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Abstract - Titanium (Ti) and its alloys have a superior combination of strength, low density and corrosion resistance, which are
very valuable materials in the automotive, aerospace and medical industries. Due to its high contamination sensitivity, oxygen
reactivity, and brittle intermetallic compounds, conventional fusion welding of Ti alloys is very difficult to achieve. Ti alloys
provide better welds with little heat input or distortion. Therefore, Resistance Spot Welding (RSW) has emerged as a feasible
method of joining Ti and its alloy sheets. Also, RSW of Ti and its alloys provides unique opportunities in welding technology.
This review aims to analyze a comprehensive overview of RSW principles, fundamentals and applications in Ti and its alloys
with discussions on alloy composition, surface preparation and nugget formation. This paper discusses the influence of some
process parameters, including electrode force and tensile loading, welding current, sheet thickness, welding time, diameter and
RSW issues and constraints. It also provides ideas for improving both performance and weld quality. This study also discusses
the basics of RSW, commonly used Ti alloys, process parameter effects, key research findings and future research directions.
The results obtained from the literature highlight research gaps in understanding material thickness, electrode diameter effects
and the need for research on specific Ti alloys such as AMS 4902. Future research might focus on optimizing RSW for thicker
sheets, determining optimal electrode sizes and examining welding behaviors of specific alloys to improve understanding and

application in industrial fields.
Keywords - Resistance spot welding, Titanium, Process parameters, Weld quality, Process optimization.

aerospace sectors, RSW’s versatility has led it to become one
of the most widely used welding processes around the world.
RSW is easily automated, which can be done consistently,
accurately, and quickly. The HAZ is minimized due to the
localized nature of the welding process, which confines the
heat input to the region where the electrodes make contact. As
a result, the distortion of the welded material is reduced. The
process is low-cost in terms of equipment and operation. Its
minimal material usage and high speed also contribute to cost
savings in manufacturing [6]. Another important factor in its
extensive use is its ability to maintain production speeds
without worsening weld quality.

1. Introduction

One important method used in automotive and aerospace
industries is Resistance Spot Welding (RSW) [1-3].
Approximately 2000-3000 weld locations are completed on
the single-car bodies in current automobile manufacture; these
weld spots are now numerically controlled. This approach is
based on Joule’s heating equation, which declares that the heat
produced is accurately proportional to the square of the
welding current [4]. RSW is an essential process in modern
manufacturing known for its speed, efficiency, and reliability.
Compared to other welding processes, RSW consumes low
amounts of energy. RSW allows for the rapid joining of metal
pieces, making it efficient for mass production in the

automotive industry [5]. RSM is simpler than other welding
methods, which supports train operators and reduces errors.
RSW produces strong and durable joints that join thin metal
sheets together. It is useful for creating spot welds in
automotive body parts and other applications. RSW is
involved in welding various metals and alloys, which makes it
versatile across various industries. Because weight and
performance are critical considerations in the automotive and

It uses a high current with low voltage to weld various
metals such as different steel grades, Magnesium (Mg),
Aluminum (Al), Copper (Cu), Titanium (Ti), and their alloys
[7]. RSW typically joins thin sheets of similar or dissimilar
metals in a lap joint configuration. The excellent temperature
stability, strength-to-weight ratio, and resistance to corrosion
of Ti and its alloys have made them desirable in various
industries [8]. These properties are important for applications
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requiring long-term reliability under extreme conditions, such
as spacecraft, aircraft components and medical implants. The
RSW of Ti and its alloys have gained importance as industries
aim to optimize welding processes for quality and efficiency.
However, it faces several issues, such as liquation cracking,
misalignment, voids and electrode wear. Welding thicker
metal sheets can be challenging with RSW due to the tendency
of heat to disperse rapidly into the surrounding metal [2]. Also,
the high thermal conductivity of Ti alloys results in rapid heat
dissipation, which can complicate the formation of stable weld
nuggets in thicker sheets. These challenges need widespread
surface preparation and optimization of welding parameters.

