid metal in the lower part of the molten pool flows
downward under the action of gravity, resulting in the narrowing of the porosity escape
channel on the lower surface, as shown in Figure 5c. Due to the rapid cooling rate of the
weld pool in laser welding, the metal vapor that has not escaped in time is trapped in the
liquid molten pool and dispersed into several bubbles. After the solidification of the molten
pool, pore defects form at the lower part of the X-type WZ, as shown in Figure 5d.

Figure 5. Schematic diagram of the pore formation process of the X-type laser welded joint: (a) key-
hole of X-type WZ; (b) the keyhole divided into two independent zones; (c) the lower part of the
molten pool flows downward under the action of gravity; (d) pore defects form at the lower part of
the X-type WZ.

The difference in the macroscopic color contrast between the BM, HAZ, and WZ is
caused by their distinct microstructures. In Figure 6, we compare the microstructures of
the welded joint (2000 J/mm) with that of the BM. It should be noted that, considering
the similarity of the microstructures in the grain and phase features aspect, here, we only
present the microstructures of the welded joint with a laser heat input of 2000 J/mm.

Figure 6a shows the microstructure of the BM. As described in Figure 2, it comprises
equiaxed α-phase grains, β phases are mainly distributed in the grain boundaries, and the
average grain size is about 13 μm. Figure 6b shows the boundary line between the BM and
HAZ, where the left side is the BM and the right side is the HAZ. The closer to the WZ,
the more heat input and higher temperature during the welding process. The temperature
on the left side of the line is lower than the α→β phase transition temperature, and the
microstructure is basically unchanged. The temperature on the right side of the line is
higher than the phase transition temperature of α→β, but the laser welding speed is so
fast that only a small amount of α phase transformed into β phase, and then the β phase
transformed into a needle-like α′ phase due to the rapid cooling process.
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Figure 6. SEM microstructure of the Ti60 laser welded joint: (a) BM; (b) boundary between BM and
HAZ; (c) HAZ far from the WZ; (d) HAZ near to the WZ; (e) boundary between HAZ and WZ; and
(f) WZ.

Figure 6c,d shows the microstructures of the far-HAZ (far away from the WZ) and near-
HAZ (near to the WZ) regions. With the decrease in the distance to WZ, the temperature
gradually surpasses the α→β phase transition temperature, and more and more α phases
are transformed into β phases. During the rapid cooling process after welding, more and
more acicular α′ phases are formed. Additionally, the average grain size of the HAZ is the
same as that of the BM, due to the pinning effect of β phases at the boundary of α grains.
Figure 6e shows the boundary between the HAZ and WZ. The microstructures on both
sides of the fusion line are comprised of acicular α′ phases. However, the microstructure of
the HAZ (on the left side of the fusion line) still clearly retains the grain boundary outline of
the original α phase. In contrast, the grain boundaries of WZ (on the right side of the fusion
line) are virtually invisible. At the same time, the numbers and sizes of the acicular α′
phases of the HAZ and WZ are nearly identical. As shown in Figure 6f, the microstructure
in the center of the WZ comprises acicular α′ phases, but the size and quantity of α′ phases
are larger than those of the HAZ.

The microhardness curve of the Ti60 laser welded joint (2000 J/mm) is shown in
Figure 7. It can be seen that the hardness of the BM is about 350 HV. The microhardness of
the HAZ is higher than the BM, and the average value is 379 HV. The microhardness of the
WZ is the highest, with an average value of 412 HV. The different hardnesses of the three
zones are attributed to their distinct microstructures, as displayed in Figures 2, 3 and 6,
where the BM is an equiaxed α grain + grain boundary β phase, the HAZ comprises an
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equiaxed α grain + grain boundary β phase + acicular α′ phase, and the closer to the WZ,
the more acicular α′ phase in the HAZ. The microstructure of the WZ is acicular α′ phase.
As is well known, the crystal structure of α phase is close-packed hexagonal (HCP) and the
β phase is body-centered cubic (BCC). Since that BCC has 12 slip systems and HCP only
has 3 slip systems, the β phase is more prone to deform, thereby the hardness of β phase is
lower than the α phase. In addition, the acicular α′ phase contains more dislocations than
does the equiaxed α phase, and thus the hardness of acicular α′ is higher than the equiaxed
α phase owing to dislocation strengthening. In summary, from the BM to WZ, the content
of the β phase gradually decreases and the content of acicular α′ phase gradually increases;
so, the microhardness is gradually enhanced.

Figure 7. Microhardness curve of the Ti60 laser welded joint.

In order to explore the influence of the laser heat input on the microstructure and
mechanical properties of Ti60 welded joint, the microstructures of the HAZ and WZ and
the tensile properties and fatigue properties of the welded joints under different laser heat
inputs are compared, and the results are shown in Figures 8–12.

Figure 8 shows the microstructure of the HAZ under different laser heat inputs. It
can be seen that with the increase in the laser heat input, the β phases distributed at the
boundaries of α grains gradually disappear, and the number and size of the acicular α′
phases in the α grains gradually increase. This is because with the increase in the laser heat
input, the holding time of the α→β phase transition temperature of the HAZ is increased,
and more α phases transform into β phases. In the following post-welding process, due
to the fast cooling, the β phases transform into acicular α′ phases. It is understandable
that the greater the laser heat input, the slower the cooling rate, and so the size of the
needle-shaped α′ phase increases.

Figure 9 shows the microstructure of the WZ under different laser heat inputs. It can
be seen that the WZs are all comprised of α phases + acicular α′ phases. With the increase
in the laser heat input, the α phase content gradually decreases, and the content and the
size of acicular α′ phases gradually increase. This is because with the increasing laser heat
input, the cooling rate after welding decreases, and the acicular α′ phase has more sufficient
time to grow; so, the size increases while the quantity decreases.

Figure 10 shows the effect of the laser heat input on the microhardness of WZ and
HAZ. It can be seen that with the increase in the laser heat input, the hardness of the HAZ
increases, but the hardness of the WZ increases first and then decreases. The main reason
for this phenomenon is that, as is depicted in Figure 8, with the increase in the laser heat
input, the fraction of α phases in the HAZ gradually decreases, and the content of acicular
α′ phases gradually increases. The acicular α′ phases can increase the strength of the
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material, and so the microhardness of the HAZ increases continuously. In contrast, for the
WZ shown in Figure 9, with the increase in the laser heat input, the content and size of the
acicular α′ phases are gradually elevated. This will have two opposite effects: the higher
content of the acicular α′ phases enhances the microhardness, but the coarser acicular α′
phases reduce the microhardness. Under the mutual interactions of these two effects, the
increasing laser heat input causes the microhardness of the WZ to peak at 2600 J/mm.

Figure 8. Effect of the laser heat input on the microstructures of the HAZ: (a) 2000 J/mm; (b) 2333 J/mm;
(c) 2625 J/mm; and (d) 3000 J/mm.

Figure 9. Effect of the laser heat input on the microstructures of the WZ: (a) 2000 J/mm; (b) 2333 J/mm;
(c) 2625 J/mm; and (d) 3000 J/mm.
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Figure 10. Effect of the laser heat input on the microhardness of the HAZ and WZ.

As shown in Table 4, the tensile and low-cycle fatigue fracture locations of the Ti60
laser welded joint are located at the BM under different laser heat inputs. Additionally,
with the increase in the laser heat input, the tensile strength and low-cycle fatigue life both
increase first and then decrease. According to the microhardness test results in Figure 7,
the hardness values of the WZ with different heat inputs are higher than those of the BM.
Clearly, the harder WZ can withstand a higher strength, and the softer BM can withstand a
lower strength during tensile and low-cycle fatigue tests, leading to the prior fracture of
the BM.

Table 4. Fracture location and strength of the welded joints after tensile and fatigue tests.

Specimen
Number

Laser Heat Input
(J/mm)

Tensile Strength
(MPa)

Tensile Fracture
Location

Low-Cycle
Fatigue Life

(cycle)

Low-Cycle
Fatigue Fracture

Location

1# 2000 987 BM 5702 BM
2# 2333 1045 BM 6614 BM
3# 2625 964 BM 6380 BM
4# 3000 917 BM 4438 BM

The tensile fracture morphology of the Ti60 laser welded joint (2000 J/mm) is shown
in Figure 11. As previously known, the WZ has the highest hardness, followed by the
HAZ, and the hardness of BM is the lowest. In the process of the tensile test, due to the
low hardness, the BM is easier to deform and fracture. It can be seen from Figure 11b that
the fracture surface is smooth, which is caused by tangential stress that is perpendicular
to the tensile direction. Inside the tensile fracture, the surface exhibits mainly the dimple
feature, but there are also some characteristic morphologies similar to the grain boundaries
of equiaxed grains and some lamellar features similar to shutters, as shown in Figure 11c,e.
Compared with the microstructure of the BM (Figure 2), it is confirmed that these features
are consistent with the equiaxed α grains and the lamellar β phases in the BM, as shown in
Figure 11d,e. As mentioned above, the β phase is BCC crystal with more slip systems than
the HCP α phase. Therefore, in the process of the tensile test, the plastic deformation is
mainly concentrated at the β phases. As a consequence, the β phases distributed around
the equiaxial α grains form a topography similar to the grain boundaries on the fracture
surface, and the lamellar β phases form a topography similar to shutters.
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Figure 11. Fracture morphology of the tensile specimen of the Ti60 laser welded joint: (a) macrofrac-
ture surface; (b) the edge of the fracture surface; (c) the inside of the fracture surface; (d) the equiaxed
α grains in the BM; (e) the enlarged view of the inside of the fracture surface; and (f) the lamellar β
phases in the BM.

The low-cycle fatigue fracture morphology of the Ti60 laser welded joint (3000 J/mm)
is shown in Figure 12. As can be seen in Figure 12a, the fracture surface is relatively
flat, indicating that the low-cycle fatigue property of the material is relatively uniform.
As can be seen in the morphology of the fatigue crack initiation zone in Figure 12b, the
surface of the crack initiation zone is relatively flat, and no metallurgical defects such as
welding pores, inclusions and processing defects can be found on the fracture surface. As
is mentioned in Figure 3, many porosity defects exist in the WZ. The fact that the specimen
is fractured at the BM suggests that the pore defects in the WZ do not induce low-cycle
fatigue fracture in the present case. Under the actions of tensile and compressive stresses
caused by the low-cycle fatigue test, slip bands are produced and extrude the surface of the
fatigue specimen; then, micro-cracks form on the surface. Figure 12c shows the fracture
morphology of the fatigue crack expansion zone. It can be seen that a large number of
fatigue striations appear in the expansion zone, indicating that the plasticity of the material
is good. In the process of fatigue crack propagation, tensile stress induces the expansion
of the crack tip, while the compressive stress compresses the crack tip in the manner of
work hardening, and then fatigue striations form on the fracture surface. Every fatigue
striation represents one fatigue cycle. At the same time, there are also some tearing edges
around the fatigue striations. Compared with the microstructure of the BM (Figure 6a), it
can be found that the outlines of tearing edges are similar to the boundaries of equiaxial
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α phase grains, and the outlines of fatigue striations are similar to the equiaxial α phase
grains. Figure 12d shows the morphology of the final fracture zone of the low-cycle fatigue
specimen. With the continuous expansion of the fatigue crack, the bearing capacity of the
fatigue specimen decreases continuously. When the crack length reaches a critical value,
the tensile stress loaded on the fatigue specimen (900 MPa) exceeds its bearing limit, then
the specimen undergoes tensile fracture, and dimples form on the final fracture zone of the
low-cycle fatigue specimen.

Figure 12. Fracture morphology of the low-cycle fatigue specimen of the Ti60 laser welded joint:
(a) whole fracture surface; (b) crack initiation zone; (c) crack expansion zone; and (d) final frac-
ture zone.

4. Conclusions

In this study, the microstructures and tensile and low-cycle fatigue properties of Ti60
welded joints with different laser heat inputs are investigated. The main conclusions are
as follows:

(1) With the increase in the laser heat input, the macro morphology of the WZ changes
from Y-type to X-type. Welding pores are mainly formed at the lower part of the X-type WZ.

(2) From the BM to the WZ, the microhardness increases gradually. With the increase
in the laser heat input, the microhardness of the WZ increases first and then decreases,
which is mainly due to the changes in the size and number of the acicular α′ phase.

(3) Although there are lots of pore defects at the bottom of the X-type WZ, the tensile
and low-cycle fatigue specimens all fracture at the BM.

(4) Although the porosity defect in the WZ does not cause the tensile and low-cycle
fatigue fracture of the welded joint at the WZ, it may damage the joint’s high-cycle fatigue
and persistent creep properties. Therefore, the welding parameters should be carefully
controlled during the welding process to obtain a Y-type WZ to avoid porosity defects in
the WZ, thereby improving the long-term service performance of the welded joints.
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Abstract: In the conditions of an energy crisis, an important issue is the increase in energy efficiency
and productivity of welding and hardfacing processes. The article substantiates the perspective of
using exothermic additives introduced into core filler for flux-cored wire arc welding processes as a
relatively cheap additional heat source, reducing energy consumption when melting filler materials,
and increasing the deposition rate. The mixture design (MD) was selected as the design method to
optimize the average values of current and voltage, as well as arc stability parameters depending
on core filler composition. This article studies the influence of the introduction of exothermic
addition (EA), as well as the ratios CuO/C and CuO/Al on arc stability for the FCAW S process.
Parameters characterizing arc stability were determined using an oscillograph, and from the obtained
oscillograms, an analysis was conducted on arc voltage and welding current signals during flux-
cored arc welding. It was determined that various methods can be used to evaluate arc stability,
which can be divided into two groups: graphical (current and voltage cyclograms, box plots with
frequency histograms, ellipse parameters plotted on current, and voltage cyclograms) and statistical
(standard variation and coefficients of variation for welding current and arc voltage). In this paper,
a comprehensive evaluation of arc stability depending on the composition of the cored wire filler
was carried out. It was determined that the most stable current parameters were observed for
the flux-cored wire electrode with an average exothermic addition content at the level of EA =
26.5–28.58 wt.% and a high carbon content (low values of CuO/C = 3.75). Conversely, the lowest
values of arc stability (CV(U) and Std(U)) were observed during hardfacing with a flux-cored wire
electrode with a high CuO/Al ratio ≥ 4.5 and a content of exothermic addition in the core filler below
the average EA < 29 wt.%. Mathematical models of mean values, standard deviation, coefficient of
variation for welding current, and arc voltage were developed. The results indicated that the response
surface prediction models had good accuracy and prediction ability. The developed mathematical
models showed that the ratio of oxidizing agent to reducing agent in the composition of exothermic
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addition (CuO/Al) had the greatest influence on the welding current and arc voltage characteristics
under investigation. The percentage of exothermic mixture in the core filler (EA) only affected the
average welding current (Iaw) and the average arc voltage (Uaw). The graphite content expressed
through the CuO/C ratio had a significant impact on welding current parameters as well as the
coefficient of variation of arc voltage (CV(U)). Two welding parameters were selected for optimization:
the mean welding current (Iaw) and the standard deviation of arc voltage (Std(U)). The best arc
stability when using exothermic addition CuO-Al in the core filler was observed at CuO/Al = 3.6–3.9,
CuO/C = 3.5–4.26, and at an average EA content of 29–38 wt.%. The significant influence of the
CuO/Al and CuO/C ratios on arc voltage parameters can also be explained by their impact on
the elemental composition of the welding arc (copper, cupric oxide (CuO), and Al2O3). The more
complete this reaction, the higher the amount of easily vaporized copper (Cu) in the arc plasma,
enhancing arc stability. The influence of core filler composition on the microstructure of deposited
metal of the Fe-Cr-Cu-Ti alloy system was investigated.

Keywords: hardfacing; flux-cored arc welding; arc stability; arc voltage; welding current; heat in-
put; microstructure

1. Introduction

The role and significance of materials for the advanced economies of the world remain
substantial. Materials form the basis of many sectors of the economy, among which
construction [1,2], automobile manufacturing [3–7], and mechanical engineering [8–11]
hold particular importance. Among materials, welding materials hold special significance.
Chemical–thermal methods [12–14], functional coatings [15–17], electrospark deposition
(ESD) [18–22], thermal spraying [23], and laser hardfacing [24] are some methods utilized.
However, the most widespread application is found in the welding process [25]. Based on
type, this application is classified into stick electrodes, solid wires, flux-cored wires, and
submerged arc welding (SAW) wires with fluxes [26]. The flux-cored arc welding process
is increasingly used in many industries, including construction, automobile production,
agriculture, mining, etc. [27–31]. The growing demand for flux-cored wires is justified by
the advantages of welding methods.

Flux-cored wires are widely used for hardfacing and the restoration of worn sur-
faces [32–36]. The hardfacing process consists forming a hardening layer of the deposited
metal on surfaces subject to intense abrasive wear [37,38], impact abrasion [39–42], and
other types of wear [43–46]. For the flux-cored arc welding process of filler materials, melt-
ing is mainly carried out by arc welding [47,48]. Additionally, an important aspect is the
study of the mechanical properties of the deposited metal [49–52]. The final microstructure
and mechanical properties depend on the cooling conditions of the deposited metal [53,54]
and heat input. These determines the wear resistance of the deposited metal to various
types of wear [55–59]. An unstable arc would deteriorate weld appearances and increase
the amount of imperfections [60]. In this case, the flux-cored wire arc welding process
has a specific character [61–63]. Melting is carried out due to the wandering of the arc
spot around the perimeter of the metal sheath [64,65]. In most cases, the surfacing process
using a flux-cored wire electrode is characterized by the short-circuiting, globular, or drop
mode of metal transfer, due to the use of low welding currents. This reduces hardfacing
productivity, but ensures a low dilution of variation. In this case, it is of great interest
to improve the energy efficiency of the welding process and the quality of the deposited
metal. One of the most promising ways to improve the energy efficiency of the welding
and hardfacing processes is the introduction of exothermic addition to the core filler [26,66].
Additional heat is generated at the electrode tip or in the welding arc by an exothermic
reaction. Many scientists have investigated the introduction of exothermic addition in
filler materials [67–73]. These additives bring about changes in the thermodynamics and
physics of the processes occurring both during the filler material heating stage and during
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the material transfer and arc burning stage, in the context of significant and purposeful
changes in entropy, enthalpy, and internal energy [74,75]. Their studies show the positive
effect of the introduction of exothermic addition on the uniformity of melting, productivity,
and efficiency of hardfacing, arc stability, etc.

In self-shielded flux-cored wire arc welding with exothermic addition, the welding
current is determined not only by the wire feed speed (WFS) but also by the exothermic
addition used and its amount (EA) in the core filler [26,61], as well as the contact tip to
work distance (CTWD) and set arc welding (Uset) [61,76]. The first parameter is determined
by the characteristics of the power supply. The influence of the last two parameters can
be explained by the cost of the supplied power for heating the flux-cored wire electrode
(Joule heat heating), i.e., the preheating of the filler materials. This preheating enables the
electrode to burn off faster and increases the deposition rate [77]. It has been concluded
that the welding consumables, welding parameters, and equipment have a key role to play
in the stability of the welding process [78–81].

Research by Allen et al. [67] demonstrated the effectiveness of introducing exothermic
additions from the Fe2O3-Al system compared to the Fe2O3-Mg system. These observations
indicated that the magnesium exothermic additions react ahead of the welding arc, delocal-
izing the exothermic source and its heating ability. Park et al. [65] conducted studies on the
influence of introducing exothermic additions to the core filler, including simple exothermic
systems Fe2O3-Al and Fe2O3-Mg, as well as a combined reducer Fe2O3-(50%Mg/50%Al).
The results showed greater efficiency with the combined reducer Fe2O3-(50%Mg/50%Al).
It is noteworthy that exothermic additions with Fe2O3-Al and Fe2O3-(50%Mg/50%Al)
showed the lowest dilution values. The research also examined weld bead morphology and
melting efficiency. FCAW with exothermic addition Fe2O3-Al exhibited the lowest dilution
when the content of exothermic addition was <30 wt.% of the core filler. However, when
the content of exothermic addition was ≥30 wt.% of the core filler, FCAW with exothermic
addition Fe2O3-Mg showed the lowest dilution. However, most of the research on flux-
cored wires with exothermic additions to the core filler pertains to the welding process.
Meanwhile, the area of filler materials for hardfacing processes is insufficiently studied
due to the demands placed on deposited alloys, particularly regarding their high degree of
alloying. As a result, the composition of the core filler is limited, which is especially crucial
for self-shielded flux-cored wire electrodes (FCAW SS) due to the mandatory presence of
gas and slag-forming components [82]. In such cases, it is advisable to consider alterna-
tive exothermic addition systems [61]. For hardfacing, alloys from the Fe-C-B-Cr-Cg-Cu
system [26,27,83] are of particular interest, especially when additionally alloyed with a
significant amount of copper. The high degree of copper alloying improves the microstruc-
ture of the deposited metal, enhances its mechanical properties and resistance to abrasive
wear [26], and significantly increases corrosion resistance [27]. Trembach et al. [64] first
proposed the use of exothermic addition CuO-Al for hardfacing processes. Their research
results demonstrated a high degree of alloying in the deposited metal due to the recovery
of copper from CuO in the exothermic addition. Trembach et al. [61] optimized hardfacing
conditions with the introduction of exothermic addition CuO-Al into the core filler.

Trembach et al. [79] investigated the influence of introducing exothermic addition
CuO-Al to the core filler, the ratio of graphite to EA oxidizer (CuO/C), and the ratio of
oxidizer to aluminum powder in the composition of the EA (CuO/Al) on core filler density
and the fill factor. Experimental values are provided in Table 1. Mathematical models of
these indicators and their response surfaces were constructed (Figure 1). Subsequently,
Trembach et al. [84] studied the impact of these variables on melting characteristics such
as the melt-off rate (MOR), deposited rate (DR), spattering factor (SF), and deposition
efficiency (De). Experimental values are presented in Table 1. Response surface plots of the
melting characteristics’ deposited rate (DR) and spattering factor (SF) are shown in Figure 2.
The next stage of the work involved investigating the element transition factor, the copper
recovery factor η(Cu) [64], and the overall transition element factor η(SS) [85]. The obtained
data are shown in Table 1 and Figure 3. The results of these studies showed that the ratio
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of components CuO/Al in the exothermic mixture and the ratio of graphite to oxidizing
agent of the exothermic mixture (CuO/C) had the greatest effect. The research findings
also indicated that increasing the amount of EA above 35% leads to intense combustion of
filler components.

Table 1. Values of some characteristics of experimental self-shielded, flux-cored wire electrodes.

Run
Filler Rate
CWF [79]

Core Filler
Density ρf

(g·cm−3) [79]

Deposited
Rate DR

(kg·h−1) [84]

Spattering
Factor SF (%)

[84]

Overall Transition
Element Factor
η(SS) (%) [85]

Carbon
Transition

Factor
η(C) [64]

Copper
Recovery

Factor
η(Cu) [64]

1 0.334 0.334 4.19 14.35 74.705 0.422 0.863
2 0.341 0.341 4.69 9.90 81.582 0.536 0.938
3 0.341 0.341 4.65 14.95 76.828 0.477 0.904
4 0.337 0.337 4.59 13.62 81.252 0.457 0.971
5 0.341 0.341 3.97 20.84 75.435 0.446 0.959
6 0.345 0.345 4.81 9.74 75.802 0.456 0.909
7 0.327 0.327 4.77 10.75 81.233 0.520 0.939
8 0.361 0.361 4.65 10.85 81.228 0.521 0.932
9 0.34 0.34 4.23 20.27 80.240 0.554 0.899

(a) (b) 

Figure 1. Contour surface graphs for (a) filler rate CWF and (b) core filler density (ρf) [79].

(a) (b) 

Figure 2. Contour surface graphs for (a) deposited rate (DR) and (b) spattering factor (SF) [84].

23



Crystals 2024, 14, 335

(a) (b) (c) 

Figure 3. Contour surface graphs for (a) the overall transition element factor η(SS) [85], and 3D
graphs for (b) the transition recovery factor η(C) [64] and (c) the copper recovery factor η(Cu) [64].

The mathematical dependencies of the received response surfaces are as follows [64,79,84,85]:

Cw f = 0.36 · x1 + 0.333 · x2 + 0.4276·x3 − 0.2676·x1·x3 − 0.696 · x2·x3+
+0.696 · x1 · x2·x3 + 0.272 · x2·x3·(x2 − x3)

(1)

ρ f = 3.2 · x1 + 2.95 · x2 + 3.8354·x3 − 7.321·x1·x3 − 5.15 · x2·x3+
+30.105 · x1 · x2·x3 + 6.705 · x2·x3·(x2 − x3)

(2)

DR = 4.847 · x1 + 4.097 · x2 + 2.646 · x3 + 3.106 · x1 · x3 + 4.747 · x2 · x3 (3)

SL = −4.23 · x1 + 15.19 · x2 + 38.635 · x3 + 64.03 · x1 · x2 − 41.3 · x1 · x3 − 39.79 · x2 · x3 (4)

η(SS) = 64.8·x1 + 74.62·x2 + 57.43·x3 + 39.35·x1·x2 + 40.52·x1·x3+
+55.57·x1·x3 − 91.28 ·x1·x3·(x1 − x3).

(5)

Y(η(C)) = 0.17835 · x1 + 0.425 · x2 − 0.3747 · x3 + 0.94002 · x1 · x3+
+0.5764 · x1 · x3 + 0.200058 · x2 · x3

(6)

Y(η(Cu)) = 0.84814 · x1 + 0.86236 · x2 + 0.82342 · x3 + 0.208 · x1 · x3 + 0.556 · x1 · x3+
+0.55714 · x2 · x3 − 1.67756 · x1 · x2 · x3

(7)

However, the above-mentioned papers devote little attention to the issue of arc stability
and its impact on weld bead morphology.

The purpose of this article is to study the influence of exothermic addition (CuO–Al) to
core filler and core filler composition on the stability of the hardfacing process, to develop
mathematical relationships for predicting current and voltage parameters, and to optimize
core filler composition.

2. Materials and Methods

2.1. Design Experiment

Mixture design is known to be widely used to optimize composition. The main stages
are the selection of a response variable (dependent variable) and a design experiment, as
shown in Table 2 [82]. As variables, the following were chosen: x1—the ratio of oxidizing
agent and reducing agent of the exothermic mixture (CuO/Al); x2—the ratio of exothermic
mixture oxidizing agent to graphite content (CuO/C) with a lower level of 3 and an upper
level of 6; and x3—content of the exothermic mixture (EA, wt.%) in the core filler with a
lower level of 20 wt.% and an upper level of 46 wt.%. When conducting an experiment on
the optimization of processes and searching for mathematical models to predict indicators
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or parameters of optimization, the following block diagram, shown in general form in
Figure 4, is used.

Table 2. Three-factor experiment design simplex trellis planning [64,79,84,85].

Run
Coded Values Actual Values

x1 x2 x3 CuO/C CuO/Al EA, (wt.%)

1 0 1 0 3/1 6/1 20
2 0.333 0.33 0.33 4/1 4/1 28.58
3 0.67 0.33 0 5/1 4/1 20
4 0 0.67 0.33 3/1 5/1 28.58
5 0.33 0 0.67 4/1 3/1 37.42
6 0.5 0.25 0.25 4.5/1 3.75/1 26.5
7 0.25 0.25 0.5 3.75/1 3.75/1 33
8 0.25 0.5 0.25 3.75/1 4.5/1 26.5
9 0.33 0.67 0 4/1 5/1 20

 
Figure 4. An overall block diagram elaborating the algorithm for conducting a design plan.

The full cubic model is represented in Equation (8):

y =
K

∑
i=1

βi · xi +
k

∑
j>i

βij · xi · xj +
k

∑
j>i

δij · xi · xj · (xi − xj) +
K

∑
k>j>i

βijk·xi · xj · xk + ε (8)

where y—the predicted response variable; i and j are the number of ingredients in the mixture;
K—components given by the equation; βi—expected response at the top; βij—coefficients
indicate the amount of quadratic curvature along the edge of the simplex region consisting
of binary mixtures of xi and xj; and δij—account for ternary blending among three separate
components in the interior of the design. βijk—the coefficient of the regression coefficient
of the product terms of two or three variables. xi, xj, and xk represent three different
design variables.

For modeling in this study, all possible regressions were used in combination with
the stepwise regression method. The reason for using the two mentioned methods is to
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evaluate the suitability and appropriateness of the final model, using methods such as a
residual analysis, a lack of fit test, and an evaluation of the effect of outliers.

2.2. Materials

The filler material was a TiO2–CaF2–CaO–SiO2 slag system self-shielded, flux-cored
wire with a diameter of 4 mm. The core filler composition of the experimental FCAW-SS
are shown in Table 3.

Table 3. Composition of core filler FCAW-SS, wt.%.

Component

Marking of Experimental Flux-Cored Wires

FCAW-
SS-E1

FCAW-
SS-E2

FCAW-
SS-E3

FCAW-
SS-E4

FCAW-
SS-E5

FCAW-
SS-E6

FCAW-
SS-E7

FCAW-
SS-E8

FCAW-
SS-E9

Fluorite concentrate GOST 4421–73 11 11 11 11 11 11 11 11 11
Rutile concentrate GOST 22938–78 6 6 6 6 6 6 6 6 6
Calcium carbonate GOST 8252–79 3 3 3 3 3 3 3 3 3
Ferromanganese FMN-88A GOST 4755–91 7 7 7 7 7 7 7 7 7
Ferrosilicon FS-92 GOST 1415–78 4 4 4 4 4 4 4 4 4
Ferrovanadium FVd–40 GOST 27130–94 4 4 4 4 4 4 4 4 4
Metal Chrome X99 GOST 5905–79 14 14 14 14 12 14 12 14 14
Titanium powder PTM–3 TU 14–22–57–92 3 3 3 3 3 3 3 3 3
Graphite is silver 5.6 5.8 3.75 7.6 7.1 4.9 7 5.8 4.3
Oxide of copper powder-like GOST 16539–79 16.7 23.3 17.2 22.8 28.4 21.8 26.1 21.8 17.2
Aluminum powder PA1 GOST 6058–73 2.8 5.8 4.3 4.6 9.5 5.8 7 4.9 3.5
Iron powder PZhR–1 GOST 9849–86 22.9 13.1 22.7 13 5 15.5 9.9 15.5 23

The base metal was S 235 J2G2 EN 10025–2 (St3ps), and its dimensions were 200 mm
× 100 mm × 15 mm. The welding process was carried out using a polarity-reversed
welding power source with a rigid external characteristic. The following modes were used
for hardfacing: wire feed speed WFS = 111 m/h; set arc voltage Us = 28 V; travel speed
TS = 0.3 m/min; and contact tip to work distance CTWD = 40 mm. Hardfacing was carried
out with reverse polarity by a self-powered welding head ABC automatic machine from a
power source with a rigid external characteristic (Figure 5).

  
Figure 5. Experimental setup for hardfacing.

2.3. Investigation Parameters

Every researcher studying the stability process understands the process in a different
way and applies different indicators of arc stability [77,86]. The arc stability indexes were
the average voltage (Iaw) and current and their standard deviations (Std(I) and Std(U)),
the voltage and current square mean, the current coefficient of variation (CV(I)), and the
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voltage coefficient of variation (CV(U)) [87]. The current and voltage were measured using
a welding waveform monitoring system (oscilloscope OWON SDS6062E) installed to the
ABC welding machine.

The coefficient of variation (CV) is a statistical measure of the dispersion of data points
in a data series around the mean [88]. The coefficient of variation represents the ratio of the
standard deviation to the mean [89]. When comparing data sets, the coefficient of variation
is utilized. The CV is a useful statistical measure for comparing the degree of variation of
one data series with another, even if the averages differ sharply from each other [89].

Std =

√
∑n

i−1(x − x)2

n − 1
(9)

CV =
Std

1
n ∑n

i=1|xi|
(10)

where x—the sample mean; n—the sample size.

2.4. Welding Heat Indicate

Heat input (Qin) is the quantity of energy introduced from the arc per unit length of
weld. The heat input was calculated by the means equation [11,90].

Qin =
ηFCAW ·Ua·I·60

TS·1000
(11)

Qin—heat input, (kJ/mm); Ua—arc voltage, V; I—arc current, A; TS—travel speed, mm/min;
H—coefficient of efficiency of the process; ηFCAW = 0.8 [90].

2.5. Investigation of Composition, Phase Composition, and Microstructure of Deposited Metal

The average chemical composition of the alloys was determined by the atomic absorp-
tion spectroscopy method using a Spectrolab LA VFC01A device. The alloys were examined
by a Neophot light optical microscope. Quantitative metallography was carried out with
an Epiquant structural analyzer. An X-ray diffraction analysis was conducted to identify
the existing phases in the produced samples on a DRON-UM-1 X-ray diffractometer with
a CuKα source. The phase transformations were investigated by means of a differential
thermal analysis (DTA).

3. Results

3.1. Dynamic Characteristics

Figure 6 shows the dynamic characteristics of the welding voltage and current, which
are shown with instantaneous values of current and voltage over a randomly chosen period
of 0.5 s. The arc voltage and welding current fluctuate significantly, reflecting the poor
stability of the hardfacing process.

The average values of the average welding current (Iaw), as well as the corresponding
values of the standard deviation of the welding current (Std(I)) and the coefficient of
variation of the welding current (CV(I)), are shown in Table 4.

The average arc voltage (Uaw), the standard deviation of the arc voltage (Std(U)), and
the arc voltage coefficient of variation (CV(U)) are shown in Table 5.

Observations and analyses of the change in the welding electrical signal indicated
that the waveform of the arc voltage waveform had significant fluctuation even with the
same welding parameters, which in turn influenced the process of arc burning in flux-cored
arc welding.

An analysis of the average arc voltage values showed (Figure 7) that the minimum
value was observed when hardfacing a flux-cored wire electrode with index FCAW-SS-E1,
whereas the maximum value was observed when hardfacing with FCAW-SS-E9. These
flux-cored wire electrodes had low exothermic additive content. At the same time, FCAW-
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SS-E1 was characterized by a high CuO/Al = 6 ratio (excess oxidant in exothermic addition)
and a high CuO/C = 3 ratio (high proportion of carbon-containing component in the filler
introduced as graphite).

 

Figure 6. Dynamic characteristics of voltage and current with varying composition of core filler:
(a) FCAW-SS-E1; (b) FCAW-SS-E2; (c) FCAW-SS-E3; (d) FCAW-SS-E4; (e) FCAW-SS-E5; (f) FCAW-SS-
E6; (g) FCAW-SS-E7; (h) FCAW-SS-E8; and (i) FCAW-SS-E9.

Table 4. Welding current parameters during hardfacing with experimental flux-cored wires with
different core filler compositions.

Run

Average Welding Current Standard Deviation of Welding
Coefficient of Variation of

Welding Current, (%)

Actual
Value,

(A)

Predicted
Value,

(A)

Diff.
(A)

Dev.,
(%)

Actual
Value,

(A)

Predicted
Value,

(A)

Diff.
(A)

Dev.,
(%)

Actual
Value

Predicted
Value

Diff. Dev.

FCAW-SS-E1 365.0 362.4 2.57 0.70 66.3 64.8 1.48 2.23 18.2 17.46 0.74 4.09
FCAW-SS-E2 322.3 339.6 17.27 5.36 75.2 69.2 5.97 7.94 23.3 21.14 2.16 9.28
FCAW-SS-E3 372.7 373.9 1.22 0.33 70.5 69.6 0.92 1.30 18.9 18.25 0.65 3.44
FCAW-SS-E4 365.2 368.9 3.69 1.01 79.1 79.2 0.11 0.14 21.7 21.68 0.02 0.10
FCAW-SS-E5 365.2 364.7 0.51 0.14 79.1 78.9 0.24 0.30 21.7 21.41 0.29 1.35
FCAW-SS-E6 364.0 356.3 7.72 2.12 60.6 61.8 1.22 2.02 16.7 17.10 0.40 2.39
FCAW-SS-E7 345.2 337.8 7.36 2.13 64.2 66.5 2.32 3.61 18.6 18.75 0.15 0.78
FCAW-SS-E8 356.2 348.8 7.40 2.08 74.8 77.6 2.77 3.71 21.0 22.47 1.47 6.99
FCAW-SS-E9 388.4 389.7 1.32 0.34 65.1 67.2 2.07 3.17 16.8 17.85 1.05 6.23
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Table 5. Arc voltage parameters during hardfacing with experimental flux-cored wires with different
core filler compositions.

Run

Average Arc Voltage Standard Deviation of Arc Voltage
Coefficient of Variation of

Welding Current, %

Actual
Value,

(V)

Predicted
Value,

(V)

Diff.
(V)

Dev.,
(%)

Actual
Value,

(V)

Predicted
Value,

(V)

Diff.
(V)

Dev.,
(%)

Actual
Value

Predicted
Value

Diff. Dev.

FCAW-SS-E1 29.0 28.97 0.03 0.11 1.36 1.37 0.01 0.43 4.7 4.70 0.00 0.00
FCAW-SS-E2 31.5 31.33 0.17 0.55 1.81 1.77 0.04 2.08 5.7 5.63 0.07 1.25
FCAW-SS-E3 31.5 31.55 0.05 0.16 1.81 1.81 0.01 0.28 5.7 5.75 0.05 0.89
FCAW-SS-E4 32.2 32.14 0.06 0.19 1.39 1.39 0.00 0.11 4.3 4.31 0.01 0.19
FCAW-SS-E5 32.2 35.42 3.22 10.0 1.38 1.36 0.03 2.36 4.2 4.23 0.07 1.58
FCAW-SS-E6 31.5 30.15 1.35 4.27 2.15 2.15 0.00 0.04 6.8 6.85 0.05 0.68
FCAW-SS-E7 32.6 34.00 1.40 4.31 1.70 1.70 0.00 0.12 5.2 5.22 0.02 0.44
FCAW-SS-E8 31.9 31.94 0.04 0.12 1.43 1.43 0.00 0.11 4.5 4.51 0.01 0.20
FCAW-SS-E9 33.3 33.39 0.09 0.28 1,46 1.46 0.00 0.16 4.4 4.36 0.04 0.93

 
Figure 7. The effect of the composition of core filler on the average welding current and average
arc voltage.

The lowest values of the average welding current could be observed for flux-cored wire
with index FCAW-SS-E2 (Figure 7). A slightly higher value was observed for flux-cored
wire with index FCAW-SS-E7. These filler materials were characterized by the average
content of exothermic addition in the core filler (at EA = 28.5–33 wt.%) and the CuO/Al
and CuO/C ratios (3.75–4). Whereas the highest values of average welding current were
observed for flux-cored wire with index FCAW-SS-E9 and FCAW-SS-E3 (Figure 7). These
filler materials were characterized by a low content of exothermic addition in the core
filler (EA = 20 wt.%). It could be concluded that the amount of heat generated from the
exothermic reaction was insufficient. Whereas for the parameter average arc voltage, the
lowest values were observed for FCAW-SS-E2 and the highest for FCAW-SS-E9.

Filler materials were characterized by exothermic addition at a low level (EA = 20 wt.%),
but the first flux-cored wire electrode was characterized by an excess of carbon containing
material (low CuO/C = 3 ratio) and an excess of oxidants (high CuO/Al = 6 ratio). Whereas
FCAW-SS-E9 was characterized by an average CuO/C = 4 ratio and a stoichiometric ratio
of oxidizing agent and reducing agent of exothermic mixture CuO/Al = 5.

3.2. Arc Stability Analysis

The arc stability is accessed qualitatively using the probability distribution and cur-
rent and voltage cyclograms, while the coefficients of variation of voltage and current
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can quantificationally evaluate arc stability [91]. Figure 8 shows the dependence of the
coefficients of variation of arc voltage and welding current on different arc voltages. It is
known that the smaller the coefficient of variation, the more stable the welding process and
vice versa [91,92].

 
(a) (b) 

Figure 8. The effect of the composition of core filler on (a,b) the coefficient of variation and the
standard variation of the arc voltage and welding current, respectively.

Analyzing the results shown in Figure 8a, it can be concluded that the lowest val-
ues of coefficients of variation of the welding current were observed for the flux-cored
wire electrodes with indexes FCAW-SS-6 and FCAW-SS-9. The CV(I) values were 16.7%
and 16.8%, respectively (Figure 8a). Somewhat higher values of coefficients of varia-
tion of the welding current were observed in flux-cored wire electrodes with indexes
FCAW-SS-E1, FCAW-SS-E7, and FCAW-SS-E3 with corresponding values in an ascend-
ing order of 18.2%, 18.5%, and 18.9% (Figure 8a). Whereas the highest values corre-
sponded to filler materials with indexes FCAW-SS-E2 → FCAW-SS-E4. FCAW-SS-E5 →
FCAW-SS-E8 in descending order of values of coefficients of variation of the welding
current, respectively: 23.3% → 21.7% → 21%. It should be noted that the highest val-
ues corresponded to flux-cored wire electrodes with an average content of exothermic
additive at the level EA = 26.5–28.58 wt.% (x3 = 0.25–0.33) and a high carbon content
(low values of CuO/C = 33.75). Similarly, observations could be made regarding the stan-
dard variation of the welding current at the FCAW-SS location.

As for the arrangement (Figure 8a,b) of experimental self-shielded, flux-cored wire
electrodes for coefficients of variation of the arc voltage CV(U) and the standard variation
of arc voltage Std(U), the character of influence of the variable was different. The lowest
values of the CV(U) in the order of their value (Figure 8a) increasing had FCAW-SS with
indices FCAW-SS-E4, FCAW-SS-E5, FCAW-SS-E8, FCAW-SS-E9, and FCAW-SS-E1. They
corresponded to the following values of coefficients of variation of arc voltage: 4.3% → 4.4%
→ 4.5% → 4.7%. Whereas the highest values of the CV(U) corresponded to flux-cored wire
electrodes with indexes FCAW-SS-E6. FCAW-SS-E2, and FCAW-SS-E3, with corresponding
values of 6.8%, 5.7%, and 5.7%. The matrix plan analysis showed that the lowest values
of CV(U) and Std(U) were characterized by hardfacing processes with a high CuO/Al
ratio ≥ 4.5 (x2 ≥ 0.5) and a content of exothermic mixture in the core filler (EA) below the
average EA < 29 wt.% (x3 < 0.33). Whereas high values of coefficients of variation of the
arc voltage and the standard variation of arc voltage were characterized by a hardfacing
process carried out by self-shielded, flux-cored wire electrodes with a low ratio of oxidizing
agent to reducing agent in the composition of the exothermic mixture CuO/Al = 3.75–4
(x2 = 0.25–0.33) and a low content of exothermic mixture in the core filler EA < 29 wt.%
(x3 < 0.33).
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Box plots (Figures 9a and 10a) were constructed to compare each process, and fre-
quency histograms for each process were separately generated (Figures 9b–j and 10b–j)
to better understand the distribution of welding current and arc voltage data. Box plots
work best when a comparison in distributions needs to be performed between groups. For
each flux-cored wire electrode, a box plot was made showing the difference between the
minimum and maximum values with a dotted line. The colored box (rectangle) describes
the values of the 25 and 75% quantiles, and the line inside the box shows the average value.
Lines extend from each box to capture the range of the remaining data, with dots placed
past the line edges to indicate outliers. This allowed us to compare the stability results of
the current and arc voltage by medians through the box and whisker markings’ positions.
Displacement of the median from the middle indicated the asymmetry of the data. Vice
versa, the closer the median was to the middle of the rectangle, the more symmetrical the
data. The obtained box plots for the welding current are shown in Figure 9.