As industries increasingly demand cost-effective and
high-performance joining methods, optimizing RSW
parameters for Ti and its alloys becomes significant for
enhancing weld quality and improving the durability of
welded components. To maximize efficiency, productivity,
and the quality of welds formed by Ti and related alloys, it is
essential to optimize the RSW settings [9]. Proper parameter
management can reduce defects such as porosity, cracks, and
inconsistent welds, supporting joint durability and strength. In
recent studies, key parameters important to adjusting welds to
specific applications and material combinations have been
highlighted: it depends on the electrode force, welding time
and current intensity. Optimizing the process parameters helps
control the HAZ and minimize thermal damage to the
surrounding material, thus preserving its mechanical
properties. Consistent application of optimized parameters
leads to uniform weld quality across multiple welds, essential
for mass production and quality control. Different materials
and thicknesses require adjustments in parameters such as
current and pressure. Optimizing these parameters ensures
compatibility and optimal performance for various materials.
Optimizing process parameters minimizes issues such as weld
spatter and other unexpected occurrences, leading to a safer
working environment. Much recent research has been
explored to understand the complex interplay between
material properties, electrode design and electrical parameters
that develop the RSW process. Moreover, optimization can
help reduce energy consumption and electrode wear, leading
to improved overall efficiency and sustainability [10].

Despite the widespread application of RSW in
automotive, aerospace and medical industries, some
challenges remain in optimizing the welding process for Ti
and its alloys. Some issues, such as liquation cracking,
misalignment, void formation, and electrode wear, affect the
integrity and quality of welded joints. In addition, welding
thicker Ti sheets is difficult because of rapid heat dissipation,
resulting in insufficient fusion and poor mechanical
properties. With the increasing demand for high-performance,
durable joints in critical applications, improving the
understanding of factors affecting weld quality in Ti and its
alloys are needed by optimizing RSW parameters.
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The existing literature on RSW of Ti and its alloys is
reviewed, and several limitations in the current understanding
of RSW are identified. However, there are many studies
focused on interlayer effects and specific Ti alloys that do not
provide comprehensive analyses of RSW principles and their
applications. Additionally, few studies have focused on
individual process parameters, their interactions and
consequent effects on weld quality and mechanical properties.
However, there are gaps in practical applications for industry
in key topics, such as the influence of alloy composition on
the welding process. Also, previous studies are limited to
discussing future research directions to advance the field.
Limitations in RSW procedures and the reliability of welded
Ti components should be addressed to improve RSW
procedures and increase the reliability of welded Ti
components.

This review presents the advances in RSW of Ti and its
alloys, focusing on the most recent research, techniques and
technological innovations that improve welding outcomes.
The novelty of this review lies in the detailed study of
developments in RSW with respect to Ti and its alloys.
Although RSW is a widely used technology in many
industries, the characteristics and important applications of Ti
and its alloys create special opportunities and problems for its
implementation. Previous papers have covered RSW in
general or focused on other materials. This review focuses on
the behavior of Ti and its alloys during RSW, which has
remained unexplored despite the increasing importance of
these materials. Although process parameters in RSW may
have been covered in some earlier works, this review
highlights that factors such as sheet thickness, welding
current, welding time, electrode force, electrode diameter and
tensile loading impact the weld quality in Ti and its alloy. This
present observations not commonly found in existing
literature. The research gaps in the influence of electrode
diameter, material thickness, and behavior of specific Ti alloys
such as AMS 4902 are addressed, and these are less commonly
studied in RSW applications. Finally, future research
directions are proposed, including optimising RSW
techniques for thicker Ti sheets and studying electrode wear
and behavior under different operational conditions to
improve the RSW quality and performance in industrial
applications. This review provides a new perspective by
integrating the most recent studies and technological
developments in RSW for Ti and its alloys. Also, this review
provides a critical analysis that would be a valuable resource
for researchers and practitioners seeking to improve welding
outcomes for these advanced materials. The study’s objectives
are as follows;

e To examine and synthesize existing literature on the
techniques, processes, and outcomes of RSW in Ti and its
various alloys.

¢ Toinvestigate the effects of various process variables on the
quality of the weld in titanium and its alloys, including sheet
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thickness, welding current, welding time, electrode force,
electrode diameter, and tensile loading.

e To analyze challenges and limitations associated with the
RSW of Ti and its alloys

¢ To provide recommendations for further investigation and
suggest improvements in RSW practices to enhance weld
quality and efficiency.