 

 

 

 

 Parameters 
Experimental self-shielded, flux-cored wire electrode 

 

1 2 3 4 5 6 7 8 9 

Q2 406.2 367.7 414.4 416.6 416.6 402.7 378 392 429.1 

 

Median (Q1) 367.4 326.1 378.1 374.9 374.9 356.1 347.8 333 381.6 
Q3 318 279.7 332.4 325.8 325.8 321.1 307.1 315.5 346.7 

Rectangular height 88.2 88 82 90.8 90.8 81.6 70.9 76.5 82.4 
Middle point (MP) 362.1 323.7 373.4 371.2 371.2 361.9 342.55 353.75 387.9 

DQ1 5.3 2.4 4.7 3.7 3.7 –5.8 5.25 –20.75 –6.3 
Dev., (%) 6.0 2.7 5.7 4.1 4.1 7.1 7.4 27.1 7.6 

 

 

Figure 9. Box plots for the medians, quartiles, and scatter of the (a) welding current depending on
the composition of the core filler of flux-cored wire electrodes and histograms (b–j) of the welding
current distribution for all FCAW-S, where DQ1 = Q1–MP—difference of the median (Q1) from the
midpoint (MP).
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 Parameters 
Experimental self-shielded, flux-cored wire electrode 

1 2 3 4 5 6 7 8 9 

Q2 30.43 32.52 32.53 33.07 33.07 32.64 33.72 32.51 34.29 

 

Median (Q1) 29.33 31.53 31.54 32.24 32.24 31.65 31.66 31.66 33.47 

Q3 28.38 30.46 30.47 31.23 31.23 30.65 30.65 31.12 32.38 

Rectangular height 2.05 2.06 2.06 1.84 1.84 1.99 3.07 1.39 1.91 

Middle point (MP) 29.41 31.49 31.5 32.15 32.15 31.65 32.12 31.82 33.34 

DQ1 –0.075 0.04 0.04 0.09 0.09 0.005 –0.525 –0.155 0.135 

Dev., (%) 3.7 1.9 1.9 4.9 4.9 0.3 17.1 11.2 7.1 

Figure 10. Box plots for the medians, quartiles, and scatter of the (a) arc voltage depending on
the composition of the core filler of flux-cored wire electrodes and histograms (b–j) of the arc
voltage distribution for all FCAW-SS, where DQ1 = Q1–MP—difference of the median (Q1) from the
midpoint (MP).

The analysis of data for the welding current showed that the best symmetry was in
the welding current values for processes hardfaced with flux-cored wire electrodes with
indices FCAW-SS-E2 and FCAW-SS-E7 (Figure 9a). The analysis of frequency histograms
(Figure 9c) and (Figure 9h) confirmed the uniformity of distribution of welding current
values for these filler materials. The diagrams had an almost symmetrical appearance.
Whereas a clear asymmetry of the welding current data was shown by processes using
FCAW-SS labeled FCAW-SS-E9, less than FCAW-SS-E1 (Figure 9a) which was shown
by their frequency histograms (Figure 9b,j). At the same time, their data shift towards
higher values was noticeable. This was confirmed by the values of the average welding
current for the hardfacing process. The analysis of filler compositions showed that sym-
metric frequency histograms corresponded to filler materials with an average content of
exothermic addition (EA = 29–33 wt.%) to the core filler and average CuO/Al = 3.75–4 and
CuO/C = 3.75–4 ratios. Whereas asymmetric frequency histograms corresponded to flux-
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cored wire electrodes with high values of the CuO/Al ratio ≥ 5 and exothermic additive
content at the lower level EA = 20 wt.%.

Figure 10 shows the summary box plots and frequency histograms for arc voltage. The
character of distribution of the arc voltage values was somewhat different from the welding
current. According to Figure 10a, the smallest size of the quantile rectangle (colored field)
was observed for FCAW-SS with indices FCAW-SS-E4 and FCAW-SS-E5, whereas the largest
size was observed for the hardfacing process using FCAW-SS-E7. It is noteworthy that the
most symmetrical arrangement of the median was observed for the hardfacing process
performed by FCAW-SS-E6, FCAW-SS-E2, and FCAW-SS-E3. Whereas an asymmetric
location of the median in the quantile rectangle was observed with FCAW-SS-E7 and
FCAW-SS-E8, which was confirmed by the corresponding frequency histograms shown in
Figure 10h,j.

The analysis of the core filler composition showed that the first group (with symmetri-
cal median arrangement) differed from the second group in the CuO/C ratio.

Based on the above data, it can be stated that more stable values of the arc voltage
were observed for flux-cored wire electrodes in which the ratio of the exothermic mixture
oxidizing agent to graphite content was CuO/C = 4–5.

3.3. Current and Voltage Cyclograms

To describe the nature of the arc burning, its stability, as well as identifying char-
acteristic zones during arc burning (AEA—arc extinction area; SCA—short-circuiting
area; ABA—arc burning area), the use of current and voltage cyclograms has become
widespread [86,91,93]. Current and voltage cyclograms show welding voltage as a function
of the welding current. The cyclograms shown are also scatter density plots that show
the number of dots in an area. The greater their number, the lighter the dots, gradually
moving from purple for areas with the lowest density of dots to yellow with the maximum
density of dots. Figure 11 displays current and voltage cyclograms for the conducted
hardfacing processes.

The analysis of the obtained current and voltage cyclograms showed that the hard-
facing process for the flux-cored wire with indexes FCAW-SS-E2 and FCAW-SS-E3 had
an arc extinction area (AEA) (see Figure 11b,c). In the cyclogram (Figure 11f) for the flux-
cored wire electrode with index FCAW-SS-E6, a short-circuiting SCA was observed. The
analysis of the core filler compositions of FCAW—SS showed that the first ones (in which
arc extinction was observed) were characterized by close to average values of CuO/Al =
4 and CuO/C = 4–5 ratios. Whereas the hardfacing process in which short-circuiting of
the arc was observed was carried out with filler materials in which CuO/Al = 3.75 and
CuO/C = 4.5, i.e., with an excess of aluminum in the core filler and a lack of graphite.

Figure 11. Cont.
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Figure 11. Current and voltage cyclograms (scatter density plot) with varying compositions of
core filler: (a) FCAW-SS-E1; (b) FCAW-SS-E2; (c) FCAW-SS-E3; (d) FCAW-SS-E4; (e) FCAW-SS-E5;
(f) FCAW-SS-E6; (g) FCAW-SS-E7; (h) FCAW-SS-E8; and (i) FCAW-SS-E9, where AEA—arc extinetion
area; SCA—short-circuiting area.

3.4. Prediction of Mathematic Model of Welding Current and Arc Voltage Characteristics

For practical application, the use of mathematical models to predict the required
dependent parameters of the hardfacing/welding process is of great importance. A math-
ematical model has been developed using the ANOVA technique and Response Surface
Methodology (RSM). Results were used in the production of linear, quadratic special cubic
and fully cubic regression models where the analysis of residue graphs and errors were
generated to verify the quality of the models. The final choice of the mathematical model
was made based on the values of the sum squared (SS) and the adjusted mean (MS). The
higher their values, the more reliably the mathematical model describes the parameter
under study [94]. Table 6 presents the regression coefficients for each response.

Table 6. An analysis of variance for the applied models.

Parameter Source
Adjusted Sum
of Square (SS)

Degree of
Freedom (df)

Adjusted
Mean Square

(MS)
F-Value p-Value

Iaw, (A)
Model 2165.891 5 433.1781 2.349205 0.256648

Total Error 553.180 3 184.3935 – –
Total Adjusted 2719.071 8 339.8839 – –

CV(I), (%)
Model 37.00867 6 6.168112 1.641247 0.425755

Total Error 7.51637 2 3.758186 – –
Total Adjusted 44.52504 8 5.565630 – –

Std(I), (A)
Model 322.4220 5 64.48441 3.895788 0.146137

Total Error 49.6570 3 16.55234 – –
Total Adjusted 372.0791 8 46.50988 – –
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Table 6. Cont.

Parameter Source
Adjusted Sum
of Square (SS)

Degree of
Freedom (df)

Adjusted
Mean Square

(MS)
F-Value p-Value

CV(U), (%)
Model 6.041557 7 0.863080 125.7341 0.068564

Total Error 0.006864 1 0.006864 – –
Total Adjusted 6.048421 8 0.756053 – –

Std(U), (V)
Model 0.585934 7 0.083705 254.5907 0.048221

Total Error 0.000329 1 0.000329 – –
Total Adjusted 0.586263 8 0.073283 – –

Uaw, (V)
Model 11.66115 7 1.665878 13,508.76 0.006625

Total Error 0.00012 1 0.000123 – –
Total Adjusted 11.66127 8 1.457659 – –

The statistical characteristics of the obtained mathematical models indicate their re-
liability and adequacy. To assess the adequacy of the developed mathematical models,
Fisher’s criterion (F) was used. The significance of the obtained data was determined using
Student’s criterion (p). The developed mathematical models are considered adequate if the
actual value of the Fisher’s criterion exceeds the threshold table value Fact > 3 [64]. There-
fore, the data obtained from the developed mathematical model is considered significant in
the case that Student’s criterion is p > 0.05. The analysis of variance for the applied models
showed (Table 6) that the developed models meet the above requirements, except for the
mathematical model for the CV(I). All regression models (12)–(17) as mathematical func-
tions have multivariate functions with bounded indexes in any direction [95] and bounded
indexes in joint variables [96], and their indexes equal the corresponding maximum degree.
The regression model of the fill coefficient has the following form:

IAW = 401.21 · x1 + 362.43 · x2 + 382 · x3 − 1095.77 · x1 · x2 · x3−
−192.73 · x1 · x2 · (x1 − x2) + 314.56 · x1 · x3 · (x1 − x3)

(12)

Std(I) = 71.93 · x1 + 64.82 · x2 + 48.74 · x3 + 217.9 · x1 · x2 · x3−
−298.9 · x1 · x3 · (x1 − x3) + 262 · x2 · x3 · (x2 − x3)

(13)

CV(I) = 18.64 · x1 + 17.46 · x2 − 119 · x3 + 309.2 · x1 · x3 + 222.8 · x2 · x3−
−266.9 · x1 · x2 · x3 − 354.16 · x1 · x3 · (x1 − x3)

(14)

UAW = 48.1 · x1 + 29 · x2 + 42.26 · x3 − 27.49 · x1 · x2 − 46.95 · x1 · x3 − 55.47 · x1 · x2 · (x1 − x2)+
+21.5 · x1 · x3 · (x1 − x3)− 16.44 · x2 · x3 · (x2 − x3)

(15)

Std(U) = 2.41 · x1 + 1.362 · x2 − 3.47 · x3 − 1.134 · x1 · x2 + 13.07 · x1 · x3+
+10.51 · x2 · x3 − 21.58 · x1 · x2 · x3 − 9.36 · x2 · x3 · (x2 − x3)

(16)

CV(U) = 5.41 · x1 + 4.7 · x2 − 11 · x3 + 44.4 · x1 · x3 + 30.5 · x2 · x3−
−63.34 · x1 · x2 · x3 + 7.65 · x1 · x2 · (x1 − x2)− 26 · x2 · x3 · (x2 − x3)

(17)

The evaluation of the accuracy of the prediction models and their values, predicted by
these models, compared to the actual values is shown in Figure 12. These graphs represent
an approximately linear trend. This indicates that the residuals follow a normal distribution
and there is no significant correlation between them. The proximity of the data points to
the y = x line also indicates that there is minimal divergence. This allows you to make
accurate predictions based on new and unknown data. The strong relationship between the
predicted and actual values of the model indicates that it accurately captures the patterns
and relationships in the data [79,97].
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(a) (b) (c) 

(d) (e) (f) 

Figure 12. Diagram of predicted values versus actual values for (a) mean welding current, (b) coeffi-
cients of variation, (c) standard variation of welding current, (d) mean arcvoltage, (e) coefficients of
variation, and (f) standard variation of arc voltage.

The graphs show that the developed models for the parameters characterizing the arc
voltage (Uaw, Std(U), and the CV(U)) have good prediction capabilities. This is indicated by
the location of the points predicted by the developed model, which are practically located
on a sloping straight line near the actual values. In this case, the model works well, and the
errors are random. Whereas the location of the predicted points determined by using the
developed mathematical models for the welding current parameters (Iaw, Std(I), and CV(I))
are located away from the inclined straight red line. This indicates the scatter of predicted
values and the limitations of the developed models.

Pareto diagrams were constructed (Figure 13) to better identify the influence of each
variable in the resulting mathematical model.

The red line defines the threshold value, exceeding which indicates the importance
of the effect for the optimization parameter. The analysis of the obtained Pareto diagrams
(Figure 13) for the welding current indicators showed that the ratio of oxidizing agent
to reducing agent in the composition of exothermic mixture (CuO/Al) and the ratio of
graphite to oxidizing agent of exothermic mixture (CuO/C) had the greatest influence
for all indicators (Iaw. Std(I) and CV(I)). Whereas the percentage of exothermic mixture
in the core filler (EA), which is CuO + Al, had a significant influence only on the average
welding current (Iaw). Whereas the CuO/Al and CuO/C ratios had a significant influence
on the process stability characterized by the indicators of standard deviation of the welding
current (Std(I)) and the coefficient of variation of the welding current (CV(I)). The analysis
of the Pareto diagram for the arc voltage parameters showed a similar influence of the
studied variables. It should be noted that the influence of such variables as the ratio of
oxidizing agent to reducing agent in the composition of exothermic mixture (CuO/Al)
is more pronounced and significant. A significant influence on the parameter coefficient
of variation of arc voltage (CV(U)) was from the ratio of graphite to oxidizing agent of
exothermic mixture (CuO/C). Considering the influence of the studied equation effects on
the average arc voltage (Uaw), the high influence of the effect of the percentage of exothermic
mixture (EA) and the low influence of the effect of the ratio CuO/C can be noted.
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(a) (b) (c) 

(d) (e) (f) 

Figure 13. Pareto diagrams of effect of core filler composition on (a) mean welding current, (b) co-
efficients of variation, (c) standard variation of welding current, (d) meanarc voltage, (e) standard
variation, and (f) coefficients of variation of arc voltage.

To visualize the relationships between the three variables and the output responses,
and to determine the optimal values of the response parameters, contour graphs and 3D
response surfaces are utilized. Figure 14 shows the 2D and 3D response representations of
the optimized factors that lead to the efficiency of the average welding current (Iaw), the
standard deviation of the welding current (Std(I)), and the coefficient of variation of the
welding current (CV(I)).

A response surface plot (3D) and a contour plot (2D) were also constructed for in-
dicators characterizing the arc voltage, shown as follows: average arc voltage Uaw, the
standard deviation of arc voltage Std(U), and the coefficient of variation of arc voltage
CV(U) (Figure 15).

Once the stationary point has been identified using a contour plot, it is important to
characterize the response surface near the point to determine if it is a maximum, minimum,
or saddle point. This information is useful for further optimizing the process and achieving
the desired output response. For optimizing the core filler composition, the methodology
described in [64] was utilized. This methodology enables the optimization of a research
problem when there are many initial parameters to optimize. This technique allows us to
determine the optimal values of the variables by overlaying the optimal areas of different
initial parameters on one graph. Then, the intersection of these optimal areas is determined.
If there is no intersection, then it is necessary to expand the threshold value for one of
the selected dependent parameters to achieve this intersection. In our case, two welding
parameters were selected for optimization: the mean welding current Iaw and the standard
deviation of arc voltage Std(U).
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(a) (c) (e) 

   
(b) (d) (f) 

Figure 14. Response surface plot (3D) and contour plot (2D) showing the effects of variables on mean
welding current (a) 2D and (b) 3D; standard variation of welding current (c) 2D and (d) 3D; and
coefficients of variation of welding current (e) 2D and (f) 3D.

(a) (c) (e) 

(b) (d) (f)

Figure 15. Response surface plot (3D) and contour plot (2D) showing the effects of variables on mean
arc voltage (a) 2D and (b) 3D; standard variation of arc voltage (c) 2D and (d) 3D; and coefficients of
variation of arc voltage (e) 2D and (f) 3D.
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The first parameter was chosen because it can best characterize the probability of an
exothermic reaction occurring before the arc, increasing the electrical resistance in the elec-
trode extension area and improving the melting uniformity of the flux-cored wire electrode
(the lag of melting of the core filler from the melting of the metal sheath [64]). The lower the
observed mean welding current value, the greater the heat generated in the core filler from
the exothermic reaction. The parameter of the standard deviation of arc voltages chosen to
optimize the composition of the core filler because it can most informatively characterize
the stability of the flux-cored arc welding process [86,87,98]. Based on experience and in
accordance with the above methodology, the following threshold values were selected for
optimization: Iaw ≤ 350 A and Std(U) ≤ 2 V.

Based on the obtained surfaces results (Figure 16), it can be seen that the optimum
area with a maximum value observed is as follows: x1 = 0.17–0.42 (CuO/C = 3.5–4.26),
x2 = 0.18–0.31 (CuO/Al = 3.6–3.9), x3 = 0.35–0.7 (EA = 29–38 wt.%).

 
Figure 16. Interpretation diagram of optimal value areas.

3.5. Prediction of Mathematic Model of Heat Input

To better understand the cooling conditions, heat input indicators were calculated for
each experiment (Table 7). The values were calculated according to Equation (11).

Table 7. Heat input (Qin) during hardfacing with experimental flux-cored wires with different core
filler compositions.

Run
Actual Value,

(kJ/mm)
Predicted Value,

(kJ/mm)
Diff., (kJ/mm) Dev., (%)

1 1586.1 1603.9 17.8 1.12
2 1522.4 1640.1 117.6 7.73
3 1760.8 1805.2 44.5 2.53
4 1762.5 1741.7 20.8 1.18
5 1762.5 1771.7 9.1 0.52
6 1718.9 1609.2 109.7 6.38
7 1690.7 1676.3 14.4 0.85
8 1705.9 1690.5 15.3 0.90
9 1942.7 1913.9 28.8 1.48
10 1586.1 1603.9 17.8 1.12

A mathematical model was constructed (Equation (18)). The mathematical model
exhibits good accuracy (Rsqr = 0.7345), adequacy (Fisher’s criterion Fact = 3.766 > 3), and
significance (Student’s criterion p = 0.03740 > 0.05). The equation of the obtained regression
model for heat input is provided in Equation (18):

Qin = 1278.47 · x1 + 1603.88 · x2 + 2017.89 · x3 + 1883 · x1 · x2 − 5471 · x1 · x2 · x3 (18)

An analysis of the obtained mathematical model (18) showed that the linear terms of
the equation (x1, x2, x3) and their pairwise interactions increase the overall Qin. A compari-
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son of experimental values and predicted values showed good convergence, confirming
the accuracy of the developed mathematical model for the heat input parameter.

Figure 17 presents a Pareto Chart, observed and predicted values, as well as a response
surface and contour plot. An analysis of the Pareto diagram (Figure 17a) revealed that
the two linear factors exert the greatest influence on Qin, namely the oxidizer-to-reducer
ratio (CuO/Al) and the amount of introduced exothermic addition (CuO/C) in the core
filler. Experimental values and values predicted using the developed mathematical model
(Equation (18)) showed good convergence, as evidenced by the proximity of points to the
inclined line (Figure 17b). The 3D surface response plot (Figure 17c) and 2D contour plot
(Figure 17d) of the obtained mathematical model demonstrate the complex interaction of
components in the powder wire blend.

(a) (b) 

(c) (d) 
Figure 17. (a) Pareto chart, (b) plot of observed and predicted values, (c) response surface, and
(d) contour surface graphs for heat input Qin.

3.6. Microstructure Study

For structural investigations, two samples were selected based on the parameters with
the highest and lowest values of the standard variation of the arc voltage Std(U), which
best assesses arc stability. These parameters (Table 5) correspond to samples of deposited
metal applied by self-shielded, flux-cored wire electrodes indicated as FCAW-SS-E5 and
FCAW-SS-E6. In this case, FCAW-SS-E5 contained EA = 37.42 wt%, while FCAW-SS-E6
contained EA = 26.5 wt%.

The chemical composition and mechanical properties were measured for the selected
weld beads. Cross-sections of the weld beads, which were hardfaced by FCAW-SS-E5 and
FCAW-SS-E6, are shown in Figure 18. Chemical composition of simple selected deposited
metal is shown in Table 8.
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(a) (b) 

Figure 18. Macrographic images of weld bead hardfacing using (a) FCAW-SS-E5; (b) FCAW-SS-E6.

Table 8. Chemical composition of simple selected deposited metal.

Item No.
Content of Alloying Element in Metal Deposit, wt.%

C Cr Si Mn Ti V Al Cu

FCAW-SS-E5 0.73 3.95 0.99 1.77 0.52 0.32 0.16 7.15
FCAW-SS-E6 0.49 2.52 0.93 1.53 0.71 0.26 0.21 5.01

For a better understanding of the influence of the core filler composition, we decided
to conduct a study and compare our experimental results with thermodynamic calculations
performed using the JMatPro® API v7.0 software for the phase composition of the deposited
metal [99,100]. Phase diagrams (Figure 5) and the phase composition of the deposited metal
were constructed for the selected samples depending on the welding cycle and according
to the obtained characteristics of the welding modes.

Figure 19a shows that the deposited metal produced using FCAW-SS-E5 exhibited
an expansion of the austenitic zone and a decrease in temperature during the onset and
completion of martensitic transformation compared to the sample produced using FCAW-
SS-E6 (Figure 19b). The latter can be explained by differences in chemical composition,
due to a higher content of carbon and copper in the FCAW-SS-E5 deposited sample. Such
differences would lead to a change in the phase composition of the matrix, resulting in a
decrease in the proportion of the ferritic phase in the deposited metal and an increase in the
pearlitic phase (Figure 20). Structural-phase investigations were conducted to confirm the
modeled phase composition of the obtained samples. The microstructure of the deposited
metal is depicted in Figure 21, while the phase composition as shown in the XRD pattern is
presented in Figure 22.

 

(a) (b) 

Figure 19. CCT diagram for deposited metals of hardfacing using (a) FCAW-SS-E5; (b) FCAW-SS-E6.
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(a) (b) 

Figure 20. The phase composition of the deposited metals during the welding cycle (rate of heating
RH = 1000 ◦C/s, cooling rate CR = 45 ◦C/s, graine size 13 μm) during hardfacing with a self-shielded,
flux-cored wire electrode with indexes (a) FCAW-SS-E5; (b) FCAW-SS-E6.

  
(a) (b)  

Figure 21. Microstructure of specimens of hardfacing using (a) FCAW-SS-E5; (b) FCAW-SS-E6.

  

(a) (b) 

Figure 22. XRD pattern of specimens of hardfacing using (a) FCAW-SS-E5; (b) FCAW-SS-E6.
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The microstructure of the sample deposited with a flux-cored wire electrode indexed
as FCAW-SS-E5 consists of a ferrito-perlitic mixture with carbide eutectics (Figure 22a).
The eutectic is located at the boundaries of dendrites in the form of a mesh (Figure 21a).
The eutectic represents a solid solution based on ferrite and chromium carbides Cr23C6.
The presence of eutectics increases the hardness of the deposited metal but also leads to
a decrease in ductility (increased susceptibility to brittle fracture). Figures 21b and 22b
show that the structure of the sample made with FCAW-SS-E6 consists of a ferrito-perlitic
mixture with isolated chromium carbides (Cr23C6). That is, a ferritic base with uniformly
distributed carbides. This structure possesses lower hardness.

4. Discussion

Our research has shown that the introduction of exothermic additive components
into the core filler will have a significant impact on the stability of the flux-cored arc
welding process. In this case, attention should be paid to the significant influence of
variables including the ratio of oxidizing agent to reducing agent in the composition of
the exothermic mixture (CuO/Al) on the studied parameters characterizing the welding
current and arc voltage (Figure 13). Also, the ratio of graphite to oxidizing agent in the
exothermic mixture (CuO/C) will have a significant influence, except for the influence on
average arc voltage (Uaw). The value of the Uaw is more influenced by exothermic addition.
The explanation of the influence of variables on the investigated parameters of the welding
current and arc voltage will be considered separately.

The high influence of CuO/Al and CuO/C ratios on the average welding current
(Iaw) can be explained by the change in power consumption transferred from the power
supply at the contact-tip-to-work distance. The constant section from the contact tip to
the substrate materials, referred to as contact-tip-to-work distance, can be considered as
a parallel-connected chain of individual sections of the electrode extension—arc column,
which dynamically changes due to mutual compensation. Increasing the length of the
electrode extension section leads to heating of the flux-cored wire electrode in front of the
tip, due to Joule heat [101,102]. The presence of an additional heat source (exothermic
reaction) introduces changes into the energy distribution. Depending on the welding
parameters, the exothermic reaction can take place both in the electrode extension sec-
tion and in the arc column. In the first case, the introduction of exothermic addition
will lead to the melting of the core filler and the heating of the metal sheath. The latter
will lead to an increase in the electrical resistance of the sheath and a drop in the aver-
age welding current (Iaw). However, the presence of carbon-containing components in
the core filler in the form of graphite leads to the possibility of cupric oxide (CuO) re-
duction due to a carbothermal reaction: 2CuO + C→2Cu + CO2 [84]. This reaction is
characterized by a significantly lower thermal effect (QCuO+C = 16.49 kJ/mol O2 against
QCuO+Al = 798.87 kJ/mol O2 [64]) compared to the thermal effect of the exothermic reaction
from the additive: 2CuO + 4/3Al → 2/3Al2O3 + 2Cu. In the case of an exothermic reaction
in the arc column, the arc temperature will increase [65,103] by changing the electrical
characteristics of the arc, which leads to an increase in the average welding current [72].

The significant influence of the CuO/Al ratio on the arc voltage parameters can also
be explained by its influence on the elemental composition of the welding arc, i.e., which
compounds will enter the arc column. When using exothermic addition in the core filler, we
can assume three different variants in the behavior of their components: (1) an ingress in the
form of cupric oxide (CuO) and pure aluminum (Al) in the case that the exothermic reaction
has not started; (2) fully reduced copper (Cu) and aluminum oxide; and (3) a combination
of elements (1) and (2) in case of an incomplete exothermic reaction. The second case (2)
can be explained by the insufficient level of heating of the filler to the temperature of the
exothermic reaction [77]. When metal vapor enters the arc column, the distribution of the
current density and the energy transmitted to the workpiece changes [104,105]. The vapor
additives cause the changes, and in turn, affect the energy transport as well as temperature
and velocity distributions in the arc column [106,107]. Thus, research by Jia et al. [108]
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has shown that during the FCAW-SS process in the arc column, it is possible to detect in
addition to the compounds providing gas protection (mainly CO and CO2 as well as F2 and
F) and gases inevitably coming from the surrounding atmosphere (O2, H, N, and N2), also
ions or molecules of most of the core filler components such as Mg, Si, K, Ca, Ti, Cr, Mn, Fe,
and Ni. Their fraction in the arc column will depend primarily on the thermal stability of
their compounds, as well as on the amount of the introduced component in the core filler
and the fraction of the introduced component. Better arc stability could be obtained by
adding low-ionizable components [109]. The more complete this reaction is, the greater the
amount of easily evaporated copper (Cu) in the arc plasma will be. For content with a large
amount of graphite (which will correspond to low values of CuO/C ratio), as well as lack of
aluminum powder (high CuO/Al ratio), it becomes more thermodynamically probable that
a less calorific carbothermic reaction of cupric oxide reduction at the expense of graphite
will take place. In this case, the aluminum that has not entered into an exothermic reaction
will be partially spent on the deoxidation of the weld pool, but mainly deposited metal will
be absorbed. However, it can also enter the arc plasma in the form of vapor, changing its
characteristics. Thus, the ingress of vapor containing copper or aluminum will explain the
change in arc stability. The studies of Li et al. [72] showed similar results of the effect of
adding Al + Fe2O3 powder of low ionization voltage into coating, which caused the arc
voltage to be decreased at a given arc length with increasing thermite levels. In addition,
the presence of Al + Fe2O3 powder had low ionization, thereby improving the arc stability.
Research by Zhang et al. [107] also reported a reduction in the welding voltage and an
increased welding current when introducing Fe2O3 into filler materials. This explains that
the decomposition and evaporation of the filler materials produced oxygen, which led to a
narrowing of the arc [107].

Many authors point out the positive effects of different contents of copper vapor
on the arc morphology, arc voltage, arc pressure, current density, and arc axial tempera-
ture [105,106,110]. In this case. due to the relatively low boiling temperature of copper
(Tboil.(Cu) = 2860 K) [64], copper vapors can fall into the arc zone in large quantities. Ther-
modynamic calculations performed by Guo et al. [110] showed the significant influence
of copper vapor on arc plasma parameters at Cu mole fractions above a 10% start [111].
The influence of copper vapor has been explained by the fact that the current tends to flow
through the edge of the electrode, which expands the conductive path and makes the arc
disperse [105]. The content of copper vapor arc voltage gradually increased (1.5 V) [105].
This is consistent with the data we obtained, in which with the increase in the amount of
introduced exothermic addition (EA wt.%), an increase in the average arc voltage (Uaw)
is observed. Mostaghimi-Tehrani and Pfender [106] associate this with the significant
contribution of electrons obtained from copper vapor to the electrical conductivity of the
arc in a temperature range of 6000 K to 10,000 K.

Also, the influence of exothermic addition components on the surface tension of
droplets when transferring filler materials from the electrode to the substrate should be
taken into account. The authors of the paper point to a decrease in droplet size due to a
decrease in the surface tension of the molten droplet [72].

The characteristics of the arc and plasma composition [112] will affect weld bead mor-
phology [61,113], cooling conditions [114], as well as the thermo-stressed state [115–117], its
microstructure [118], mechanical properties [119–125], and operational properties [126–130].

Future research plans to investigate the influence of changing the composition of the core
filler with an exothermic addition on weld bead morphology and mechanical properties.

5. Conclusions

At present, there is great experience in analyzing and using parameters for research
and comparison of arc burning stability in the fusion arc welding process. As parameters
characterizing arc stability, both graphical (current and voltage cyclograms, box plots
with frequency histograms) and statistical parameters such as standard variation and
coefficients of variation for welding current and arc voltage have been used. In this paper,
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an experimental study of the influence of the introduction of exothermic addition (CuO-Al)
into the core filler of a self-shielded, flux-cored wire electrode on the average of the welding
current and arc voltage as well as arc stability, was carried out, with conclusions as follows:

1. It has been determined that the introduction of exothermic addition components
into the core filler will have a significant effect on the stability of the flux-cored arc
welding process. This can be attributed to changes in the chemical composition of
the arc column, resulting from enrichment, depending on the composition of the core
filler, with easily ionizable elements or compounds (such as Cu) or with less readily
ionizable compounds (such as Al2O3);

2. The results of research have shown that the greatest influence on the parameters
characterizing the welding current and arc voltage was exerted by the parameter
of the ratio of oxidizing agent to reducing agent in the composition of exothermic
mixture (CuO-Al), which had a significant influence on the completeness of the
exothermic reaction in the core filler. To a lesser extent the ratio of exothermic mixture
oxidizing agent to graphite content CuO/C had an influence, except for the parameter
of average arc voltage;

3. The lowest values of coefficients of variation of the arc voltage CV(U) and standard
variation of the arc voltage Std(U) are characterized by a hardfacing process with a
high ratio of CuO/Al ≥ 4.5 (x2 ≥ 0.5) and the content of exothermic mixture in the
core filler (EA) being below average EA = 26–29 wt.% (x3 < 0.33).

4. The investigation of microstructures revealed that weld beads deposited by self-
shielded, flux-cored wire electrodes with a high content of exothermic additive (EA
= 38 wt.%) and moderate graphite content (CuO/C = 4) exhibited higher hardness
and are preferable for the reinforcement of surfaces subjected to abrasive wear in
combination with metal-to-metal friction. Additionally, they showed high arc stability.
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133–146. [CrossRef]

24. Tarelnyk, V.B.; Konoplianchenko, I.V.; Gaponova, O.P.; Tarelnyk, N.V.; Martsynkovskyy, V.S.; Sarzhanov, B.O.; Sarzhanov, O.A.;
Antoszewski, B. Effect of Laser Processing on the Qualitative Parameters of Protective Abrasion-Resistant Coatings. Powder
Metall. Met. Ceram. 2020, 58, 703–713. [CrossRef]

25. Prysyazhnyuk, P.; Ivanov, O.; Matvienkiv, O.; Marynenko, S.; Korol, O.; Koval, I. Impact and abrasion wear resistance of the
hardfacings based on high-manganese steel reinforced with multicomponent carbides of Ti–Nb–Mo–V–C system. Procedia Struct.
Integr. 2022, 36, 130–136. [CrossRef]

26. Lozynskyi, V.; Trembach, B.; Hossain, M.M.; Kabir, M.H.; Silchenko, Y.; Krbata, M.; Sadovyi, K.; Kolomiitse, O.; Ropyak, L.
Prediction of phase composition and mechanical properties Fe–Cr–C–B–Ti–Cu hardfacing alloys: Modeling and experimental
Validations. Heliyon 2024, 10, e25199. [CrossRef]

27. Trembach, B.O.; Sukov, M.G.; Vynar, V.A.; Trembach, I.O.; Subbotina, V.V.; Rebrov, O.Y.; Rebrova, O.M.; Zakiev, V.I. Effect of
incomplete replacement of Cr for Cu in the deposited alloy of Fe–C–Cr–B–Ti alloying system with a medium boron content
(0.5% wt.) on its corrosion resistance. Metallofiz. Noveishie Tekhno 2022, l44, 493–513. [CrossRef]
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Electric Signals at Arc Stud Welding Process. Stroj. Časopis Za Teor. I Praksu U Stroj. 2009, 51, 355–363.

54. Krbata, M.; Krizan, D.; Eckert, M.; Kaar, S.; Dubec, A.; Ciger, R. Austenite Decomposition of a Lean Medium Mn Steel Suitable for
Quenching and Partitioning Process: Comparison of CCT and DCCT Diagram and Their Microstructural Changes. Materials 2022,
15, 1753. [CrossRef]

55. Krbata, M.; Ciger, R.; Kohutiar, M.; Eckert, M.; Barenyi, I.; Trembach, B.; Dubec, A.; Escherova, J.; Gavalec, M.; Beronská,
N. Microstructural Changes and Determination of a Continuous Cooling Transformation (CCT) Diagram Using Dilatometric
Analysis of M398 High-Alloy Tool Steel Produced by Microclean Powder Metallurgy. Materials 2023, 16, 4473. [CrossRef]

56. Gramajo, J.; Gualco, A.; Svoboda, H. Effect of welding parameters on nanostructured Fe–(C.B)–(Cr.Nb) alloys. Mater. Res. 2019,
22, 1–8. [CrossRef]

47



Crystals 2024, 14, 335

57. Gualco, A.; Svoboda, H.G.; Surian, E.S. Effect of welding parameters on microstructure of Fe-based nanostructured weld overlay
deposited through FCAW–S. Weld. Int. 2016, 30, 573–580. [CrossRef]

58. Hlushkova, D.B.; Volchuk, V.M.; Polyansky, P.M.; Saenko, V.A.; Efimenko, A.A. Fractal modeling the mechanical properties of the
metal surface after ion-plasma chrome plating. Funct. Mater. 2023, 30, 275–281. [CrossRef]

59. Spiridonova, I.M.; Sukhovaya, E.V.; Butenko, V.F.; Zhudra, A.P.; Litvinenko, A.I.; Belyj, A.I. Structure and properties of boron-
bearing iron granules for composites. Powder Metall. Met. Ceram. 1993, 32, 45–49. [CrossRef]

60. Krbat’a, M.; Eckert, M.; Cíger, R.; Kohutiar, M. Physical modeling of CCT diagram of tool steel 1.2343. Procedia Struct. Integr. 2023,
43, 270–275. [CrossRef]

61. Trembach, B.; Grin, A.; Turchanin, M.; Makarenko, N.; Markov, O.; Trembach, I. Application of Taguchi method and ANOVA
analysis for optimization of process parameters and exothermic addition (CuO–Al) introduction in the core filler during self-
shielded flux-cored arc welding. Int. J. Adv. Manuf. Technol. 2021, 114, 1099–1118. [CrossRef]

62. Júnior, J.G.F.; Cardoso, A.H.C.; Bracarense, A.Q. Effects of TiC formation in situ by applying titanium chips and other ingredients
as a flux of tubular wire. J. Braz. Soc. Mech. Sci. Eng. 2020, 42, 375. [CrossRef]

63. Júnior, J.G.F.; Clementecardoso, A.H.; Bracarense, A.Q. Addition of TiO2, CaCo3 and CaF2 as a flux of tubular wire applied for
TiC in-situ reaction. Soldag. Insp. 2020, 25, e2511. [CrossRef]

64. Trembach, B.; Grin, A.; Makarenko, N.; Zharikov, S.; Trembach, I.; Markov, O. Influence of the core filler composition on the
recovery of alloying elements during the self-shielded flux-cored arc welding. J. Mater. Res. Technol. 2020, 9, 10520–10528.
[CrossRef]

65. Park, Y.D.; Kang, N.; Malene, S.H.; Olson, L. Effect of exothermic additions on heat generation and arc process efficiency in
flux-cored arc welding. Metals Mater. Int. 2007, 13, 501–509. [CrossRef]

66. Malene, S.H.; Park, Y.D.; Olson, D.L. Response of exothermic additions to the flux cored arc welding electrode-Part 1 Effectiveness
of exothermically reacting magnesium-type flux additions was investigated with the flux-cored arc welding process. Weld. J.
2007, 86, 293–302.

67. Allen, J.W.; Olson, D.L.; Frost, R.H. Exothermically assisted shielded metal arc welding. Weld. J. 1998, 77, 277–285.
68. Zharikov, S.V.; Grin, A.G. Investigation of slags in surfacing with exothermic flux-cored wires. Weld. Int. 2015, 29, 386–389.

[CrossRef]
69. Vlasov, A.F.; Makarenko, N.A. Special features of heating and melting electrodes with an exothermic mixture in the coating. Weld.

Int. 2016, 30, 717–722. [CrossRef]
70. Chigarev, V.V.; Zarechenskii, D.A.; Belik, A.G. Optimisation of the composition and melting parameters of powder strips with the

exothermic mixture in the filler. Weld. Int. 2016, 30, 557–559. [CrossRef]
71. Vlasov, A.F.; Makarenko, N.A.; Kushchiy, A.M. Using exothermic mixtures in manual arc welding and electroslag processes. Weld.

Int. 2017, 31, 565–570. [CrossRef]
72. Li, H.; Liu, D.; Guo, N.; Chen, H.; Du, Y.; Feng, J. The effect of alumino-thermic addition on underwater wet welding process

stability. J. Mater. Process Technol. 2017, 245, 149–156. [CrossRef]
73. Wang, J.; Li, H.; Hu, C.; Wang, Z.; Han, K.; Liu, D.; Wang, J.; Zhu, Q. The Efficiency of Thermite-Assisted Underwater Wet Flux-Cored

Arc Welding Process: Electrical Dependence, Microstructural Changes, and Mechanical Properties. Metals 2023, 13, 831. [CrossRef]
74. Levchuk, K.H.; Radchenko, T.M.; Tatarenko, V.A. High-temperature entropy effects in tetragonality of the ordering interstitial–

substitutional solution based on body-centred tetragonal metal. Metallofiz. Noveishie Tekhnol. 2021, 43, 1–26. [CrossRef]
75. Solomenko, A.G.; Balabai, R.M.; Radchenko, T.M.; Tatarenko, V.A. Functionalization of quasi-two-dimensional materials:

Chemical and strain-induced modifications. Prog. Phys. Met. 2022, 23, 147–238. [CrossRef]
76. Henckell, P.; Gierth, M.; Ali, Y.; Reimann, J.; Bergmann, J.P. Reduction of Energy Input in Wire Arc Additive Manufacturing

(WAAM) with Gas Metal Arc Welding (GMAW). Materials 2020, 13, 2491. [CrossRef]
77. Lankin, Y.N. Indicators of stability of the GMAW process. Paton Weld. J. 2011, 1, 6–13.
78. Kah, P.; Edigbe, G.O.; Ndiwe, B.; Kubicek, R. Assessment of arc stability features for selected gas metal arc welding conditions.

SN Appl. Sci. 2022, 4, 268. [CrossRef]
79. Trembach, B.O.; Hlushkova, D.V.; Hvozdetskyi, V.M.; Vynar, V.A.; Zakiev, V.I.; Kabatskyi, O.V.; Savenok, D.V.; Zakavorotnyi, O.Y.

Prediction of Fill Factor and Charge Density of Self-Shielding Flux-Cored Wire with Variable Composition. Mater. Sci. 2023, 59,
18–25. [CrossRef]

80. Jartovsky, O.V.; Larichkin, O.V. Pressure welding through a layer of hydrocarbon substance: Physical processes of a diffusion
joint formation. Prog. Phys. Met. 2021, 22, 440–460. [CrossRef]

81. Tarelnyk, V.B.; Gaponova, O.P.; Tarelnyk, N.V.; Myslyvchenko, O.M. Aluminizing of metal surfaces by electric-spark alloying.
Prog. Phys. Met. 2023, 24, 282–318. [CrossRef]

82. Trembach, B.; Starikov, V.; Sukov, M.G.; Zharikov, S.; Kabatskyi, O.; Ivanova, Y. Application of Mixture design in optimization of
physical properties of slag during self-shielded flux-cored wire arc welding process. In Proceedings of the IEEE 5th International
Conference on Modern Electrical and Energy System, MEES 2023, Kremenchuk, Ukraine, 27–30 September 2023; pp. 1–5.
[CrossRef]

83. Trembach, B. Comparative studies of the three-body abrasion wear resistance of hardfacing Fe-Cr-C-B-Ti alloy. Proc. IOP Conf.
Ser. Mater. Sci. Eng. 2023, 1277, 012016. [CrossRef]

48



Crystals 2024, 14, 335

84. Trembach, B.; Balenko, O.; Davydov, V.; Brechko, V.; Trembach, I.; Kabatskyi, O. Prediction the Melting Characteristics of
Self-Shielded Flux Cored arc Welding (FCAW–S) with Exothermic Addition (CuO–Al). In Proceedings of the 2022 IEEE 4th
International Conference on Modern Electrical and Energy System, MEES 2022, Kremenchuk, Ukraine, 20–23 October 2022; pp.
1–6. [CrossRef]

85. Trembach, B.O.; Silchenko, Y.u.A.; Sukov, M.G.; Ratska, N.B.; Duriagina, Z.A.; Krasnoshapka, I.V.; Kabatskyi, O.V.; Rebrova,
O.M. Development of a model of assimilation of alloying elements self-protecting powder wire and optimization of its charge
composition. Mater. Sci. 2024; in press.

86. Suban, M.; Tušek, J. Methods for the determination of arc stability. J. Mater. Process Technol. 2003, 143, 430–437. [CrossRef]
87. Pessoa, E.; Ribeiro, L.F.; Bracarense, A.Q.; Tao, X.; Jin, P.; Feng, J. Arc stability indexes evaluation on underwater wet welding. Int.

Conf. Offshore Mech. Arct. Eng. 2010, 49149, 19–201. [CrossRef]
88. Joseph, A.; Harwig, D.; Farson, D.F.; Richardson, R. Measurement and calculation of arc power and heat transfer efficiency in

pulsed gas metal arc welding. Sci. Technol. Weld. Join. 2003, 8, 400–406. [CrossRef]
89. Cottis, R.A. Electrochemical noise for corrosion monitoring. In Techniques for Corrosion Monitoring, 2nd ed.; Yang, L.T., Ed.;

Woodhead Publishing: Cambridge, UK, 2021; pp. 99–122. [CrossRef]
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94. Ricardo, P.C.; Serudo, R.L.; Ţălu, Ş.; Lamarão, C.V.; da Fonseca Filho, H.D.; de Araújo Bezerra, J.; Sanches, E.A.; Campelo, P.H.

Encapsulation of bromelain in combined sodium alginate and amino acid carriers: Experimental design of simplex-centroid
mixtures for digestibility evaluation. Molecules 2022, 27, 6364. [CrossRef]

95. Bandura, A.I. Composition of entire functions and bounded L-index in direction. Mat. Stud. 2017, 47, 179–184. [CrossRef]
96. Baksa, V.; Bandura, A.; Skaskiv, O. Growth estimates for analytic vector-valued functions in the unit ball having bounded L-index

in joint variables. Constr. Math. Anal. 2020, 3, 9–19. [CrossRef]
97. Kumar, J.; Kumar, G.; Mehdi, H.; Kumar, M. Optimization of FSW parameters on mechanical properties of different aluminum

alloys of AA6082 and AA7050 by response surface methodology. Int. J. Interact. Des. Manuf. 2023, 1–13. [CrossRef]
98. Li, H.; Liu, D.; Yan, Y.; Guo, N.; Liu, Y.; Feng, J. Effects of heat input on arc stability and weld quality in underwater wet flux-cored

arc welding of E40 steel. J. Manuf. Process 2018, 31, 833–843. [CrossRef]
99. Halmešová, K.; Procházka, R.; Koukolíková, M.; Džugan, J.; Konopík, P.; Bucki, T. Extended Continuous Cooling Transformation

(CCT) Diagrams Determination for Additive Manufacturing Deposited Steels. Materials 2022, 15, 3076. [CrossRef]
100. Dykas, J.; Samek, L.; Grajcar, A.; Kozłowska, A. Modelling of Phase Diagrams and Continuous Cooling Transformation Diagrams

of Medium Manganese Steels. Symmetry 2023, 15, 381. [CrossRef]
101. Assunção, M.T.; Bracarense, A.Q. A novel strategy to improve melting efficiency and arc stability in underwater FCAW via

contact tip air chamber. J. Manuf. Process 2023, 104, 1–16. [CrossRef]
102. Mohamat, S.A.; Ibrahim, I.A.; Amir, A.; Ghalib, A. The effect of flux core arc welding (FCAW) processes on different parameters.

Procedia Eng. 2012, 41, 1497–1501. [CrossRef]
103. Bozhenko, B.L.; Shalimov, V.N.; Puchkin, P.A.; Kupar, R.Y. Oxidation kinetics of metal vapours in the arc in consumable electrode

welding. Weld. Int. 1999, 13, 894–896. [CrossRef]
104. Haidar, J. The dynamic effects of metal vapour in gas metal arc welding. J. Phys. D 2010, 43, 165204. [CrossRef]
105. Ding, F.; Xinglong, Y.; Yingjie, H.; Jiankang, H.; Dequan, L. The study of arc behavior with different content of copper vapor in

GTAW. China Weld. 2022, 31, 1–14. [CrossRef]
106. Mostaghimi-Tehrani, J.; Pfender, E. Effects of metallic vapor on the properties of an argon arc plasma. Plasma Chem. Plasma Process

1984, 4, 129–139. [CrossRef]
107. Zhang, S.; Wang, Y.; Xiong, Z.; Zhu, M.; Zhang, Z.; Li, Z. Mechanism and optimization of activating fluxes for process stability

and weldability of hybrid laser-arc welded HSLA steel. Weld. World 2021, 65, 753–766. [CrossRef]
108. Jia, C.; Zhang, T.; Maksimov, S.Y.; Yuan, X. Spectroscopic analysis of the arc plasma of underwater wet flux-cored arc welding. J.

Mater. Process Technol. 2013, 213, 1370–1377. [CrossRef]
109. Fattahi, M.; Nabhani, N.; Vaezi, M.R.; Rahimi, E. Improvement of impact toughness of AWS E6010 weld metal by adding TiO2

nanoparticles to the electrode coating. Mater. Sci. Eng. A 2011, 528, 8031–8039. [CrossRef]
110. Guo, X.; Li, X.; Murphy, A.B.; Zhao, H. Calculation of thermodynamic properties and transport coefficients of CO2–O2–Cu

mixtures. J. Phys. D 2017, 50, 345203. [CrossRef]
111. Li, D.; Fan, D.; Huang, J.; Yao, X. Effect of copper vapor on arc characteristics under DC magnetic field. Trans. China Weld. Inst.

2023, 44, 71–76. [CrossRef]
112. Ropyak, L.; Shihab, T.; Velychkovych, A.; Bilinskyi, V.; Malinin, V.; Romaniv, M. Optimization of Plasma Electrolytic Oxidation

Technological Parameters of Deformed Aluminum Alloy D16T in Flowing Electrolyte. Ceramics 2023, 6, 146–167. [CrossRef]

49



Crystals 2024, 14, 335

113. Touileb, K.; Attia, E.; Djoudjou, R.; Hedhibi, A.C.; Benselama, A.; Ibrahim, A.; Ahmed, M.M.Z. Effect of Microchemistry Elements
in Relation of Laser Welding Parameters on the Morphology 304 Stainless Steel Welds Using Response Surface Methodology.
Crystals 2023, 13, 1138. [CrossRef]

114. Sukhova, O.V. Influence of the Structure and Cooling Rate of Fe–B–C Alloys on Mechanical Properties and Wear Resistance.
Metallofiz. Noveishie Tekhno 2023, 45, 1337–1348. [CrossRef]

115. Nouira, M.; Oliveira, M.C.; Khalfallah, A.; Alves, J.L.; Menezes, L.F. Comparative fracture prediction study for two materials
under a wide range of stress states using seven uncoupled models. Eng. Fract. Mech. 2023, 279, 108952. [CrossRef]
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Abstract: 316L stainless steel joined to mild steel is widespread in several applications to reach a
requested good association of mechanical properties at a lower cost. The activating tungsten inert
gas (ATIG) weld was carried out using a modified flux composed of 76.63% SiO2 + 13.37% Cr2O3

+ 10% NaF to meet standard recommendations in terms of limiting the root penetration. Modified
optimal flux gave a depth of penetration 1.84 times greater than that of conventional tungsten inert
gas (TIG) welds and a root penetration of up to 0.8 mm. The microstructure of the dissimilar joints
was investigated using a scanning electron microscope and EDS analysis. The mechanical properties
of the weld were not affected by the modified flux. The results show that the energy absorbed in the
fusion zone in the case of ATIG weld (239 J/cm2) is greater than that of TIG weld (216 J/cm2). It was
found that the weld bead obtained with the optimal flux combination in ATIG welding can better
withstand sudden loads. The obtained UTS value (377 MPa) for ATIG welding was close to that of
TIG welding (376 MPa). The average Vickers hardness readings for ATIG welds in the fusion zone
are up to 277 HV, compared to 252 HV for conventional TIG welding.

Keywords: particle swarm method; ATIG weld; NaF flux; mechanical properties

1. Introduction

Stainless steel is a widespread material used in various industries such as automotive,
construction, rolling, and chemical processing. Tungsten inert gas (TIG) is largely used for
joining parts. TIG welding is one of the most widely used welding processes for stainless
steel due to its excellent quality and sound weld [1,2]. However, the main drawback of TIG
welding is its limitation to weld thicknesses less than 3 mm. Thus, it is highly required of
the welders to use the filler rod, edge preparation, and multi-passes, and it is synonymous
with less productivity and an increase in the product cost [3]. Activating tungsten inert gas
(ATIG) welding is a genius and alternative technique allowing to achieve a full penetrated
weld with only one pass, square edges, and without filler rod [4–6]. In the ATIG technique,
the used equipment and welding condition parameters are the same as those of the TIG
process, except that, prior to the welding process, a flux is deposited. This flux, in the form
of a paste, is applied to the joints that will be welded by a brush, sprayed, or conveyed to
the pieces to be joined. A shielding gas covers the coating with a density range between
5 and 6 mg/cm2 [7].

Three main mechanisms have been proposed to explain the phenomenon occurring
in the ATIG weld pool. The first mechanism, proposed by Heiple et al. [8], says that the
surfactant elements such as O, Se, S, and Te present in the weld pool contribute to reversing
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the Marangoni circulation of molten metal, leading to inward convection and hence a
deeper weld bead. The second mechanism, proposed by Howse et al. [9], suggests that
the weld depth is ascribed to an arc constriction linked to the migration of elements with
high electronegativity, such as halides such as fluorine and elements such as oxygen. These
elements react with the outer arc electrons, leading to a constriction of the weld arc. The
latter enhances the current density at the anode arc root, enabling deeper penetration in
weld metal compared to that of TIG welding. The third mechanism stipulates that the
contraction of the arc is ascribed to the insulation effect of the powders used, particularly
silicon dioxide [10]. By means of the insulating effect of the high electrical resistivity of flux,
the anode spot at the workpiece diminishes, and the heat density at this region increases.

Compared to popular TIG welding, ATIG welding can significantly enhance the
welding efficiency and reduce welding costs without altering the mechanical properties
or corrosion resistance under the same welding conditions [11–13]. Several dissimilar
materials have been welded by ATIG welding, such as carbon steel, stainless steel, and
light materials such as aluminum, magnesium alloys, titanium alloys, etc. The effects of
single-component activating fluxes on the morphology and weld mechanical properties
of ATIG welding were extensively investigated [14–16]. Austenitic stainless steel metals
are considerably used in many industries, such as chemical processing, aerospace oil and
petrol plants, pharmaceutical manufacturing, and food processing. The weldability of
these steels is usually very good. Austenitic stainless steel 304 grade is extensively used in
day-to-day life applications [17,18]. Mild steels, well known as low-carbon steel, contain
mainly iron, ranging from 0.05 to 0.2% carbon (C) and 0.60 to 0.90% manganese (Mn),
and are also mostly used in various structural applications for their strength, weldability,
and formability properties [19]. Patel et al. [20] reported in their study on 316LN that the
maximum depth of penetration was obtained with the use of flux Co3O4 and TiO2. The
authors noticed that the enhancement in depth of penetration is attributed to the reverse
Marangoni effect and arc constriction. Meanwhile, dissimilar welding is becoming a more
common technique in order to meet the requirements of many industries [21–23]. However,
achieving efficient welding posed a major challenge compared to welding similar materials
due to differences in the thermo-mechanical and chemical properties of the materials to be
joined under common welding conditions [24–26].

Dissimilar welding of stainless steel and low carbon steel is a competitive alterna-
tive widely used in power plants, oil industries, and infrastructure structure building
owing to its combination of structural performance and cost-efficient designs [27–29].
Sanjay et al. [30] investigated the effect of current, welding speed, joint gap, and electrode
diameter on dissimilar ATIG welds between carbon steel (CS) and stainless steel (SS). They
tested the mono-oxide flux, such as TiO2, ZnO, and MnO2. They observed the benefits of ox-
ides in increasing penetration without altering the mechanical properties of the joint. They
noticed the migration of carbon from CS to SS. On the other hand, many optimization meth-
ods were used to optimize the welding parameters to enhance the mechanical properties
of the joint including the Taguchi approach [31,32], the Response Surface Method [33,34],
the Jaya Algorithm Method [35], and even the Particle Swarm Method for Optimization
(PSMO) [36]. Some other works were interested in improving weld bead geometry by
using the Support Vector Machine (SVM) method [37] or the Artificial Neural Network
(ANN) method [38]. Several works [39,40] were dedicated to investigating the effect of
single powder oxide on the morphology, mechanical properties, and corrosion resistance
of the weld bead. Other studies focused on optimizing the proportions of powders in the
flux to be deposited prior to welding. Mixing method design is the main method applied
when two or more mixed powders are used [41]. The flux can be a binary flux composed of
two different types of powders [42,43] or a tri-component flux [44,45].

This study uses PSMO for dissimilar tri-component flux welding in order to optimize the
best flux composition and achieve a penetrated sound weld without altering the mechanical
properties of the joint consisting of 316L stainless steel (316L) and mild steel (MS). The weld
line carried out with the ATIG technique is compared to another one performed with the
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conventional TIG process in terms of bead morphology, SEM-EDS analysis, and mechanical
properties. The obtained results will enrich the database relating to fusion welding and will
help manufacturers and researchers develop innovative methods and accomplish performant
welds at a low cost. The present study demonstrates that the novel idea to associate oxides
and fluorides ensures a sound weld that meets the standards recommendations.

2. Materials and Methods

2.1. Materials

The materials to be joined are austenitic stainless steel (316L grade) and mild steel.
Table 1 shows the chemical compositions of both alloys.

Table 1. Chemical composition of 316L stainless steel and mild steel (weight %).

Elements C Mn Si P S Cr Ni Mo N Cu Al Fe

316L 0.026 1.47 0.42 0.034 0.0016 16.60 10.08 2.14 0.044 0.50 - Balance

Mild steel 0.0521 0.165 0.009 0.0098 0.0137 0.0234 0.0277 0.00647 0.0053 0.0985 0.0245 Balance

2.2. Welding Procedure

Experiments consist of welding a line of about 20 cm on a rectangular plate of 6 mm
thickness. Prior to welding, the plates were cleaned using acetone, and the powders were
heated in a furnace at 100 ◦C for a period of one hour to eliminate humidity. After that,
the powders were mixed with acetone in a (1 ÷ 1) ratio, and a layer of paste of about
0.3–0.4 mm was applied with a brush to the edges of the plates up to 10 mm wide, as
shown in Figure 1. The joints were accomplished with a square butt weld design without
any edge preparation on clamped plates with zero clearance distance. The deposited used
powders and their characteristics are listed in Table 2, where the oxygen percentage in
oxides was determined by XPS tool analysis. Table 3 represents the welding parameters
after several trials to adjust the operational welding parameters.

Table 2. Powders, melting, and evaporation temperatures.

Powders
Melting Temperature

(◦C)

Evaporation
Temperature

(◦C)

Free Enthalpy of Formation
|ΔdH◦|(kJ/mol)

Oxygen Percentages
in Oxide %

SiO2 1722 2950 902 68.35

TiO2 1830 2972 941 63.26

Fe2O3 1540 1987 826 68.35

Cr2O3 2435 300 1128 61.71

V2O5 681 1750 1550.6 49.05

MoO3 802 1155 745.1 67.73

NaF 933 1704 573.6 -

Table 3. Welding parameters.

Parameters Range

Welding speed 150 mm/min
Welding current 150 A
Arc Length 2 mm
Electrode tip angle 45◦
Shielding gas on the workpiece Argon with flow rate 8 L/min
Shielding gas on the backside Argon with flow rate 4 L/min
Welding mode Negative direct current electrode

53



Crystals 2023, 13, 1377

Figure 1. Mixing and deposition of flux on the workpiece.
After welding, the samples were cut far from the welding starting point to be sure that

the arc welding was stabilized, as shown in Figure 2.

 
Figure 2. Locations of the test specimens taken for the various characterization techniques carried
out in this study (units in mm).

The tensile tests were performed with a computerized universal testing machine. The
samples were prepared in accordance with ASTM E8M-04 and shown in Figure 2. The tests
were carried out on 3 samples for each TIG and ATIG welded using the modified optimal
flux. Vickers hardness tests were carried out according to ASTM E-384-99. Figure 2 shows
the hardness reading position and tracks micro-indentation. Impact tests were carried out
using the Charpy “V” notch impact testing machine on 3 samples for each TIG and ATIG
weld according to ASTM E23.

2.3. Design of the Experiment Methodology

The design of the experiment will be applied to the depth and ratio as shown in Figure 3.
The optimal flux obtained from the highest depth penetration and weld aspect ratio resulting
from macrograph analysis will be used to investigate the mechanical properties. Note that Wf
is the face weld width, Wb is the back weld width (root width), D is the depth weld penetration
till the plate thickness, b is the excess depth penetration, and R is the weld aspect ratio.
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Figure 3. Ratio expression in a full penetration weld bead.

The fusion zone microstructure of both TIG and ATIG welds was analyzed. Micro-
graphs, chemical composition, and elemental distribution (mapping) were characterized
by a field-emission scanning electron microscope. To avoid sample charging under the
electron beam, samples were coated with a layer of platinum with a 25 nm thickness for
35 s. An accelerating voltage of 20 kV was used, with a working distance of 8 mm for the
best signal intensity.

A mathematical model was developed, where D (depth penetration) is written in terms
of selected oxides’ percentages, as will be explained in the discussion. In the second step,
the optimal combination that maximizes D is determined. In the third step, an equation
relating D to the proportions of the selected oxides was developed using the particle swarm
optimization (PSO) method. Finally, the Matlab R2020 software module(Mathworks, Natick,
Massachusetts · USA) was used to obtain the optimal combination of oxides that permits
maximizing the depth of weld by a constrained optimization algorithm. Using the optimal
flux obtained by the mathematical model, ATIG weld lines were performed to join mild
steel to 316L.

3. Results and Discussions

3.1. Weld Bead Aspect
3.1.1. Selection of Appropriate Fluxes

Six oxide fluxes were used for dissimilar ATIG welding. The weld lines were per-
formed using a square butt join design. Table 4 shows that the sample welded with the flux
SiO2 has the highest values of depth (5.96 mm) and ratio (0.49), followed by the samples
welded with the fluxes Fe2O3 and Cr2O3. Based on these results, the oxides SiO2, Fe2O3,
and Cr2O3 were selected.

Table 4. Weld aspect of a single oxide flux of dissimilar ATIG welds.

Oxides SiO2 TiO2 Fe2O3 Cr2O3 V2O5 MoO3

Depth (mm) 5.96 3.28 4.59 4.33 3.26 3.95

Width (mm) 12.22 11.28 11.40 11.08 11.54 11.16

Ratio 0.49 0.29 0.40 0.39 0.28 0.35

3.1.2. Mathematical Modeling

In this study, the three chosen fluxes (Fe2O3, Cr2O3, and SiO2) with different percent-
ages, varying within a range of 100%, were mixed to form a ternary flux. In Table 5, depth
penetration (D) is expressed as a function of stream mixes as follows: (D = f(X1,X2,X3)),
where X1, X2, and X3 indicate, respectively, the proportions of the fluxes Fe2O3, Cr2O3, and
SiO2 (in terms of percentages, forming a variable mix of 100%).
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Table 5. Actual (experimental) depth vs. predicted depth (in mm) for the different ternary mixtures.

Order X1 (en%) X2 (en%) X3 (en%) D Actual D Predicted

1 75 25 0 6.4625 6.2868

2 75 0 25 6.4575 6.0203

3 0 75 25 6.2875 6.0868

4 25 75 0 6.2375 6.0402

5 25 0 75 6.7733 7.3305

6 0 25 75 8.2467 7.6437

7 0 50 50 6.7867 7.1309

8 50 0 50 7.1200 6.7955

9 50 50 0 6.1275 6.632

10 50 25 25 7.5467 6.9794

11 25 50 25 7.4600 7.0016

12 25 25 50 7.4700 7.4317

13 33.33 33.33 33.33 6.4125 7.2325

14 66.67 16.67 16.67 6.7033 6.5238

15 16.67 66.67 16.67 6.6600 6.4711

16 16.67 16.67 66.67 6.6900 7.5636

17 100 0 0 4.5850 5.0048

18 0 100 0 4.3250 4.5114

19 0 0 100 7.9600 7.6253

The selected mathematical model that depicts the effect of mixing flux on the depth
penetration (depth) of the weld bead is the coupling of a second-order model as pro-
posed in [46] with classical linear regression as in [47]. This mathematical model involves
three components: (i) the linear effect of the proportions, (ii) their quadratic effects, and
(iii) the interactions between these proportions. The starting model formulation is given in
Equation (1):

D = α1(X1) + α2(X2) + α3(X3) + α4(X1)
2 + α5(X2)

2 + α6(X3)
2 + α7(X1)(X2)

+α8(X1)(X3) + α9(X2)(X3)
(1)

where: X1 = % Fe2O3, X2 = % Cr2O3, X3 = % SiO2.

3.1.3. First Step of the Modeling Process

The first step of the modeling process is to find out the optimal parameters that
minimize the squared error between actual D (experimental) and predicted D using the
proposed model.

Therefore, the modeling problem is transformed into an optimization problem com-
prising decision variables and quadratic error into an objective function to be minimized.

Knowing that the problem can have irregularities such as the non-convexity of the
criterion as well as numerous feasibility constraints, the meta-heuristic method known as
particle swarm optimization (PSO) was used. A set of coefficients was randomly initialized
within the bounds of the search space to solve the problem in PSO, and gradually a sub-
optimal solution that combines three components was found. Three components consist of
(i) tracking their speeds, (ii) returning to their best positions, and (iii) going to the position
of the best neighbor. Four vectors were assigned to the swarm as follows:
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- The position;
- A speed;
- The best personal position;
- The best common position.

To optimize the process, the equations of motion at the kth iteration were developed
as follows [48,49]:

Vi
k+1 = wkVi

k + c1r1

(
Pi − αi

)
+ c2r2

(
Gi − αi

)
(2)

αi
k+1 = αi

k + Vi
k+1 (3)

wk = wmax − wmax − wmin

kmax
× k (4)

As reported in the literature [48,49], the inertial weight decreases linearly from {0.9 to
0.4}. Where c1 = c2 = 0.75 are the cognitive and social factors, and r1 and r2 are two random
numbers generated between {0 and 1}. The search limits of the model parameters are fixed,
respectively, at −1 and +1 for the global stability of the model [48]. After a certain number
of iterations, the optimization process will stop (kmax = 5000), and then a local search will
be performed to obtain better solutions around the sub-optimal global solution obtained by
the algorithm of PSO. In order to select model D, the optimization process will be executed
several times. This model is expressed by X1, X2, and X3 in Equation (5). To evaluate the
efficiency of the model, three performance measures were used as follows [48]:

D = 5.8818(%Fe2O3) + 6.2719(%Cr2O3) + 6.4349(%SiO2)

−0.877(%Fe2O3)
2 − 1.7605(%Cr2O3)

2 + 1.1904(%SiO2)
2

+4.858(%Fe2O3)(%Cr2O3) + 2.2355(%Fe2O3)(%SiO2)

+3.6801(%Cr2O3)(%SiO2)

(5)

MAPE =
100
19

19

∑
t=1

|D(t)− D predicted(t)|
D mean

(6)

R2 = 100 ×
(

1 −
1
19 ∑19

t=1(D(t)− D predicted(t))2

1
19 ∑19

t=1(D(t)− D mean)2

)
(7)

RMSE =

√√√√ 1
19

19

∑
t=1

(D(t)− D predicted(t))2 (8)

The precision of this model is measured by the calculation indicators mentioned above
as follows: MAPE = 5.8674%, R2 = 71.15% and RMSE = 0.448 mm.

3.1.4. Second-Step Modeling Process

The second step to consider in the optimization process is to determine the optimal
percentages of flux to obtain the maximum D.

To reach this target, a constrained optimization algorithm (Matlab 2020 Optimiza-
tion Toolkit, Mathworks, Natick, MA, USA) was used. This algorithm permits to obtain
the optimal combination presented by Equation 9 which allows to predict the value of
(D = 7.7012 mm) with a root mean square error (RSME = 0.448 mm).

Flux Optimal = 0%Fe2O3 + 13.368%Cr2O3 + 86.632%SiO2 (9)

3.1.5. Validation Test

The optimal flux is tested in the validation step by comparing the weld beads obtained
by ATIG and conventional TIG. Table 6 shows the depth bead aspect data for ATIG and
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TIG. It can be seen clearly that for ATIG, the penetration depth D increased by 2.2 times
and the aspect ratio (D + WB)/WF was enhanced by 5 times. Moreover, the obtained depth
of weld (8.2 mm) was higher than the predicted one (7.7 mm).

Table 6. Depth, widths, and ratios for TIG and ATIG.

Welds D WF WB (D + WB)/WF

TIG Weld [50] 3.7 12.02 0 0.31

ATIG Weld (optimal flux) 8.2 9.94 7.3 1.56

Figure 4 shows macrographs of TIG and ATIG weld beads. It is clearly seen that the
ATIG weld bead is fully penetrated, unlike the TIG weld bead, which is not.

  
(a) (b) 

Figure 4. Dissimilar 316L-MS weld bead. (a) TIG process and (b) ATIG process with optimal flux.
(All dimensions are in mm).

According to ISD 341-2 [51] Engineering Standards, excessive root penetration should
be less than 25% of the nominal thickness of the base material of the thinnest component to
be joined. In other words, the root penetration in our study should be less than 1.5 mm,
knowing that the workpiece thickness is 6 mm. The full penetration of the ATIG weld
depth, using the optimal flux, is 8.2 mm; consequently, the excess of penetration is 2.2 mm
beyond the back side of the base material, which exceeds 1.5 mm, as shown in Figure 4.

A temporary copper support plate is usually used to support the molten weld metal
(WM) and prevent excessive root penetration. Unfortunately, the latter can be a source of
stress concentration in addition to the appearance of rust-promoting crevices and additional
manufacturing costs. For these reasons, a support plate as a solution is discarded. To
decrease the root weld penetration to an acceptable range to meet the requirements of BS
EN ISO 15614-1:2017 industrials and standards [52], the optimal combination obtained
was modified by adding 10% NaF. The modified optimal combination obtained is 13.368%
Cr2O3 + 76.632% SiO2 + 10% NaF. The addition of NaF to the optimal flux is aimed to
constrict the arc, leading to an increase in the arc density and temperature, as reported by
several studies [53,54].

Another weld line using modified optimal flux was carried out and compared to the
welds performed with unmodified optimal flux and with conventional TIG welding.

Figure 5 shows the benefit of adding 10% NaF at the optimal flux to reduce root
penetration to an acceptable range without weld bed collapse. The upper surface of the
modified flux weld is almost flat and at the same level as the materials to be joined, as
shown in Figure 5b.

The results depicted in Table 7 show that the modified optimal flux meets industrial
requirements as long as penetration is 6.8 mm with an excess penetration of 0.8 mm. Ion
fluoride is released from NaF and is characterized by a relatively low melting point (682 ◦C)
and a low free enthalpy of formation (573.6 kJ/mol). The migration of fluoride ions into the
arc react with the outer free electrons, leading to the constriction of the arc as mentioned
above. In a further study of this work, we will focus on the microstructure and mechanical
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properties in comparison between double-sided TIG and the modified optimal flux. Also,
the fluoride ions migration in the arc welding decreases the anode spot and contributes to
increasing the energy density of both the heat source and the electromagnetic force in the
weld pool. Consequently, the weld morphology is relatively narrow and deep [55].

  
(a) (b) 

Figure 5. Micrographs of ATIG weld beads with optimal flux (a) and welds carried out with modified
optimal flux (b).

Table 7. Morphology of TIG, ATIG with optimal flux, and weld with modified optimal flux.

Welds D WF WB (D + WB)/WF

Conventional TIG Weld [50] 3.7 12.02 0 0.31

ATIG Weld (optimal flux) 8.2 9.9 7.3 1.56

ATIG Weld (with modified optimal flux) 6.8 8.8 3.5 1.17

3.2. SEM-EDS investigation
3.2.1. ATIG Weld

In Table 8, the chemical composition obtained for dissimilar ATIG butt joints along
a horizontal line from the MS side to the 316L side throughout the ATIG weld region is
summarized. The weld chemistry composition analysis is performed using an EDS surface
area scan from the MS side to the 316L side for the dissimilar ATIG weld presented in
Table 9.

Table 8. EDS analyzes regions across the ATIG weldment from 316 L to MS base metal (weight %).

 

Elements Reg.1 Reg.2 Reg.3 Reg.4 Reg.5 Reg.6 Reg.7 Reg.8 Reg.9 Reg.10

C 2.51 2.30 2.17 2.62 2.44 2.45 0 0 0 0
Cr 0 0 0 4.49 9.81 11.25 10.75 10.56 18.82 18.63
Fe 97.49 97.70 97.83 90.73 83.29 81.82 84.42 83.40 70.82 71.21
Ni 0 0 0 2.16 4.46 4.48 4.82 4.92 8.29 8.13
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Table 9. EDS analyses across the ATIG weldment from 316L to MS base metal.

Regions EDS Spectrum for Dissimilar 316-MS ATIG Weld

Inside MS region 1

  

Inside
MS

region 2

  

MS/WZ border
(MS side)
region 3

  

MS/WZ border
(WZ side)
region 4

  

MS/WZ border
(WZ side)
Region 5

  

MS/WZ border
(WZ side)
region 6
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Table 9. Cont.

Regions EDS Spectrum for Dissimilar 316-MS ATIG Weld

Inside WZ
region 7

  

WZ/316L
border

(WZ side)
region 8

  

{49}sWZ/316L
border

(316L side)
region 9

  

Inside 316L
region 10

 

The analysis reveals a decrease in chromium and nickel content from the 316L side to
the M.S. side throughout the weld zone. On the other hand, we notice an increase in iron
content in the same direction.

Close to the boundary located between the MS side and the ATIG weld zone, the
weight percentages of carbon are low, as revealed by Table 8 at region 3 (2.17%). In this
region, the depletion of carbon is suspect. The percentage of carbon at the weld zone border
is up to 2.62%. The migration of carbon from MS to the weld fusion zone is altered due to
the fast cooling rate characterized by the ATIG weld.

Figure 6 depicts the mapping of the principal chemistry elements available at the
MS base metal and the weld zone (WZ) border. The mapping of C content across the
boundary fusion line shows a gradient of C elements, that is marked in favor of the MS
region. However, the density of elements such as Cr, Ni, and Mn is more pronounced in
WZ, and Fe content decreases from MS to WZ.
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At the ATIG 316L-WZ border, the diffusion of elements such as Cr, Ni, and Mn from
316 L SS to WZ is pronounced. However, the migration of carbon is not obvious, as shown
in Figures 6 and 7.

 

Figure 6. EDS map scan showing variation of alloying elements C, Cr, Fe, Mn, and Ni across the
ATIG dissimilar weld of MS base metal and weld zone border.

 
Figure 7. EDS map scan showing variation of alloying elements C, Cr, Fe, Mn, and Ni across the
ATIG dissimilar weld of 316L and WZ borders.

3.2.2. TIG Weld

The results collected in Table 10 are extracted from the Table 11 and tell us about the
evolution of the content of principal elements such as C, Cr, Fe, and Ni throughout the TIG
dissimilar weld.
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Table 10. EDS analyzes regions across the ATIG weldment from 316L to MS base metal (weight %).

 
Elements Reg.1 Reg.2 Reg.3 Reg.4 Reg.5 Reg.6 Reg.7 Reg.8 Reg.9 Reg.10

C 5.03 4.99 1.82 4.67 3.58 1.92 0 0 0 0
Cr 0 0 0 4.98 4.86 14.41 11.47 16.09 18.55 18.50
Fe 94.97 95.01 98.18 87.46 89.51 76.01 82.69 75.08 70.89 71.17
Ni 0 0 0 2.89 2.06 6.41 4.83 6.53 8.06 8.30

Table 11. EDS analyses across the TIG weldment from 316 L to MS base metal.

Regions EDS Spectrum for Dissimilar 316-MS Weld

Inside MS region 1

 

Inside MS
region 2

  

MS/WZ border
(MS side)
region 3

  

MS/WZ border
(WZ side)
region 4
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Table 11. Cont.

Regions EDS Spectrum for Dissimilar 316-MS Weld

MS/WZ border
(WZ side)
Region 5

 

MS/WZ border
(WZ side)
region 6

 

Inside WZ
region 7

  

WZ/316L
border

(WZ side)
region 8

  

WZ/316L
border

(316L side)
region 9
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Table 11. Cont.

Regions EDS Spectrum for Dissimilar 316-MS Weld

Inside 316L
region 10

  

The weight percentages of carbon elements revealed by EDS scan analysis at WZ
border region 4 are up to 4.67% against 1.82% at region 3 at the closest location to the
boundary MS/WZ. The carbon content in region 1, far from weld solidification, is up to
5.03 % and steeply decreases to 1.82% in region 3, near the border line, which reveals the
migration of the carbon element towards the weld zone. The carbon migration from MS
base metal to WZ leads to a carbon depletion zone at the heat-affected zone (HAZ)-MS
side. On the other hand, the WZ zone bordering the MS side is enriched by carbon, which
favors the formation of carbides, as revealed by Wenyong et al. [56]. Chromium and nickel
contents decrease from the 316L side to the MS side throughout the weld zone. We also
notice an increase in iron content in the same direction.

The mapping scan depicted in Figure 8 shows the decrease in Cr, Ni, and Mn content,
whereas Fe content gradually increases from WZ to MS base metal across the WZ-MS
interface. We can remark that the chromium content gained a gradual decrease across
the WM-MS interface, while the ferrous content had no notable change. Regarding the
carbon content, the scan map shows a decarburized layer in MS near the fusion line and a
carburized layer in WM. This can be explained by the carbon diffusion from MS to WM,
and the same phenomenon was reported in some studies [30,50].

 

Figure 8. EDS map scan showing variation of alloying elements C, Cr, Fe, Mn, and Ni across the TIG
dissimilar weld of MS base metal and weld zone border.

Figure 9 obviously shows a gradient in Cr, Ni, and Fe contents across the border
316L-WZ; an increase in Cr and Ni contents and a decrease in Fe content from 316L to WZ.
However, the migration of carbon apparently has not occurred.
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Figure 9. EDS map scan showing variation of alloying elements C, Cr, Fe, Mn, and Ni across the TIG
dissimilar weld of 316L and WZ border.

3.3. Tensile Test

Table 12 shows that the average value of UTS for ATIG dissimilar welds is 377 MPa,
which is almost equal to that of conventional TIG welding (376 MPa).

Table 12. Measurements of tensile strength and standard deviations of TIG and ATIG (modified
optimal flux).

Sample
Number of

Tests

UTS
Max.

(MPa)

UTS
Min.

(MPa)

UTS
Average
(MPa)

Standard
Deviations σ

As received MS base metal 3 364 361 362 2.02

As received 316L base metal 3 626 623 624 1.4

TIG MS/316L [50] 3 380 372 376 4.00

ATIG MS/316L 3 382 370 377 4.04

We remark that the fracture for both TIG and ATIG dissimilar welds occurs on the mild
steel side, far from the weld joint, which attests that this region is the weakest location in
comparison to the entire specimen, as shown in Figure 10. This phenomenon shows, firstly,
that the MS base metal is weaker than the weld metal and, secondly, that the weld joint quality
is good. We also notice that the necking for ATIG is more pronounced than that of TIG welds,
which confirms the enhanced ability of plastic deformation until fracture occurs.

 

Figure 10. Break zones for TIG weld (a) and ATIG dissimilar weld (b) after tensile test.
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3.4. Hardness Test

Figure 11 shows the variations of Vickers micro-hardness as compared to the distance
from MS to 316 L SS. Table 13 shows the hardness measurements and standard deviations
of ATIG and TIG at FZ. The hardness of TIG and ATIG weld regions is higher than that of
both 316L and MS base metals, as reported in Figure 11.

 
Figure 11. Microhardness profiles across the dissimilar TIG and ATIG welds.

Table 13. Measurements of hardness and standard deviations of TIG and ATIG (with modified
optimal flux) at FZ.

Sample Zone of Tests
HV

Max.
HV

Min.
HV

Average
Standard Deviations σ

TIG [50] FZ 287 235 252 12.75

ATIG FZ 283 270 277 4.84

The highest hardness value in the TIG weld is situated in the weld zone, close to
the fusion boundary beneath the mild steel side. This aspect is due to the formation of
harder micro-constituents in this region by the migration of carbon into weld metal from
the mild steel side, as previously shown in the SEM-EDS analyses as a decarbonized zone.
On the other hand, there is no migration of carbon in the ATIG weld, which explains the
homogenous values of hardness in the weld. The tendency of carbon diffusion from the MS
side to the weld zone is due to the presence of elements like chromium in the weld zone
and the high cooling rate characterized by ATIG weld decreases. The average hardness
measurements in FZ are higher for ATIG than for TIG welds, which can also be explained
by the rapid cooling rate in ATIG.

In the ATIG weld zone, as shown in Table 13, the obtained hardness values are
uniform (hardness standard deviation is less than 5 HV), which means that there is a
homogenization of hardness. Contrarily, in the TIG weld zone, the obtained hardness
values are non-uniform (hardness standard deviation is more than 5 HV), as reported by
Osoba et al. [57]. Moreover, we can observe a decrease in the hardness values from FZ to
base metal in both MS and SS.

3.5. Impact Test

Table 14 presents the obtained results of the absorbed energy in impact tests and the
standard deviations of TIG and ATIG at the fusion zone. We can remark that the average
absorbed energy in ATIG weld (239 J/cm2) is higher than that of TIG weld (216 J/cm2) by
23 J/cm2, which means that the ATIG welds withstand more sudden loads.
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Table 14. Measurements of absorbed energy and standard deviations of TIG and ATIG (with optimal
flux) at the fusion zone for dissimilar 316L/MS welds.

Sample
Number
of Tests

Absorbed
Energy
(J/cm2)

Min

Absorbed
Energy
(J/cm2)

Max

Absorbed
Energy
(J/cm2)

Average

Standard
Deviations σ

TIG—316L SS/MS [50] 3 215 238 216 15.56

ATIG—316L SS/MS 3 234 243 239 4.58

One set of fractured impact specimens obtained after V-notch testing at room tempera-
ture is illustrated in Figure 12.

  
(a) (b) 

Figure 12. The fractured impact specimen for ATIG weld (a) and for TIG weld (b).

Figure 13b shows the fractography of an ATIG impact test specimen. We can see
small and deep dimples with spreading small voids, which indicate a fully ductile fracture
mode. On the other hand, Figure 13a shows the morphology of the fractured surface of
a TIG specimen. The fractography exhibits mixed fracture, which is composed of a large
number of islets of fine dimples separated by the facies of quasi-cleavage and indicates less
resistance to sudden impact loads.

  
(a) (b) 

Figure 13. Fractography of TIG (a) and ATIG (b) impact tests for dissimilar 316L/MS welds (×2500).

4. Conclusions

PSMO was used to obtain the optimum combination of flux in order to weld dissimilar
MS and austenitic 316L SS. The resultant optimal flux ensured full penetration of the weld
bead with an excess root. A modification of optimal flux by adding fluorine (NaF fluorine)
avoids excessive root penetration. The morphologies and mechanical properties of the weld
beads were compared for ATIG with optimal flux and conventional TIG. The following
main conclusions can be deduced:

- The results of this investigation show that 316L can be joined with MS using a tri-
component flux composed of 76.63% SiO2, 13.37% Cr2O3, and 10% NaF.

- A fully penetrated bead in a single pass without edge preparation is achieved. The
excess root penetration can reach 0.8 mm, which meets the requirements of industrial
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standards. The obtained depth (D) is 6.8 mm, the bead face width (WF) is 8.8 mm, and
the back face width (WB) is 3.5 mm, leading to an aspect ratio (D + WB)/WF of 1.17.
Hence, compared to TIG welding, the depth and the ratio increased by 1.83 and 3.77
times, respectively.

- The fluoride in the form of ions present in the modified flux migrates to the welding
arc and contributes to an arc constriction. Thus, a phenomenon of reduction of the
weld bead is observed, leading to an increase in the penetration of the weld compared
to conventional TIG. Moreover, the surfactant elements, such as oxygen liberated in
the weld pool, contribute to the reversal of Marangoni convection, resulting in a fully
penetrated weld.

- SEM-EDS analysis shows carbon depletion closest to the weld zone at the MS side
border. The migration of carbon from MS to the weld zone is suspected to occur in
cases of TIG weldment. However, this situation is very limited or inexistent in ATIG
welding due to its high cooling rate.

- The tensile test reveals that the strength has almost the same value, and the fracture
happens at MS base metal for both ATIG and TIG welding. This indicates that the
welding zone is stronger than that of the MS parent metal.

- The hardness of ATIG welds exhibits homogenous values (≈277 HV), and the average
value is higher than that of TIG welds (≈255 HV). The disparities in hardness between
ATIG weld readings are negligible.

- The fractography in the impact test shows a fully ductile fracture with many fine
dimples overall on the fractured surface in ATIG welding, compared to gatherings of
dimples separated by quasi-cleavage facies in TIG welding. ATIG welding exhibits
more resistance to sudden loads (239 J/cm2) than TIG welding (216 J/cm2).
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Abstract: In this study, intense pulsed light (IPL) soldering was employed on Sn-58Bi solder pastes
with two distinct particle sizes (T3: 25–45 μm and T9: 1–8 μm) to investigate the correlation between
the solder microstructure and mechanical properties as a function of IPL irradiation times. During
IPL soldering, a gradual transition from an immature to a refined to a coarsened microstructure was
observed in the solder, impacting its mechanical strength (hardness), which initially exhibited a slight
increase followed by a subsequent decrease. It is noted that hardness measurements taken during the
immature stage may exhibit slight deviations from the Hall–Petch relationship. Experimental findings
revealed that as the number of IPL irradiation sessions increased, solder particles progressively
coalesced, forming a unified mass after 30 sessions. Subsequently, after 30–40 IPL sessions, notable
voids were observed within the T3 solder, while fewer voids were detected at the T9-ENIG interface.
Following IPL soldering, a thin layered structure of Ni3Sn4 intermetallic compound (IMC) was
observed at the Sn-58Bi/ENIG interface. In contrast, reflow soldering resulted in the abundant
formation of rod-shaped Ni3Sn4 IMCs not only at the reaction interface but also within the solder
bulk, accompanied by the notable presence of a P-rich layer beneath the IMC.
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1. Introduction

Modern electronic packaging technology, which facilitates the interconnection of semi-
conductor chips and packages through solder bonding, stands as a pivotal component in
ensuring device reliability [1–5]. While conventional reflow soldering techniques utilizing
convection ovens have been extensively employed, there is a persistent drive to address
substrate warpage stemming from disparate coefficients of thermal expansion among elec-
tronic package materials, alongside endeavors to curtail soldering expenses [6,7]. This
impetus has fueled the continual evolution of technologies such as laser-assisted bonding
(LAB) and intensive pulsed light (IPL) soldering.

LAB technology, exploiting a laser wavelength that exhibits heightened absorption
characteristics in Si chips relative to polymer materials, offers the notable advantage of
mitigating substrate heating and minimizing warpage [8–10]. Through decades of dedi-
cated research, a repertoire of materials and methodologies applicable to LAB, including
flux-free underfills, has been cultivated. Nonetheless, LAB equipment is encumbered by
the requisite inclusion of a homogenizer to transform the laser point source into a planar
source, and achieving large-area irradiation poses a formidable challenge. Conversely, IPL
technology has traditionally found utility in aggregating and sintering minute nanopar-
ticles via diffusion-mediated reactions. Recently, there has been a burgeoning interest in
repurposing this technology for soldering processes. These advancements underscore the
relentless pursuit within the electronic packaging industry of ways to bolster the reliability
of soldering operations, address substrate warpage concerns, and optimize cost efficiency.
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Only a limited number of documented instances involve the application of IPL sol-
dering to Sn-based solder formulations within operational electronic packages [11–16].
Jung et al. [11] presented findings detailing the IPL soldering of Sn-58Bi, illustrating a
mere 2.5% duration requirement relative to conventional reflow techniques, alongside
a 40% enhancement in mechanical strength. Ha et al. [12] conducted an evaluation of
the reliability impact on Sn–3.0Ag–0.5Cu ball grid array (BGA) packages with Electroless
Nickel Electroless Palladium Immersion Gold (ENEPIG) surface treatment, employing
the IPL soldering methodology. Experimental observations under optimized IPL parame-
ters revealed an approximate 6.7-fold increase in the number of failure cycles compared
to reflow soldering. Furthermore, Min et al. [13] provided comprehensive experimental
results contrasting IPL soldering against conventional reflow soldering. Their analysis indi-
cated significantly lower power consumption during the IPL radiation soldering process
(17.95 kWh) compared to the traditional convection reflow process (29.50 kWh). Moreover,
IPL-soldered joints exhibited a substantial improvement in drop impact reliability (with
a recorded number of drops to failure of 277) compared to reflow-soldered joints (with a
recorded number of drops to failure of 103). These findings underscore the considerable
potential of IPL soldering in reducing process duration, controlling intermetallic compound
(IMC) thickness to enhance drop impact reliability, and optimizing power consumption.

In addition to the aforementioned advantages, IPL soldering exhibits distinctive
attributes. For instance, in reflow soldering, post-process grain growth in solders is promi-
nently observed. Conversely, the IPL process affords facile manipulation of the degree to
which metal particles constituting the solder paste are liquefied, through adjustments in
process parameters such as frequency, pulse width, and intensity. This inherent flexibility
facilitates the generation of varied microstructural configurations, spanning from refined
microstructures with diminutive grain sizes to those characterized by larger grain dimen-
sions. In this study, meticulous scrutiny of the microstructural evolution of Sn-58Bi solder
paste was undertaken, spanning from its nascent stages to later stages of reaction. The
investigation encompassed an analysis of the correlation between grain size and resultant
mechanical properties. It is posited that such investigations furnish valuable insights
pertinent to future applications of IPL in soldering processes.