The structure of the paper is organized into the following
sections: Section 2 provides a comprehensive overview of
RSW, including its principles and fundamentals and its
application in welding Ti and its alloys. Section 3 focuses on
commonly used Ti alloys in RSW and the impact of alloy
composition on the welding process and weld quality. It also
discusses surface preparation and nugget formation of Ti
alloys in RSW. Section 4 explains how several process
variables affect the quality of the welds in RSW, especially
when utilizing titanium and its alloys. Section 5 summarizes
the important findings from existing research on the RSW of
Ti and its alloys and identifies any gaps or topics for future
study. Section 6 summarizes and addresses probable future
research areas in RSW with Ti and its alloys.

2. Resistance Spot Welding (RSW)
2.1. Principles and Fundamentals of RSW

Resistance spot welding joins metal sheets using heat
generated by an electric current passing through metal sheets.
The process is based on Joule’s law, which explains the heat
Generation (Q) as a function of the square of the current (1),
Resistance (R), and Time (t), as expressed in Equation (1).

Q =I?Rt 1)

The RSW procedure concentrates the welding current on
a tiny region, clamping the sheets to ensure perfect alignment,
using alloy electrodes shaped like cones or domes. The sheets
are held under the pressure of the electrodes and generally
range from 0.5 to 3 mm in thickness. The high current causes
limited melting at the spot, which forms a weld. Energy
distribution in RSW is 10 to 100 milliseconds, confirming that
the surrounding material is not overheated. The amount of heat
energy transferred to the weld spot is determined by the
magnitude and duration of the welding current, along with the
interface’s resistance. The workpiece’s characteristics,
including its electrical conductivity, thermal conductivity, and
thermal expansion, are used to calibrate the energy.
Insufficient energy results in poor weld strength, while excess
energy can lead to excessive melting and voids in the weld
[11].

Figure 1 depicts a schematic representation of the RSW
process.RSW involves three main stages: (a) bringing the
electrodes into contact with the metal sheets and applying light
pressure, (b) applying the welding current for a brief duration,
and then removing the current while maintaining the electrode
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pressure for cooling and solidifying the weld. The weld
duration typically ranges from 0.01 to 0.8 seconds, depending
on factors such as electrode force, thickness, and electrode tip
diameter of the metal. Alloy electrodes and tool holders are
components of the RSW system. In addition to supporting the
cooling water hoses that control electrode temperature, the
tool holds the electrodes. Light-duty paddle-type, universal,
and offset arrangements are common ways to carry tools.
Typically composed of copper, electrodes can have a flat,
dome, or truncated cone shape depending on the application
[13].

Welding electrode

Base metals

Heat affected zone
Heat affected zone

Weld nugget

Fig. 1 Representation diagram of RSW [12]

The workpieces, the welded metal sheets, should be
effective electrical conductors. The throat length of the
welding apparatus, which ranges from 13 to 130 cm (5 to 50
inches), forces the width of the metal sheets, and the thickness
varies from 0.2 to 3 mm. In RSW, the tooling system includes
two essential elements affecting the process: (a) the welding
gun and (b) electrode size and shape. The C-type gun provides
stiffness and tooling versatility, making it suitable for high-
force applications. On the other hand, the X-type gun provides
a larger working area but less rigidity. The selection of
electrodes is based on their purpose. Radial electrodes are
employed in high-temperature applications, and truncated tips
are used in high-pressure applications. To facilitate corner
welding, offset truncated tips for the workpiece and offset
eccentric tips for difficult-to-reach places are designed into
eccentric electrodes [14].

The RSW process can induce work hardening due to
electrode force application, potentially causing warping. This
results in stretching or annealing and lowers the material’s
fatigue strength. Poor appearance, liquation cracking within
the weld nugget, and internal cracking are common spot
welding faults. Additionally, there are modifications to
chemical characteristics, such as greater sensitivity to
corrosion and changed internal resistance. Short welding
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times can lead to electrode wear, as the electrodes do not move
quickly enough to maintain a consistent clamp. During initial
pulses, electrode contact does not create a robust weld,
softening the metal. The interval between pulses allows the
electrodes to approach the workpieces more closely, which
enhances contact quality. High welding currents create
substantial magnetic fields, generating magnetic forces that
can accelerate molten metal up to 0.5 m/s. This rapid metal
movement can alter heat distribution within the spot weld.
High-speed cameras can capture the swift motion during spot
welding.