2. Materials and Methods

Two distinct sizes of Sn-58Bi solder paste were procured from BBEIN: type 3 (BBI-
LESP04, 25–45 μm) and type 9 (BBI-NCLFSP048, 1–8 μm). A printed circuit board (PCB)
featuring Electro-less Nickel Immersion Gold (ENIG)-treated 400 μm metal pads was
fabricated for substrate application, possessing dimensions of 77 × 132 mm2 with a 6 × 12
array for ball alignment. Solder paste deposition onto the PCB was facilitated using a metal
mask with a thickness of 0.2 mm. For IPL soldering, the charge voltage and peak current
were maintained at 1500 V and 2000 A, respectively. The IPL irradiation area spanned
20 × 30 cm2. Process variables for IPL, including frequency and pulse width, were set at
3 Hz and 2.0 ms, respectively, with IPL irradiation sessions ranging from 10 to 70 during
soldering operations. Figure 1 provides a graphical representation of the IPL process
variable configurations for enhanced comprehension. Furthermore, the experimental
parameters utilized in this investigation are summarized in Table 1. Depending on the
experimental conditions, the applied energy increased proportionally with IPL irradiation
sessions, ranging from 100 to 700 J/cm2, while maintaining a consistent power consumption
of 18 kWh.

For comparative analysis, a reflow-soldered joint was fabricated utilizing a reflow ma-
chine (model: BT301N) manufactured by Autotronik-SMT GmbH, Amberg, Germany. The
peak temperature during reflow was set at 180 ◦C, and the specific reflow profile employed
in the experimental setup is delineated in Figure 2. Microstructural and compositional char-
acterization of the solder joints was conducted utilizing field emission scanning electron
microscopy (FE-SEM, model: JEOL JSM-7900) coupled with energy dispersive spectroscopy
(EDS, model: JEOL JXA-8500F). The thickness of the IMC in the SEM micrographs was
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quantified by employing image analysis software, whereby the thickness of the IMC layer
was defined as the total area occupied by the phase divided by its length. Average thickness
values were derived from measurements acquired from six distinct regions within each
reaction specimen. Electron Backscattered Diffraction (EBSD) analysis was performed
utilizing FE-SEM (model: HITACHI S-5000) equipped with EDAX Velocity super. The hard-
ness of the solder joints post-IPL irradiation was assessed utilizing MMT-X7A equipment
from MATSUZAWA. The hardness assessment involved the averaging of measurements
taken at six distinct locations for each solder, with a measurement interval of 100 μm, using
a load of 5 gf and a dwell time of 10 s.

Figure 1. Process variables for IPL soldering.

Table 1. IPL soldering conditions and sample identification.

Sample ID Frequency
Pulse
Width

Number of
IPL

Irradiation

Total
Energy

Power
Consumption

Time

(Hz) (ms) (n) (J/cm2) (kWh) (sec)

IPL 10 3 2 10 100 18 3.3
IPL 20 3 2 20 200 18 6.6
IPL 30 3 2 30 300 18 9.9
IPL 40 3 2 40 400 18 13.2
IPL 50 3 2 50 500 18 16.5
IPL 60 3 2 60 600 18 19.8
IPL 70 3 2 70 700 18 23.1
reflow 600

Figure 2. Reflow profile for Sn-58Bi soldering.

3. Results and Discussion

3.1. Microstructural Evolution during IPL Soldering

When IPL soldering was conducted under the prescribed conditions of a 3 Hz fre-
quency and a 2 ms pulse width, the evolution of macrostructural features in Sn-58Bi solder
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paste was observed as a function of the number of IPL irradiation sessions, as illustrated
in Figure 3. Following 10 IPL irradiation sessions, it is evident that a substantial portion
of both type 3 (T3) and type 9 (T9) solder paste particles remained unmelted, retaining
their initial particle size distribution. Notably, in the case of T9, partial melting and re-
combination of particles can be observed predominantly in the upper region, resulting
in an enlargement of particle dimensions from the initial 1–8 μm range to several tens
of micrometers.

 
Figure 3. Macroscopic morphological changes in Sn-58Bi solder pastes with increasing sessions of
IPL irradiation (3 Hz, 2 ms).

After 20 IPL irradiation sessions, notable particle bonding occurred, particularly evi-
dent in the T3 solder paste despite its larger initial particle size. Significant solder lump
formation, primarily concentrated in the upper portion, can be observed, with partial lump
formation occurring in regions interfacing with the ENIG substrate. Notably, remnants
of smaller particles persist in the mid-section. Conversely, in T9, the agglomeration phe-
nomenon initiated in the uppermost region propagates downward, albeit with limited
advancement observable at the lower extremity.

Following 30 IPL irradiation sessions, complete fusion of solder particles from both T3
and T9 culminated in the formation of a singular, substantial solder bump. Subsequent to
30–40 IPL irradiation sessions, a considerable prevalence of voids can be observed within
the T3 solder bump, whereas T9 exhibits only sparse, round voids primarily localized at
the lower extremity of the solder bump. The occurrence of voids during IPL soldering
can be attributed to the size and aggregation process of the initial solder particles in the
solder paste, as well as the wetting characteristics on ENIG, the substrate surface treatment.
In the T3 sample, substantial aggregates form as a unified entity, with voids emerging in
between, whereas in the T9 sample, initial formation comprises small and medium-sized
aggregates that subsequently coalesce into a single large aggregate. Notably, for the T9
sample, the initial solder particle size is smaller, and there is improved spreading on ENIG,
resulting in a minimal occurrence of voids. Beyond 50 IPL irradiation sessions, both T3 and

75



Crystals 2024, 14, 465

T9 configurations manifest a densified microstructure with minimal void formation, with
discernible convergence in structural characteristics.

Under the conditions of a 3 Hz frequency and a 2.0 ms pulse width, the alterations
in the microstructural characteristics of Sn-58Bi solder paste as a function of the number
of IPL irradiation sessions were as depicted in Figure 4. Initial inspection of the Sn-58Bi
solder particles after 10–20 IPL sessions revealed a notably finer microstructure in type 9
(T9) compared to type 3 (T3). Notably, the bright, protruding regions within the solder
particles corresponded to Bi, while the darker, recessed regions represented Sn, forming
an alternately arranged lamellar structure. The lamellar width was in the order of several
micrometers in T3, whereas it diminished to submicron dimensions in T9.

 

Figure 4. Changes in microstructure of Sn-58Bi solders with increasing sessions of IPL irradiation
(3 Hz, 2 ms).

As IPL reached 30–40 sessions, the emergence of interparticle bonding and the coars-
ening of lamellar structures within the particles became increasingly apparent. Particularly
in the case of T9, the microstructure following 30 IPL iterations exhibited a coexistence of re-
gions characterized by submicron-sized lamellae and coarsened regions featuring lamellae
several micrometers wide. Subsequent IPL irradiation sessions led to a predominant trans-
formation of the microstructure, where the solder area predominantly comprised coarsened
regions. Beyond 50 IPL sessions, discerning differences in microstructural features between
T3 and T9 became challenging.

It is established that the reaction between Sn-58Bi solder and ENIG results in the
formation of Ni3Sn4 IMCs at the interface [17–24]. Initially, when the number of IPL irradia-
tion sessions is limited, the thickness of the formed IMC remains minimal. However, as the
number of irradiation sessions increases to 70, Ni3Sn4 IMCs with thicknesses comparable to
those observed in conventional reflow soldering can be discerned at the interface. Notably,
the degree of IMC formation appears independent of the solder particle size, indicating a
consistent reaction mechanism across different particle sizes.
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3.2. Correlation between Microstructure and Mechanical Properties of Sn-58Bi Solder

The morphological features of the Sn-58Bi/ENIG reaction interfaces following 70 rounds
of IPL irradiation and conventional reflow processing are depicted in Figure 5. Post
70 IPL rounds, a thin layered structure of Ni3Sn4 IMCs can be observed at the interface,
alongside the presence of a minor quantity of feather-shaped IMCs within the Sn-rich
region within the solder matrix. In contrast, after the reflow process, rod-shaped Ni3Sn4
IMCs are evident at the interface, accompanied by a notable abundance of feather-shaped
IMCs distributed throughout the solder volume. Notably, a distinct P-rich layer atop
the Ni-P layer is prominently visible in the reflow specimen, presenting as a thin, dark
band [25–28]. Conversely, this P-rich layer is conspicuously absent from the IPL specimen.
These observations suggest a heightened level of chemical reactivity occurring at the
Sn-58Bi/ENIG interface during the conventional reflow process.

Figure 5. Close observation of the Ni3Sn4 IMCs formed at the Sn-58Bi/ENIG interface after 70 IPL
sessions (a) and after the reflow process (b). (c) Measured thickness of the Ni3Sn4 IMCs.

During the IPL process, the intermittent application of instantaneous light followed
by rapid cooling cycles leads to inadequate interdiffusion between the solder and ENIG. In
contrast, the reflow process maintains the solder in a molten state for an extended duration,
facilitating sufficient interdiffusion between the solder and ENIG. Consequently, once Ni
atoms are introduced into the solder, they can diffuse over an extended period and react
with Sn to form additional Ni3Sn4 IMCs within the solder matrix.

Initially, the thickness of Ni3Sn4 IMCs formed at the interface during the IPL process
is minimal, and the growth rate is sluggish. However, after 50 IPL irradiation sessions,
the IMC growth rate accelerates significantly compared to the initial stages of the reaction,
as shown in Figure 5c. Nonetheless, even after 70 IPL irradiation sessions, the overall
thickness of the IMCs remains inferior to that observed in the reflow process.

Following IPL and reflow soldering, EBSD analysis was conducted to assess the
microstructural characteristics and grain orientation within the solder specimens. Phase
maps and inverse pole figures (IPFs) for each solder variant were generated, as depicted in
Figure 6. In the phase map, the red region signifies Sn while the green region corresponds to
Bi. Post-IPL and reflow soldering, discernible variations in grain orientation were observed
within the solder specimens.

Upon IPL soldering for 40 cycles, the orientation of Sn grains was situated within the
intermediary region between the (001) and (110) planes in both T3 and T9 specimens. With
an increase in the number of IPL irradiation sessions to 70, T9 specimens maintained a
similar orientation, while T3 specimens exhibited an orientation spanning from (001) to
(100). Conversely, after reflow soldering, a dominance of orientation within the intermediate
region of the (100) and (110) planes was observed in both T3 and T9 specimens, with the
left-hand side of T9 grains exhibiting a direct (110) orientation in addition.
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Figure 6. Results of EBSD analysis for the specimens fabricated with IPL soldering (after 40 and
70 sessions) and reflow soldering.

Regarding Bi grains, the (1210) orientation emerged as the predominant orientation
across all specimens, irrespective of the soldering method employed. Additionally, the
presence of the (0001) orientation was noted alongside the (1210) orientation exclusively
within the grains of 70-IPL-session specimens. This observed shift in solder grain orienta-
tion contingent upon the soldering method or degree of irradiation presents an intriguing
discovery warranting further investigation.

Figure 7 illustrates the variations in average Sn grain size and hardness across each
solder variant, as determined through EBSD analysis and hardness testing. The average
grain size was quantified based on the enumeration and dimensions of grains within a
180 × 550 μm2 area of each specimen. Notably, the grain size of Sn, constituting the solder,
exhibited a nadir at 40 IPL sessions, subsequently increasing with additional IPL irradiation
sessions. Conversely, the hardness value displayed a maximum at 40 IPL sessions, declining
with escalating IPL irradiation counts.

Figure 7. (a) Average Sn grain size and (b) average hardness measured for the solders fabricated by
IPL or reflow soldering; (c) Hall–Petch relationship taken from the measured grain size and hardness.
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It is widely acknowledged that as the microstructure coarsens, mechanical properties
such as hardness and strength tend to degrade [29–33]. Specifically, hardness often con-
forms to the well-established Hall–Petch relationship, which correlates hardness with the
inverse square root of grain size [29,30].

H = H0 + kd−1/2 (1)

where H is hardness and d the average grain size. H0 and k are constants. Figure 7c
displays a graph illustrating the relationship between the inverse square root of average
grain size (d−1/2) and hardness (H), as determined by substituting the measured grain size
and hardness values from each solder variant produced via IPL and reflow soldering into
the Hall–Petch relationship. Overall, it is evident that, with the exception of the IPL T3
specimen irradiated 30 times, the graph demonstrates a predominantly linear correlation
between d−1/2 and H, thus adhering to the Hall–Petch relationship.

In the realm of solder compositions, studies have highlighted that mechanical strength
tends to improve with the refinement of the internal structure. For instance, Li et al. [32]
investigated composite solders comprising Sn-58%Bi alloyed with 0, 0.03, 0.05, and 0.1 wt%
Cu6Sn5 nanoparticles. They observed that the addition of Cu6Sn5 nanoparticles, particu-
larly those sized at 10 nm, led to microstructural refinement of the Sn-58%Bi solder, with
the solder containing 0.05 wt% Cu6Sn5 nanoparticles exhibiting superior performance.
This enhancement in solder strength was attributed to the refinement of matrix phases,
aligning with the principles outlined in the Hall–Petch equation. Similarly, Zhang et al. [33]
demonstrated that Ga additions in Sn-XGa alloys (where X = 0.5, 1.0, 2.0 wt%) could mod-
erately refine β-Sn grains while rendering the alloys more prone to recrystallization during
cross-sectioning and polishing processes. Notably, Sn-1.0Ga exhibited significantly elevated
yields and tensile strengths compared to pure Sn, attributed to the robust solid-solution
strengthening effect of Ga and the refinement of β-Sn grains.

In this study, an intriguing observation was made where, despite an increase in
the number of IPL irradiation sessions from 30 to 40 during the initial stages of the IPL
process, the hardness of Sn-58Bi solders exhibited an increase, contrary to the expectations
based on the Hall–Petch relationship. This anomaly is believed to be associated with
the densification of the solders. As depicted in Figure 3, the solder initially possessed a
coarse microstructure with internal voids at 30 IPL sessions, gradually transitioning into
a denser structure with diminishing voids as the number of IPL sessions increased. This
transformation in the microstructure of the solder likely contributed to the enhancement of
its mechanical properties.

Min et al. [13] explored the feasibility of IPL soldering for BGA package assembly
under varying IPL soldering conditions. During the soldering process, Ag and Cu compo-
nents within the Sn-3.0Ag-0.5Cu solder underwent transformation into Ag3Sn and Cu6Sn5
IMCs. At lower IPL energies (or fewer irradiation sessions), partially unreacted Ag was
detected within the solders, resulting in lower shear strength and hardness values. How-
ever, with an increase in IPL energy (or irradiation count), complete transformation of Ag
to Ag3Sn occurred, leading to improved strength and hardness. From these findings, it can
be inferred that during the initial stages of the IPL soldering process, all solder particles
melt and coalesce into a unified lump, yet the resulting solder lump may still exhibit an
immature microstructure. The specimens subjected to 30 IPL sessions in this study likely
resembled such cases, displaying an immature structure characterized by internal voids and
consequently exhibiting lower hardness values. The deviation of the 30-IPL specimen from
the linear relationship depicted in Figure 7c can thus be attributed to this phenomenon.

4. Conclusions

In this study, Sn-58Bi solder with two different particle sizes of 1–8 μm (T9) and
25–45 μm (T3) was used and the number of IPL irradiation sessions was increased under
the frequency and pulse width conditions of 3 Hz and 2.0 ms. Through an examination of
alterations in solder microstructure and hardness, the following conclusions were drawn.
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(1) As the number of IPL irradiation sessions increases, the initial solder particles gradu-
ally agglomerate and aggregate into a single lump after 30 irradiation sessions. After
30–40 IPL sessions, a large number of voids was observed overall inside the T3 solder,
and a small number of round voids was discovered at the interface with ENIG in T9.

(2) After IPL soldering, a thin layered structure of Ni3Sn4 IMC forms at the Sn-58Bi/ENIG
interface, and the P-rich layer is not prominently visible. In contrast, after reflow
soldering, rod-shaped Ni3Sn4 IMCs are abundantly formed not only at the reaction
interface but also within the solder bulk, accompanied by the notable presence of a
P-rich layer beneath the IMC.

(3) After IPL soldering, the orientation of Sn grains is situated within the intermediary
region between the (001) and (110) planes. On the other hand, after reflow soldering, a
dominance of orientation within the intermediate region of the (100) and (110) planes
can be observed. Regarding Bi grains, the (1210) orientation emerges as the predomi-
nant orientation across all specimens, irrespective of the soldering method employed.

(4) During IPL soldering, as the number of irradiation sessions increases gradually, a
progression from an immature to a fine to a coarsened microstructure occurs in the
solder. Consequently, the mechanical strength (hardness) of the solder exhibits a
tendency to initially increase slightly, before decreasing. The hardness measured
in the immature stage may deviate slightly from the range predicted by the Hall–
Petch relationship.

(5) Based on the experimental findings, for IPL at a frequency of 3 Hz and a pulse
width of 2 ms, optimal outcomes were achieved within the IPL exposure range of
40–50 sessions, characterized by a diminutive grain size, elevated hardness, and
minimal IMC thickness.
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Abstract: The Laser Beam Welding (LBW) of aluminum alloys has attracted significant interest from
industrial sectors, including the shipbuilding, automotive and aeronautics industries, as it expects
to contribute to significant cost reduction associated with the production of high-quality welds. To
comprehend the behavior of welded structures in regard to their damage tolerance, the application of
fracture mechanics serves as the instrumental tool. However, the methods employed overlook the
changes in the microstructure within the Heat-Affected Zone (HAZ), which leads to the degradation
of the mechanical properties of the material. The purpose of this study is to simulate microhardness
evolution in the HAZ of AA2198-T351 LBW. The material represents the latest generation of Al-Cu-Li
alloys, which exhibit improved mechanical properties, enhanced damage tolerance behavior, lower
density and better corrosion and fatigue crack growth resistance than conventional Al-Cu alloys.
In this work, the microhardness profile of LBW AA2198 was measured, and subsequently, through
isothermal heat treatments on samples, the microhardness values of the HAZ were replicated. The
conditions of the heat treatments (T, t) were selected in line with the thermal cycles that each area
of the HAZ experienced during welding. ThermoCalc and DICTRA were employed in order to
identify the strengthening precipitates and their evolution (dissolution and coarsening) during the
weld thermal cycle. The microstructure of the heat-treated samples was studied employing LOM and
TEM, and the strengthening precipitates and their characteristics (volume fraction and size) were
defined and correlated to the calculations and the experimental conditions employed during welding.
The main conclusion of this study is that it is feasible to imitate the microstructure evolution within
the HAZ through the implementation of isothermal heat treatments. This implies that it is possible
to fabricate samples for fatigue crack growth tests, enabling the experimental examination of the
damage tolerance behavior in welded structures.

Keywords: laser beam welding; Al–Cu–Li alloys; heat affected zone; microstructure; microhardness

1. Introduction

Al–Cu–Li alloys have attracted strong interest from the industry due to their increased
tensile strength, elastic modulus, fatigue resistance, ductility and lower density. [1–3]. Each
1 wt.% Li added to aluminum leads to a 3% decrease in density and a 6% increase in the
elastic modulus. By adding 2 wt.% Li, the density of the alloy decreases by 10%, and
the elastic modulus increases by 25–35% [2,4]. By replacing conventional high-strength
Al alloys with Al–Li alloys, the structure’s weight is reduced by 10–20%, and the elastic
behavior is increased by 25–35% [4]. Therefore, these alloys are ideal materials for the
aerospace and aeronautical industry, since the economic benefits are significant, such as
increased payload and better fuel efficiency [5]. Furthermore, the potential Al–Li alloys
exhibit in marine industry is significant [6,7].
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In the third generation of Al–Li alloys, copper (Cu) content is increased (2–4 wt.%),
while the amount of Li is reduced (0.75–1.8 wt.%). These alloys exhibit higher hardness,
corrosion resistance, good crack propagation resistance and improved weldability [4,5,8–10].
Other micro-alloying elements, such as Mg, Mn, Zn, Ag, Zr and Fe, are added to improve
mechanical strength. For example, Mg and Ag additions favor the formation of the T1 phase,
and the addition of Mg can stimulate the nucleation of GP zones [11]. The third generation
of Al–Cu–Li alloys has been widely used as structural materials in the aerospace industry
and has attracted significant research interest. These alloys are amenable to artificial
aging heat treatment, leading to final products with increased strength and hardness. In
addition, natural aging can be applied, during which the precipitates that are formed lead
to improved ductility compared to artificial aging [4,12].

AA2198 is a popular widely used Al–Cu–Li alloy of this generation, exhibiting a
good combination of hardness, corrosion resistance and ductility [2]. In the United States,
alloy 2198-T8 (3.6–6.1 mm thick plate) has been successfully utilized for the construction
of the Falcon 9 rocket to manufacture the primary and secondary fuel tanks and fairing
components [4]. Furthermore, AA2198 belongs to the typical Al–Cu–Li grades that are
widely used for the construction of aircrafts, such as A330/340/350/380 in Europe, Boeing
747/777/787 in America and Comac’s C919 in China [13].

The hardness of AA2198 can be increased by natural or artificial aging due to the
formation of strengthening precipitates, as overviewed in the Al-rich corner of the ternary
Al–Cu–Li phase diagram given in Figure 1 [14]. A complex precipitation sequence has been
observed during the aging process of Al–Cu–Li alloy systems. The precipitation sequence
impacts the interaction mechanism between dislocations and precipitates during plastic
deformation, consequently influencing the mechanical properties of the aged alloys [7,15].
Several precipitates have been observed through aging, including GP zones, θ’(Al2Cu),
β’(Al3Zr), T1(Al2CuLi), δ’(Al3Li) and S’(Al2CuMg) [2,4,15,16]. The Li content has been
found to be crucial in the precipitation of these alloys. High Li content (>2%) leads to a
primary strengthening role attributed to δ’precipitates, with some contribution from S’,
while lower Li content (<2%) results in T1 being the primary strengthening precipitates,
alongside minor θ’ [15,16]. Regarding the precipitation sequence of AA2198, where the
Li content is low, a study [16] has shown that after natural aging, the microstructure
is primarily composed of Cu-rich clusters, although they do not fit the description of
single-layer Cu-rich GPI zones. When the temperature increases, these clusters become
unstable and appear to dissolve entirely. The further increase of the temperature results
in the artificial aging of AA2198 (155 ◦C/16 h in [16]) where the formation of T1 initiates
and becomes dominant, contributing to the alloy’s strength. Additionally, other less
prevalent precipitates are present, based on the Al–Cu sequence (GPI, GPII and θ’) [16]. The
alloy’s composition, especially the Cu/Li ratio is a dominant factor affecting the sequence.
Furthermore, a higher Cu/Li ratio seems to produce a more rapid nucleation of T1 in low-Li
Al–Cu–Li alloys [16].

 

Figure 1. Al–Cu–Li ternary phase diagram near the Al-rich region. The different colors of the phases
indicate their lattice (red: FCC, pink: cubic CaF2, navy blue: BCC, green: BCT, olive green: hexagonal
and sky blue: icosahedral). Reprinted/adapted with permission from Ref. [14]. 2024, Elsevier.

83



Crystals 2024, 14, 246

The introduction of welding in Al–Cu–Li alloy structures offers significant positive
effects, such as lower weight and improved performance, while replacing conventional
joining techniques [17,18]. Regarding the AA2198 alloy, two welding methods are usually
utilized: Friction Stir Welding (FSW) [17,19–27] and laser welding methods [18,28–31].
Studies have confirmed the positive effect of micro-jet cooling for the welding of Al al-
loys [32,33]. Laser Beam Welding (LBW) is a popular method in the aerospace industry,
as it offers high productivity, manufacturing flexibility and efficiency compared to other
welding methods. Using the LBW method has proven that the total construction cost can
be reduced by up to 40%, and a weight reduction of up to 28% can be achieved compared to
conventional joining techniques [28]. In addition, LBW results in a narrower Heat-Affected
Zone (HAZ) and a faster welding speed compared to FSW [29].

During the LBW of AA2198, a significant decrease in mechanical properties is observed
near the Weld Zone (WZ) [17,34]. This is attributed to the fact that AA2198 is a heat-
treatable alloy, and the mechanical properties depend mainly on the size and distribution of
strengthening precipitates. The microstructural changes due to the welding thermal cycles,
such as the coarsening or dissolution and re-precipitation of certain phases or precipitates,
significantly affect the mechanical properties of an AA2198 weld [18]. Even after optimizing
welding parameters, strength loss in alloy welds is considered inevitable [17]. During the
welding of AA2198, the phases T1, δ’, S’ and θ’ are completely dissolved in the Al matrix,
and after cooling, they re-precipitate [17,24]. The heterogeneous distributions of these
phases in the HAZ depend on the local thermal cycles that the HAZ is subjected to [18].

The study of Fatigue Crack Growth (FCG) behavior in welds is of great importance,
as it changes along the length of the weld seam due to the different thermal cycles to
which the material is subjected. Studies have shown that the FCG rate is higher in the
HAZ [35,36]. Investigating the mechanical and fatigue properties of the HAZ of a laser
weld is a demanding task, due to the narrowness and heterogeneity of the region [37]. The
main aim of this study is to simulate the reduction of the microhardness in the HAZ of an
Al–Cu–Li 2198–T351 alloy by implementing several isothermal heat treatment schemes.
This implies that it could be possible to fabricate samples that possess similar mechanical
properties with different regions of the HAZ [38]. This, in turn, leads to the conclusion that
these specimens could be subjected to FCG tests instead of the welds themselves [35,37,39].

2. Materials and Methods

2.1. Material and Experimental Procedure

The material to be studied is the AA2198–T351 Al–Cu–Li alloy in the form of a 3.8 mm
thick sheet. The chemical composition of the alloy is shown in Table 1.

Table 1. Composition of AA2198 alloy (wt. %) in this study.

Si Fe Cu Mn Mg Cr Zn Zr Li Ag Al

0.08 0.10 3.50 0.5 0.80 0.05 0.35 0.18 1.10 0.50 Rem.

In this study, the Laser Beam Welding (LBW) method was utilized for the bead-on-plate
welding of the alloy, with shielding gas 50% Ar (17.5 L/mm) and 50% He (17.5 L/mm) [40].
The welding conditions are shown in Table 2.

Table 2. AA2198 laser beam welding conditions.

Power (W) Speed (m/min)
Heat Input Rate

(J/mm)
Arc Efficiency

3441 2 103 0.47

During welding of the AA2198 alloy, various metallurgical phenomena occur in the
HAZ, leading to its division into two sub-zones. The first will be referred to as HAZ1, where

84



Crystals 2024, 14, 246

the maximum temperature exceeds the dissolution temperature of the main strengthening
precipitates, causing them to dissolve completely and then re-precipitate. This phenomenon
is equivalent to aging. The second one is HAZ2, where the temperature is lower, and
therefore, coarsening of the strengthening precipitates occurs, which is equivalent to over-
aging. In fact, there is no exact boundary between these two regions; between them, a
third sub-zone exists where both dissolution and coarsening occur simultaneously [41]. To
simplify the problem in the present work, it will be assumed that the distinct boundary of
the two sub-zones lies at the dissolution temperature of the main strengthening precipitate.
To simulate the microhardness profile in the HAZ through isothermal heat treatments,
appropriate aging and over-aging heat treatment schemes must be selected, which will be
performed on samples sectioned from the parent material. Therefore, the microhardness
values of HAZ1 are replicated through solution heat treatments followed by natural aging,
and those of HAZ2 are replicated through over-aging heat treatments. This procedure
is illustrated schematically in Figure 2. The conditions of the heat treatments, shown in
Table 3, were selected in line with the Rosenthal solution model and DICTRA results,
which are described in the next paragraph. Different temperatures were chosen for the
solution heat treatment (450, 500 and 550 ◦C) to study whether the temperature affects the
precipitation trend.

Figure 2. Schematic illustration of the experimental procedure in this study.

Table 3. Conditions (T,t) of the heat treatments carried out, followed by water quenching.

Solution Heat Treatment + Natural Aging Over-Aging

450 ◦C/5, 10, 20, 40, 60 min 200 ◦C/8, 16, 24, 32, 48, 80, 153 h
500 ◦C/10, 20, 40, 60 min 250 ◦C/2, 4, 8, 16, 24, 32 h

550 ◦C/5, 10, 20, 40, 60 min 300 ◦C/8, 16 h

The heat-treated samples were metallographically prepared by embedding, grinding
and polishing using 3 and 1 μm alumina paste. Keller’s reagent was employed for etching
the material. The microhardness measurements on the weld seam and the heat-treated
samples were performed using the 402MVD Wolpert Wilson microhardness tester (Wilson
Instruments, Norwood, MA, USA), with a load set at 0.2 kgf (HV0.2) applied for 10 s. The
macrostructure of the weld-seam was studied by utilizing a Leica Wilz M3Z stereoscope.
The investigation of the precipitates formed during natural aging and over-aging was
performed with a JEOL JEM-2100 LaB6 (JEOL Ltd., Tokyo, Japan) Transmission Electron

85



Crystals 2024, 14, 246

Microscope (TEM), operating at 200 kV. TEM specimens, with a 3 mm diameter, were
prepared in the form of 30 μm-thick disk-type plates via mechanical polishing, followed by
ion-polishing with a precision Ar-ion polishing system (PIPS) (Gatan model 691). Elemental
analyses were carried out using an Oxford X-Max 100 Silicon Drift Energy Dispersive X-ray
spectrometer (EDS) (Oxford Instruments, Abingdon, Oxfordshire, UK), connected to the
TEM. Data were acquired in areas ranging from 2 to 5 nm in STEM mode.

2.2. Computational Procedure

A computational part preceded the experimental process in order to select the condi-
tions of the heat treatments and predict the evolution of the main strengthening precipitates.

Thermocalc software (version 2022a, TCAL7 database) and Diffusion Module (DIC-
TRA) (version 2022a, TCAL7/MOBAL5 databases) [42] were employed for the selection
of the appropriate heat treatment time and the determination of the behavior of the main
strengthening precipitates during the isothermal heat treatments.

Furthermore, the conditions of the heat treatments were chosen according to the ther-
mal cycles the material was subjected to during welding. For this purpose, the Rosenthal
solution (Equations (1)–(5)) [43] was implemented using suitable computing software. A
coordinate (w, y, z) system is used (Figure 2), which moves at the same speed as the welding
arc (u):

w = x − ut (1)

T − To =
Q

2πk
e−

u
2α w

[
e− u

2α R

R
+

∞

∑
n=1

(
e− u

2α Rn

Rn
+

e− u
2α R’

n

R’
n

)]
(2)

R =
√

w2 + y2 + z2 (3)

Rn =

√
w2 + y2 + (2nH − z)2 (4)

R’
n =

√
w2 + y2 + (2nH + z)2 (5)

The symbols used for the parameters are explained in Table 4.

Table 4. Model parameters and their numerical values.

Model Parameter (Unit) Symbol Numerical Value

Temperature (◦C) T Calculated
Initial temperature (◦C) To 25
Arc thermal power (arc efficiency × power) (W) Q 1617
Thermal conductivity (W/mm◦C) k 0.125
Arc speed (mm/s) u 33.3
Thermal diffusivity (mm2/s) α 51.63
Thickness of Al sheet (mm) H 3.8

Temperature field developed during LBW was calculated using Equation (2), entering
the values depicted in Table 4. The results were validated via experimental observations
regarding the boundary between the WM and the HAZ and are discussed in Section 3.2.

3. Results

3.1. Strengthening Precipitates and Their Evolution during the Welding Thermal Cycle

The boundary between HAZ1 and HAZ2 is set at the temperature at which the main
strengthening precipitate(s) dissolve completely. For the AA2198, these are the T1, θ’ and
δ’ precipitates. According to ThermoCalc calculations, the T1 and θ’ precipitates dissolve
at 493 ◦C, so this temperature is chosen (Figure 3). Therefore, in Figure 3 the temperature
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boundaries of the two sub-zones are shown on the calculated phase diagram. The upper
boundary of HAZ1 is set to the Liquidus Temperature (651 ◦C), whereas the lower boundary
of HAZ2 corresponds to the artificial aging temperature (175 ◦C).

Figure 3. Calculated phase diagram for AA2198 alloy, along with the temperature boundaries of the
two subzones HAZ1 and HAZ2.

The conditions of the isothermal heat treatments to replicate the microhardness re-
duction of these two zones were selected according to the Diffusion Module calculations.
In HAZ2 where coarsening takes place, temperatures ranging from 180 ◦C to 300 ◦C were
tested with a step of 25 ◦C. As shown in Figure 4, as the temperature increases, the max-
imum diameter of θ’ increases. According to the calculations, the maximum diameter
increases up to 63% at 300 ◦C in comparison with the initial mean diameter of θ’.

 
Figure 4. Rate of increase of the maximum width (nm) of the precipitate θ’ in relation to the initial
width for various temperatures.

3.2. Temperature Field Developed during Welding

The calculated temperature field that develops in the sheet during LBW is shown in
Figure 5a.
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Figure 5. (a) Calculated temperature field in relation to the depth (z) and width (y) of the sheet,
at x = 0. The green marks depict the experimental boundary between the WM and HAZ on the
micrograph of the weld seam, while the red marks show the locations of the microhardness tests;
(b) OM micrograph of the weld seam. Dashed line represents the WM/HAZ boundary where the
max temperature during welding is equal to the liquidus, while the green marks on the boundary are
the ones plotted in (a); (c) microhardness profile of the weld seam. The red dashed lines represent the
comparison between the theoretical and experimental boundaries of HAZ1 and HAZ2.
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In Figure 5a, the green dots depict the experimental points that lie on the actual
boundary between the WM and the HAZ (Figure 5b), where the maximum temperature
of the material during welding is equal to the liquidus (Tliq = 651 ◦C). The microhardness
test results of the weld seam are presented in Figure 5c. The initial hardness of the material
is 150 HV0.2, while the microhardness decreases while moving from the center of the
weld. Two sub-zones seem to be formed in the HAZ: the first at 2250–3250 μm where
the microhardness value remains constant at approximately 115 HV0.2 and the second at
3500–4250 μm, where the microhardness ranges between 116–136 HV0.2.

As shown in Figure 6, the points on the experimental Tliq are very close to the points of
the calculated Tliq, except for the last point (y = 0.8, z = 3.8). This is attributed to the fact that
the Rosenthal solution does not take into account parameters such as the keyhole method
that has been used. With this method, the arc reaches a greater depth in the material,
which, however, cannot be predicted through the computational model. However, this
does not negate the fact that the calculations correspond to the experimental data. The
percentages in Figure 6 indicate the error divergence of the theoretical model in relation to
the experimental data.

Figure 6. Comparison of the points on the experimental and theoretical WM/HAZ where the
maximum temperature reached is equal to the Tliq = 651 ◦C. This indicates that the theoretical model
is close to the real values, as the Δy% is relatively low.

Time is another parameter to consider in the calculations. Therefore, the thermal
cycles to which different points of the HAZ are subjected are shown in Figure 7. These
points are depicted in red in Figure 5a and are located at the surface of the sheet (z = 0 mm).
At points from 2.25 to 3 mm, the temperature exceeds 493 ◦C during welding, causing
the strengthening phases to dissolve completely and re-precipitate. At 3.25 mm, the
temperature reaches up to 460 ◦C, resulting in a significant dissolution of the strengthening
precipitates. Therefore, points 2.25 to 3.25 mm belong to HAZ1 sub-zone. At points
3.5–4.25 mm, the temperature does not exceed the temperature of complete dissolution;
therefore, these points belong to the HAZ2 sub-zone where coarsening occurs.
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Figure 7. Calculated thermal cycles induced at various points on the HAZ. These points are depicted
in Figure 5a in red. The legend indicates the y(mm) coordinate of each point.

3.3. Microhardness Tests Results

The microhardness tests results of the naturally aged samples are presented in Figure 8.
The tests were carried out immediately after the heat treatment (0 h) and at intervals of
1 h up to 18 days afterward in order to investigate the effect of natural aging on the
microhardness of the alloy.

Figure 8. Microhardness test results for the solution heat-treated samples for hold times (a) 10 min,
(b) 20 min, (c) 40 min and (d) 60 min. Afterward, the samples were naturally aged for various
time intervals between 1 h and 18 days. Time 0 h indicates the tests performed immediately after
the dissolution.

After the solution heat treatment, the microhardness of the alloy decreases from
150 HV0.2 to about 80 HV0.2 in almost all cases. The microhardness increases over time due
to natural aging, reaching a mean value of 120 HV0.2. Microhardness appears to stabilize
after approximately 8 days.
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As shown in Figure 9, the microhardness of the over-aged samples drops to 132 HV0.2
after 8 h at 200 ◦C, while it stabilizes after approximately 48 h. For the samples heated to
250 ◦C, the microhardness decreases to 128 HV0.2 after 2 h and stabilizes around 85 HV0.2
after 24 h. For the samples heated to 300 ◦C, the decrease in microhardness is approximately
75 HV0.2 after 8 h and stabilizes around 65 HV0.2.

Figure 9. Microhardness test results for the overaged heat-treated samples.

4. Discussion

4.1. Simulation of the HAZ Microhardness Profile with Isothermal Heat Treatments

One of the objectives of this study is to replicate the microhardness profile of the
HAZ with appropriate isothermal heat treatment schemes. In Figure 10, the HAZ micro-
hardness profile is compared with the nearest microhardness values obtained through the
heat treatments.

 

Figure 10. The microhardness profile of the weld seam compared to microhardness values resulting
from isothermal heat treatments (red and blue points).

At the 2.25–3 mm region of the HAZ microhardness profile, the temperature during
welding exceeded 493 ◦C (Figure 7); therefore, dissolution and precipitation occurred. The
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microhardness of this zone (112–116 HV0.2) can be simulated with solution heat treatments
followed by natural aging, as shown in Figure 10, where the microhardness values of the
isothermal treatments are correlated to the microhardness profile. At the 3.5–4.25 mm
region, the maximum temperature did not exceed the temperature of complete dissolution
(Figure 7); therefore, coarsening occurred. As shown in Figure 10, the microhardness profile
of HAZ2, ranging between 116–136 HV0.2, can be sufficiently simulated by over-aging heat
treatments. The heat treatments that closely correspond in value to the microhardness
profile are 200 ◦C/48 h, 200 ◦C/32 h, 250 ◦C/4 h, 250 ◦C/2 h, 200 ◦C/16 h and 200 ◦C/8 h.

4.2. Correlation between Microhardness and Microstructure Changes

The reduction in the microhardness that occurs after dissolution/re-precipitation and
coarsening are attributed to microstructure changes that involve the T1 and θ’ precipitates.
The TEM analysis of the as-received, naturally aged (after solution heat-treat 500 ◦C/20 min)
and overaged (200 ◦C/48 h) material are presented in Figure 11.

 

Figure 11. TEM BF and DF micrographs of (a–c) the as-received sample where θ’ and T1 phases are
evident, (d–f) the solution heat treated at 500 ◦C for 20 min and naturally aged sample, (g,h) the
overaged sample at 200 ◦C for 48 h.

As shown in Figure 11a–c, in the as-received state, two types of needle-shaped inter-
metallics crystallize with different orientations within the same grain. According to the EDS
analyses, one type is θ’, whose length varies between 20–200 nm and whose mean width is
2.5 ± 0.6 nm. The second intermetallic is T1, which shows a greater width (5.85 ± 2.3 nm)
and a shorter length than θ’. After dissolution and natural aging (Figure 11d–f), two types
of intermetallics are formed in the microstructure as well: θ’ and T1. After re-precipitation,
the mean width of θ’ is 4.86 ± 1.63 nm, which is slightly increased compared to the as-
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received state. On the contrary, T1 precipitates with a significantly increased mean width
of 21.61 ± 9.25 nm, compared to T351 temper state. This is attributed to the fact that
the formation of T1 phase is dependent on the presence of dislocations, which is why
pre-deformation favors the nucleation and precipitation of T1 [44]. In the as-received state,
the specimen, being in temper T351, has undergone cold deformation, while the solution
heat-treated (500 ◦C/20 min) specimen has undergone dissolution and re-precipitation
through natural aging without any pre-deformation. Previous studies have shown that the
mean thickness of T1 decreases with increasing pre-deformation [44]. Therefore, due to the
absence of pre-deformation, T1 precipitates with a significantly greater width, which leads
to a reduction in microhardness. After over-aging, θ’ (Figure 11g,h) seems to prevail in the
microstructure. The considerable difference in its mean width after overaging is evident, as
from 2.5 nm in the as-received state, after heat treatment, the width increased to an average
value of 25.5 ± 9 nm. This is to be expected, as over-aging leads to the coarsening of the
strengthening phases, negatively affecting the microhardness. In Table 5, the mean width
and volume fraction of the two strengthening phases are presented. Volume fractions were
calculated through a two-dimensional method.

Table 5. Comparison of the mean width and volume fraction (f) of the θ’ and T1 phases in three
as-received, naturally aged and overaged conditions in combination with the microhardness values.

Phase As-Received HT 500 ◦C/20 min + Natural Aging HT 200 ◦C/48 h

Width (nm) f (%) Width (nm) f (%) Width (nm) f (%)

θ’ (Al2Cu) 2.5 ± 0.6 3.42 ± 1.03 4.86 ± 1.63 2.59 ± 0.97 25.5 ± 9 3.42 ± 1.03
T1 (Al2CuLi) 5.85 ± 2.3 1.17 ± 0.29 21.61 ± 9.25 8.46 ± 2.3 - -

HV0.2 150 119 114.2

5. Conclusions

In the present work, the reduction of the HAZ microhardness in an AA2198-T351
LBW was simulated through isothermal heat treatments. The HAZ was divided into two
subzones: HAZ1 and HAZ2. Within the first zone, the temperature field developing during
welding exceeds the dissolution temperature of the main strengthening precipitates, so
the material is subjected to aging. In HAZ2, the temperature is lower than that limit,
which leads to the coarsening of the strengthening phases (over-aging). In both cases,
the microhardness decreases. To decide on the appropriate conditions (T, t) for the heat
treatments, the thermal cycles at different points of the HAZ were calculated through
the application of the Rosenthal solution, and ThermoCalc software (version 2022a) and
Diffusion Module (DICTRA) (version 2022a) were utilized. Microhardness tests were
performed on the naturally aged and over-aged samples, and the values were matched
with the HAZ microhardness profile. Our conclusions are as follows:

1. The calculated temperature field in the weld seam matches the microhardness profile;
therefore, the theoretical and experimental data are in agreement.

2. After solution heat-treatments and natural aging, the microhardness of the material
decreases from 150 to approximately 120 HV0.2 due to the re-precipitation of T1 with
significantly increased width.

3. After over-aging heat treatments, the width of θ’ phase is almost ten times higher
compared to the as-received sample, which is responsible for the reduction in micro-
hardness. Microhardness decreases at a faster rate as the temperature increases. At
200 ◦C, it decreased to the value of 112 HV0.2 for 250 ◦C to 85 HV0.2 and for 300 ◦C to
64 HV0.2.

4. With appropriate isothermal heat treatments, the microhardness profile of the HAZ
during LBW can be replicated accurately, implying that it is possible to fabricate
samples for the experimental study of damage tolerance behavior in the HAZ.
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12. Jambor, M.; Nový, F.; Bokůvka, O.; Trško, L. The Natural Aging Behavior of the AA 2055 Al-Cu-Li Alloy. Transp. Res. Procedia
2019, 40, 42–45. [CrossRef]

13. Li, S.; Yue, X.; Li, Q.; Peng, H.; Dong, B.; Liu, T.; Yang, H.; Fan, J.; Shu, S.; Qiu, F.; et al. Development and Applications of
Aluminum Alloys for Aerospace Industry. J. Mater. Res. Technol. 2023, 27, 944–983. [CrossRef]

14. Liu, S.; Wróbel, J.S.; LLorca, J. First-Principles Analysis of the Al-Rich Corner of Al-Li-Cu Phase Diagram. Acta Mater. 2022, 236,
118129. [CrossRef]

15. Li, Y.; Shi, Z.; Lin, J. Experimental Investigation and Modelling of Yield Strength and Work Hardening Behaviour of Artificially
Aged Al-Cu-Li Alloy. Mater. Des. 2019, 183, 108121. [CrossRef]

16. Decreus, B.; Deschamps, A.; De Geuser, F.; Donnadieu, P.; Sigli, C.; Weyland, M. The Influence of Cu/Li Ratio on Precipitation in
Al–Cu–Li–x Alloys. Acta Mater. 2013, 61, 2207–2218. [CrossRef]

17. Tao, Y.; Zhang, Z.; Xue, P.; Ni, D.R.; Xiao, B.L.; Ma, Z.Y. Effect of Post Weld Artificial Aging and Water Cooling on Microstructure
and Mechanical Properties of Friction Stir Welded 2198-T8 Al-Li Joints. J. Mater. Sci. Technol. 2022, 123, 92–112. [CrossRef]

18. Zhao, T.; Sato, Y.S.; Xiao, R.; Huang, T.; Zhang, J. Hardness Distribution and Aging Response Associated with Precipitation
Behavior in a Laser Pressure Welded Al–Li Alloy 2198. Mater. Sci. Eng. A 2021, 808, 140946. [CrossRef]

19. Gao, C.; Zhu, Z.; Han, J.; Li, H. Correlation of Microstructure and Mechanical Properties in Friction Stir Welded 2198-T8 Al–Li
Alloy. Mater. Sci. Eng. A 2015, 639, 489–499. [CrossRef]

20. Cavaliere, P.; Cabibbo, M.; Panella, F.; Squillace, A. 2198 Al–Li Plates Joined by Friction Stir Welding: Mechanical and Microstruc-
tural Behavior. Mater. Des. 2009, 30, 3622–3631. [CrossRef]

21. Gao, C.; Ma, Y.; Tang, L.; Wang, P.; Zhang, X. Microstructural Evolution and Mechanical Behavior of Friction Spot Welded 2198-T8
Al-Li Alloy during Aging Treatment. Mater. Des. 2017, 115, 224–230. [CrossRef]

94



Crystals 2024, 14, 246

22. Zeng, Q.; Zeng, S.; Wang, D. Stress-Corrosion Behavior and Characteristics of the Friction Stir Welding of an AA2198-T34 Alloy.
Int. J. Miner. Met. Mater. 2020, 27, 774–782. [CrossRef]

23. Texier, D.; Zedan, Y.; Amoros, T.; Feulvarch, E.; Stinville, J.C.; Bocher, P. Near-Surface Mechanical Heterogeneities in a Dissimilar
Aluminum Alloys Friction Stir Welded Joint. Mater. Des. 2016, 108, 217–229. [CrossRef]

24. Rao, J.; Payton, E.J.; Somsen, C.; Neuking, K.; Eggeler, G.; Kostka, A.; Dos Santos, J.F. Where Does the Lithium Go?—A Study of
the Precipitates in the Stir Zone of a Friction Stir Weld in a Li-containing 2xxx Series Al Alloy. Adv. Eng. Mater. 2010, 12, 298–303.
[CrossRef]

25. Bitondo, C.; Prisco, U.; Squillace, A.; Giorleo, G.; Buonadonna, P.; Dionoro, G.; Campanile, G. Friction Stir Welding of AA2198-T3
Butt Joints for Aeronautical Applications. Int. J. Mater. Form. 2010, 3, 1079–1082. [CrossRef]

26. Li, W.; Jiang, R.; Zhang, Z.; Ma, Y. Effect of Rotation Speed to Welding Speed Ratio on Microstructure and Mechanical Behavior of
Friction Stir Welded Aluminum–Lithium Alloy Joints. Adv. Eng. Mater. 2013, 15, 1051–1058. [CrossRef]

27. Ma, Y.E.; Xia, Z.C.; Jiang, R.R.; Li, W. Effect of Welding Parameters on Mechanical and Fatigue Properties of Friction Stir Welded
2198 T8 Aluminum–Lithium Alloy Joints. Eng. Fract. Mech. 2013, 114, 1–11. [CrossRef]

28. Examilioti, T.N.; Kashaev, N.; Enz, J.; Klusemann, B.; Alexopoulos, N.D. On the Influence of Laser Beam Welding Parameters for
Autogenous AA2198 Welded Joints. Int. J. Adv. Manuf. Technol. 2020, 110, 2079–2092. [CrossRef]

29. Zhao, T.; Sato, Y.S.; Xiao, R.; Huang, T.; Zhang, J. Laser Pressure Welding of Al-Li Alloy 2198: Effect of Welding Parameters on
Fusion Zone Characteristics Associated with Mechanical Properties. High Temp. Mater. Process. 2020, 39, 146–156. [CrossRef]

30. Yin, S.; Lü, J.; Xiao, R. Corrosion Behavior of Laser Beam Welded Joint of 2198 Aluminium-Lithium Alloy with Filler Wire. Chin. J.
Laser 2016, 43, 0403007. [CrossRef]

31. Lin, K.; Yang, W.; Huang, T.; Xiao, R. Laser Welding of 2198-T851 Al-Li Alloy with Filler Wire. Guang Xue Xue Bao 2015, 35,
s216001. [CrossRef]
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Abstract: Superduplex stainless steels (SDSS) are known for their combination of good mechani-
cal properties and excellent corrosion resistance, enabled by the microstructural balance between
austenite and ferrite and an amount of alloying elements. Their application in welded components is,
however, limited by the possibility of the precipitation of intermetallic phases and microstructural
misbalance, which might hinder their properties, especially in the heat-affected zone (HAZ). This
work introduces a methodology that relies simultaneously on physical and numerical simulations
to study the HAZ in a UNS S32750 SDSS. Dimensions of the fusion zone and thermal cycles were
calibrated for a numerical model using preliminary welding trials. Numerically simulated cycles for
each heat input (HI) were physically reproduced in a Gleeble® simulator, and the heat-treated samples
were characterized and compared with real specimens welded using the same parameters. Thermal
curves resulting from the numerical simulations were successfully replicated by the Gleeble®, indicat-
ing adequate application of the desired HI. The hardness and microstructural results from simulated
and welded specimens were also found to be quite similar. Therefore, the proposed methodology
showed itself adequate not only for the study of duplex stainless steels, but also of materials with
similar thermal and mechanical properties, including the extrapolation of welding parameters.

Keywords: welding; numerical simulation; physical simulation; superduplex stainless steel

1. Introduction

Many industrial sectors demand advanced materials with excellent mechanical and
corrosion properties. One example of such materials are the duplex stainless steels [1].
Frequently, components wherein these materials are used involve a welding step in their
manufacturing process. Therefore, the weldability of duplex stainless steels has been the
focus of extensive research [2].

Stainless steels are widely used in a variety of applications due to their corrosion
resistance achieved by a passive Cr2O3 film, which prevents future oxidation, ensuring
resistance to corrosion in these alloys. The family of stainless steels includes martensitic,
ferritic, austenitic, precipitation-hardened, and duplex steels, classified according to their
microstructural phases and chemical composition. Duplex stainless steels emerged from
industry’s increasing need for materials that combine corrosion resistance and mechanical
strength. These alloys consist of roughly equal fractions of ferrite (δ) and austenite (γ),
combining the favorable properties of austenitic and ferritic stainless steels. Among duplex
steels, superduplex stainless steels stand out for their higher content of alloying elements
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and a pitting resistance equivalent number (PREN) greater than 40, developed to enhance
the properties of conventional duplex steels. The application of these materials provides
a significant reduction in the thickness of equipment such as pressure vessels and heat
exchangers, and a consequent weight reduction [3–5].

The heavy amount of alloying elements in duplex stainless steels enables high levels
of mechanical and corrosive properties. On the other hand, these elements also facilitate
the appearance of intermetallic phases in certain time/temperature conditions, such as
those typically faced during welding processes [6]. In these steels, secondary phases can
precipitate in temperatures ranging between 300 ◦C and 1000 ◦C, preferentially at grain
boundaries, leading to embrittlement and negatively affecting their corrosion resistance [7].
One of the main deleterious phases is sigma (σ), which can reduce both the impact and
corrosion resistance of duplex stainless steels, leading to as much as a 90% decrease in
toughness when its quantity lies close to 4% [8–10].

Due to its likely deleterious effects, it is absolutely important to understand the effect
of the welding thermal cycle on the fabrication and operation of industrial equipment, with
the need to control both composition and microstructure in the weld region [7]. Properties
of the fusion zone (FZ) are influenced by the choice of filler and shielding gases, which
can contain some alloying elements to compensate for possible losses that occur during
the process [3]. In its turn, properties of the heat-affected zone (HAZ) are affected by the
thermal cycle alone, which is why it is crucial to understand its behavior upon exposure to
heat [11]. In some materials, such as duplex stainless steels, this region is extremely narrow
and difficult to isolate, imposing limitations on its characterization, especially in the case of
multi-pass welding [2,3,12].

Simulation plays a key role in several manufacturing stages, e.g., casting, welding
and heat treatment [13]. Regarding welding, numerical and physical simulations allow
the prediction of the material’s response when exposed to thermal cycles, thus enabling
an enlargement of the HAZ for subsequent analysis [14–18]. Computational simulations
are useful to predict thermal cycles and microstructural evolution, which converts into
the time reduction and economy of resources necessary to evaluate the effect of parameter
variation on the behavior of the welded joint [19]. Likewise, physical simulation reproduces
thermal cycles in larger-scale specimens for subsequent laboratory testing to study in
detail the region that is subjected to a specific thermal cycle [20]. However, studies that
combine physical and numerical simulations to analyze and predict HAZ microstructure
and behavior are scarce, mainly when it comes to multi-pass welding as compared with
conventional HAZ studies using simple welding procedures [19,21]. The lack of information
about thermomechanical properties during heating and cooling in welding, mainly in multi-
pass variations, constitutes a challenge for the development and calibration of numerical
models [19].

Rikken et al. [22] used numerical and thermal simulations to evaluate the develop-
ment of residual stresses in welded joints of S355G10+M steel. For the numerical model,
material properties were collected using dilatometry and high-temperature tensile testing,
whereas thermal properties were calculated using JMatPro® 4.0 software. Thermal cycles
were acquired upon bead-on-plate gas metal arc welding (GMAW) runs for model vali-
dation. The study correlated mechanical properties, microstructure, and residual stresses,
and agreement was observed between simulated and experimental results, although no
assessment of the effect of different heat inputs and cooling rates was carried out.

In the work by Hosseini and Karlsson [23], nitrogen loss and microstructural evolution
in the high temperature heat-affected zone (HTHAZ) of an AISD SAF 2507 steel were
investigated by means of numerical simulation tools validated by physical simulation and
autogenous bead-on-plate gas tungsten arc welding (GTAW) weldments. Such an approach
allowed for the correlation between real welding and physical simulation results from data
obtained by numerical simulation, comparing both real and simulated microstructures.
Nonetheless, welding data were not used to calibrate the numerical simulation-derived
thermal cycle for physical simulation. Moreover, no variation of heat input was conducted.
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Deepu and Phanikumar [13] used an ICME-based methodology (ICME—Integrated
Computational Materials Engineering) to study the microstructure and property evolution
in the HAZ of a DP980 steel. In order to validate the finite element simulation, a preliminary
bead-on-plate GMAW welding procedure was performed, using an ER70S-6 electrode, for
subsequent comparison between experimental and numerically simulated thermal cycles.
Again, results suggested good correlation between results, but no investigation of heat
input variation was conducted for methodology validation.

The so-called microstructure-predicting methodology (MPM) proposed by Dornelas et al. [19]
used numerical, thermodynamic, and physical simulation to predict the influence of the
t8/5 time (cooling time between 800 and 500 ◦C) on the microstructure and mechanical
behavior of the coarse-grained heat-affected zone (CGHAZ) of multi-pass Cr–Mo low-
alloy steel weldments produced by GTAW and SAW. Physical properties of the material
necessary for model calibration were obtained using JMatPro® software. The simulation
was validated by comparison between real and simulated thermal cycles using t8/5 = 15,
30, 80, and 210 s obtained using Sysweld software and reproduced in a Gleeble® simulator
equipped with a dilatometer. Sysweld’s thermal profile, the comparison between predicted
and obtained microhardness, and the microstructure prediction model were used to validate
the methodology, which showed itself to be an adequate tool for microstructure and
hardness prediction in the CGHAZ zone, despite not correlating the thermal cycles with
the corresponding heat input.

Nonetheless, welding parameters are predominantly defined through trial and error,
making the process costly in terms of time, material, and expense. The use of physical
simulations proves to be an effective strategy, aiming to expand the region of the HAZ
for analysis and achieve more precise control over the cooling rates to which the samples
are exposed. These simulations, including computational ones, can predict welding ther-
mal cycles and microstructural changes, resulting in a significant reduction in the time
and resources needed to assess the effects of parameter modifications on the behavior of
welded joints. This approach not only allows for a more in-depth analysis of the HAZ
but also contributes to a more informed and efficient decision-making process during
welding operations.

Facing the exposed context and with the aim of filling the gaps observed in previous
studies [13,19,22,23], the objective of this study is to propose a complete methodology
that combines numerical and physical simulations to study the behavior of the HAZ of a
multi-pass weld in UNS S32750 superduplex stainless steel, with posterior validation in
specimens welded using the same parameters. This methodology involves the calibration
of the numerical model, properly validated by bead-on-plate welding trials, using material
properties obtained using JMatPro® 9.0 software. The proven model was then used to
derive thermal cycle curves for different heat inputs to be subsequently simulated in a
Gleeble® system. Microstructure and hardness of both simulated and multi-pass welded
specimens were assessed and compared.

2. Materials and Methods

2.1. General Procedure

A flowchart of the developed study is shown in Figure 1. It includes numerical
simulation, properly calibrated by previous multi-pass welding and using data proper-
ties obtained using JMatPro®, simulation of the thermal cycle in a Gleeble® system, and
GTAW/GMAW processes for comparison with simulated specimens.

The welding procedure described in Sections 2.3.1 and 2.3.2 was performed with
the purpose of calibrating the numerical simulation (Section 2.3.3) which, in its turn, was
used to convert the target heat inputs (Section 2.4.1) into a thermal cycle to be physically
simulated (Section 2.4.2). Test specimens produced by physical simulation were subse-
quently compared with actual welds (Section 2.4.3) in terms of microstructure and hardness
(Section 2.5).
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Figure 1. Flowchart showing the steps comprised in the proposed methodology.

2.2. Materials

Superduplex stainless steel (SDSS) UNS S32750 plates with a thickness of 10 mm
were used for the experiments. The chemical composition of as-received material and the
ER2594 [24] filler used in welding experiments is shown in Table 1. The initial austen-
ite/ferrite ratio of the base steel was 50/50% ± 2%. The table also includes its PREN (pitting
resistance equivalent number), which was higher than 40, as expected for super duplex
steels [25].

Table 1. Chemical composition (% weight; Fe: balance) of the UNS S32750 superduplex steel and of
the ER2594 filler.

Material C Cr Ni Mo Mn Si N P S Cu W PREN 1

SDSS 0.015 24.72 6.88 3.80 0.74 0.42 0.27 0.029 0.01 - - 41.58
ER2594 0.003 24.0–27.0 8.0–10.5 2.5–4.5 2.5 0.03 0.20–0.30 0.03 0.02 1.5 1.0 35.45–46.65

1 PREN = Cr + 3.3 Mo + 16 N.

2.3. Calibration Welding

The calibration welding procedure of the steel was carried out to provide the thermal
response of the material, information regarding fusion zone dimensions, and to acquire the
thermal cycle (temperature vs. time curve) corresponding to the employed heat input. This
information was used to calibrate the numerical simulation model. Thermal cycles were
recorded by thermocouples, and the heat input (“HI”) of each pass was calculated using
monitored tension, current, and welding speed according to Equation (1) as follows:

HI =
60 × U × I
1000 × V

[
kJ

mm

]
, (1)

where “V” is the welding speed [mm/min], “U” is the tension [V], and “I” is the cur-
rent [A] [17]. Welds with and without weaving were produced by manual GTAW and
mechanized GMAW techniques.

2.3.1. Calibration Welding with Weaving

Weave bead welding was carried out with five passes by manual GTAW (root and
reinforcement) and mechanized GMAW (three final passes), using an ER2594 filler with
2.4 mm diameter. Joint dimensions, length of passes, and thermocouple positions for tem-
perature monitoring are shown in Figure 2. After the two first GTAW passes, a transverse
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cut (perpendicular to the welding direction) was made for analysis of the fusion zone (FZ),
and the same procedure was repeated after the final three GMAW passes.

Figure 2. Schematic drawing, in mm, of the designed joint for weave bead welding. T1 and T2
indicate the positions of the thermocouples used.

For the manual GTAW root pass, an Origo Arc 3000i welding source with direct current
was used. Argon with 99.99% purity served as purge and shielding gas, and an ER2594
stick was utilized as filler. For the mechanized GMAW welding, the same filler, but in wire
form, and a Miller Electric CST 280 source were used. Ar 98% and 2% N were employed
as purge and shielding gases, respectively, and a Lincoln Electric robotic manipulator
was utilized for torch control. Open arc duration, voltage, current, and gas flow were
obtained via a Portable Welding Process Monitoring System—SAP V4, and temperature
data were acquired via two thermocouples and a thermographic camera. The average
welding speed was indirectly measured by the division of the total joint length by the total
open arc duration.

After welding, the cross section of the joint was sectioned and polished for microstruc-
tural analysis and for the measurement of each welding bead. Cutting sections were
aligned with the thermocouples’ positions for an accurate correlation with the thermal
profile. Information about thermocouple positioning and welding pool dimensions are
extremely relevant parameters for the calibration of a numerical simulation [9]. Moreover,
obtained thermal cycles were useful to generate the computational model from which data
were extrapolated for different heat inputs.

2.3.2. Calibration Welding without Weaving

For a better understanding of the effect of heat input on the fusion zone dimensions,
weldments without weaving were also produced. Bead-on-plate autogenous GTAW and
ER2594-filler GMAW were performed with equal monitoring of voltage, current, average
speed, and heat input. Information drawn from this procedure served to calibrate the
heat source for numerical simulation. For a more assertive calibration, five and nine beads
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were deposited for GMAW and GTAW processes, respectively, with a variation of welding
parameters, resulting in different heat inputs.

2.3.3. Numerical Simulation

GMAW and GTAW welding of the superduplex steel were simulated with the finite
element method (FEM) implemented in the commercial software Simufact Welding® 2023,
using input data obtained from the calibration welding. Local mesh refinement was applied
to the weld area, as shown in Figure 3. The mesh used was hexahedral with sizes of 0.5 mm
in the most refined part (front), 2 mm in the coarsest part (front), and 5 mm in depth.
Material properties were obtained using JmatPro® 9.0 software, assuming that the material
is homogeneous. Heat source parameters were calibrated based on the experimentally
observed weld pool dimensions. Table 2 shows the values collected from the experiments,
and the efficiency was also obtained by calibrating the simulation with the experimental
observation of deposited weld pools. Table 3 shows the parameters used in the simulation.

Figure 3. Mesh used in the simulation. 3D view (a), frontal view (b) and HAZ zoomed section
showing mesh details (c).

Table 2. Data collected from experimental tests.

Parameter PASS 1 PASS 2 PASS 3 PASS 4 PASS 5

Start (s) 0 703 2626 4298.6 5073
End (s) 360 1030 2940 4625 5172

Interpass waiting
time (s) 0 343 1596 1358.6 448

Welding time (s) 360 327 314 326.4 99
Bead size (mm) 350 350 315 290 280
Speed (mm/s) 2.70 2.77 6.09 6.09 5.42

Voltage (V) 12.5 12.5 32 32 32
Current (A) 154 146 114 112 103

Efficiency (η) 0.4 0.55 0.45 0.5 0.6
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Table 3. Parameters used for FEM simulation of welding in Simufact Welding® 2023 software.

Parameter GTAW GMAW Unit

Front length (af) 2 4.5 mm
Rear length (ar) 8 14 mm

Depth (d) 4 7 mm
Width (b) 1 5 mm

Gaussian parameter (M) 3 3 -
Convective heat transfer

coefficient (h) 20 20 W/m2k

Contact heat transfer
coefficient (α) 1000 1000 W/m2k

Emissivity (ε) 0.6 0.6 -

Numerical simulation calibrated with results obtained from the welding procedures
described above was carried out to reproduce heat input effects in the chosen points on the
lower face of the plates, where heating and reheating effects are usually more pronounced.
The aim of numerical simulation was to obtain thermal cycles for the heat inputs of interest
to later be input into the Gleeble® system for physical simulation. Chosen HAZ regions
were high-temperature HAZ (HTHAZ) and low-temperature HAZ (LTHAZ), as defined by
their respective peak temperatures of 1350 ◦C and 1000 ◦C [9]. The fusion zone’s profile
of each pass was modeled with SolidWorks® 2020 software, imported into the Apex®

2023 software for mesh creation and later imported again into Simufact Welding® for the
simulation itself.

To calibrate the heat source, an ellipsoid Goldak model was selected [13,26]. For
the calculation, information such as depth, width, and front and rear length of the heat
source, data resulting from the calibration welding, and both pass and interpass times were
required [13]. Additional parameters, e.g., room temperature (25 ◦C) and thermophysical
properties of the material—density, thermal conductivity, and specific heat—obtained
with JMatPro® 9.0 software, were also necessary for the simulation [13,27,28]. Simulation
configuration also considered boundary conditions such as joint geometry and restraints
in six degrees of freedom, including the use of hooks to avoid displacement [13]. From
the calibrated numerical model, three heat input conditions were extrapolated, and the
thermal cycles were extracted to be reproduced in the physical simulation, as detailed in
Section 2.4.2.

2.4. Production of Test Specimens
2.4.1. Parameter Selection

Practical knowledge regarding superduplex stainless steel welding defines that pri-
mary heat input values should comprise between 0.7 and 1.2 kJ/mm for 7–20 mm plate
thickness; the heat input of the second pass should lie around 75–85% of the first pass’s
input; and the interpass temperature should not exceed 100 ◦C. Three heat input values
were chosen as targets for this study: 70%, 110%, and 165% of the upper limit (1.20 kJ/mm),
to validate the methodology for a wide heat input range. For the second pass, values of
75% with respect to the first pass were defined. Preliminary studies showed that lower heat
input values resulted in insufficient fusion of the base material. The summary of conditions
is shown in Table 4.

Table 4. Heat input and interpass temperature target conditions used in this study.

Condition
1st Pass (GTAW)

[kJ/mm]

2nd Pass
(GTAW)
[kJ/mm]

Subsequent
Passes (GMAW)

[kJ/mm]

Interpass
Temperature

[◦C]

CD1 0.84 0.63 0.84 100
CD2 1.32 0.99 1.32 100
CD3 1.98 1.49 1.98 100
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2.4.2. Physical Simulation

A Gleeble 540® welding simulator was used for physical simulation of HTHAZ and
LTHAZ microstructures associated with the three heat input conditions, using specimens
with dimensions of 95 × 25 × 10 mm. Thermal cycles obtained via numerical simulation
were input into Gleeble’s script, QuikSim® 2 software. A free span of 28 mm between
copper grips was defined. A K-type thermocouple was spot-welded onto the specimen’s
surface in its mid-length position for temperature control and acquisition. All subse-
quent characterization was performed on the cross-sections of specimens aligned with the
thermocouple’s placement.

2.4.3. Real Welding

The aim of this step was to reproduce real joints under the same conditions of the
physical simulation (Table 4). However, in practice, the measured parameters indicated in
Table 5 were not consistently achieved due to variations during execution, as it involved
manual welding. The same joint configuration as the one shown in Figure 2 was used,
with the first two passes made by GTAW and the remaining ones by GMAW. The process
was monitored by an ALX III device developed by The Validation Center (TVC) with an
acquisition of voltage, current, speed, gas flow, and open arc duration. A Lincoln Electric
Speedtec 505 SP welding source was used, and the purge/shielding gas flow was kept
between 10 and 15 L/min. GTAW was executed with a mechanized torch and manual
consumable feeding. Heat input values were indirectly calculated from the data acquired
by the ALX III device. For the lower heat input condition, CD1, it was necessary to perform
seven passes to completely fill the welding joint.

Table 5. Measured welding parameters for the three heat input conditions studied.

Condition Pass
Speed

[mm/min]
Voltage [V] Current [A] HI [kJ/mm]

CD1
1 79.96 ± 7.01 10.29 ± 0.52 114.00 ± 0.01 0.88
2 105.62 ± 9.23 10.20 ± 0.47 114.00 ± 0.01 0.66

3–7 360–370 23.89 ± 0.10 160–175 0.66–0.68

CD2
1 79.96 ± 7.01 10.29 ± 0.52 114.00 ± 0.01 0.88
2 105.62 ± 9.23 10.20 ± 0.47 114.00 ± 0.01 0.66

3–7 360–370 23.89 ± 0.10 160–175 0.66–0.68

CD3
1 54.45 ± 4.89 12.23 ± 0.34 148.00 ± 0.01 1.99
2 108.43 ± 5.24 13.17 ± 0.43 219.00 ± 0.01 1.60

3–5 200–230 29.25 ± 0.10 240–260 1.83–2.15

2.5. Microstructural Characterization

For microstructural analysis, including ferrite quantification and grain size measure-
ment, specimens were cut; embedded in resin; ground with progressively finer sandpaper
grits (from #180 to #1500); and polished with glycol-based 3 μm and 1 μm diamond sus-
pensions using an alcohol-based lubricant. After polishing, an electrolytic etching at 3 V for
around 7 s was conducted using a modified Murakami etchant (40% KOH solution) [29].

For the measurement of the fusion zone dimensions, low-magnification (20×) images
were acquired with a Wild M3C Heerbrugg Switzerland Type-S optical microscope. Mea-
surements were carried out in ImageJ 1.53k software. Ferrite and austenite quantification
was performed according to the ASTM E 562 standard [30]. Images of the microstructure
were acquired at a magnification of 500× using a Zeiss AxioScope optical microscope. A
14 × 14 grid with 196 points was used for a higher area coverage to improve measurement
precision. Phase quantification was carried out for welded and physically simulated specimens.

Physically simulated and welded specimens also underwent Vickers microhardness
measurements with a 0.2 kgf load, (sufficiently low to allow for adequate indentations
in the narrow HAZ regions of welded specimens [3,12]), in a Shimadzu HMV2TE tester.
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Twenty-four measurements were taken in physically simulated specimens and four in each
one of the two studied HAZ sub-regions, being two on each side of the weld. HTHAZ
indentations were done closer to the FZ, whereas LTHAZ ones were done in the region
with the most intense microstructural variation, in terms of grain morphology. Hardness
testing was carried out according to the ASTM A370 standard [31] after electrolytic etching,
so that different regions of the weld could be identified. At the end, microstructure and
hardness were compared to validate the proposed methodology.

3. Results and Discussion

3.1. Welding Calibration and Numerical Simulation

The comparison between thermal curves and FZ profile obtained during weave bead
welding and by numerical simulation is shown in Figure 4. It can be observed that the
modeled results lie relatively close to the real ones, with the temperature peak difference
ranging from a minimum of 2% for thermocouple 1 in pass 5 (calibration welding, 321.6 ◦C,
and Simufact Welding®, 314 ◦C) to a maximum of 31% for thermocouple 2 in pass 1
(calibration welding, 196.5 ◦C, and Simufact Welding®, 135 ◦C).

 
Figure 4. Thermal cycle measured in calibration welding (a); thermal cycle obtained in Simufact
Welding simulation (b); temperature maps (c,e); pass geometry in (d,f).

3.2. Numerical Simulation and Physical Simulation

The execution of Gleeble® simulations required a series of trials for the validation of
curves, involving free span and script adjustments, so that physically simulated curves
could approximate as much as possible to the modeled ones. The reduction of free span
between the copper grips allowed higher cooling rates, but increased the thermal gradient
along the specimen’s length, reducing the useful region for subsequent characterization [9].
Another issue is correlated with the temperature overshoot effect caused by the thermal
inertia of the system when facing relatively rapid heating and/or cooling, as a result of
a delay in the electronic response from the simulator and the physical response from the
material [32], leading to peak temperatures higher than the programmed ones.
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After parameter and program optimization, thermal cycles were carried out for the
heat inputs of interest. Resulting curves were compared with numerically modeled ones to
assess the representativeness of the applied cycles. As can be seen in Figure 5, all physically
simulated curves coincide well with the ones obtained by numerical simulation, with
a maximum peak temperature difference of 6% between simulations conducted using
Gleeble® physical simulation and numerical simulation via Simufact Welding®, in the
LTHAZ of the third pass of CD2 (Gleeble® 481.6 ◦C and Simufact Welding® 453.3 ◦C) [9].

 

Figure 5. Physical (green line) and numerical (red line) simulation curves of HTHAZ (a,c,e) and
LTHAZ (b,d,f) regions for condition CD1 (a,b), CD2 (c,d), and CD3 (e,f).

The microstructure of LTHAZ is like that of the as-received material, Figure 6, with
elongated grains arising from the rolling process. HTHAZ, on the other hand, presents a
ferritic matrix with allotriomorphic grain boundary austenite (GBA), intragranular austen-
ite (IGA), and Widmanstätten austenite (WA) [2,9,11,33], as seen in Figure 7. In the images,
darker grains are ferrite and lighter ones are austenite. The microstructures observed
correspond to other findings reported in the literature, where lower heat inputs, resulting in
higher cooling rates, lead to higher volume fractions of ferrite. In contrast, high heat inputs,
with consequently lower cooling rates, promote prolonged exposure to the temperature
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range in which the precipitation of intermetallic phases may take place, in addition to the
presence of forms of austenite, such as GBA, IGA, and WA [11,34–37].

 

 

Figure 6. Metallography in three dimensions of AISI UNS S32750 material, 10 mm as received.
200× magnification. Electrolytic etching with 40% KOH, 3V for about 7 s. RD—rolling direction;
ND—normal direction (a), microstructure of LTHAZ CD1, CD2, and CD3 from physical samples (b).
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Figure 7. Different microstructures identified in samples subjected to the thermal cycle of physical
simulation using the Gleeble®.

3.3. Physical Simulation and Real Welding

The final goal of the proposed methodology was to compare the microstructural
assessment (microscopy and microhardness) results of the physically simulated and welded
specimens. Physical simulation enables the augmentation of the useful area for analysis,
leading to a better understanding of the specific morphology related to the thermal cycle of
each sub-region, which show themselves relatively narrow in a real weld HAZ [38,39].

Microhardness values measured in Gleeble® specimens were close to those found
in the literature [3]. Welded specimens, however, presented somewhat lower hardness
levels, which might be ascribed to the fact that sub-region boundaries are difficult to define,
meaning that indentations might have been partially placed in different regions, Figure 8.
The graphs in Figure 9 indicate that samples from Gleeble® and welded samples exhibit
values with a standard deviation within the range of error, and through analysis of variance
(ANOVA), it was identified that there is no significant variation between Gleeble® and
welded samples in terms of percentage of ferrite and microhardness. Both simulated and
welded microstructures present similarities in microconstituent morphology.

Figure 8. Cont.
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Figure 8. Microstructure comparison between HAZ sub-regions in welded specimens (regions
highlighted with a dashed red line), and in Gleeble® specimens in conditions CD1 (a), CD2 (b), and
CD3 (c).

The ferrite content and microhardness values may slightly differ between the results
obtained from physical simulation and actual welding, within the margin of error, as seen
in Table 6. This variance occurs because the physical simulation is able to replicate the
heat-affected zone (HAZ) and expand this area compared to the HAZ of a real welded joint.
In the actual weld, it is difficult to differentiate between the high-temperature HAZ and
low-temperature HAZ, due to their small dimensions [3,40]. The values of both the HTHAZ
and the LTHAZ are quite close, with small relevant variations between the sub-regions. In
this context, it is important to consider these results in conjunction with the morphological
analysis of the phases present. Additionally, it is necessary to emphasize the difficulty of
identifying a specific region of HAZ in the welded joint, due to its reduced dimensions and
the microstructural gradient between adjacent sub-regions.
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Figure 9. Comparison between HAZ sub-regions in welded specimens (black) and in Gleeble® (red)
specimens, both in term of percentage ferrite and microhardness, in conditions CD1 (a), CD2 (b), and
CD3 (c).

Table 6. Ferrite content (%) and microhardness (HV02) comparison of Gleeble® and welded samples.

Region
CD1 CD2 CD3

Gleeble (%) Welded (%) Gleeble (%) Gleeble (%) Welded (%) Gleeble (%)

LTHAZ 38.5 ± 1.9 38.8 ± 0.7 38.6 ± 1.6 37.9 ± 4.5 31.3 ± 3.3 33.9 ± 1.1
HTHAZ 40.2 ± 2.1 41.5 ± 1.6 41.2 ± 2.2 41.7 ± 0.9 35 ± 4.8 33.9 ± 2.5

Gleeble
(HV02)

Welded
(HV02)

Gleeble
(HV02)

Welded
(HV02)

Gleeble
(HV02)

Welded
(HV02)

LTHAZ 291.4 ± 10.7 295 ± 10.2 289.8 ± 8.6 288.5 ± 5.0 283.2 ± 5.8 272.5 ± 12.2
HTHAZ 300.1 ± 8.8 314.0 ± 10.5 298.2 ± 10.1 289 ± 10.4 284.4 ± 10.2 278.3 ± 11.02

Given that the heat input conditions were selected based on “good” conditions deemed
by standards and the literature, the absence of intermetallic phases was expected, as
confirmed by the exposure time at peak temperature (less than one thousand (1000) seconds,
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in all conditions and regions of the HAZ), which is insufficient for nucleation and formation
of these intermetallic phases. Typically, the precipitation of secondary phases occurs more
rapidly in ferrite or at austenite/ferrite phase boundaries than inside austenite grains.
In all heat inputs, whether low or high, corresponding to fast or slow cooling rates, and
across all the steel types analyzed, no intermetallic phases, such as sigma phase, among
others, were observed. The nondetection of intermetallic phases does not necessarily imply
nonformation; however, it can be inferred that the quantity formed may be insignificant,
justifying their nondetection in the microstructural analysis conducted in this study, akin
to the findings of Fonseca et al., who investigated the same material under more extreme
heat inputs of 0.5 kJ/mm and 3.2 kJ/mm [37,40].

4. Conclusions

In this study, a new methodology was proposed and assessed to predict the microstruc-
ture of a welding HAZ in superduplex stainless steels, based on coupled numerical and
physical simulations. The focus on the HAZ is justified by its high complexity and the pos-
sibility of the formation of different microstructures that can be harmful to the mechanical
performance of materials.

One of the major challenges in studying the HAZ of duplex and superduplex stainless
steels is identifying their subregions due to their small dimensions. Each subregion exhibits
distinct characteristics and possibilities for the formation of different intermetallic phases,
and expanding this HAZ for a more accurate study is crucial to identify and understand
their characteristics. This study introduces a novel methodology for investigating the HAZ
of superduplex stainless steel through simulations. It began with a preliminary welding
process to calibrate a numerical simulation, from which three variations of heat input were
extrapolated, chosen according to standards and the literature. These heat input values
were then converted into thermal cycles for physical simulation using the Gleeble® system,
and adapted into welding parameters for the final welding process. Subsequently, samples
from both the physical simulation and the real welding were analyzed and compared in
relation to ferrite content and microhardness.

The use of numerical simulation previously calibrated by data acquired from a pre-
liminary welding procedure, made it possible to derive thermal cycles for each heat input
studied in HTHAZ and LTHAZ. The computationally generated curve simulated different
heating and cooling rates in each subregion during welding of UNS S32750 superduplex
stainless steel, and served as input for physical simulation. Numerically and physically
simulated curves were sufficiently close to each other, suggesting that Gleeble® can success-
fully reproduce conditions studied and simulated by Simufact Welding®. Therefore, the
methodology has proven itself adequate to predict relevant characteristics of the welding
process, such as thermal cycles and HAZ microstructure in its different regions. Results
showed it is possible to accurately reproduce microstructural features under different heat
input conditions. Values of microhardness and ferrite content were shown to be relatively
close, as well as microconstituent morphologies.

This methodology can be applied to the development of better-suited welding pro-
cedures for specific materials, and also for welding studies of new special alloys. The
preliminary trial-and-error welding stage for parameter optimization can be adequately
replaced with simulation tools, which offers the advantages of defining parameters more
assertively for further onsite applications and allowing better control of thermal cycles,
which is difficult to attain during real welding procedures. From model validation, other
welding parameters, different from those chosen in this study, can be selected for the same
material and, alternatively, the methodology can be applied to the welding of other metals
and alloys.

Due to the requirement for robust calibration and expensive equipment, the method-
ology has a higher initial cost as compared with traditional studies that do not involve
simulation tools. Nonetheless, if the procedure is extrapolated to various welding condi-
tions and materials, its costs can be easily compensated in due course. Coupled numerical
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and physical simulations allow for an enhanced control of parameters and an enlargement
of the analyzed region, with high repeatability without imparting relevant additional costs.
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Abstract: Friction welding of aluminum alloys holds immense potential for replacing riveted joints
in the structural sections of the aeronautical and automotive sectors. This research aims to investigate
the effects on the microstructural and mechanical properties when AA5083 H116 joints are subjected
to rotary friction welding. To evaluate the quality of the welds, optical and scanning electron
microanalysis techniques were utilized, revealing the formation of sound welds without porosity.
The microstructural examination revealed distinct weld zones within the weldment, including the
dynamically recrystallized zone (DRZ), thermo-mechanically affected zone (TMAZ), heat-affected
zone (HAZ), and base metal (BM). During the friction-welding process, grain refinement occurred,
leading to the development of fine equiaxed grains in the DRZ/weld zone. Tensile testing revealed
that the weldment exhibited higher strength (YS: 301 ± 6 MPa; UTS: 425 ± 7 MPa) in the BM
region compared to the base metal (YS: 207 ± 5 MPa; UTS: 385 ± 9 MPa). However, the weldment
demonstrated slightly lower elongation (%El: 13 ± 2) compared to the base metal (%El: 15 ± 3). The
decrease in ductility observed in the weldment can be attributed to the presence of distinct weld zones
within the welded sample. Also, the tensile graph of the BM showed serrations throughout the curve,
which is a characteristic phenomenon known as the Portevin–Le Chatelier effect (serrated yielding)
in Al-Mg alloys. This effect occurs due to the influence of dynamic strain aging on the material’s
macroscopic plastic deformation. Fractography analysis showcased a wide range of dimple sizes,
indicating a ductile fracture mode in the weldment. These findings contribute to understanding the
microstructural and mechanical behavior of AA5083 H116 joints subjected to rotary friction welding.

Keywords: rotary friction welding; aluminum alloys; AA5083 H116; microstructural analysis;
mechanical properties

1. Introduction

Aluminum is a versatile metal bearing excellent properties, such as low density, high
thermal and electrical conductivity, along with high strength-to-weight ratios. These
properties make it an ideal choice for the aerospace, automotive, and shipping industries.
Nonetheless, these properties are enhanced or altered by the effect of various alloying
elements based on the specified application [1]. The 5xxx series is one such alloy, with
magnesium as the primary alloying element. These alloys are considered to be among the
strongest of all non-heat-treatable aluminum alloys, and this strength is attained through
cold working [2]. The temper designation “H116” in alloys belonging to the 5xxx series
signifies that the material has undergone a distinctive blend of cold working and thermal
treatment processes. This treatment imparts exceptional resistance to corrosion caused by
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water and high-humidity conditions. Furthermore, it minimizes the potential impact of
stress-corrosion sensitization resulting from exposure to high temperatures [3]. In alloys
like AA5059, AA5086, and AA5083, these properties impart excellent weldability, corrosion
resistance, and a high strength-to-weight ratio, making them ideal for building shipbuilding
and vehicle bodies [4]. Due to these excellent properties and wide range of applications, it
becomes essential to join these metals.

Conventionally, these alloys are joined using different fusion-welding techniques,
such as metal inert gas (MIG) welding, tungsten inert gas (TIG) welding, etc. However,
these joining techniques often result in the formation of various welding defects, such as
porosity, distortion, and hot cracking [5]. Samiuddin et al. [6] studied the microstructural
and mechanical properties of TIG welded Al-5083 butt joints. They observed that porosity
and solidification cracking were the most common defects, resulting in an 18.26% loss
of base metal strength after welding. Porosity is caused by the entrapment of hydrogen
gas during the solidification process, as hydrogen is highly soluble in molten aluminium,
leading to the formation of bubble-like nucleation [7]. Another frequent defect observed in
the joining of these alloys is the degradation of the heat-affected zone (HAZ), which is more
common in commercial alloys due to the higher weight percentage of alloying elements [8].
As mentioned, cold working is the major strengthening mechanism in 5xxx series alloys
and is negatively affected by fusion welding. Cetinel et al. [9] investigated the weldment of
AA5083 and AA6061 joined through TIG welding. They observed a significant loss of cold
work after welding, resulting in the degradation of strength and hardness. Some reports
suggest that the evaporation of volatile elements at high temperatures and the formation of
columnar grains during solidification are the main causes of strength loss and weld metal
degradation during TIG welding [10,11]. Furthermore, welding defects like solidification
cracking in these alloys are highly influenced by the weld metal composition [12]. The
composition of the welding metal is influenced by both the filler metal used and the extent
of dilution that occurs during welding at elevated temperatures. Therefore, it is essential to
select the correct filler metal as it can adulterate the homogeneity of the base metal.

Solid-state welding is one of the more advantageous joining methods for aluminum
alloys, as it avoids melting and the defects caused during these processes, such as porosity
and solidification cracking. Rotary friction welding (RFW) is a versatile solid-state welding
technique currently being used as a promising method for welding aluminum alloys. The
principal operation of the rotary friction-welding technique can be divided into three major
steps: (i) Softening of the material caused by the frictional heat generated due to the move-
ment between the fraying surfaces, (ii) intermixing of the material or plastic deformation,
and (iii) forging of the hot metal [13]. These welding techniques overcome flaws such as the
loss of volatile alloying elements and distortion, thereby providing a high-quality joint [14].
Pouraliakbar et al. [15] studied the dynamic and softening phenomena of the Al-6Mg alloy
during the two-step deformation through the hot compression test. They reported that the
softening of the material can be influenced by strain rate. Lienert et al. [16] successfully
joined SiC-reinforced 8009 aluminum by inertia friction welding with a minor loss in tensile
and hardness properties. Kimura et al. [17] conducted a study to investigate how different
friction welding conditions impact the mechanical properties of friction-welded joints in the
AA5052 aluminum alloy. The optimum friction speed was found to be 27.5 s−1, and an ex-
cellent joint with approximately 93% joint efficiency was observed. This phenomenon was
attributed to the mild softening occurring in the peripheral region of the weld, as well as
the distinct anisotropic properties observed between the longitudinal and radial directions
of the base metal. Elumalai et al. [18] optimized the welding parameters for AA7068 weld-
ment joined by rotary friction welding, and they found that friction (rotational) speed had
the highest effect on welding strength. Beygi et al. [19] reviewed the influence of alloying
elements on intermetallic formation during friction stir welding (FSW) of aluminum to steel
(dissimilar metal joining). They stated that Fe-Al forms different intermetallic compounds
(IMCs) such as Fe2Al5 and FeAl3 at the weld interface, whereas Si in the alloy will give
solid-solution strengthening and some alloying elements like Ni and Cr in steels retard the
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diffusion of IMC’s and acts as grain refiners. Sahin et al. [20] examined the microstructural
and mechanical properties of near-nanostructured Al 5083 alloys that were subjected to
rotary friction welding, which resulted in improved tensile and fatigue strength of the
welded samples. However, the significant increase in hardness and mechanical properties
was due to the refinement in grain size. Similarly, Pouraliakbar et al. [21] studied the
impact of rotation speed (400–1600 rpm), dwell-time (3–60 s), and cooling media (air and
water) on microstructural modification (crystalline size) in stir zone (SZ) while performing
friction stir spot processing (FSSP) on Al-Cu-Mg alloy. They reported that the weld cooled
underwater inhibited more grain growth compared to cooling taking place in the air.

Based on the author’s current understanding, minimal research has been conducted on
rotary friction-welded aluminum (5xxx series) alloys. The purpose of this study is to explore
the alterations in the microstructure that arise during the rotary friction welding of AA5083
H116 aluminum alloys. Furthermore, the research involves examining different weld zones
and analyzing several mechanical properties, including hardness, tensile strength, and
fracture analysis of the weldments. Also, the H116 temper condition enhances the alloy’s
corrosion resistance, making it useful in a broad range of industries, including shipbuilding.
The findings and insights gained from this research endeavor will contribute to the existing
knowledge base and provide valuable information for future advancements in the field.