A basic RSW setup consists of a power source, switch,
energy storage (capacitor bank), welding transformer, and
electrodes. The welding transformer receives instantaneous
high power from the capacitor bank. The transformer mostly
modifies the voltage load on the switch by decreasing the
voltage while raising the current. The welding electrodes are
located in the transformer’s secondary circuit, and a control
box controls the switch and keeps watching the electrode
voltage or current. Multiple resistances within the system
contribute to the complexity of the process. This includes
resistance from cables, secondary windings, electrodes, and
contact resistance between the electrodes and workpieces.
Initially, high contact resistances result in energy loss.
However, applying clamping force helps make the material at
the interface between the electrode and material smoother and
softer. This improves the quality of the contact and reduces
resistance. As a result, the workpiece receives more electrical
energy, which increases the resistance between the
workpieces. Rising temperatures and heat dissipation through
the workpieces and electrodes impact the weld. Achieving the
correct energy balance ensures a targeted melt without
oversaturating the spot.

Because of thermal conductivity, heat diffuses from the
spot’s edge, maintaining a lower temperature in the
surrounding area. As a result, the spot’s core melts first; the
necessary working voltage for welding is determined by the
thickness of the sheet, the resistance of the workpiece, and the
size of the desired weld nugget. The voltage between the
electrodes for a 2 mm lapped joint begins at approximately 1.5
V. It may decrease to 1 V by the end of the weld, indicating
the workpiece melting-related decrease in resistance. The
transformer’s open-circuit voltage varies from 5 to 22 V and
is often higher [15]. Since RSW is becoming important, there
is aneed to focus on RSW’s environmental impact and safety.
The process can produce emissions of fumes and gases
released during welding. This requires proper ventilation and
air filtration systems to maintain worker health. Additionally,
RSW needs energy input, which is increasing concerns about
energy consumption and its implications for sustainability.
Applying energy-efficient practices and technologies supports
lessening these impacts. Workplace safety is important; safety
procedures should be followed to protect operators from
hazards associated with heat generation, high currents and
potential electrical risks. Safeguarding proper training and
equipment maintenance further improves the safety of the
RSW process.

2.2. Applications of RSW

Resistance spot welding is a popular method of attaching
thick steel plates, offering an alternative to traditional methods
such as riveting. Spot welding is a cost-effective method of
connecting several sheet metal components without gas-tight
sealing. This method is suitable for fastening pads, braces, and
clips to sheet metal parts. Table 1 shows the applications of
RSW in various alloy types.

Table 1. Applications of RSW in various alloy types across different industries

Alloy type Industry Applications References
< Body Panels
Automotive +» Chassis Components
+«+ Doors and Hoods
«» Exhaust Systems
Low Carbon « Microwave Cabinets [16-19]
Steel Appliance < Refrigerator Shells
«» Washer and Dryer Panels
Electronics < Battery Packs
+« Metal Enclosures
Construction +«+ Fabrication of Metal Structures
_ Automotive ~f~ Structural Components (e.g., A-Pillars, B-Pillars)
High ¢+ Crash Zones
Strength A % Aircraft Structural Components [1, 20, 21]
Steel erospace +« Engine Casings
Construction «+ Heavy Structural Applications
Stainless . «  Fuel Tanks
Steel Automotive « Exhaust Systems [22, 23]
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X3

o

Cutlery

Kitchen Appliances

Sinks and Countertops
Brewing and Distilling Tanks
Equipment and Containers
Metal Structures

Wheels

Body Panels

Aircraft Skins

Fuel Tanks

Structural Components

Heat Sinks

Battery Enclosures
Lightweight Metal Structures
Wiring Terminals
Transformer Components
Electrical Contacts [26]
Bus Bars

High Conductivity Parts for Electrical Systems
Gas Turbine Components

Jet Engine Components

Valves and Fittings [27]
High-Temperature and Corrosion-Resistant Piping
Orthopaedic Implants