2. Experimental Materials and Methods

2.1. Parent Metal

The parent metals used for rotary friction welding were AA5083 H116 (work hardened)
aluminum alloy rods with a length of 100 mm and a diameter of 20 mm. To ensure
perpendicularity, these samples were face-turned. The chemical composition details of the
base metal sample, AA5083 H116, are provided in Table 1.

Table 1. Chemical composition of AA5083 H116.

Element Zn Mn Mg Cu Cr Fe Si Al

Wt. % 0.11 0.53 4.9 0.03 0.09 0.27 0.04 Bal

2.2. Welding Details

A continuous drive rotary friction welding machine (ETA Technology in Bangalore,
India) with a capacity of 100 KN was employed for the welding process [22]. A manually
operated personal computer-controlled system displayed the welding data, such as friction
pressure and rotational speed. The base metal rods (AA5083 H116) were secured in the
respective chucks. As the spindle began rotating at a predetermined speed, the specimens
were brought into contact with an initial force (friction pressure). The relative motion
or interaction between the specimens resulted in the generation of frictional heat at the
contacting region. The combination of frictional heat and a rotary mechanical force led to
severe plastic deformation (flash). A sudden pressure (forging pressure) was applied to
complete the rotary friction-welding process. The flash was expelled, carrying away the
major impurities. The presence of flash on both sides of the weldment indicates that the
heat generated during welding was sufficient to produce a sound weld [23].

Several trials were conducted to optimize the welding parameters, such as rotational
speed, burn-off length, upset force, and other friction-welding parameters. The ranges
of parameters for the welding trials were selected based on the literature. Due to the
limited availability of raw materials, only a limited number of experiments could be car-
ried out. Rotational speed, burn-off length, and upset force were varied one parameter
at a time to achieve the best welding. The rotational speed was explored in the range
of 1200–1400 rpm [24]. A rotational speed of 1400 rpm was finalized, as speeds below
1400 rpm took considerably longer time at the friction stage, and unusual cracks were
observed in the flash, indicating insufficient heat generation for complete plastic deforma-
tion. Further tests were conducted while maintaining a constant speed of 1400 rpm and
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varying the friction burn-off in 1 mm increments. The most appropriate flash was observed
at 5 mm, beyond which there was no significant advantage except for material wastage.
Once these two parameters were set, the best joint was observed at an upset force of 24 kN.
Methods such as visual inspection and drop tests were employed to optimize the welding
parameters. The welding parameters used for the final welding are displayed in Table 2.

Table 2. Welding Parameters.

Parameters Explored Ranges Selected Values

Rotational speed (rev/min) 1200–1400 1400

Friction burn-off (mm) 2–5 5

Upset force (kN) 19–24 24

Soft force (kN) (Constant) 2

Soft force time (s) (Constant) 4

Friction force (kN) (Constant) 12

Upset time (s) (Constant) 3

2.3. Metallographic Examination

To section the welded specimens along the cross-section, wire-cut electrical discharge
machining (EDM) was employed. Subsequently, they were cold-mounted to ensure straight
alignment. The mechanical polishing of the samples was performed using SiC papers ranging
from 600 to 200 grit, followed by fine cloth polishing using 3 to 0.5 μm diamond paste. For
etching the samples, Keller’s reagent (consisting of 1.5 mL HCl, 1 mL HF, 2.5 mL HNO3, and
95 mL H2O) was utilized for approximately 15–20 s. Microstructural analysis was carried out
utilizing an optical microscope and a TESCAN scanning electron microscope (SEM) (Model:
VEGA 3 LMU, Brno, Czech Republic). The examination was carried out at an accelerating
voltage of 20 KV and a working distance of 9.97 mm. Elemental analysis across the weldment
was performed using energy-dispersive X-ray spectroscopy (EDS). The X-ray diffractometer
(PANalytical, Malvern, UK) was employed for XRD analysis of the weldment. The X-ray
diffractor was configured with a scan current of 30 mA, a step size of 0.01 degrees, and a
wavelength of 1.547 Å. A continuous scan mode was used with CuK radiation and incident
split detectors. The scan range was specified to be between 5.0 and 90.0 degrees.

2.4. Mechanical Testing

To investigate the mechanical behavior of the AA5083 joints welded using rotary
friction welding, several properties, including tensile strength, hardness, and fracture
analysis, were examined. The samples were prepared according to ASTM standards. To
measure the hardness variation across the weldment, a Vickers micro-indentation device
(Shimadzu, HMV 2T E, Kyoto, Japan) was utilized. A load of 50 gm was applied for 15 s
on both sides of the weld. The tensile properties of the weldment were assessed using a
KAPPA 100 SS-CF universal testing machine from Austria. Tensile tests were conducted at
room temperature, employing a crosshead speed of 0.5 mm/min.

3. Results and Discussion

3.1. Base Metal Microstructure

The optical micrographs of the AA5083 base metal alloy are shown in Figure 1.
Figure 1a represents the transverse plane (along the cross-section), while Figure 1b repre-
sents the longitudinal plane (along the central axis). The microstructure predominantly
consists of a heterogeneous mixture of unevenly scattered grains with a segregated mi-
crostructure (Figure 1a). Elongated grains can be observed along the longitudinal plane
(Figure 1b) of the base metal rods. These pancake-shaped grains result from the rolling op-
eration during manufacturing. Radetic et al. [25] reported that compression along the strain
plane leads to this elongation and the formation of lamellar/pancake-shaped grains. They
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suggested that while these grains are stretched along the rolling direction, they contract
equally in the direction perpendicular to it. Solute strengthening, dislocation strengthening,
grain refinement, and precipitate hardening are some of the major strengthening mecha-
nisms in non-heat-treatable AA5083 aluminum alloys [26,27]. The presence of point defects
generated by the major alloying elements Mn and Mg in AA5083 restricts dislocation mo-
tion and enhances material strength at low strain rates. While these alloys derive strength
through Mg solute atoms via solute strengthening, an increased Mg content can decrease
corrosion resistance [28]. Therefore, work hardening and grain refinement remain the most
efficient methods for improving the strength of AA5083 [29]. Figure 2a shows the SEM
microstructure of the AA5083 base metal. Furthermore, EDS analysis (Figure 2b) of the base
metal microstructure reveals the presence of Mg-rich β (Al3Mg2) precipitates/secondary
phases embedded in the α (aluminum) matrix. Many reports suggest the presence of other
phases such as Al3Mn2, Al-(Fe, Si, Mn, Cr), Al6Mn, and Mg2Si in this alloy [30].

 

Figure 1. The optical microstructure of the AA5083 base metal in (a) transverse plane (along the
cross-section) and (b) longitudinal plane (along the central axis).

 

Figure 2. SEM micrograph of the (a) AA5083 H116 base metal and (b) EDS analysis.
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Figure 3 illustrates the visual view of the rotary friction-welded AA5083 H116 joint.
As evident from the figure, sound welds with superior quality are produced, exhibiting
an even and uniform flash on both sides of the weldment. This indicates that the heat
generated during rotary friction is sufficient for the successful deformation of the base
material. Figure 4 displays the macrostructure image of the rotary friction-welded AA5083
H116 joint from a cross-sectional view. It shows a balanced amount of flash on both sides,
as well as grain deformation lines across the weld interface. The presence of flash assists in
the removal of unwanted oxide layers and other debris, resulting in a clean and seamless
weld [5]. These deformation lines are the result of severe plastic deformation that occurs
during rotary friction welding [31].

 

Figure 3. Visual view of rotary friction-welded AA5083 H116 joint.

 

Figure 4. Macrostructure of rotary friction-welded AA5083 H116 joint.
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3.2. Microstructure of Weld-Interface

During the rotary friction welding of AA5083 H116, Figure 5 illustrates the various
weld zones that form along the weld interface. A detailed microstructural examination
conducted across the weld interface revealed the division of the weldment into four distinct
zones: (a) dynamically recrystallized zone (DRZ), (b) thermo-mechanically affected zone
(TMAZ), (c) heat-affected zone (HAZ), and (d) base metal (BM) [31]. The DRZ exhibited
fine (equiaxed) grains, characterized by an average grain size of 5 ± 2 μm, as revealed by
microstructural analysis. The refinement of these grains can be attributed to the extreme
forces and plastic deformation experienced during rotary friction welding. The continuous
rotational movement of the base material promotes the formation of fine recrystallized
grains, which significantly influences the final mechanical properties of the weldment [32].
It has been reported that continuous dynamic recrystallization (CDRX) plays a crucial role
in the grain refinement mechanism during the friction welding of aluminum alloys [33].
CDRX involves the rearrangement of dislocations to produce subgrains, absorption of
dislocations in low-angle grain boundaries, and the eventual formation of high-angle grain
boundaries and new dynamically recrystallized grains [34]. It can be observed that the
width of the DRZ is reduced towards the center of the weldment, indicating the differential
forces experienced during the various stages of friction welding [31]. This phenomenon
is observed on either side of the friction weld interface. The TMAZ consists of deformed
grains arranged in lines along the direction of flash flow, which provides insight into the
direction of deformation. On the other hand, the HAZ exhibits a grain arrangement similar
to that of the base metal. Long, elongated grains are observed in the base metal due to
deformation during the rolling process. AA5083 being a strain-hardened alloy, these grain
shapes are commonly observed, highlighting the alloy’s high-strength properties. However,
a slight increase in grain width can be observed in the HAZ, which can be attributed to the
high thermal exposure during rotary friction welding.

 

Figure 5. Microstructure across the various weld zones formed along the weld interface during rotary
friction welding of AA5083 H116 joint.

The EBSD orientation mapping of the friction-welded AA5083 H116 zones is shown
in Figure 6, where (a–d) represents the various weld zones formed during rotary friction
welding of AA5083 H116, namely DRZ, TMAZ, HAZ, and BM, respectively. It is observed
that the BM Al5083 alloy comprises elongated grains parallel to the rolling direction along
with equiaxed grains in between the elongated grains as shown in Figure 6d. The average
grain size of the equiaxed grains in the BM is 12 ± 3 μm while the larger elongated grains
showed an average length of 70 ± 5 μm along the rolling direction. The inverse pole figure
(IPF) showed the large portion of BM planes orientated in [101] direction. In contrast, the
other zones like DRZ, TMAZ, and HAZ showed the orientation of planes in all directions.

The stir zone comprises fine equiaxed recrystallized grains (DRZ) structure (Figure 6a).
The DRZ exhibited the smallest average grain size at the welding center compared to HAZ,
TMAZ, and BM. The presence of dynamic recrystallization during the friction welding
process accounts for this phenomenon. The DRZ exhibits an average grain size of 5 ± 2 μm.
The TMAZ is situated adjacent to the DRZ on both sides, featuring an average grain
size of 22 ± 4 μm. TMAZ exhibits a larger grain size when compared to DRZ. This
is attributed to lower/partial recrystallization. The grains within the TMAZ exhibit an
elongated morphology parallel to the welding interface, which arises from the intense
plastic deformation experienced during the frictional stage of welding. Conversely, the
HAZ adjacent to the TMAZ displays a coarser grain size of 32 ± 3 μm. As the HAZ is
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relatively far away from the weld center, it experiences less plastic deformation and heat,
which results in the absence of recrystallization. Consequently, the grains formed in the
HAZ are coarser compared to those in the TMAZ. Significantly, HAZ exhibits noticeable
grain coarsening, which can be attributed to the annealing effect (loss of work hardening)
that occurs during the welding process.

Figure 6. EBSD orientation mapping of the AA5083 H116 friction-welded samples (a) DRZ, (b) TMAZ,
(c) HAZ, and (d) BM.

Figure 7a,b show the SEM micrograph of the AA5083 H116 friction-welded joint
interface and EDS analysis of the weld interface, respectively. The EDS analysis reveals the
presence of intermetallic compounds enriched with Fe and Mg. It also demonstrates the
uniform intermixing of the main strengthening precipitates, such as β (Al3Mg2), along with
various other intermetallic compounds like Al3Mn2 and Al13Fe4 in AA5083 H116. These
contribute to the joint’s strength, along with grain refinement during welding. Figure 8a,b
show the XRD pattern of the AA5083 H116 base metal and rotary friction-welded AA5083
joint, respectively. The XRD pattern only identifies the Al phase, and the absence of Mg
is observed in both conditions (base and weld). This is attributed to the development of
the FCC supersaturated solid solution in the Al-Mg alloy, which leads to the diffusion of
Mg atoms in the Al lattice [35]. For the welded sample, the scan area is focused on the
DRZ/weld zone. The XRD spectra exhibit prominent peaks at 2θ angles of 38.36◦, 44.57◦,
64.79◦, 77.82◦, and 81.99◦, corresponding to the hkl miller index planes of (111), (200), (220),
(311), and (222), respectively. The (111) peak shows the highest peak intensity and texture
coefficient, indicating preferred orientation growth.
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Figure 7. SEM micrograph of the AA5083 H116 friction-welded joint (a) weld interface and (b) EDS
analysis of the weld interface.

Figure 8. XRD pattern of the (a) AA5083 H116 base metal and (b) rotary friction-welded AA5083 joint.
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3.3. Mechanical Properties

Figure 9 illustrates the hardness variation across the weld interface of the rotary
friction-welded AA5083 H116 joint. A significant increase in hardness (107 ± 3 HV) can be
observed along the DRZ of the weld interface. This can be attributed to grain refinement
(recrystallization) that occurs during friction welding, resulting in fine (equiaxed) grains.
This grain refinement is a consequence of the severe plastic deformation that takes place
during friction welding. Additionally, a noticeable but relatively lower increase in hardness
(96 ± 2 HV) can be observed in the TMAZ of the weld interface. This increase is attributed
to the partial recrystallization of grains, as sufficient thermal exposure allows for partial
recrystallization. The TMAZ exhibits finer grains compared to the HAZ. In the HAZ, grain
coarsening and the loss of cold work result in the lowest hardness (82 ± 2 HV) along the
weld interface [36]. Furthermore, a hardness of 88 ± 3 HV is observed in the BM region of
the weld interface.

 

Figure 9. Microhardness distribution across the weld interface of AA5083 joint.

Figure 10 depicts a visual view of the failed tensile sample of the rotary friction-welded
AA5083 H116 joint. The nature of the fracture is revealed through visual inspection of the
fractured sample. Features such as limited necking and a 45◦ angle along the fracture axis
indicate a ductile fracture.

 

Figure 10. Failure location of tensile specimen of AA5083 H116 joint.
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Furthermore, the fracture occurred in the HAZ of the weldment, suggesting that
the weld joint interface formed by rotary friction welding possesses superior strength
compared to the BM and HAZ. The formation of fine equiaxed grains can be attributed
to dynamic recrystallization across the welding interface resulting from severe plastic
deformation during friction welding [32]. Reports also indicate a significant loss of work
hardening in the HAZ due to thermal exposure during welding, which leads to a reduction
in strength [36]. Figure 11 displays the tensile graphs of the rotary friction-welded AA5083
H116 joint and the base metal AA5083 H116. The graph illustrates that rotary friction weld-
ing produces a sound weld with superior mechanical properties. The weldment exhibits
a YS of 301 ± 6 MPa and a UTS of 425 ± 7 MPa, compared to the BM (YS: 207 ± 5 MPa;
UTS: 385 ± 9 MPa). The superior strength of the weldment may be attributed to the forma-
tion of fine equiaxed grains in the DRZ. However, the weldment exhibited slightly lower
% elongation (%El: 13 ± 2) compared to the BM (%El: 15 ± 3). This reduction in ductility
of weldment can be attributed to the formation of various weld zones within the welded
sample. The tensile graph of the base metal displays serrations across the curve, which is
attributed to a common phenomenon in Al-Mg alloys known as the Portevin–Le Chatelier
effect (serrated yielding). This effect is generally caused by the influence of dynamic strain
aging on the macroscopic plastic flow of the material. Dislocations moving across the lattice
interact with solute atoms, forming a solute atmosphere. The vacancies generated during
deformation increase solute mobility in this region, leading to a decrease in dislocation
velocity and a locking condition. These locking interactions result in serrations (also known
as ‘locking serrations’) where the stress–strain curve experiences rapid spikes in flow stress
followed by discontinuous fallbacks [37]. Table 3 presents the tensile properties of the BM
and the rotary friction-welded AA5083 H116 joint.

 
Figure 11. Typical tensile curves of AA5083 base compared with rotary friction-welded AA5083
H116 joint.
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Table 3. Tensile properties of the AA5083 H116 base metal and friction welds made on AA5083 H116 alloy.

Name
Yield Stress
(YS), MPa

Ultimate Tensile
Strength (UTS), MPa

% Elongation
(El%)

AA5083/AA5083 (weld) 301 ± 6 425 ± 7 13 ± 2
AA5083 H116 (base) 207 ± 5 385 ± 9 15 ± 3

Figure 12 depicts the fractographs of the failed rotary friction-welded AA5083 H116
joint. The fractographs clearly show a dimpled rupture as the mode of failure. The fracture
surfaces exhibit features such as dimples, indicating a ductile failure mode. A detailed
microscopic investigation of the fracture surfaces reveals subtle changes in overall fracture
morphology and intrinsic fracture characteristics. The fractographs also suggest that the
majority of the fractured surface is occupied by trans-granular bonding, characterized by
the presence of dimples, with some exceptions, such as interfacial bonding resulting from
rotary friction welding. The interaction of the base samples during rotary friction welding
promotes interface bonding, which is evident from the pattern of large dimples on the
fracture surface morphology, thereby enhancing the mechanical properties of the weld.

 

Figure 12. Fracture surface of rotary friction-welded AA5083 H116 joint.

4. Conclusions

The research on rotary friction welding of AA5083 H116 was successfully presented in
this study. The investigation focused on the microstructural and mechanical properties of
the weldment, and the following conclusions can be drawn:

1. Analysis using optical and electron microscopy revealed the presence of flawless
welds of high quality, devoid of any defects such as cracks or porosity.

2. Close to the weld interface, two distinct microstructural zones were identified: the
dynamically recrystallized zone (DRZ) and the thermomechanically affected zone
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(TMAZ). The process of rotary friction welding caused significant plastic deformation
in the DRZ, resulting in grain refinement. The recrystallized zone exhibited fine
equiaxed grains with an average size of 5 ± 2 μm, while the TMAZ was characterized
by elongated grains.

3. A notable increase in hardness was observed along the recrystallized zone (DRZ) of
the weldment. This enhancement can be attributed to the formation of refined grains
during the welding process.

4. The tensile test specimen failed within the heat-affected zone (HAZ) of the weldment,
indicating the superior strength of the weld interface compared to the base metal
and HAZ. The weldment demonstrated higher tensile values (YS: 301 ± 6 MPa;
UTS: 425 ± 7 MPa) compared to the base metal (YS: 207 ± 5 MPa; UTS: 385 ± 9 MPa).
The increased strength of the weldment can be attributed to the presence of fine
equiaxed grains in the DRZ.

5. The tensile graph of the BM displays serrations across the curve, which is attributed
to a common phenomenon in Al-Mg alloys known as the Portevin–Le Chatelier effect
(serrated yielding). This effect is generally caused by the influence of dynamic strain
aging on the macroscopic plastic flow of the material.

6. The weldment exhibited a slightly lower percentage of elongation (%El: 13 ± 2)
compared to the base metal (%El: 15 ± 3). This decrease in ductility can be attributed
to the formation of distinct weld zones within the welded sample.
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Abstract: The need for combining dissimilar materials is steadily increasing in the manufacturing
industry, and the resulting products are expected to always have high performance. While there are
various methods available for joining such material pairs, one of the commonly preferred techniques
is fusion welding. In this study, three different steel materials (Protection 600T, DP450, and S275JR)
were joined using gas metal arc welding (GMAW) in different combinations (similar/dissimilar).
The microstructure and mechanical properties of the joints were evaluated. Tensile test, Vickers
microhardness (HV 0.1), bending, Charpy V-notch impact testing, and microstructure examinations
were conducted to analyze the weld and heat-affected zone. The tensile strengths of the base metal
materials Protection 600T, DP450, and S275JR were found to be 1524.73 ± 18.7, 500.8 ± 10.4, and
508.5 ± 9.5 MPa, respectively. In welded samples of similar materials, the highest efficiency was
found to be 103.05% for DP450/DP450, while in dissimilar welded joints, it was 105.5% for the
DP450/S275JR pair. Hardness values for the base materials Protection 600T, DP450, and S275JR were
measured as 526.5 ± 10.5, 153.8 ± 1.8, and 162.5 ± 5.2, respectively. In all welded samples, there
was an increase in hardness in the weld zone (due to the welding wire) and the heat-affected zone
(due to grain size refinement). While the impact energy values of similar material pairs were close to
the base material impact energy values, the impact energy values of dissimilar material pairs varied
according to the base materials. In addition, in joints made with similar materials, the bending force
was close to the base materials, while a decrease in bending force was observed in joints formed
with dissimilar materials. As a result, the welding of DP450 and S275JR materials was carried out
efficiently. Protection 600T was welded with other materials, but its welding strength was limited to
the strength of the material with low mechanical properties.

Keywords: dissimilar steel joints; gas metal arc; welding strength; mechanical properties; Protection
600T; DP450; S275JR steel

1. Introduction

With the development of technology around the world, the need for high-strength steel
materials is steadily increasing [1]. Therefore, it is very common in the industry to enhance
the quality of materials/steels by using them in conjunction with other materials. There are
various structures and systems produced by using dissimilar materials together. Especially
in industrial applications and academic research, it is observed that high-strength steels
such as armor steels, Twinning-induced plasticity (TWIP) steels, transformation-induced
plasticity (TRIP) steels, and Dual Phase (DP) steels are used together with structural
steels [2,3]. Furthermore, in specialized sectors such as nuclear power plants, oil refineries,
and defense industries (including military vehicles), the utilization of dissimilar materials
together holds significant importance [4,5]. Moreover, combining thin yet high-strength
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components instead of thick ones offers the advantage of lightness [2]. Therefore, under-
standing the behaviors of materials in joining technologies (such as welding processes,
etc.) is crucial in industries for their safe and efficient utilization [6]. In research conducted
for this purpose, it has been determined that gas metal arc welding is one of the most
effective techniques in joining dissimilar metal materials [7–11]. Gas metal arc welding
of dissimilar metal materials typically involves joining at least two metals or alloys with
different chemical compositions, melting temperatures, and thermal expansion proper-
ties [12]. Due to the change in physical properties in the weld zone during the process
of joining materials with different chemical and mechanical characteristics, it is not easy
to evaluate weld strength [13]. The proper and accurate execution of welding depends
on selecting the appropriate welding process, process parameters, metal properties, and
operating conditions [14]. Changing a parameter in the welding process significantly affects
the welding properties. Due to the different thermal expansion of dissimilar metals, various
undesired defects may occur during welding, such as stress corrosion cracking, residual
stress formation, and disruption of stress concentration on both sides of the weld [15,16].
For this reason, some researchers focus on improving the mechanical properties of welded
parts by controlling the parameters of the welding process [17]. The scientific literature on
joining armor steels, which is the focus of this study, with other metals using gas metal arc
welding has been carefully reviewed. Armor steels are materials with ultra-high strength
and hardness, resistant to penetration by bullets and explosives. They are used in equip-
ment resistant to ballistic impact and collision applications such as tanks, armored vehicles,
and helicopter components [18].

S. Naveen Kumar et al. [19] observed that there was no study on the welding of
armor steels of dissimilar qualities. Therefore, in their study, they joined Ultra-high Hard
Armor (UHA) steel with Rolled Homogeneous Armor (RHA) steels using gas metal arc
welding. RHA steel, which makes up 75% of armored combat vehicles, is used together with
UHA steels, which have a high strength–weight advantage, to improve vehicle mobility.
Austenitic Stainless Steel (ASS), Duplex Stainless Steel (DSS), and Low Hydrogen Ferritic
(LHF) filler wires were used for welding. Researchers examined the effects of filler materials
on the ballistic resistance of welded parts and the metallurgical characterization of both
armor grade steel joints made using gas metal arc welding (GMAW).

Magudeeswaran et al. [20] evaluated the metallurgical properties of welded joints of
Quenched and Tempered High Strength (Q&T) Steels used in armored vehicle manufac-
turing. In the welding of armor-grade Q&T steels, issues such as post-weld cold cracking
caused by hydrogen in the heat-affected zone (HAZ) and softening of the HAZ due to the
welding thermal cycle exist. The results revealed that these conditions adversely affect the
ballistic properties of the steel.

Researchers [21] examined the effect of plate thickness on the microstructure and
hardness of The Protection 500 series armor steels welded using the robotic GMAW method.
The characterization of the weld using ER110S-G filler metal was completed by micro
hardness tests and micro and macro structural examinations. It has been observed that as
the plate thickness increases, the width of the softening zone decreases significantly, and
the same amount of heat input slightly increases the microhardness. Depending on the
heat changes during the welding of armor steel, their internal structure and, accordingly,
their mechanical properties in different regions change.

Kaçar and Emre [22] investigated the gas metal arc welding capabilities of pairs formed
from Armox 500T armor steel and AISI 304 steel. They stated that successful joining of
these materials could be achieved with proper selection of welding parameters. Gas metal
arc welding (GMAW) is commonly used for joining armor steels. Günen et al. compared
the effects of different welding techniques (cold metal transfer arc welding (CMT) and
hybrid plasma arc welding (HPAW)) on the microstructure and mechanical properties using
GMAW. In all three different welding processes, both the hardness of the weld metal and
the heat-affected zone were found to be higher than that of the base metal. Optimization of
welding parameters has assisted in obtaining defect-free welds [23].
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Qingguo Wang et al. [24] conducted multi-pass gas metal arc welding using ZGMn13Mo
manganese steel and A514 low alloy steel, each having a thickness of 25 mm, with ER309L
stainless steel welding wire.

In this study, Protection 600T armor steel, DP450 (Dual-phase steels), and S275JR
steel (structural steel) were used. S275JR steel is a non-alloy, low carbon, mild steel grade.
Dual-phase DP 450 steel, on the other hand, exhibits better cold formability and strength
compared to low carbon and high-strength low-alloy steels [25]. They are preferred in
the automotive industry due to their high strength and ductility [26,27]. Fusion welding
processes such as gas metal arc welding (GMAW) are used to join DP steel materials [28].
These materials can be combined with each other due to their properties. As a result
of these joining processes, engineering advantages such as cost and weight savings are
achieved. Protection 600T material is high-resistance armor steel with ultra-high hardness
against ballistic penetration. To the best knowledge of the researchers, there are no studies
in the literature on the welding of Protection 600T material, which is frequently used in the
manufacturing industry, with DP450 and S275JR materials. This study will contribute to
the literature by presenting the joining of Protection 600T, DP450, and S275JR steels using
the GMAW method.

As industrial needs change, high-strength steel types are also developing. When join-
ing high-strength steels with other steels, it is very important to investigate the microstruc-
ture and mechanical properties in terms of welding safety. Metallurgical compatibility of
strength and material pairs should be considered during the process. For this reason, the
compatibility of Protection 600T, DP450, and S275JR steels was investigated in this study.
Microhardness (HV 0.1), bending, impact, and tensile tests were performed for base metals
and welded joints. The results were analyzed comparatively.

2. Material and Method

2.1. Properties of Steel Materials and Welding Wire

In the experiments, three different grades of steel materials were used. The first is
Protection 600T steel (Miilux Oy, Manisa, Turkey), known for its ultra-high hardness and
high resistance against ballistic penetration. The other material is DP450 steel (Ereğli Iron
and Steel Factories, Zonguldak, Turkey) which is widely used among dual-phase steels for
its high strength and good formability capability. Dual phase (DP) steels, particularly when
compared to high-strength steels, have higher ultimate tensile strength (UTS) and lower
yield strength. These characteristics have made DP steels indispensable in automotive
applications [29]. The other material used in the study is S275JR (Yucel Pipe and Profile
Industry Inc., Kocaeli, Turkey) general structural steel, which has good welding properties
and strength and is used in many applications in construction and various industries,
including production facilities and general buildings [30,31]. AWS A5.28:ER70S-A1 wire
(Gedik Company, İstanbul, Turkey) with a diameter of 1.2 mm was used as welding wire.
The yield strength of the welding wire is 460 MPa, tensile strength is 550–670 MPa and
elongation is 22%. The preferred welding wire is used to join high-strength steels by gas
arc welding [32–34]. The chemical compositions of steel materials and welding wire are
given in Table 1.

Table 1. Chemical composition of the steels and the welding wire (wt%).

Material C Mn Si Cr Ni Mo P S B Fe

Protection 600T 0.45 0.80 0.70 0.50 3.0 0.60 0.015 0.004 0.003 balance
DP450 0.057 1.077 0.206 0.501 - - 0.090 0.002 - balance
S275JR 0.071 0.307 0.008 0.019 0.016 0.001 0.010 0.012 - balance
ER 70 S-A1 0.1 1.1 0.6 - - 0.5 - - - balance
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2.2. Preliminary Studies for the Welding Process

In this section, information about pre-welding preparations and the welding process is
given. The samples to be welded were prepared in dimensions of 120 mm × 500 mm × 4 mm.
The experimental design planned for welding base steels is given in Table 2, and the welding
parameters are given in Table 3. The groove size created in the steel plates before welding
is shown in Figure 1a. A 5 mm weld opening was opened at the joints of the plates at a V
60◦ groove angle, leaving a 2 mm root gap.

Table 2. Experimental design for welding.

Experimental Number Material Material

1 Protection 600T Protection 600T
2 DP450 DP450
3 S275 S275
4 Protection 600T S275
5 Protection 600T DP450
6 DP450 S275

Table 3. Welding parameters.

GMAW Welding Properties

Shielding gas M21 (82% Ar + 18% CO2)
GMAW wire ER 70 S-A1 GEKA Ø 1.2
Welding current (A) 120–130
Welding Voltage (V) 19–20
Welding speed (mm/s) 5.7

Figure 1. Preliminary preparation for welding and images taken during welding ((a). The groove
size, (b). Thermal monitoring, (c). Welding process, (d). Measuring the welding voltage, (e). The
weld cap height, (f). Penetrant test, (g). Specimen preparation process).

Due to the use of different grades of steel, carbon equivalences were examined. Since
the lowest carbon equivalent (S275JR) was 0.40, the plates were annealed before welding
at 150–190 ◦C. The pre-annealing temperature for the welding process was measured
with a Cem DT-835 model (0–800 ◦C) thermometer (Figure 1b). A Lincoln LF-33 gas arc
welding machine was used for the welding process (Figure 1c). Welding parameters are
given in Table 3. The welding was conducted in four passes with 12 m3/sec gas flow
using 82% Ar + 18% CO2 shielding gas during welding and ER 70 S-A1 brand welding
wire. Verification was made by measuring the welding voltage with a clamp meter during
welding (Figure 1d). Post-welding cooling was carried out in a controlled manner by
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wrapping the welded samples in stone wool. After welding, the weld cap height was
measured using a weld cap gauge (Figure 1e). Finally, the weld seams were checked with a
penetrant test (cleaner: CR60, penetrant: CR51, developer: CR70) (Figure 1f). The samples
required for mechanical tests were cut using MJT4000 waterjet brand water jet with 4000 bar
pressure and 300 mm/min cutting speed (Figure 1g).

2.3. Preparation of Mechanical Testing and Microstructure Samples

Figure 2 shows the dimensions of the samples used to determine the mechanical
(tensile and bending, hardness, impact notch) and microstructural properties after the
welding process. Hardness distribution in welded samples was conducted using the QNess
10 A+ brand micro-Vickers hardness tester by applying a 9.81 N pressure load for 15 s
at 0.5 mm intervals, perpendicular to the weld line. To determine the impact energy, the
impact absorption energy of the sample was measured using the JBN-300 pendulum testing
machine, in accordance with the ISO 9016 standard [35], including the weld line and heat
affected zone (HAZ). To determine the strength of the welded samples, a 60-ton Zwick
Roell brand tensile device was used at a speed of 2 mm/min at room temperature. Finally,
the material internal structure was examined with an electron microscope (Nikon Epiphot
200 Inverted Metallurgical Microscope, Artisan Technology Group, Kansas City, MO, USA).
Welding efficiency is calculated using the following formula [9,36].

Weld e f f iciency (%) =
UTS o f welded joint (MPa)
UTS o f base material (MPa)

× 100 (1)

Figure 2. Dimensions of samples prepared for mechanical testing and microstructure.

3. Results

3.1. Mechanical and Microstructure Properties of the Base Materials

Tensile, microhardness, impact notch, and bending tests were performed to determine
the mechanical properties of Protection 600T, DP450, and S275JR materials. As a result of
the tensile test, ultimate tensile strength (UTS) was found to be 2141.98 ± 23.2 MPa for
Protection 600T, 500.8 ± 10.4 MPa for DP450, and 508.15 ± 9.5 MPa for S275JR steel. Micro-
hardness values were determined as 526.5 ± 10.5 HV, 153.8 ± 1.8 HV, and 162.5 ± 5.2 HV,
respectively. Since Protection 600T has ultra-high hardness with its high carbon content,
its mechanical properties were higher than the other two steel materials. Figure 3 shows
the stress –strain graphs of the base materials. Accordingly, it is seen that Protection 600T
has high strength but low elongation capability. When the fracture elongation of the base
materials was compared, the highest elongation was obtained as 25.41 ± 1.3% in S275JR
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steel, while it was as 23.95 ± 1.7% in DP450 and 4.34% for Protection 600T, respectively.
The tensile test, microhardness, Charpy-V, and bending test results of the base materials
are given in Table 4.

Figure 3. Stress and strain curves for base materials.

Table 4. Mechanical properties of base materials.

Microhardness (HV) Tensile Stress (MPa) UTS (MPa) Charpy-V (Joule) Bending (kN)

Protection 600T 526.5 ± 10.5 1524.73 ± 18.7 2141.98 ± 23.2 75 ± 2.7 16.7 ± 0.4
DP450 153.8 ± 1.8 312.09 ± 11.3 500.8 ± 10.4 85 ± 3.4 11.0 ± 0.2
S275JR 162.5 ± 5.2 324.10 ± 8.2 508.5 ± 9.5 32 ± 1.2 9.3 ± 0.3

The toughness of a material is evaluated based on how much energy it absorbs.
The higher the impact energy, the higher the expected toughness of the material [36].
Charpy V-notch impact energy (CVN) tests at room temperature (21 ◦C) revealed the
impact toughness of the welded samples as follows: Protection 600T exhibited a toughness
of 75 ± 2.7 J, DP450 showed a toughness of 85 ± 3.4 J, and S275JR had a toughness of
32 ± 1.2 J. The reason for the highest impact toughness observed in the DP450 material
could be attributed to the dense ferrite present in its microstructure, which enhances its
energy absorption capability. Additionally, the lower energy absorption capability of
Protection 600T compared to DP450 can be attributed to the dense martensite structure
present in Protection 600T, which contributes to its hardness. The increase in material
hardness tends to reduce the energy absorption capability of materials [37–40]. S275JR
general structural steel exhibits variations in ductile behavior with temperature due to its
ferritic structure. While S275JR steel becomes more brittle at low temperatures, its ductility
increases at high temperatures [30]. To determine the deformation of base materials and
welded samples, a 90◦ bend test was conducted on Protection 600T, DP450, and S275JR
materials and in combinations. According to the bending test results, the maximum bending
forces were determined to be 16.7 ± 0.4 kN, 11.0 ± 0.2 kN, and 9.3 ± 0.3 kN, respectively.

In Figure 4, the microstructure images of Protection 600T, DP450, and S275JR steels
before welding are provided. When examining the microstructure of Protection 600T,
it is observed that there is martensite and retained austenite inside the prior austenite
matrix (Figure 4a). Prior austenite grain boundaries (PAGB) are clearly visible and exhibit
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a fine-grained structure. This fine-grained martensitic structure provides high hardness
and toughness to the armor steel [41]. Figure 4b–d depict the microstructure of DP450 steel.
In dual-phase steels, large martensite islands are dispersed within a ferrite matrix. In dual-
phase steels, mechanical properties are primarily dependent on the amount of martensite
in the microstructure [42]. When examining the microstructure of DP450, it is observed
that there is a dense ferrite matrix structure with a small amount of martensite. The grid
method (with a grid spacing of 7.2 μm) was employed to determine the martensite phase
ratio in DP450 steel (Figure 4d). The martensite phase ratio in DP450 steel was calculated as
13.3%. When examining the microstructure image of the base material of S275JR structural
steel in Figure 4e,f, the black regions represent pearlite, while the lighter-colored regions
represent ferrite [43]. The microstructure of S275JR steel consists of ferrite and pearlite
grains, depending on the carbon content it contains [30].

Figure 4. Base material microstructural images (a) Protection 600T (1000×), (b) DP450 (200×), (c) DP450
(1000×), (d) DP450 martensite phase ratio, (e) S275JR (200×), (f) S275JR (1000×) microstructure.
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3.2. Metallographic Examination
3.2.1. Microstructure of Similar Materials after Welding

The microstructure of the HAZ and the weld zone of the Protection 600T material
welded using ER70S-A1 wire is shown in Figure 5. Upon examination of the welded
samples, it was determined that the transitions between the base material and the HAZ were
homogeneous and smooth (Figure 5a). Although the base material has a densely tempered
martensite structure, the HAZ was annealed at a medium temperature in its structure
with the heat effect and tempered troostite, characterized by the gradual disappearance of
the needle shape of the martensite, was observed (Figure 5b). When the microstructures
shown in Figure 5c,d were examined, it was determined that the tempered martensite ratio
was dominant in the weld metal, but in some parts of the martensite phase, there was a
small amount of lath martensite phase aligned in parallel to form martensite beams or
martensite areas. In addition, retained austenite and primary austenite grain boundaries
and Weisher’s tissue were detected in the weld area (Figure 5d).

Figure 5. (a,b) Transition zone microstructures for the Protection 600T material pair (200×, 1000×)
and (c,d) weld zone microstructures (200×, 1000×).

Figure 6 shows the post-welding HAZ and weld zone microstructure images of the
DP450/DP450 material pair. It was determined that the martensite phase ratio was high
in the HAZ (Figure 6a,b) and the ferrite ratio was high in the weld zone (Figure 6d,e).
Although acicular ferrite formations were occasionally observed in the weld zone, dendritic
ferrite formation was generally observed. HAZ formed a smooth transition zone with
homogeneous distribution of ferrite and martensite phases. At the transition point from
HAZ to the weld zone, martensite phases were arranged in columns, but upon reaching the
welded structure, martensite phases were generally observed in the dendritic regions of the
ferrite. The martensite phase ratio was determined to be approximately 27.2% in regions
close to the melting zone (Figure 6c) and approximately 7.2% in the weld zone (Figure 6f).
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d e f 

Figure 6. (a–c) HAZ region (500×, 1000×) and phase ratio, (d–f) weld zone microstructure images
(500×, 1000×) and phase ratio for DP450/DP450.

In Figure 7, microstructure images of the HAZ and weld zone of the S275JR/S275JR
material pair are provided. In the HAZ, a microstructure consisting of ferrite and lamellar
pearlite phase (Figure 7a,b), and in the weld zone, a microstructure dominated by ferrite
content (Figure 7c,d), formed. In addition, with the effect of the additional wire in the
weld zone, although pearlite and Widmanstatten ferrite were observed in some areas, in
general, intense acicular ferrite formation was detected. In the zones under the influence of
heat, a soft transition was observed, and the ferrite and pearlite phases were distributed
homogeneously, creating a soft transition zone. While pearlite and ferrite phases were
arranged in columns at the transition boundary from the HAZ to the weld zone, it was
observed that the ferrite phases generally turned into acicular ferrite in the weld zone.

Figure 7. (a,b) HAZ region (500×, 1000×), (c,d) weld zone microstructure images (500×, 1000×) for
material pair S275JR/S275JR.
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3.2.2. Microstructure of Dissimilar Materials after Welding

Figure 8 shows the microstructure images of the transition zone and welding zone of
the Protection 600T/S275JR material pair. It has been determined that acicular ferrite and
martensite were dominant in regions in the weld zone, tempered troostite formation was
seen, and primary austenite grain boundaries were observed. In the HAZ, the martensite
phase was observed separately along with the ferrite and pearlite phase. In the HAZ,
the martensite phase and ferrite–perlite phases were detected as not homogeneously
distributed and a sharp transition was observed.

Figure 8. (a,b) HAZ (500×, 1000×), (c,d) weld zone microstructure images (500×, 1000×) for
Protection 600T/S275JR material pair.

Figure 9 shows the microstructure images of the transition zone and welding zone of
the DP450/Protection 600T material pair. Ferrite and martensite phases were observed in
the HAZ (Figure 9a,b). In the region under the influence of heat, it has been determined
that the martensite phase and ferrite phases were distributed homogeneously, and a smooth
transition was observed. It was determined that ferrite and martensite were dominant in
the weld zone, and residual austenite and occasionally primary austenite grain boundaries
were observed (Figure 9c,d).

Figure 10 shows the microstructure images of the transition zone and welding zone of
the DP450/S275JR material pair. In HAZ, a martensite phase was observed along with an
acicular ferrite and pearlite phase. In the region under the influence of heat, the martensite
phase and ferrite–perlite phases were detected as not homogeneously distributed and a
sharp transition was observed. Therefore, a boundary was formed in the HAZ region.
It has been determined that acicular ferrite and needle martenzite were dominant in the
weld zone, and residual bainite and pearlite were observed. In the weld metal, intense
acicular ferrite and martensite formations were observed due to the effect of the additional
wire used.
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Figure 9. (a,b) HAZ (500×, 1000×), (c,d) weld zone microstructure images (500×, 1000×) for
DP450/Protection 600T material pair.

Figure 10. (a,b) HAZ (500×, 1000×), (c,d) weld zone microstructure images (500×, 1000×) for
DP450-S275JR material pair.

3.3. Mechanical Test Examination
3.3.1. Microhardness

Microhardness measurements were taken after the Protection 600T, S275JR, and DP450
samples were welded using GMAW. Figure 11a–c shows the microhardness measurements
of Protection 600T/Protection 600T, S275JR/S275JR, and DP450/DP450, while Figure 11d–f
shows the microhardness measurements of welded samples in different combinations
(Protection 600T/DP450, Protection 600T/S275JR, and DP450/S275JR). When examining
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Figure 11a–c, it can be observed that the hardness increases towards the weld zone. This
increase is believed to be due to the additional wire added to the weld zone during welding.
Additionally, it has been determined that the microhardness value increases in the HAZ for
all samples. For Protection 600T, the microhardness was determined to be 526.5 ± 10.5 HV
in the base metal and 619 ± 20 HV in the weld zone. For DP450, it was 153.8 ± 1.8 HV in the
base metal and 259 ± 8.1 HV in the weld zone. As for S275JR, it was 162.5 ± 5.2 HV in the
base metal and 236 ± 9.3 HV in the weld zone. When examining Figure 11d,e, it is observed
that microhardness values decrease from Protection 600T towards DP450/S275JR. This
situation arises from the difference in mechanical properties of the materials. In Figure 11f,
the highest microhardness values in the DP450/S275JR material pair were determined
as follows from high to low: Heat Affected Zone (HAZ) (288 ± 26.5 HV), welding zone
(232 ± 5.5 HV), and base metal (166 ± 6.3 HV).

Figure 11. Post-weld microhardness measurements of Protection 600T, S275JR, and DP450 samples.

3.3.2. Tensile Test

Post-welding stress–strain graphs of Protection 600T, DP450, and S275JR materials
(those close to the average value were selected) are given in Figure 11, while post-welding
UTS, percentage elongation values, and welding efficiency relative to the base material are
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given in Table 5. Post-welding UTS values of base materials were obtained as 1083.4 ± 3.99,
516.5 ± 11 and 507.3 ± 5.7 MPa, respectively. When welding strengths were evaluated
according to efficiency, they were determined as 49.4%, 103.05%, and 99.76%, respectively.
It was determined that the weld strength of Protection 600T decreased compared to the
base material UTS. It is thought that this is due to the additional welding wire.

Table 5. Mechanical properties after welding.