Engine Components

Aircraft Structural Components

Medical Implants

Surgical Instruments

Steering Wheels

Instrument Panels

Transmission Cases

Brake Components

Aircraft Interior Components

Structural Components

Laptop Cases [30, 31]
Mobile Phone Bodies
Camera Casings
Heat Sinks

X3

o

Appliance

X3

o

X3

o

Food Processing

X3

o

X3

o

Construction

X3

o

Automotive

X3

o

X3

o

X3

o

Aluminum Aerospace

alloys [24, 25]

X3

o

X3

8

Electronics

X3

8

X3

8

Construction

X3

8

X3

8

Copper and Electrical
alloys

X3

8

X3

8

X3

8

Construction

X3

8

Aerospace

X3

8

X3

8

Nickel alloys Oil & Gas

Medical

X3

8

X3

8

X3

8

Aerospace

>

o
8

Titanium
alloys

[28, 29]
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0‘0

Medical

>

o
8

>

o
8

>

o
8

Automotive

R/
0‘0

R/
0‘0

®
0.0

Aerospace

®
0.0

Magnesium
alloys Consumer goods

®
0.0

®
0.0

®
0.0

Electronics

®
0.0

Heating, Ventilation, and
Air Conditioning (HVAC)
Construction

®
0.0

Ducting and Piping

K/
0.0

Lightweight Metal Structures

Orthodontic Practices for Adjusting Metal Bands
Connecting Metal Straps to Battery Cells in Devices
Production of Household Appliances

Metal Furniture Fabrication

Creation of Industrial Equipment and Machinery [32, 33]
Shipbuilding and Marine Industry Applications
Custom Metal Fabrication

Clean and Contamination-Free Surfaces for Quality
Welds

K/
0.0

K/
0.0

K/
0.0

K/
0.0

Other
applications

>

Other

o
*

K/
0.0

)/
0.0

)/
0.0

2.3. Challenges challenges in the manufacturing process. Here are some key

Because resistance spot welding is quick, easy, and  challenges associated with RSM: Regular maintenance and
inexpensive, it is a common method for connecting metal dressing of electrodes are needed to ensure consistent welding
sheets in various industries. However, RSM comes with its ~ quality. Electrodes in RSW are subject to wear and tear,
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leading to shape and electrical resistance changes over time.
Excessive wear can result in poor weld quality and increased
electrode replacement downtime, as Panza et al. noted [10].
Zhao et al. [34] and Dai et al. [35] have demonstrated that
poor-quality welds can result from inadequate clamping force,
inconsistent current, or improper welding parameters.
Achieving consistent weld quality is challenging due to
variations in sheet thickness, material properties, and surface
conditions. Kumar et al. [36] explain that welding dissimilar
metals or coated metals requires specific welding conditions
or adjustments to parameters, as well as different metals
possess varying electrical and thermal properties, which can
affect the RSW process. Zhang etal. [37] highlighted that high
heat concentration can lead to damage, distortion, or warping
of the workpieces. Managing heat dissipation during welding
is important to avoid overheating the surrounding material.
Advanced control systems and sensors are needed to maintain
consistent welding conditions. High welding currents create

substantial magnetic fields, leading to magnetic forces that
disrupt the weld and affect its quality. Proper handling of these
forces is necessary to maintain consistent weld nugget
formation. Das et al. [38] discovered that adjustments to
welding parameters are needed to accommodate these
variations, such as surface coatings, workpiece thickness, or
flatness, which can affect the welding process and weld
quality. The integrity of the workpiece and the weld’s strength
and longevity can be impacted by the pressure the electrodes
apply. The initial cost of RSW equipment, including welding
machines and electrodes, can be significant. Maintenance and
replacement costs for electrodes and other consumables add to
the overall expense. The RSW process generates heat and
sparks, which can pose safety hazards in the workplace, as
demonstrated by Riccelli et al. [39]. Therefore, proper
ventilation and safety measures are needed to protect workers
and equipment.