Material 1 Material 2 UTS Elongation%
Weld Efficiency (%)
Protection 600T DP450 S275JR

1 Protection 600T Protection 600T 1083.4 ± 3.99 1.25 ± 0.16 49.4 - -
2 DP450 DP450 516.5 ± 11 16.2 ± 1.46 - 103.05 -
3 S275JR S275JR 507.3 ± 5.7 18.4 ± 0.05 - - 99.76
4 Protection 600T S275JR 413.6 ± 1.6 4.3 ± 0.17 19.3 - 81.34
5 Protection 600T DP450 360.6 ± 0.4 5.3 ± 0.2 16.87 72.01 -
6 DP450 S275JR 526.3 ± 3.5 15.8 ± 1.63 - 105.5 103.5

It can be said that the welding of DP450 and S275JR materials was successful compared
to the base material. In the visual inspections and penetrant tests performed for all samples,
it was determined that there were no weld defects such as open weld defects or voids on
the surface.

When Figure 12 is examined, it can be observed that the stress–strain diagram of
welded samples (Protection 600T/Protection 600T, DP450/DP450, and S275JR/S275JR) is
similar to that of the base material. The indicators given in Figure 12 correspond to the same
materials as the sample numbers shown in Table 5. In the welding of dissimilar materials,
the UTS values for Protection 600T/S275JR were determined to be 413.6 ± 1.6 Mpa, for
Protection 600T/DP450 it was 360.6 ± 0.4 Mpa, and the percentage elongation values were
determined to be 4.3% ± 0.17 and 5.3% ± 0.2, respectively. It is observed that the UTS and
efficiency decreased when Protection 600T was welded with other materials.

Figure 12. Post-welding stress–strain diagram.

The reason for this is likely to be the different chemical contents of the materials, the
excessive coarsening of the grain structures due to the different cooling rates when passing
from the base metal to the weld zone with the addition of welding wire. Similar findings
are also reported in the literature. Badkoobeh et al. stated that in the joining of UNS S43000
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Ferritic Stainless steel using laser welding, extremely coarse ferrite, and martensite were
formed at the grain boundaries in the weld zone, and that this was responsible for the weak
crystallographic texture in the zone [44].

In their study on the welding of armor steels, Çoban et al. stated that the peak
temperatures and cooling rates that occur depending on the material thickness cause
microstructural changes. This causes the hardness values of each zone to change. When
the microstructural changes that caused this change were examined, it was stated that it
caused the formation of a coarse-grained heat-affected zone in the region corresponding to
the highest temperatures as well as the weld metal [21].

The welding strength of DP450/S275JR materials was determined as 526.3 ± 3.5 Mpa,
the efficiency was determined as 105.5% compared to DP450 and 103.5% compared to
S275JR, and the elongation was determined as 15.8 ± 1.63. It can be said that the higher
mechanical properties of DP450/S275JR compared to the base material are due to the
non-homogeneous distribution of martensite phase and ferrite–perlite phases in the HAZ
region and the dominance of acicular ferrite and needle-like martensites in the weld zone.

The fracture surfaces of the tensile test samples are given in Figure 13. It was observed
that the fracture occurred as brittle fracture in the weld pairs with S275JR material. In the
DP450/DP450 and Protection 600T/DP450 material pairs, the fracture was ductile and
on the DP450 side. In DP450/S275JR, the breakage occurred on the DP450 material side.
The rupture in the Protection 600 T/Protection 600 T welded joints occurred in the weld
area. These data showed that the welded joints were made appropriately, and the rupture
occurred where it was expected according to the strength of the base material.

Figure 13. Tensile rupture morphologies of the welded sample (Welding Area: WA, Rapture Area: RA).

In the study, the joinability of three different materials (Protection 600T, DP450, and
S275JR) was examined using ER70S-A1 welding wire. When the compatibility of the
welding wire and base materials was evaluated as a result of post-welding HAZ and weld
zone microstructure examinations, it was seen that the DP450/Protection 600T material
pair was compatible. In the DP450/Protection 600T material pair, it was determined that
while the martensite phase increased in the microstructure in the weld zone, the austenite
and ferrite phases present in the structure increased the ductility relatively. However,
considering the post-weld mechanical properties, the presence of phases in the material’s
microstructure has imparted ductility, resulting in a decrease in hardness and yield/tensile
strength. In the welded samples of Protection 600T and S275JR, although tensile strength has
increased, toughness has decreased, while hardness and strength have increased. When the
microstructure and tensile diagrams of the DP450 and S275JR material pair are examined, it
is determined that the materials and welding wire are well matched, leading to an increase
in mechanical properties. In conclusion, the best results for welding the Protection 600T,
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DP450, and S275JR material pairs were obtained in the following order: DP450/S275JR,
Protection 600T/DP450, and Protection 600T S275JR. There has been a significant decrease
in strength after welding in the Protection 600T/Protection 600T material pair. The reason
for this is the lower mechanical properties of the welding wire added to the weld zone
compared to Protection 600T. In the DP450/DP450 and S275JR/S275JR material pairs, there
was compatibility between the welding wire and the base materials, resulting in welding
strength that was the same as or higher than the base material strength.

3.3.3. Bending Tests

To determine the deformation of the weld zones and base metals, a 90◦ bending
test was applied after welding on similar and dissimilar Protection 600T, DP450, and
S275JR materials. Bending test results are given in Table 6. The bending forces of 16.7 ± 0.4,
11.0 ± 0.2, and 9.3 ± 0.3 kN for the Protection 600T, DP450, and S275JR unwelded specimens
and 16.8 ± 0.1, 11.6 ± 0.9 and 10.4 ± 0.7 kN for the welded specimens, respectively, were
close to each other. This indicates that the welding process was performed with high
efficiency and the weld zone behaved similarly to the base material during the bend test.
In dissimilar materials, however, it was determined that the bending force significantly
decreased. This is likely due to the weld zone consisting of two different materials, leading
to crack formation/propagation in the transition zones.

Table 6. Maximum bending test results of welded and unwelded (base material) samples.

Material Pairs Max. Bending Force (kN)

Ba
se

m
at

er
ia

l Protection 600T 16.7 ± 0.4

DP450 11.0 ± 0.2

S275JR 9.3 ± 0.3

Si
m

ila
r

m
at

er
ia

l Protection 600 T/Protection 600T 16.8 ± 0.1

DP450/DP450 11.6 ± 0.9

S275JR/S275JR 10.4 ± 0.7

D
is

si
m

ila
r

m
at

er
ia

l Protection 600 T/DP450 10.7 ± 0.1

Protection 600 T/S275JR 9.4 ± 0.1

DP450/S275JR 8.2 ± 0.4

3.3.4. Charpy V-Notch Tests

As a result of the CVN test, the impact energies of the base metals were found to
be 75 ± 2.7 for Protection 600T, 85 ± 3.4 for DP450, and 32 ± 1.2 for S275JR. CVN test
on welded samples was carried out by preparing samples from the weld zone and HAZ.
Table 7 gives the impact energy values as a result of the CVN test after samples taken
from HAZ 1, HAZ 2, and the welding area. While the impact energy values (87.3 ± 1.6
and 44.3 ± 1.3) for the HAZ region of Protection 600 T (1) and S275JR (3) materials were
higher than the base material, the impact energy value (75.8 ± 8.4) for the HAZ region of
DP450 (2) decreased. There was a decrease in the impact energy of the samples taken from
the Protection 600 T, DP450, and S275JR welding area (57.0 ± 1.5, 85 ± 3.4, and 32 ± 1.2,
respectively). This is due to the fact that the welding wire added to the welding zone
affected the microstructure. After welding different material pairs, CVN experiments were
carried out in three different regions: the weld zone and the HAZ of each material. It has
been determined that in the Protection 600 T/S275JR and DP450/S275JR material pairs,
the impact energy in the HAZ region of S275JR increased compared to the base material.
The reason for this is that the martensite phase was formed along with the ferrite and
pearlite phase in the HAZ region of S275JR under the influence of heat. A decrease in the
impact energies of the samples taken from the Protection 600 T and DP450 HAZ region
and the welding region of all material pairs was determined. The fracture surfaces of the
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selected samples after the CVN impact test are given in Figure 14. While fracture occurred
in Protection 600T/Protection 600T material pair after CVN, no rupture occurred in other
welded specimens. A ductile fracture was observed in all samples.

Table 7. Impact energy after HAZ 1, HAZ 2, and welding zone Charpy V-notch test.

Material Pairs HAZ 1 Welding Zone HAZ 2

1 Protection 600 T/Protection 600T 87.3 ± 1.6 57.0 ± 1.5 -
2 DP450/DP450 75.8 ± 8.4 55.7 ± 0.2 -
3 S275JR/S275JR 44.3 ± 1.3 25.9 ± 2.3 -
4 Protection 600 T/DP450 47.1 ± 1.0 37.9 ± 6.2 55.1 ± 7.6
5 Protection 600 T/S275JR 69.7 ± 4.6 48.79 ± 1.7 40.4 ± 1.2
6 DP450/S275JR 60.1 ± 2.0 46.47 ± 1.8 51.0 ± 0.9

Figure 14. Fracture surfaces of selected samples after Charpy V-notch test.

4. Discussion

Joining materials with different properties is one of the significant issues in the industry
since it enhances the functionality and efficiency of designs. Since dissimilar metal materials
cannot be produced in the same process and do not have the same properties, they are
joined using different methods. In this study, welding of three types of materials in both
similar and dissimilar material combinations was aimed, and their welding capabilities
were examined both mechanically and microstructurally.

The different grades of steel materials used in the experiments are Protection 600T,
DP450, and S275JR general structural steel. The GMAW method was employed to join the
steel materials. The thickness of the steel plates was 5 mm. Prior to welding, preparations
were made by opening welding grooves (V 60◦ and 2 mm root gap), and welding procedures
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were applied using a multi-pass technique. Pre-welding preparations and post-welding
quality control procedures are given in Figure 1.

In hardness measurements, the hardness values of the base materials were determined
as 526.5 HV for Protection 600T, 153.8 HV for DP450, and 162.5 HV for S275JR. In similar
materials (Figure 11a–c), a decrease in hardness was observed as approaching HAZ, while
an increase in hardness was identified in the weld zone due to the effect of the welding wire.

The decrease in the hardness observed in the HAZ can be explained by the grain
growth in the microstructure due to the influence of heat. The microhardness values in the
weld zone were determined as 619 HV for Protection 600T, 259 HV for DP450, and 236 HV
for S275JR. In dissimilar materials (Figure 11d,e), an increase in hardness was observed
when passing from Protection 600T to the weld zone, while a decrease in hardness occurred
when transiting to the other material. This decrease is believed to be due to the relatively
lower hardness of the DP450 and S275JR materials. In the DP450/S275JR material pair,
microhardness values were determined as weld zone (249 HV/271 HV, respectively) and
base metal (168 HV/163 HV, respectively).

Zhang et al. conducted post-weld mechanical tests in their study on laser welding of
Nano-Scale Precipitation-Strengthened (NPS) steels. They noted that the highest value in
microhardness measurements was in the weld zone, followed by the HAZ, and the lowest
value was in the base material. The reason for this is that the elements in the new phase
formed in the source region do not have time to precipitate and form the second phase
due to the cooling rate. As a result, the elements remaining in the phase dissolve to a large
extent in the alloy, causing the solid solution to strengthen after welding [45].

Tensile test results of DP450/DP450, S275JR/S275JR, and DP450/S275JR materials
show that the welding was carried out successfully. The obtained welding strength effi-
ciency of 100% in the tensile test demonstrates the successful joining observed in both macro
and microstructures. In the welded joints of DP450 and S275JR materials, fracture occurred
in the DP450 material. The strength of welding area was higher than DP450 material. In
this case, it can be said that the DP450 and S275JR material pair are compatible with each
other and with the welding wire, resulting in improved mechanical properties. The rupture
in the welded joints of the Protection 600T/Protection 600T material pair occurred in the
welding area. Although Protection 600T had higher strength (2141.98 MPa), the desired
strength could not be achieved in the welding area due to the mechanical properties of the
welding wire (550–670 MPa).

In the case of joining Protection 600T with DP450 and Protection 600T with S275JR
materials, a similar situation has been observed. In the DP450/Protection 600T material
pair, an increase in the martensitic phase in the microstructure was observed in the weld
area, while the existing austenite and ferrite phases in the structure had relatively increased
ductility. In the samples welded with Protection 600T and S275JR, although the tensile
strength increased, the toughness decreased and an increase in hardness and strength was
detected. The DP450/S275JR welded joint has shown positive results that it can be used
successfully in different applications (transportation, vehicle body manufacturing, etc.).
Protection 600T/DP450 welded joints (with the armor feature of Protection 600T and the
formability of DP450 steel) can be used for military purposes.

Bending tests provide important information about the deformation capabilities of
welded joints and the ductility and toughness of the welded joints. In the bending test,
the deformation resulting from the applied force is converted into data. The curvature of
the deformed samples obtained as a result of the test gives an idea about the deformation
ability. Bending test results were determined as 16.7 kN, 11.0 kN, and 9.3 kN for Protection
600T, DP450, and S275JR unwelded samples and 16.8 kN, 11.6 kN, and 10.4 kN for welded
samples, respectively. According to these results, it was determined that the bending
strength of the welded samples was better than the base material. Welding has been
conducted successfully on similar materials. In dissimilar materials, the bending force
remained below the base material performance. It can be said that this is because the
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welding area consists of two different materials and the transition zones cause crack
formation/crack propagation.

Charpy impact tests were carried out at 21 ◦C room temperature, and impact strengths
were compared with samples prepared from the weld zone and the HAZ. For similar
materials (Protection 600 T and S275JR), the impact energy values in the HAZ increased
compared to the base material, while in DP450, the impact energy value decreased in the
HAZ. In these material pairs, there was a decrease in the impact energy of the samples
taken from the welding area. In the Protection 600 T/S275JR and DP450/S275JR material
pairs, it was determined that the impact energy in the HAZ of S275JR increased compared
to the base material.

A decrease in the impact energies of the samples taken from the HAZ of the Protection
600 T/DP450 material pair and from the weld area of all dissimilar material pairs was
determined. Impact toughness is affected by many parameters. The most important
factor affecting impact toughness is the irregular distribution in the microstructure in
the weld area. The impact toughness value of welded joints is directly related to ferrite,
bainite content and grain size [46]. Therefore, in the study, different impact strengths were
measured in impact notch samples taken from different regions.

5. Conclusions

This study examined the joinability of Protection 600T, DP450, and S275JR steels,
which have different mechanical and microstructural properties, using the GMAW method.
Weld joints of base materials and similar/dissimilar steels were analyzed by mechanical
tests and optical examination. The obtained results are presented below.

The welding efficiency of Protection 600T, DP450, and S275JR, which are similar
material pairs, was determined as 49.4%, 103.05%, and 99.76%, respectively. The reason
why the efficiency is relatively low in Protection 600T is that the welding strength depends
on the mechanical properties of the additional welding wire. In this study, welding of
similar material pairs was successfully achieved.

In dissimilar material pairs (Protection 600T/S275JR, Protection 600T/DP450, and
DP450/S275JR), the welding efficiency was determined as 19.3/81.34%, 16.87/72.01%,
and 105.5/103.5%, respectively. The welding of the DP450/S275JR material pair was
successfully achieved.

In the DP450/DP450, S275JR/S275JR, and DP450/S275JR pairs, it was determined that
there was microstructure compatibility between the welding wire and the base materials.
Therefore, the strength of the base material and welded samples was the same or higher.

The microhardness of the base materials was determined as 526.5 ± 10.5, 153.8 ± 1.8,
and 162.5 ± 5.2 HV for Protection 600T, DP450, and S275JR, respectively. An increase in
hardness values in the HAZ and welded zone was determined in all welded samples. After
the tensile test, it was observed that the rupture in the welded joints occurred from the side
with relatively low strength in the material pairs.

As a result of the CVN test, while there was an improvement in the HAZ in the
welding of similar materials, there was a decrease in the absorbed energy values in the
samples taken from the welding area. In dissimilar materials, there was an increase in
the HAZ and welded zone compared to the S275JR material, while there was a decrease
compared to the other two materials. As a result of the bending test, the bending force in
welded similar material pairs was improved compared to the base material. There was a
decrease in bending force in dissimilar materials.
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Abstract: Small differences in the contents of surface active elements can change flow direction and
thus heat transfer, even for different batches of a given alloy. This study aims to determine the effects
of sulfur on weld bead morphology in the laser process. The paper presents the results related to
the weld bead shape of two thin AISI 304 industrial stainless steel casts. One cast contains 80 ppm
(0.008%) of sulfur, considered as a high sulfur content, and the other one contains 30 ppm (0.003%)
sulfur, which can be considered low sulfur. The welds were executed using a CO2 laser. The effects of
laser power (3.75, 3.67, 6 kW), welding speed (1.25, 2.40, 2.45, 3.6 m/min), focus point position (2,
7, 12 mm), and shield gas (Helium, mixed 40% helium + 60% argon and mixed 70% helium + 30%
argon) with a flow rate of 10 L/min on the depth of the weld (D) and the aspect ratio (R = D/W)
were investigated using RSM (response surface methodology). The experimental results show that
the transfer of energy from the laser beam to the workpiece can be total in cases where the selected
welding parameters prevent plasma formation. For the 304 HS cast, the focus point is the major factor
in determining the depth of penetration, and its contribution is up to 52.35%. However, for 304 LS, the
interaction between shield gas and focus point seems to play an important role, and the contribution
of their interaction raises to 28% in relation to the laser depth of the weld. Moreover, the study shows
that sulfur plays a surface-active role only in the case of partial penetration beads, so that a 56%
partially penetrated weld supports the hypothesis of its surface-active role in the formation of the
weld pool. However, a penetration of only 36% confirms the effects of a sulfur surface-active when
the bead is fully penetrated.

Keywords: laser welding; AISI 304 SS casts; surfactant elements; marangoni convection; RSM

1. Introduction

Nowadays, laser welding is widely used in many industries, such as in automobiles,
aircraft, marines, shipbuilding and aviation. Laser welding is used in modern industry,
and has many advantages such as less distortion, greater deep weld bead, and narrow
welds compared to traditional welding technologies. As the beam can be concentrated in a
small area, it provides a concentrated heat source, leading to narrow and highly penetrated
welds [1,2]. Laser welding can be performed without filler materials and single-pass
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laser procedures have been employed in materials of up to 32 mm thick. This technique
is strongly recommended for use on welding zones requiring high precision and high
quality. The laser can be readily mechanized for automated, high-speed welding. Laser
welding is a technique that meets the requirements of modern manufacturing in terms of
the repeatability of the process and its easy automation. The lasers predominantly used in
industrial material processing and welding tasks are the 1.0 μm YAG laser and the 10.6 μm
CO2 laser, with the most common active elements employed in these two types of lasers
being neodymium (Nd) ion and CO2 molecule, respectively [3]. Laser welding processes
are classified as focused heat source or high-intensity and high-energy beams. Laser beam
welding is one of the most promising welding techniques owing to the higher welding
speeds it offers, and the lower dimensions and distortions in the welds. Moreover, its
high strength-to-weld geometries and minimal heat-affected zones make it advantageous
for various industrial applications. Lasers are characterized by requiring less time, which
implies a lower labor cost.

The most commonly used casts of stainless alloys are austenitic steels, known as
8–18 types, which contain 16 to 18% Cr, 6–8% N and 0.03–0.1% C. Austenitic stainless
steels are widely used for different applications in the chemical, petrochemical, food
processing and nuclear industries, given their good mechanical and plastic properties.
Austenitic stainless steels are widely used in a variety of applications owing of their
corrosion resistance, good ductility, toughness, and ease of manufacture. The 300 series
alloys designated by the American Iron and Steel Institute (AISI) are the most widely used
of the austenitic casts. Stainless steels can generally be welded with all methods of fusion
welding and solid-state welding [4,5].

The soundness of the weld is intimately related to multiple input parameters. The
mastering of these inputs leads to welds with fewer defects. Finding out the optimal
combinations is the main target in any research study, and finding the effective combinations
is essential [6]. The optimization of welding conditions is useful in order to achieve good
properties in the joints. Many researchers have applied various optimization methods
to define the desired output variables, by developing mathematical models to specify
the relationship between depth and welding parameters. Sampreeta et al. [7] examined
bead-on-plate welding on Hastelloy C-276 plates of 1.6 mm thickness using the CO2 laser
welding process. The welding was performed based on the Taguchi L9 design, considering
laser power, welding speed and the flow rate of the shielding gas as input parameters.
They found that a laser power of 1600 W, welding speed of 2 m/min and shielding gas
flow rate of 10 L/min gave the best results. Using analysis of variance (ANOVA), it was
found that laser power is the most influential parameter on the quality of the welds.

Another study conducted by Sathiya et al. [8] was dedicated to the optimization of
laser bead-on-plate welding parameters with a 3.5 kW laser using Taguchi technique. The
experiments were conducted on two different shielding gases: 100% nitrogen and a gas
mixture of 50% nitrogen and 50% argon. The most suitable input process parameters,
such as beam power, travel speed and focus position, were selected in order to obtain
the desired output, i.e., bead width and depth of penetration. They concluded that beam
power (42.35%) has a greater influence on welding, followed by focus position (27.48%)
and travel speed (19.07%), when 100% nitrogen shielding gas is used. However, when a
mixed gas (50% N, 50% Ar) was tested, they found that the travel speed (35.06%) has more
influence on the welding, followed by focus position (29.71%) and beam power (28.81%).
Anawa et al. [9] successfully applied a CO2 laser welding process and optimized the process
parameters for joining dissimilar AISI 316 stainless steel and AISI 1009 low carbon steel
plates. RSM was used to develop the mathematical models employed to predict the heat
input and to describe the laser weld bead profile for a continuous wave 1.5 kW CO2 laser.
In their study, the laser input parameters, such as laser power, welding speed and focused
position, were taken into consideration. Benyounis et al. [10] conducted a study to optimize
autogenous laser welded joints to get the maximum penetration, and the minimum fusion
zone width and heat-affected zone width. In order to achieve these objectives, the authors
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developed a mathematical model and optimized the weld bead profiles. Several studies
have confirmed the preponderant role played by surface active elements such as Se, Te, O,
and S in the determination of the weld bead [11,12]. These studies, most of which were
carried out in TIG (tungsten inert gas), show that a sulfur-rich cast presents a narrow and
deep weld appearance. Contrarily, a cast free of sulfur presents a wide and more shallow
bead [13]. In spite of the large amount of literature available on the effects of surfactant
elements on TIG welding, very little work has been reported so far on the effects of the
above-mentioned element during laser welding. Zhao et al. [14] were interested in the
effects of adding oxygen as a surfactant on convection molten metal. Stainless steel samples
were subjected to laser spot welding in an environmentally controlled chamber in order to
observe fluid flow behavior and examine the influence of oxygen concentration on the flow.
Transitions in fluid flow direction were observed during laser spot welding, whereby an
initial outward flow changed to an inward flow in the presence of an oxidizing atmosphere.
This behavior can be explained in terms of changes in surface tension gradients driven
by oxygen dissolution in the liquid metal. Flow reversal only occurs in the presence of
sufficient environmental oxygen. CO2 lasers are still the predominant type of laser used
in the manufacturing industry, and in the higher power ranges in particular. Conduction
mode welding occurs when heat is transferred from the surface into the material via thermal
conduction. Conduction welding is made possible when the absorbed energy is sufficient to
melt the weld zone, but insufficient for vaporization and plasma formation [15,16]. On the
other hand, keyhole welding represents a type of welding wherein the laser beam energy is
transferred deep into the material through a cavity filled with ionized metal vapor.

In simulations of heat conduction laser welding, the effect of the temperature-dependent
surface tension coefficient (Marangoni effect) was identified as the primary driving force
of the liquid melt. This coefficient is the most important driving force of the melt in con-
ventional welding. In this study, the simulations show large differences in flow behavior
caused merely by inverting the temperature dependency of γ(T). Therefore, the Marangoni
effect is very important in deep laser welding. The simulations confirm and clarify the
observed variations in weld bead geometry that arise due to very different flow patterns.
These differences result from the marginal fluctuations in the chemical composition within
the tolerance of the standard defining the material composition of a special alloy [17].
C. R. Heiple et al. [18] confirmed that the addition of small concentrations of a surface
active element (Se) to stainless steel dramatically increased the D/W ratio of a severely
defocused and decoupled laser weld. A defocused laser weld strongly supports the surface
tension-driven fluid flow model.

Kaul et al. [19] studied the effects of the active flux laser beam welding of austenitic
stainless steel sheets on plasma plume. Laser welding using SiO2 flux significantly modi-
fied the shape of the fusion zone (FZ), which produced narrower and deeper welds. The
development of such a weld bead is caused by a reversal in the direction of the Marangoni
flow caused by the oxygen-induced inversion of surface tension gradient. Ding et al. [20]
reported that both the surface-activating flux and surface active element S produce sig-
nificant effects on the YAG laser weld shape in terms of increased weld penetration and
depth/width ratio. Su et al. [21] reported that the CO2 LBW (laser beam welding) of AISI
304 stainless steel sheets with active flux resulted in an increased weld depth through a
decrease in the electron density of the plasma plume. In contrast, active flux had little effect
on the depth of Nd:YAG laser welds [22]. The direction of the convective (or Marangoni)
flow in the weld pool is governed by the sign of the surface tension gradient dγ/dT.

The research focuses on weldability problems related to the cast-to-cast variation in
the weld pool geometry and penetration between materials with almost the same chemical
compositions. The aim of our study is to analyze the influence of the basic parameters
of laser welding (i.e., laser beam power, welding speed, shield gas types and focal point
position) on the weld shape. This study is conducted on two industrial casts comprising
AISI 304 austenitic stainless steel sheets of 3.0 mm thickness. The RSM optimization
method is used to develop a mathematical model of depth and aspect ratio in terms of
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welding parameters. The optimal surface design in terms of response is used to design the
experiment. The model required 15 points, and another 15 points were added randomly
to increase the model efficiency using Design Expert Software. After performing the
multi-regression analysis using Design Expert software, equations were obtained.

The laser welding parameter plays an important role in the quality of the weld, and
hence the quality of the joint produced in industry. These results reveal the welding
conditions that allow the surface active elements to play their fullest role. Furthermore, the
results obtained in this study offer interesting data for researchers to relate the heat applied
(welding parameters) with heat the weld profile, and the ensuing changes in microstructure.
The microstructural properties are strongly affected by heat transfer and metal flow in the
weld pool.

2. Materials and Methods

2.1. Materials

Two casts of austenitic stainless steel, AISI 304 LS and AISI 304 HS, with thicknesses of
3 mm were investigated in this study. The chemical compositions are presented in Table 1.

Table 1. Chemical composition (wt. %) of 304 stainless steel casts.

Elements C Mn Si P S Cr Ni Fe

304HS SS 0.06 0.86 0.41 0.024 0.008 18.29 8.40 Balance
304LS SS 0.06 1.06 0.57 0.032 0.003 18.29 8.45 Balance

The sulfur content, thermal gradient and surface tension at melting temperature of the
casts used are given in Table 2. Figure 1 shows the evolution of surface tension versus the
temperature for both casts.

Table 2. Surface tension at melting temperature, thermal gradient and sulfur content of used casts [23].

Elements γ (N/m) at Melting Temperature dγ/dT (N/m ◦K) Sulfur Content (%)

304HS SS 1.62 +8 × 10−5 0.008
304LS SS 1.74 −10−5 0.003

 

Figure 1. Surface tension against temperature of 304 SS casts [23].

The surface tension of the liquid metal is dependent upon its temperature, and there-
fore dependent upon the distance from the center of the weld pool, since a molten weld
pool has a radial temperature gradient such that the highest temperature is directly beneath
the source of heat, and the lowest is at the solid–liquid interface. The combination of
the dependence of the surface tension (γ) on the temperature (T) and the presence of a
temperature gradient causes a surface tension gradient (dγ/dT) even in a small region.
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Figure 1 represents the variation in surface tension against temperature in the center of
the weld pool. In molten metal, in the case of a 304 LS cast, a decrease in the surface tension
as the temperature increases is ascribed to the absence or quasi-absence of surfactants
(30 ppm of Sulfur). In the case of 304 LS, the slope is negative (the temperature coefficient
of the surface tension is negative).

However, in 304 HS (with 80 ppm), by contrast, the surface tension is highest at the
center. As the melting point is reached, the molten metal flows from the center to the edge.
Sulfur is a strongly surface-active element that segregates in the surface layer and reduces
surface tension. However, as the temperature increases, sulfur desorbs into the bulk of the
liquid metal, causing an increase in surface tension. This applies to alloys with a sulfur
content greater than 50 ppm [24,25]. The surface tension will be highest at the center and
thus the surface flow will be radially inward, and this will induce a downward flow in the
center, called inverse Marangoni convection. In the case of 304 HS, the slope is positive
(positive temperature coefficient of surface tension). A shallow, wide weld bead can be
obtained in low-sulfur (S) stainless steel (30 ppm); however, a deep, narrow penetration
weld is obtained in the case of a sulfur (S) content of 80 ppm.

2.2. Welding Procedure

The welding tests were carried out using the laser installation of the central school
of Nantes (France), with a carbon dioxide (CO2) laser capable of producing a maximum
output of 6 kW and emitting radiation in the infrared band of l0.6 μm and a pressure
of 100 Pa. The laser gas was composed of He + N2 + CO2. Figure 2a depicts the CO2
laser welding modes, and Figure 2b shows laser beam welding in progress, with a shiny
dazzling light.

(a) (b)

Figure 2. (a) Laser welding modes [26], (b) laser beam welding in progress [27].

Table 3 depicts the physical properties of the shield gas used. A preliminary study of
the welding parameters is necessary to adjust the specific energy supplied to the sheets.
The experiments involved welding a 120 mm line on a rectangular plate of 3 mm thickness,
150 mm length and 80 mm width. Before welding, the plates were cleaned with acetone.

Table 3. Physical properties of shield gas used.

Laser Welding
Gas

Molecular Weight
(g/mol)

Thermal
Conductivity at 1

bar, 15 ◦C
(W/m·K)

Ionization Energy
(ev)

Dissociation
Energy (ev)

Density Relative
to Air

Helium 4 0.15363 24.6 0 0.14
Argon 40 0.01732 15.8 0 1.38
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In this study, 30 tests were carried out on each cast. Four factors were considered at
different levels, as presented in Table 4. Three focus lengths were tested (+2, +7, +12 mm).
Four welding speeds were investigated (1.25, 2.40, 2.45, 3.6 m/min). Three levels of power
were applied (3.75, 3.67, 6 kW). In addition, three levels of the shield gas were considered
according to the proportion of helium (40% helium mixed with 60% of argon, 70% helium
mixed with 30% argon, and 100% helium). Figure 3 depicts the focus point positions used
during the CO2 laser beam welding experiments.

Table 4. Laser welding parameters.

Runs
Focus Point

Position (mm)
Welding Speed

(m/min)
Power (kW)

Linear Energy
(J/cm)

Shield Gas

1 2.00 1.25 3.75 180 1 (70% He + 30% Ar)
2 2.00 2.45 3.67 90 1 (70% He + 30% Ar)
3 2.00 2.40 6.00 150 1 (70% He + 30% Ar)
4 2.00 3.60 6.00 100 1 (70% He + 30% Ar)
5 7.00 1.25 3.75 180 1 (70% He + 30% Ar)
6 7.00 2.40 6.00 150 1 (70% He + 30% Ar)
7 2.00 1.25 3.75 180 2 (100% He)
8 2.00 2.45 3.67 90 2 (100% He)
9 2.00 2.40 6.00 150 2 (100% He)

10 2.00 3.60 6.00 100 2 (100% He)
11 2.00 1.25 3.75 180 3 (40% He + 60% Ar)
12 2.00 2.45 3.67 90 3 (40% He + 60% Ar)
13 2.00 3.60 6.00 100 3 (40% He + 60% Ar)
14 2.00 2.40 6.00 150 3 (40% He + 60% Ar)
15 12.00 1.25 3.75 180 2 (100% He)
16 12.00 2.45 3.67 90 2 (100% He)
17 12.00 2.40 6.00 150 2 (100% He)
18 12.00 3.60 6.00 100 2 (100% He)
19 7.00 2.40 6.00 150 3 (40% He + 60% Ar)
20 7.00 2.40 6.00 150 2 (100% He)
21 12.00 1.25 3.75 180 3 (40% He + 60% Ar)
22 12.00 2.45 3.67 90 3 (40% He + 60% Ar)
23 12.00 2.40 6.00 150 3 (40% He + 60% Ar)
24 12.00 3.60 6.00 100 3 (40% He + 60% Ar)
25 7.00 2.45 3.67 90 1 (70% He + 30% Ar)
26 7.00 2.40 6.00 150 1 (70% He + 30% Ar)
27 12.00 1.25 3.75 180 1 (70% He + 30% Ar)
28 12.00 2.45 3.67 90 1 (70% He + 30% Ar)
29 12.00 2.40 6.00 150 1 (70% He + 30% Ar)
30 12.00 3.60 6.00 100 1 (70% He + 30% Ar)

(a) (b) (c)

Figure 3. Scheme of the CO2 laser beam focus positions used: (a) focus point = 2 mm, (b) focus
point = 7 mm, (c) focus point = 12 mm.
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The surface design yielding the optimal response has been used to design this ex-
periment. The model required 15 points, and another 15 points were added randomly to
increase the model efficiency using Design Expert software. First, a series of trials were con-
ducted to master the welding parameters that were to be selected for our tests. In each test,
three coupons were cut from the welding line to ensure the reproducibility and reliability of
the results obtained. The samples were prepared by grinding, and subsequently polished,
with a diamond suspension of 6 μm and 1 μm, respectively, then etched by immersion
in Carpenters solution (8.5 gm FeCl3, 2.4 gm CuCl2, 122 mL alcohol, 122 mL HCl, 6 mL
HNO3) for macrographic analysis. The samples were observed and checked using Motic
software integrated with an optical microscope. The results of the weld aspect (depth of
penetration, weld width) represent an average of the three readings.

2.3. Mathematical Modeling

Using regression analysis, a mathematical model can be obtained that relates the out-
put responses to the function of the input parameters. After the preliminary investigation,
a mathematical formulation can be formed using the cubic polynomial relation. The cubic
or third order polynomial function can be expressed as represented in Equation (1).

Y = bo + ∑n
i=1 biXi + ∑n

j>i bijXiXj + ∑n
i=1 biiX2

i + ∑n
k>j>i bijkXiXjXk + ∑n

j>i bijXiXj
2 + ∑n

i=1 biiiX3
i + ε (1)

where Xi represents the four input factors, such that i ∈{f, s, p, g}; b represents the
coefficient corresponding to the specified terms; bo is the constant term, bi is the coefficient of
the linear terms; bij is the coefficient of the linear interaction terms and bijk is the coefficient
of the interaction terms among the linear and quadratic order; biii is the coefficient of the
cubic terms. We used Design Expert software, with the cubic model and auto selection of
terms relying on the adjusted R2.

3. Results and Discussion

3.1. 304 HS Stainless Steel Cast

Figure 4 represents the micrographs of the laser welding of high-sulfur content casts,
carried out with a power of 6 kW, a welding speed of 2.4 m·min−1, and a shield gas
comprising 70% He + 30% Ar. It shows a keyhole weld bead with a focus distance of 2 mm
and 7 mm. However, we see that the weld is partially penetrated when the focus point is
12 mm away from the workpiece.

   
(a) Focus 2 mm (b) Focus 7 mm (c) Focus 12 mm

Figure 4. Effect of focus point on 304 HS laser weld carried out with a power 6 kw, welding speed
2.4 m·min−1, and shield gas comprising 70% He + 30% Ar.

The effects of the laser welding parameters on the welds’ morphology are gathered in
Table 5, where the input (investigated) factors and responses are presented.
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Table 5. Investigated factors and the responses for 304 HS.

Runs

Investigated Factors Response Variables

Xf

(Focus Point)
(mm)

Xs

(Weld Speed)
(m/min)

Xp

(Power) (kW)
Xg

(Shield Gas Type)
Yd

Depth (mm)
Yr R (D/W)

1 2 1.25 3.75 1 (70% He + 30% Ar) 3 1.6

2 2 2.45 3.674 1 (70% He + 30% Ar) 3 1.8

3 2 2.4 6 1 (70% He + 30% Ar) 3 1.42

4 2 3.6 6.001 1 (70% He + 30% Ar) 3 1.75

5 7 1.25 3.75 1 (70% He + 30% Ar) 3 1.17

6 7 2.4 6 1 (70% He + 30% Ar) 3 1.36

7 2 1.25 3.75 2 (100% He) 3 1.41

8 2 2.45 3.674 2 (100% He) 3 2.1

9 2 2.4 6 2 (100% He) 3 2.1

10 2 3.6 6.001 2 (100% He) 3 2.14

11 2 1.25 3.75 3 (40% He + 60% Ar) 3 1.14

12 2 2.45 3.674 3 (40% He + 60% Ar) 3 1.71

13 2 2.4 6.00 3 (40% He + 60% Ar) 3 1.76

14 2 3.6 6.001 3 (40% He + 60% Ar) 3 2.17

15 12 1.25 3.75 2 (100% He) 0.6 0.29

16 12 2.45 3.674 2 (100% He) 0.41 0.26

17 12 2.4 6.00 2 (100% He) 1.40 0.77

18 12 3.6 6.001 2 (100% He) 0.55 0.31

19 7 2.4 6.00 3 (40% He + 60% Ar) 2.01 0.82

20 7 2.4 6.00 2 (100% He) 1.92 0.71

21 12 1.25 3.75 3 (40% He + 60% Ar) 0.7 0.39

22 12 2.45 3.674 3 (40% He + 60% Ar) 0.4 0.28

23 12 2.4 6.00 3 (40% He + 60% Ar) 0.79 0.47

24 12 3.6 6.001 3 (40% He + 60% Ar) 0.41 0.23

25 7 2.45 3.674 1 (70% He + 30% Ar) 1.64 0.77

26 7 3.6 6.001 1 (70% He + 30% Ar) 1.96 0.73

27 12 1.25 3.75 1 (70% He + 30% Ar) 0.5 0.25

28 12 2.45 3.674 1 (70% He + 30% Ar) 0.48 0.31

29 12 2.4 6.00 1 (70% He + 30% Ar) 1.77 0.61

30 12 3.6 6.001 1 (70% He + 30% Ar) 1.91 1.08

Based on the results depicted in Table 5, the first 14 experiments gave full penetrated
welds. All the cited runs were executed with different welding speeds and powers, but
with a constant focus point of 2 mm. In this case, keyhole mode heat transfer occurred. A
high-energy density laser beam vaporizes the workpiece during the welding process to
form a hole, which allows the laser beam to penetrate into the metal to produce a deep,
narrow melt pool, thus leading to a high aspect ratio. The range of values of the weld
aspect ratio is between 1.14 and 2.17. The combination of a high ionization energy and the
high thermal conductivity of helium favors higher weld aspects in comparison to mixing
gas (He, Ar). Once the laser beam is defocussed at focus point 7 mm or 12 mm from the
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workpiece, the weld becomes partially penetrated, despite the high content of sulfur in the
cast 304 HS. The effect of sulfur as a surfactant element is hidden and not obvious.

At a high energy level, helium as well as mixed gas (70% He + 30% Ar) produces
larger weld beads than those produced under the shield gas mixture (40% He + 60% Ar).
This is attributed to the fact that helium is characterized by a high ionization potential,
which provides better protection of the weld pool by expelling the plasma and ensuring
less heat loss transfer. On the other hand, at high linear energy and under a gas mixture
with 60% argon, there is a risk of argon ionization, which causes the formation of plasma.

3.1.1. Regression Model for Weld Depth (Yd)

After performing the multi-regression analysis using Design Expert software, exclud-
ing two outliers, the mathematical model shown in Equation (2) can be obtained for the
responses variable Yd.

Yd = 7.03481 + 0.10019 Xf + 0.85970 Xs − 1.18023 Xp − 13.46056 Xg − 0.49642 Xf
Xs + 0.19418 Xf Xp + 0.52264 Xf Xg + 2.55656 Xp Xg − 0.04246 Xf

2 + 9.12357 Xg
2

+ 0.03329 Xf
2 Xs − 0.01132 Xf

2 Xp − 0.35694 Xf Xg
2 − 1.73172 Xp Xg

2
(2)

The statistical indicators specify the significance of the proposed mathematical model.
Figure 5 shows (a) the normal plot of residuals and (b) the predicted transformed data
as compared to the actual transformed data. The normal plot of residuals depicts that
the residuals (errors) are approximately normally distributed. This means the errors are
independent and random. Also, this distribution indicates the quality of the regression
model. The ANOVA results confirm the statistical significance of the proposed mathemat-
ical model, as listed in Table 6. The proposed mathematical model is significant when
F-value = 73.46 is sufficiently high. The values of R2 are as follows: obtained R2 = 0.9875,
adjusted R2 = 0.9741, and predicted R2 = 0.9438. The difference between R2 and the ad-
justed R2 is small (less than 0.2), which indicates the statistical significance of the equation.
Moreover, the signal-to-noise ratio is sufficiently high, S/N = 21.417, which shows the
adequacy of the model in representing data that can be used to design high-quality systems.

(a) (b)

Figure 5. Statistical indicators model. (a) Normal plot of residuals; (b) predicted vs. actual observa-
tions for Yd.

As regards the ANOVA results, the major contributor is the factor focus point (Xf),
which contributes about 52.35% of the data variance with a linear effect. The second
parameter is welding speed (Xs); its linear effect contributes about 9.04% of the data
variance. The third factor is Xp, which shows a percentage of 5.66%. The interaction
effect between the quadratic form (Xf) and Xs gives a contribution of about 5.54%. This
interaction effect can be seen in Figure 6a, where the contour lines are not linear. The
interaction effect between Xf and Xp is significant, with a contribution of 3.39%, as shown
in Figure 6b, where the contour lines seem to be linear. Many other terms are significant;
however, their contributions are small. For example, the quadratic from of Xf

2 shows 2.84%,
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and the interaction form (Xf Xs) shows 1.29%. Some terms give a contribution of about
1%, for example, (XpXg

2), (Xf
2 Xp), (Xf Xg

2), and (Xg
2). In this model, there are five terms

with p-value > 0.05, which indicates the statistical insignificance of these terms, which are
(XpXg), (Xf Xg), (Xg

2), (Xf Xg
2) and (Xg). However, these terms were kept in the equation to

conserve the hierarchical relation of the model, with very small coefficients.

Table 6. ANOVA results of the Yd in function of Xf, Xs, Xp and Xg.

Source
Sum of
Squares

DF
Mean

Square
F-Value p-Value

Contribution
(%)

Model 34.37 14 2.46 73.46 <0.0001
Xf 8.34 1 8.34 249.44 <0.0001 52.35
Xs 1.44 1 1.44 43.06 <0.0001 9.04
Xp 0.901 1 0.901 26.96 0.0002 5.66
Xg 0.0181 1 0.0181 0.5414 0.4749 0.11

Xf Xs 0.2058 1 0.2058 6.16 0.0275 1.29
Xf Xp 0.5393 1 0.5393 16.14 0.0015 3.39
Xf Xg 0.0189 1 0.0189 0.5658 0.4654 0.12
Xp Xg 0.0329 1 0.0329 0.9857 0.3389 0.21

Xf
2 0.4529 1 0.4529 13.55 0.0028 2.84

Xg
2 0.1326 1 0.1326 3.97 0.0678 0.83

Xf
2 Xs 0.8819 1 0.8819 26.39 0.0002 5.54

Xf
2 Xp 0.1676 1 0.1676 5.02 0.0432 1.05

Xf Xg
2 0.1376 1 0.1376 4.12 0.0634 0.86

Xp Xg
2 0.1697 1 0.1697 5.08 0.0421 1.07

Residual 0.4344 13 0.0334
Cor Total 34.8 27 15.9317

(a) (b)

Figure 6. The interaction relationships between (a) Xf and Xs and (b) Xf and Xp for Yd.

3.1.2. Regression Model for Aspect Ratio (Yr)

With the same methodology, the mathematical formulation of Yr can be formulated as
in Equation (3) after excluding two outlier points.

Yr = 0.08185 − 0.01150 Xf + 1.32215 Xs − 0.06562 Xp + 0.26042 Xg − 0.35371 Xf Xs
+ 0.14512 Xf Xp − 0.08525 Xs Xp − 0.00748 Xf

2 + 0.02270 Xf
2 Xs − 0.00942 Xf

2 Xp
(3)

The statistical indicators show the significance of the proposed formulation. As shown
in Figure 7a, the residuals are normally distributed. The residuals sit approximately around
the line, which indicates that the errors are normally distributed. Moreover, Figure 7b
shows a good distribution of the actual data against the predicted data. The ANOVA results
for Yr are listed in Table 7. As shown, the F-value of the model is high—F-value = 43.59—
with a p-value < 0.0001, which indicates the good fit of the proposed equation for modeling
the measured data. The obtained R2 = 0.9625, the adjusted R2 = 0.9404, and the predicted
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R2 = 0.9145; these good values confirm the statistical significance of the mathematical
model. The signal to noise ratio S/N = 17.725 > 4, i.e., an adequate signal. The statistics in
Figure 8a,b support the statistical significance of the proposed relation for predicting the
effects of Yr on the functions of the four parameters Xf, Xs, Xp, and Xg.

(a) (b)

Figure 7. Model statistical indicators. (a) Normal plot of residuals. (b) The predicted vs. actual observations.

Table 7. ANOVA results of the effects of Yr on the function of Xf, Xs, Xp and Xg.

Source
Sum of
Squares

DF
Mean

Square
F-Value p-Value

Contribution
(%)

Model 12.86 10 1.29 43.59 <0.0001
Xf 11.64 1 11.64 394.76 <0.0001 79.76
Xs 0.3061 1 0.3061 10.38 0.005 2.10
Xp 0.2238 1 0.2238 7.59 0.0135 1.53
Xg 0.0977 1 0.0977 3.31 0.0865 0.67

Xf Xs 0.2875 1 0.2875 9.75 0.0062 1.97
Xf Xp 0.0738 1 0.0738 2.5 0.132 0.51
Xs Xp 0.0929 1 0.0929 3.15 0.0939 0.64

Xf
2 0.0085 1 0.0085 0.2886 0.5981 0.06

Xf
2 Xs 0.41 1 0.41 13.9 0.0017 2.81

Xf
2 Xp 0.134 1 0.134 4.54 0.0479 0.92

Residual 0.5014 17 0.0295
Cor Total 13.36 27 14.5938

(a) (b)

Figure 8. The interaction relationships between (a) Xf and Xs and (b) Xf and Xp for Yr.

Concerning the different terms of the equation, only ten terms are kept in the equation.
The ANOVA results show the statistical significance of the linear terms. The factor Xf is
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responsible for the main effect, which contributes about 80% of the variance. The effects
of the other variables are small compared to Xf. The second contributor is the third-order
term (Xf

2 Xs), which contributes with only 2.81%. The interaction relationships between Xf
and Xs are shown in Figure 8a. This figure shows that the contour lines are not linear. The
other statistically significant terms represent Xs, Xf Xs, Xp, and Xf

2 Xp, which contribute,
respectively, to 2.1%, 1.97%, 1.53%, and 0.92%. As shown in Figure 8b, the interaction
relationships between Xf and Xp are weak and nonlinear. There are four insignificant terms
that are kept to conserve the hierarchy of the equation, which include Xg, Xs Xp, Xf Xp,
and Xf

2.

3.2. 304 LS Stainless Steel Cast

Figure 9 shows micrographs of the laser welding of a high-sulfur content cast, carried
out with a power of 3.674 kw, a welding speed of 2.450 m·min−1, and a shield gas com-
prising 70% He + 30% Ar. It produces a keyhole weld bead with focus distance of 2 mm.
However, the weld is partially penetrated when the focus point is 7 mm or 12 mm from the
workpiece.

(a) Focus 2 mm. (b) Focus 7 mm. (c) Focus 12 mm.

Figure 9. Effect of focus point on 304 LS laser weld carried out with a power of 3.674 kw, a welding
of speed 2.450 m·min−1, and a shield gas comprising 70% He + 30% Ar.

The effects of the laser welding parameters on the welds’ morphology are gathered in
Table 8, which represents the investigated factors and the responses. We can specifically
see that all the welds are partially penetrated. The weld is determined by the thermal
conduction mode and surface tension-driven fluid flow in the weld pool. Marangoni
convection forces the molten fluid to move from the center to the edges. The welds
executed with a 2 mm focus point show greater penetration. Among the 30 experiments,
only 7 gave aspect ratio values greater than 1, and the remaining results were all less than
1. These results confirm that the 304 LS welds were wider.

Table 8. Investigated factors and the responses for 304 LS.

Runs

Investigated Factors Response Variables

Xf

(Focus Point)
(mm)

Xs

(Weld Speed)
(m/min)

Xp

(Power kW)
Xg

(Shield Gas Type)
Yd

Depth (mm)
Yr R(D/W)

1 2 1.25 3.75 1 (70% He + 30% Ar) 1.80 0.84

2 2 2.45 3.674 1 (70% He + 30% Ar) 2.75 1.06

3 2 2.4 6 1 (70% He + 30% Ar) 1.27 0.66

4 2 3.6 6.001 1 (70% He + 30% Ar) 1.26 1.01

5 7 1.25 3.75 1 (70% He + 30% Ar) 1.75 0.64

6 7 2.4 6 1 (70% He + 30% Ar) 1.59 0.70
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Table 8. Cont.

Runs

Investigated Factors Response Variables

Xf

(Focus Point)
(mm)

Xs

(Weld Speed)
(m/min)

Xp

(Power kW)
Xg

(Shield Gas Type)
Yd

Depth (mm)
Yr R(D/W)

7 2 1.25 3.75 2(100% He) 1.60 0.88

8 2 2.45 3.674 2(100% He) 0.80 0.51

9 2 2.4 6 2(100% He) 1.32 0.75

10 2 3.6 6.001 2(100% He) 1.26 1.01

11 2 1.25 3.75 3(40% He + 60% Ar) 1.07 0.61

12 2 2.45 3.674 3(40% He + 60% Ar) 1.12 0.59

13 2 2.4 6.00 3(40% He + 60% Ar) 0.82 0.65

14 2 3.6 6.001 3(40% He + 60% Ar) 1.24 1.02

15 12 1.25 3.75 2(100% He) 0.52 0.24

16 12 2.45 3.674 2(100% He) 0.37 0.22

17 12 2.4 6 2(100% He) 0.77 0.38

18 12 3.6 6.001 2(100% He) 0.39 0.21

19 7 2.4 6.00 3(40% He + 60% Ar) 1.24 0.65

20 7 2.4 6.00 2(100% He) 0.69 0.34

21 12 1.25 3.75 3(40% He + 60% Ar) 0.32 0.16

22 12 2.45 3.674 3(40% He + 60% Ar) 0.90 0.37

23 12 2.4 6 3(40% He + 60% Ar) 0.39 0.18

24 12 3.6 6.001 3(40% He + 60% Ar) 2.62 1.48

25 7 2.45 3.674 1 (70% He + 30% Ar) 2.65 1.20

26 7 3.6 6.001 1 (70% He + 30% Ar) 1.86 0.66

27 12 1.25 3.75 1 (70% He + 30% Ar) 1.53 0.58

28 12 2.45 3.674 1 (70% He + 30% Ar) 1.5 1.07

29 12 2.4 6 1 (70% He + 30% Ar) 1.76 0.66

30 12 3.6 6.001 1 (70% He + 30% Ar) 1.80 0.70

3.2.1. Regression Model for Weld Depth (Yd)

The weld depth (Yd) can be modeled as a function of the four parameters using the
following equation, after excluding one outlier point:

ln(Yd) = +1.93616 − 0.598436 Xf − 1.59819 Xs + 0.123277 Xp − 2.16420 Xg + 0.465780 Xf
Xs − 0.146866 Xf Xp + 1.93070 Xf Xg + 0.145050 Xs Xp − 0.020255 Xf

2 + 1.74479 Xg
2 −

0.019693 Xf Xs Xp − 0.027802 Xf
2 xs + 0.015243 Xf

2 Xp − 1.40293 Xf Xg
2

(4)

The obtained F-value = 21.51 and p-value < 0.0001, which indicates the statistical
significant of the mathematical model. There is only a 0.01% chance that an F-value could
occur due to noise. Moreover, the obtained value R2 = 0.9556, the adjusted value R2 = 0.9112,
and the S/N = 17.388 indicate a satisfactory fitting of the proposed equation to the data. The
accuracy of the mathematical model can be represented by plotting the predicted against
the experimental data, as shown in Figure 10b, and by interpreting the normal plot of the
residuals shown in Figure 10a. There is a small difference in some points between the
experimental and predicted data.
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(a) (b)

Figure 10. Model statistical indicators. (a) Normal plot of residuals. (b) The predicted observations
vs. actual observations.

The ANOVA results are shown in Table 9. They indicate the statistical significance
of most of the equation terms. Any term with p-value < 0.05 is considered as statistically
significant. One can notice that the interactions between the variables and the higher orders
are significant. In this case, xf, xf xp, xf

2, xg
2, xf

2xs, xf
2xp and xf xg

2 are significant model
terms. Values greater than 0.1 indicate that the model terms are not significant. Also, the
lack of fit is insignificant, as it confirms the statistical significance of the proposed model as
regards its ability to express the effect of the four parameters on the depth.

Table 9. ANOVA results for Yd.

Source
Sum of
Squares

DF
Mean

Square
F-Value p-Value

Contribution
(%)

Model 9.30 14 0.6640 21.51 <0.0001
Xf 0.5273 1 0.5273 17.08 0.0010 6.78
Xs 0.0772 1 0.0772 2.50 0.1360 0.99
Xp 0.0752 1 0.0752 2.44 0.1409 0.97
Xg 0.0030 1 0.0030 0.0971 0.7599 0.04

Xf Xs 0.0798 1 0.0798 2.58 0.1302 1.03
Xf Xp 0.1583 1 0.1583 5.13 0.0399 2.04
Xf Xg 0.0419 1 0.0419 1.36 0.2633 0.54
Xs Xp 0.0006 1 0.0006 0.0189 0.8925 0.01

Xf
2 0.2259 1 0.2259 7.32 0.0171 2.90

Xg
2 2.86 1 2.86 92.57 <0.0001 36.77

Xf Xs Xp 0.1094 1 0.1094 3.54 0.0807 1.41
Xf

2 Xs 0.3076 1 0.3076 9.97 0.0070 3.95
Xf

2 Xp 0.4566 1 0.4566 14.79 0.0018 5.87
Xf Xg

2 2.16 1 2.16 69.84 <0.0001 27.77
Residual 0.4321 14 0.0309

Lack of Fit 0.3837 12 0.0320 1.32 0.5094 not significant
Pure Error 0.0484 2 0.0242
Cor Total 9.73 28

The major contributor is factor Xg
2, which contributes about 36% of the data variance

with a linear effect. The second parameter is Xf Xg
2; its linear effect contributes about 27%

of the data variance. The third factor is Xf, which contributes a percentage of 6.78%. The
interaction effect between the quadratic form Xg and Xf gives a contribution of about 2.5%.
This interaction effect can be inferred from Figure 11a, where the contour lines are not
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linear. The interaction effect between Xf and Xp is significant, with a contribution of 3.2%,
as shown by Figure 11b. The interaction effect between Xs and Xf is significant, with a
contribution of 3.5%, as shown in Figure 11c.

(a) (b)

(c)

Figure 11. The interaction relationships between (a) Xf and Xg, (b) Xf and Xp and (c) Xf and Xs.

3.2.2. Regression Model for Aspect Ratio (Yr)

The ratio can be modeled as a function of the four parameters, as is written in Equation
(5) after excluding one outlier point:

Yr = −0.611 + 0.1327 Xf + 0.0677 Xs + 0.0052 Xp + 2.8902 Xg − 0.012 Xf
2 xp − 2.004Xg

2 (5)

The statistical indicators show the weak significance of the effects of the model’s
parameters on Yr. The proposed mathematical model can be used to represent Yr, where
F-value = 6.98 and p-value = 0.0003. However, the obtained value R2 = 0.6556, the adjusted
value R2 = 0.5617, and the signal to noise ratio S/N = 8.094 indicate a satisfactory fitting
of the proposed equation to the data. The accuracy of the mathematical model can be
represented by plotting the predicted against the experimental data, as shown in Figure 12b,
and in the form of a normal plot of the residuals, as shown in Figure 12a. There is a
difference in some points between the experimental and the predicted data. The ANOVA
results are shown in Table 10, and these indicate the statistical significant of the equation
terms. The main effect on Yr is related to the variation in the focus point Xf. There is no
interaction between the factors. The variation in Yr is mainly related to the linear variation
of Xf and the quadratic variation of Xf and Xg.
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(a) (b)

Figure 12. Model statistical indicators. (a) Normal plot of residuals. (b) The predicted observations
vs. actual observations.

Table 10. ANOVA results for Yr.

Source
Sum of
Squares

df
Mean

Square
F-Value p-Value

Contribution
(%)

Model 1.58 6 0.2637 6.98 0.0003 significant
Xf 0.7805 1 0.7805 20.66 0.0002 49.83
Xs 0.0469 1 0.0469 1.24 0.277 2.99
Xp 0.0006 1 0.0006 0.0157 0.9015 0.04
Xg 0.0108 1 0.0108 0.287 0.5975 0.69
Xf

2 0.235 1 0.235 6.22 0.0206 15.00
Xg

2 0.1765 1 0.1765 4.67 0.0418 11.27
Residual 0.831 22 0.0378

Lack of Fit 0.8022 20 0.0401 2.79 0.2972 not significant
Pure Error 0.0288 2 0.0144
Cor Total 2.41 28

As shown in Table 10, the major contributor is the factor Xf, which contributes to
almost 50% of the data variance, with a linear effect. The interaction effect between Xf and
Xg can be seen in Figure 13a. It shows a contribution of 0.8%, as the contour lines are not
linear. The interaction effect between Xf and Xp is not significant, with a contribution of 1%,
as shown in Figure 13b.

(a) (b)

Figure 13. The interaction relationships between (a) Xf and Xg and (b) Xf and Xp.
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3.3. Contributions of Surface Active Elements to AISI 304 CO2 Laser Weld Morphology

In total, 30 tests were carried out on both casts 304 HS and 304 LS. All the tests carried
out on the 304 LS led to partial-penetration welds. However, only 14 welds carried out on
304 HS were fully penetrated welds, as depicted in Table 11.

Table 11. Depth penetration and width weld bead measurements for 304 HS and LS casts.

Exp. #

Cast 304 HS Cast 304 LS

Occurrences of
the Mechanism

Proposed by C.R
Heiple et al. [18]

Inverse Marangoni Convection Marangoni Convection

Weld
Depth

(D) (mm)

Weld
Width

(W) (mm)

Full Weld
Penetration
(F.P)/Partial
Penetration
Weld (P.P)

Weld
Depth

(D) (mm)

Weld
Width

(W) (mm)

Full Weld
Penetration
(F.P)/Partial
Penetration
Weld (P.P)

1 3 1.88 F.P 1.80 2.14 P.P Yes
2 3 1.67 F.P 2.75 2.6 P.P Yes
3 3 2.1 F.P 1.27 0.66 P.P No
4 3 1.71 F.P 1.26 1.25 P.P No
5 3 2.56 F.P 1.75 2.73 P.P Yes
6 3 2.2 F.P 1.59 2.07 P.P No
7 3 2.13 F.P 1.60 1.82 P.P No
8 3 1.42 F.P 0.80 1.57 P.P Yes
9 3 1.42 F.P 1.32 1.76 P.P Yes
10 3 2.63 F.P 1.26 1.01 P.P No
11 3 2.63 F.P 1.07 0.61 P.P No
12 3 1.75 F.P 1.12 1.25 P.P No
13 3 1.70 F.P 0.82 1.26 P.P No
14 3 1.38 F.P 1.24 1.21 P.P No
15 0.6 2.06 P.P 0.52 2.17 P.P Yes
16 0.41 1.58 P.P 1.55 1.22 P.P No
17 1.40 1.80 P.P 0.77 2.02 P.P Yes
18 0.55 1.77 P.P 0.39 1.86 P.P Yes
19 2.01 1.91 P.P 1.24 2.45 P.P Yes
20 1.92 2.03 P.P 0.69 2.70 P.P Yes
21 0.7 1.78 P.P 0.32 1.94 P.P Yes
22 0.4 1.43 P.P 0.90 2.43 P.P No
23 0.79 1.69 P.P 0.39 2.14 P.P Yes
24 0.41 1.78 P.P 2.62 1.77 P.P No
25 2.10 2.13 P.P 2.65 2.23 P.P No
26 1.96 2.68 P.P 1.86 2.8 P.P Yes
27 0.5 2 P.P 1.53 2.64 P.P No
28 0.48 1.55 P.P 1.5 1.4 P.P No
29 1.77 2.90 P.P 1.76 2.67 P.P No
30 1.91 1.76 P.P 1.80 2.57 P.P Yes

In total, 16 partial penetration welds were obtained for both casts under the same
welding conditions (from trial 15 to 30, see Table 11). With the welding conditions chosen
for experiments 1 to 14, we achieved full-penetration welds with 304 HS and partial weld
penetration with 304 LS. Among the 16 cases in which both casts gave rise to partial weld
penetration, the role of sulfur as a surfactant element was only obvious in 9. As such, 56%
of the partial penetration welds verify the mechanism proposed by C.R Heiple et al. [18],
as depicted in Table 12. We must remember that the mechanism proposed by C.R Heiple
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et al. [18] stipulates that casts with a high sulfur content exhibit greater weld depth than
those with low sulfur content, owing to the reverse Marangoni convection leading to deeper
weld beads. On the other hand, the width of the weld bead of a low-sulfur content cast is
larger than that of a high-sulfur cast, due to the occurrence of Marangoni convection.

Table 12. Percentages of occurrence of the mechanism proposed by C.R Heiple et al. [18] in the laser
welding process.

Types of Weld Bead

Times Getting Partial
Penetration

Weld (PP) for Both
Casts or Full
Penetration

Weld (FP) for 304 HS
Cast Weld Bead out of

30 Tests

Occurrences of the
Mechanism Proposed

by C.R Heiple et al.
[18] %

Non-Occurrences of
the Mechanism

Proposed by
C.R Heiple et al.

[18] %

Percentages of
Occurrences of the

Mechanism
Proposed by

C.R Heiple et al.
[18] %

Partial penetration
weld (PP) for both

casts.
16 9 7 56

Full penetration weld
(FP) for 304 HS and
partial penetration

weld (PP) for 304 LS
cast weld.

14 5 9 36

In the remaining 14 cases, in which the welds were fully penetrated for 304 HS and
partially penetrated for 304 LS, only in 5 tests were the mechanisms proposed by C.R Heiple
et al. [18] confirmed. The role of sulfur as a surfactant is disturbed or completely reduced
when keyhole-mode welding occurs. In laser welding, many complicated factors are
involved, especially those associated with weld pool dynamics, melt evaporation, plasma
formation, keyhole instability, the aerodynamic currents of the shield gas and the interaction
between the laser beam and the plasma plume. The accumulation of hot fumes at the beam
focus point, under certain conditions, can turn into a plasma cloud that strongly affects
the beam, and absorbs and disperses it. All the above mentioned phenomena contribute
to hiding surface active role of sulfur in determining the laser weld shape. As depicted in
Table 12, the rate of achievement of reverse Marangoni convection was 56% for partially
penetrated welds, compared to 36% when the welds were fully penetrated (keyhole mode).
When weld penetration is governed by a keyhole mechanism, the role of surface tension
gradients is diminished or completely hidden.

4. Conclusions

In this work, the effects of variations in microchemistry on the laser welding of
industrial austenitic stainless steel casts 304 HS and 304 LS have been studied. The effect of
laser power, welding speed, focus point position, and shield gas on depth of weld (Yd) and
aspect ratio (Yr) were investigated using RSM. An optimal response surface design was
employed to design the experiment. The model required 15 points, and another 15 points
were added randomly to increase the model efficiency using Design Expert software. The
following conclusions can be drawn:

• For 304 HS, the focus point (Xf) is the major factor in determining the depth of
penetration of the laser weld, within a range of chosen welding parameters. The last
input parameter is the main input factor, such that its contribution reaches 52.35% in
determining the depth of the laser weld. The second parameter is welding speed (Xs);
its linear effect contributes about 9.04% of the data variance. The third factor is the Xp,
which represents a percentage of 5.66%;
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• For 304 LS, the depth of the laser weld is primarily determined by the focus point, with
a contribution of up to 6.78% (far greater than the other input factors if we consider only
the effects of singular input factors individually). However, the interaction between
shield gas and focus point distance from workpiece seems to play an important role,
with a contribution of up to 28%;

• The role of the shield gas in protecting the weld pool is also linked to the level of
energy supplied. Thus, at a high energy level, helium as well as mixed gas (70% He +
30% Ar) produces weld beads larger than those produced with the shield gas mixture
(40% He + 60% Ar). This is attributed to the fact that helium is characterized by a high
ionization potential, protecting the weld pool more effectively by expelling the plasma
and ensuring less heat loss transfer. On the other hand, under a gas mixture with 60%
argon, at a high linear energy, there is a risk of argon ionization causing the formation
of plasma;

• A statistical study shows that a partially penetrated weld rate of 56% supports the
hypothesis of the role of surface active elements in the formation of the weld pool. In
contrast, in the case of full penetration welds, a rate of only 36% confirms the surface
active effects of sulfur. Based on all these results, we can conclude that the laser weld
morphology depends on the surface active effects of sulfur only if the chosen weld
parameters result in partially penetrated welds. The surface active role of sulfur is
reduced, if not eliminated, owing to melt evaporation, plasma formation, keyhole
instability, the aerodynamic currents of the shield gas, and the interaction between the
laser beam and the plasma. The above phenomena are more pronounced when the
chosen welding parameters lead to fully penetrated welds;

• The results obtained from this work constitute an interesting database for research
dedicated to the numerical simulation of thermal profiles in order to validate mathe-
matical models. The thermal profile and solidification mode can be used to predict the
microstructural and mechanical properties. On the other hand, these results may be
of great use in industrial applications relating to the laser welding of thin austenitic
stainless steel sheets.
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Abstract: This research study investigates the influence of sampling direction on the microstructure
and mechanical properties of dissimilar joints formed by friction stir welding (FSW). The speci-
mens were cut in two directions: perpendicular (transverse) and parallel (longitudinal) to the FSW
joint. The tests conducted included X-ray diffraction (XRD), macrostructure, microstructure, tensile,
microhardness, and fractography analysis. Different phases were noted in the XRD patterns and
explained, with the aluminum phase being the dominating one. The results further showed that the
transverse dissimilar joint exhibited higher microhardness compared to the longitudinal dissimilar
joint, which is consistent with the respective grain sizes. Moreover, the ultimate tensile strength
of the longitudinal joint exceeded that of the transverse joints, showing a substantial 47% increase.
Similarly, the elongation of the joints followed a similar trend, with the longitudinal joint displaying
a significant 41% increase in elongation compared to the transverse joint. Fractographic analysis
revealed ductile fracture behaviour in all joints.

Keywords: X-ray diffraction patterns; dissimilar aluminum alloys; tensile strength; microstructure

1. Introduction

Friction stir welding (FSW) is defined as a solid-state joining technique whereby
the welding process is performed below the materials melting temperature in a solid
state [1]. The FSW technique was initially invented and designed for aluminum alloys
by The Welding Institute (TWI) in the United Kingdom in 1991 [1,2]. Since then, the
FSW technique has been normalized as a joining technique for other materials such as
steel, titanium, copper, and magnesium. The application of FSW advanced into many
applications, including the joining of dissimilar materials. The weld characteristics of the
dissimilar FSW materials were discovered to be influenced mainly by welding parameters.
Welding parameters refer to the FSW machine parameters, which include rotational speed,
traverse speed, axial force, tool tilt angle, vertical force, and tool parameters such as the
material of the tool, shoulder diameter, pin length, pin diameter, and pin profile [3].

There are many studies where FSW was successfully employed to join dissimilar
materials, including dissimilar aluminum alloys. The AA6063 and AA7075 dissimilar
aluminum alloy joint was produced using FSW to investigate the microstructure and
mechanical properties of the produced joint [4]. Varying process parameters were used,
and it was discovered that the sound results were obtained when the tool rotation was set
at 1000 rpm and a traverse speed of 2.5 mm/s with an axial force of 8.5 KN. The results
reported included the fine-grained microstructure, which was found to be responsible
for the high hardness and tensile strength. A dissimilar combination of AA2024 and
AA7075 was subject to FSW to evaluate the impact of welding parameters using varying
parameters [5]. The varying parameters included a tool rotation range of 1000–1400 rpm, a
tool traverse speed range of 20–40 mm/min, and a constant force of 4 kN. The ultimate
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tensile strength (UTS) was found to increase with a decrease in traverse speed, while the
microstructural grain patterns were found to coarsen as the tool rotation increased due to
high heat input in the deformed zone. In addition, Kailainathan et al. [6] reported a similar
behavior where the UTS depreciated when the tool rotation was above 1200 rpm. This was
due to the distortion in the weld region caused by the severe heat experience by the welded
region during FSW.

The material positioning is considered to be crucial during the FSW of dissimilar alu-
minum alloys. Guo et al. [7] combined varying process parameters and material positioning
to determine the impact the two factors had on the produced AA6061/AA7075 dissimilar
joint characteristics. The microstructure results revealed that the material mixing was more
effective when the AA6061 alloy was placed on the advancing side than when the AA7075
was positioned on the advancing side. Greater grain refinement was also found to favor
the positioning of the same alloy on the advancing side. The highest UTS was obtained
under the exact positioning at a high traverse speed of 5 mm/s.

To investigate the impact of material positioning and tool offset, researchers conducted
a friction stir welding experiment using AA6061-T6 and AA8011-H14, as detailed in
Reference [8]. The welding process involved specific parameters, including a tool rotational
speed of 1070 rpm, a tool traverse speed of 50 mm/min, and a tool tilt angle of 2◦. By placing
the softer AA8011-H14 alloy on the advancing side of the tool, with a tool offset of 1 mm,
notable improvements were achieved in the joint properties. The tensile test results revealed
a maximum UTS of 77.8 MPa and an elongation of 21.96%. However, the hardness remained
unaffected by the varying process parameters. The weld zone exhibited a consistent grain
structure. Additionally, various studies in the literature, spanning from References [9–12],
have corroborated the idea of positioning the softer material on the advancing side of the
tool, irrespective of the specific combinations of dissimilar aluminum alloys.

The dissimilar AA5083/AA6083 FSW joint was sampled in two different directions,
transverse and longitudinal, to assess the characteristics of the joint [13]. The aim was to
analyze the variations by comparing these samples taken from different orientations with
the parent materials through macro/microstructure, tensile, and micro-hardness tests. The
findings indicated that the transverse samples had a hardness value of 93.90 HV0.2, while
the longitudinal samples had a higher value of 119.27 HV0.2. Similarly, the transverse
samples exhibited the highest tensile strength of 130.694 MPa with a strain value of 0.054,
whereas the longitudinal samples had a tensile strength of 127.833 MPa and a strain value
of 0.0834. However, a study conducted by Garg et al. [14] using the finite element method
focused on an FSW dissimilar joint AA6061/AA7075. The results of their study showed
that the longitudinally sampled specimen exhibited a higher UTS with a lower elongation
compared to the transverse specimen. Despite these differences, both sampling directions
maintained a ductile fracture surface morphology.

The investigation of AA6092/SiC focused on examining the microstructure and me-
chanical properties, considering the direction of specimen sampling [15]. The microstruc-
ture analysis revealed distinct zones within the cross-weld specimen, including the base
metal, heat-affected zone, thermo-mechanically affected zone, and stir zone. On the other
hand, the longitudinal specimen exhibited a fine equiaxed grain structure. In terms of
tensile strength, the longitudinal specimen demonstrated both higher ductility and strength
compared to the transverse specimen, which aligns with common observations in similar
joints. Additionally, the hardness behavior exhibited a similar pattern to the tensile strength,
attributed to the grain refinement in the longitudinal specimen.

The sampling direction in friction stir welding of dissimilar aluminum alloys holds
significant importance, alongside other crucial factors, for maximizing its application. Speci-
mens can be sampled either perpendicular or longitudinal to the weld direction. Cutting the
specimens longitudinally (parallel to the direction of the joint) FSW of dissimilar aluminum
alloys provides valuable information about the weld characteristics, aids in understanding
the welding process, facilitates mechanical property evaluation and contributes to process
optimization in dissimilar aluminum alloys. However, it is important to note that the
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specific novelty and significance of this approach may vary depending on the context and
the research study or development being referred to.

This paper investigates the influence of sampling direction on the microstructure and
mechanical properties of dissimilar aluminum alloy joints fabricated via friction stir welding.

2. Materials and Methods

This study employed two aluminum alloy grades: AA6082-T651 and AA8011-H14
plates, both with a thickness of 6 mm. The chemical composition of these alloys is provided
in Table 1, while Table 2 displays their corresponding mechanical properties. The plates
were cut into dimensions of 55 × 265 mm to align with the FSW fixture bed used. The
FSW process was carried out using a converted LAGUN FU. 1-LA conventional universal
milling machine manufactured by the LAGUN MACHINE TOOLS S.L.U. in Gipuzkoa
in Spain.

In Figure 1a, a photograph of the FSW tool utilized in the study is depicted, accom-
panied by comprehensive tool parameters as outlined in Table 3. In addition to Table 3, it
should be noted that the penetration depth is the same as the pin length, which is 5.7 mm
down into the materials. To determine the FSW parameters, the Taguchi L9 method was
employed [16]. The FSW setup is depicted in Figure 1b,c showcases the resulting dissimilar
joint produced by FSW. Following the FSW process, test specimens were obtained from the
joint, considering two sampling directions: transverse (trans) and longitudinal (long). The
sampling directions are visualized in Figure 1d, with dimensions in mm.

  
(a) (b) 

 

 
(c) (d) 

Figure 1. (a) FSW tool, (b) FSW process, (c) FSW produced joint, and (d) sampling direction.

Table 1. Chemical composition of the materials (wt %) [17].

Mg Zn Ti Cr Si Mn Fe Ni Cu Al

AA6082-T651 1.23 0.51 0.04 0.00 1.24 0.38 0.72 0.11 0.03 Balance
AA8011-H14 0.55 0.63 0.03 0.03 0.38 0.76 1.33 0.12 0.06 Balance
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Table 2. Mechanical properties of the materials [18].

Property
Material

AA6082-T651 AA8011-H14

Yield strength (MPa) 270 76
Tensile strength (MPa) 307.5 94.1
Elongation (%) 26.22 40.17
Hardness (HV) 90 34

Table 3. FSW tool parameters [16].

Material
Pin Length
(mm)

Pin Diameter
(mm)

Tilt Angle
(◦)

Shoulder
Diameter (mm)

Shoulder
Length (mm)

Traverse Speed
(mm/min)

Rotational
Speed (rpm)

High-speed steel 5.7 7 2 20 15 60 1100

The conducted tests encompassed various analyses, including microstructural analy-
sis, X-ray diffraction (XRD) analysis, tensile tests, microhardness tests, and fractographic
analysis. For the dissimilar friction stir welded (FSW) joints, the chemical composition
analysis was performed to determine the phases present in the XRD analysis. The specimen
used for chemical and XRD analysis is depicted in Figure 2a. The Belec Compact Spec-
trometer HLC (Belec Spectrometry Opto-Electronics GmbH, Georgsmarienhütte, Germany)
machine, utilizing high-purity Argon gas (99.99%), was employed to detect the chemical
composition of the produced FSW dissimilar joints. The Belec WIN 21 software, integrated
into the Belec machine, was utilized to measure the chemical composition.

Figure 2. (a) XRD specimen—top view, (b) microstructure—top view specimen, and (c) tensile
specimen (all dimensions in mm).

Subsequently, the XRD analysis was carried out on the samples following the chemical
composition analysis, and the services of iThemba Laboratory Solutions company were
utilized. A Bruker D8-Advance multi-purpose X-ray diffractometer manufactured by
the Bruker Corporation, Massachuttes based in the United States was employed for the
XRD measurements. The instrument operated in continuous θ-θ scan mode with locked
coupling, employing Cu-Kα radiation. The measurement range in 2θ was determined
by the user, with a typical step size of 0.034◦. The diffraction data were recorded using
a position-sensitive detector called Lyn-Eye, with a typical speed of 0.5 s/step, which is
equivalent to an effective time of 92 s/step for a scintillation counter. The background
of the data was subtracted to obtain diffraction patterns with zero background. A set of
potential elements from the periodic table was selected for phase analysis, and phases were
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identified by comparing the calculated peaks with the measured ones until all phases were
identified within the resolution limits of the results.

The microstructural analysis was conducted in accordance with the ASTME112-12 stan-
dard [19]. Cut-off specimens were mounted using hot mounting resin to prepare the specimens
for microstructure analysis. Figure 2b displays the dimensions of the microstructure specimen.
After mounting, the specimens underwent grinding, polishing, and subsequent etching using
Weck’s and Modified Keller’s etchants. For Weck’s etchant, a chemical mixture containing 4 g
of potassium permanganate, 1 g of sodium hydroxide, and distilled water was applied to the
specimens for a duration of 15 s. Modified Keller’s etchant consisted of 10 mL of nitric acid,
1.5 mL of hydrochloric acid, 1.0 mL of hydrofluoric acid, and 87.5 mL of distilled water. It was
applied to the joints for 20 s following Weck’s etchant.

Following the etching process, microstructural images of the FSW joints were captured
using the Motic AE2000 MET Trinocular 100W metallurgical light optical microscope and
the Motic Images Plus 3.0 software. The microscope used in this study is manufactured by
The Motic Europe S.L.U. based in Barcelona in Canada. The images were taken using a 5×
objective lens for base material analysis, while a 20× objective lens was used for the stir zones.
The captured images were later measured using the line intercept method in ImageJ software.

The tensile tests were conducted utilizing the Hounsfield 50 K tensile testing ma-
chine, following the guidelines of the ASTM E8M-04 standard for specimen geometry and
testing [20]. The diagram of the tensile specimen can be seen in Figure 2c. For Vickers micro-
hardness testing, the Falcon 5000 Innovatest hardness testing machine is manufactured by
the INNOVATEST Europe BV Manufacturing based in Maastricht in the Netherlands. The
said machine is equipped with IMPRESSIONSTM software was employed. The hardness
testing was carried out in accordance with the ASTM E384-11 standard [21]. The specific
settings included a load of 0.3 kg, a 1 mm interval between the indents, and a total of
25 measurement indents recorded per joint. During setup, the 10× and 20× objectives
were utilized for specimen focusing.

3. Results and Discussion

Figure 3 shows the XRD patterns for the FSW-Trans and FSW-Long specimens; for
both XRD peaks, the presence of aluminum (α-Al), which was the dominant phase noted
in both figures, is denoted by the pink dotted lines. Additional phases noted were the
magnesium silicon (Mg2Si), which is a strengthening precipitate originating from AA6082-
T651 alloy [22], with the Mg2.7Fe and the Al7Mn4Fe being the iron interface base phases
originating from the AA8011-H14 alloy. The iron phases, such as the Mg2Si, are responsible
for preserving the joint characteristics [23]. In light of the phases mentioned, joint failure
can only result from the aluminum phase [24].

 

Figure 3. XRD phases for FSW-Trans and FSW-Long.
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Figure 4 shows the macrographs for the FSW-Trans and FSW-Long joints. Figure 4a
shows the traditional features of the FSW joint, being the single oval-shaped stir zone
bands, which are commonly referred to as the onion ring structures [25,26]. The formation
of the onion rings is caused by the geometric effect, which is a result of cylindrical sheets
of material extruded from the retreating side of the tool during tool rotation and cutting
through the sections of the two aluminum alloys [27,28]. A tunnel defect was noted as
well, denoted by the red arrows. Tunnel defects are not surprising in the FSW of dissimilar
material welds and are linked to insufficient heat input and signify that the tool might have
traversed ahead of the welding direction before sufficient materials were deposited behind
as it traversed, thereby creating a void. The void produced manifests itself in the form
of a tunnel defect which plays a part in the degradation of the mechanical properties of
the joint [29,30]. Comparing Figure 4b to Figure 4a, which is basically a longitudinal view
of the same joint, the tunnel defect noted previously now manifests itself in the form of a
line from one end to the next, denoted by the red arrow. Figure 4b appears similar to two
sandwich stacked layers. These layers are identified by layer 1 (L1) and layer 2 (L2), which
suggest that the microstructural arrangement in these layers may differ, thereby giving the
interest to focus on microstructure examination between the two.

 
(a) (b) 

Figure 4. Macrographs, (a) FSW-Trans, and (b) FSW-Long.

Figure 5 shows the micrographs of the FSW joints produced—Figure 5a,b present the
AA6082-T651 and AA8011-H14 base materials. The mean grain sizes of the two alloys
were found to be 69.98 and 53.61 μm. The results obtained correlate with those reported in
the literature [31]. Figure 5c shows the FSW-Trans stir zone microstructure with a mean
grain size of 18.38 μm. Figure 5d depicts the FSW-Long zone, which was found to exhibit a
microstructure with four layers showing the material flow of the said region. The stir zone
microstructure of the FSW-Long exhibited layers in a wave-like shape due to the material
mixing process during FSW. This wave-like pattern arises from the rotation and translation
of the FSW tool as it traverses along the joint line. The tool exerts heat and mechanical
pressure on the material, causing it to soften and mix together [32].

The stacked wave-like shape is formed by alternating regions of different material
mixing concentrations. These regions represent distinct layers where the original base
materials and the mixed materials are present in varying proportions. The wave-like
pattern typically consists of multiple peaks and troughs, indicating areas of higher and
lower mixing concentrations of the two dissimilar alloys. The presence of four different
material mixing concentrations suggests that the FSW process has created four distinct
layers within the stir zone of the joint. Each layer represents a combination of the original
base materials and the stirred material, with varying degrees of mixing. The specific number
and distribution of these layers can depend on factors such as the welding parameters, tool
design, and the properties of the base materials [33,34].

However, from the four layers, two highly dominating layers were noted, those
being layers L1 and L2, where the mean grain sizes were found to be 17.44 and 16.29 μm,
respectively. Comparing the mean grain sizes, it was discovered that post-FSW, the grain
sizes were greatly refined and equiaxed. This change was brought about by the dynamic
recrystallization of the joint stir zone, where the maximum plastic deformation and thermal
softening altered the grain structure completely [35,36].
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Figure 5. Base material micrographs, (a) AA6082-T651 BM, (b) AA8011-H14; stir zone micrographs,
(c) FSW-Trans, and (d) FSW-Long.

Figure 6 depicts the post-tensile test specimens and produced tensile stress-strain
curves with corresponding summarized tensile properties of the same in Table 4. Examining
the post-tensile specimens, the stir zone (SZ) positions of fractures were noted for both
specimens. The position of the fracture was influenced by the presence of the tunnel
defect, as previously discussed in the macrostructural examination. Then, the tunnel defect
made the stir zone the most likely region of failure [16]. Examining Figure 6c, the FSW-
Long inhibited a higher ultimate tensile strength (UTS) than the FSW-Trans. Similarly,
the tensile strain (elongation) followed the same behavior. This behavior is due to the
FSW-Long only consisting of the stir zone material with uniform grain sizes, unlike the
FSW-Trans specimen consisting of the four regions: base material, heat affected zone,
thermo-mechanically affected zone, and the stir zone. An additional factor contributing to
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the observed increased UTS is the presence of positive residual stress in the longitudinal
direction, which is greater than that in the transverse direction. Consequently, when the
samples are cut along the longitudinal direction, they have the ability to release a larger
amount of residual stress compared to the transverse direction. This phenomenon likely
contributes to the attainment of higher strength levels in the longitudinal direction [37,38].
Additionally, in the longitudinal joint, the applied tensile load was primarily along the
direction of the weld, resulting in a more direct and uniform strain distribution [15]. The
uniform strain distribution promoted better load sharing among grains and contributed
to higher UTS and elongation compared to the transverse joint, where the strain was
distributed less uniformly.

 

 

(c) 

Figure 6. (a) FSW-Trans specimen, (b) FSW-Long specimen, and (c) tensile stress-strain curves.

Table 4. Tensile properties.

Weld Joint
Ultimate Tensile
Strength (MPa)

Tensile Strain at
UTS (%)

Tensile Strain at
Breakpoint (%)

Position of
Fracture

FSW Trans 88.53 14.89 27.49 SZ
FSW Long 129 27.38 35.23 SZ

Figure 7 shows the fractography of the FSW-Trans and FSW-Long joints. Both joints,
while subjected to fractographic analysis to determine the nature of the fracture, displayed
ductile fracture behaviour. This behaviour can be noted in the mentioned figure where the
ductile fracture features were noted, those being equiaxed micro dimples, grain boundaries,
microvoids, torn ridges, and transgranular cleavage facets [39–42]. Figure 8 shows the
microhardness profiles of the FSW joints. The microhardness was analyzed similarly to the
microstructure hence the similar labelling. From the figure, it was noted that the FSW-Trans
microhardness showed a profile where the curve started from the AA6082-T651 alloy,
heat-affected zone, thermo-mechanically affected zone, stir zone, then to the AA8011-H14
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alloy. The obtained mean stir zone microhardness was found to be 44.65 HV. The FSW-Long
L1 mean microhardness was 35.48 HV and 81 HV for the FSW-Long L2. It should be noted
that the FSW-Long joint only consists of stir zone material. However, when studying the
microhardness values obtained from layer 1 and layer 2, it was noted that layer 1 was
dominated mainly by the AA8011-H14 alloy than the AA6082-T651 alloy. Layer 2, on
the other side, consisted mostly of the AA6082-T651 rather than the AA8011-H14 alloy.
The behaviour of the microhardness was found to correlate with the grain sizes of the
mentioned regions [43,44].

 

Figure 7. Fractography, (a) FSW-Trans, and (b) FSW-Long.

 

Figure 8. Microhardness profiles.
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4. Conclusions

The investigation into the microstructure and mechanical properties of friction stir
welded dissimilar aluminum alloy joints based on the sampling direction yielded several
significant conclusions:

Firstly, the X-ray diffraction analysis indicated that aluminum was the predominant
phase in the joints, accompanied by strengthening phases such as magnesium silicon and
magnesium iron.

A notable observation emerged from the microstructure analysis, revealing a distinct
difference between the FSW longitudinal and transverse joints. The FSW longitudinal joint
exhibited a stacked sandwich-like microstructure, while the FSW transverse joint displayed
a banded onion ring microstructure.

The microhardness measurements further demonstrated variations between the two
joint types. The FSW transverse dissimilar joints exhibited a microhardness of 44.65 HV,
whereas the FSW longitudinal joint displayed a more complex microstructural arrangement
consisting of two layers. Layer 1 had a mean microhardness of 35.48 HV, while layer 2
exhibited a microhardness of 81 HV. These microhardness values aligned with the respective
grain sizes observed in the joints. It is worth elaborating that FSW introduced significant
plastic deformation and stirring action, leading to grain refinement in the welded zone.
In the longitudinal joint, the direction of grain flow is aligned with the loading direction
during hardness testing, resulting in a more direct load transmission through the grains.
This alignment contributed to higher microhardness values in the longitudinal direction
compared to the transverse direction, where the load may encounter a less direct path
through the grains.

Furthermore, the ultimate tensile strength of the FSW longitudinal joints surpassed
that of the FSW transverse joints. The FSW longitudinal joints exhibited a tensile strength
of 129.9 MPa, whereas the FSW transverse joints achieved a lower tensile strength of
88.5 MPa. A similar trend was observed for elongation, with the FSW longitudinal joints
demonstrating a higher tensile strain of 35.32% compared to the 20.89% tensile strain
observed in the FSW transverse joints. This behavior was due to the strain and residual
stresses experienced during tensile loading.

Fractographic analysis indicated that all the joints exhibited a ductile fracture behav-
ior when subjected to mechanical testing, further supporting the presence of favorable
mechanical properties.

In conclusion, the investigation successfully explored the microstructure and mechani-
cal properties of friction stir welded dissimilar aluminum alloy joints based on the sampling
direction. The findings highlighted the distinctive microstructural differences, variations in
microhardness, ultimate tensile strength, and elongation between the FSW longitudinal
and transverse joints. These insights contribute to a deeper understanding of the joint
characteristics and performance, aiding in the development and optimization of friction
stir welding processes for dissimilar aluminum alloy joints.
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