Titanium Alloys

l

Near a Alloys

o Phase Field

o + [ Phase

Field

Large Grained

Equiaxed o Transformed B

Prior B in which a Grows on
Cooling Quenching - Prior +
Marten Site o

o Formed by
Transformation of
Large Grained

Near B Alloys B Alloys

Metastable f Room Temp B at Room Temp

Overall Balance
Transformed f

Fine Grains

Fig. 2 Various types of Ti alloy [41]

3. Titanium Alloys

The adaptable metal titanium is renowned for its
exceptional resistance to corrosion, high strength-to-weight
ratio, and biocompatibility. Titanium is a chemical element on
the periodic chart. It has an atomic number of 22 and is
represented by the symbol Ti [40]. This metal is classified as
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a transition metal due to its exceptional strength, relatively low
density, and silver color. Titanium ranks as the ninth most
abundant element in the Earth’s crust when considering its
pure forms. Alternatively, it can be found in minerals like
rutile, sphene, and ilmenite. The Kroll procedure reduces
Titanium Tetrachloride (TiCls) with magnesium or sodium to
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create titanium. The Hunter procedure, which includes
reducing TiCl4 with hydrogen, is a further technique. By
mixing Ti with other metals like vanadium, aluminum, iron,
or nickel, titanium alloys are produced. Figure 2 shows the
various Ti alloy categories and the influence of hot working
on microstructure [41]. In recent years, advanced welding
technologies such as friction stir welding, laser welding,
electron beam welding, and arc welding have significantly
increased consideration for their advantages in joining Ti and
its alloys. Laser welding provides high precision and control
over heat input, which results in reduced weld defect risk and

diminished thermal distortion. Friction stir welding is a solid-
state process, and it is known for developing high-strength
joints without melting base materials, which is suitable for
thick sections. Electron beam welding permits deep
penetration and high welding speeds in a vacuum, making it
suitable for aerospace applications. Ti is welded using Gas
Tungsten Arc Welding (GTAW) because it produces high-
quality welds. By using these advanced welding methods,
manufacturers can overcome challenges caused by the RSW
of Ti. It confirms improved welded parts’ performance and
integrity in industrial, medical and aerospace applications.

Table 2. Various types of Ti alloys and their properties [42]

. . Yield Tensile Elastic
Category Chemical (\Jl\c;mprc])smon (% of Halr_|d\r/1ess Strength Strength Modulus :rﬁ
eight) (HV) (MPa) (MPa) Gpa) | (O
o
High purity Ti 99.98 Ti 100 140 235 100-145 | 882
Alloy grade 6 Ti-5Al-2.5Sn 300 827 861 109 1040
CP-Ti grade 4 0.5Fe-0.400 260 480-655 >550 100-120 | 950
CP-Ti grade 1 0.2Fe-0.180 120 170-310 >240 - 890
Near-o
TIMTETAL 685 Ti-6Al-5Zr-0.5Mo-0.25Si - 850-910 990-1020 120 1020
Ti-6-2-4-2-S Ti-6Al-2Sn-4Zr-2Mo-0.1Si 340 990 1010 114 995
TIMETAL 1100 | Ti-6Al-2.7Sn-4Zr-0.4Mo-0.4Si - 900-950 1010-1050 112 1010
o+p
Ti-17 Ti-5Al-2Sn-2Zr-4Mo-ACr 400 1050 1100-1250 112 890
Ti-6-2-4-6 Ti-6Al-2Sn-4Zr-6Mo 300-400 | 1000-1100 | 1100-1200 114 940
Ti-6-6-2 Ti-6Al-6V-2Sn 300-400 | 950-1050 | 1000-1100 | 110-117 | 945
Ti-6-4 Ti-6Al-4V 300-400 | 800-1100 900-1200 110-140 | 995
Near-$

Ti-10-2-3 Ti-10V-2Fe-3Al 300-470 | 1000-1200 | 1000-1400 110 800
Beta Ill Ti-11.5Mo-6Zr-4.5Sn 250-450 | 800-1200 900-1300 83-103 760
Ti-15-3 Ti-15V-3Cr-3Al-3Sn 300-450 | 800-1000 800-1100 80-100 760
Beta C Ti-3Al-8V-6Cr-4Mo-4Zr 300-450 | 800-1200 900-1300 86-115 795

SP 700 Ti-4.5Al-3V-2Mo-2Fe 300-500 900 960 110 900

Tp —Beta transus temperature

These Ti alloys enhance properties such as strength,
corrosion resistance, or heat resistance. Titanium’s robustness
and corrosion resistance make it advantageous for military
purposes, including armor plating and missile components.
Titanium and its alloys are extensively utilized in aircraft
applications because of their exceptional strength-to-weight
ratio. The study was conducted on aircraft structures, engine
components, and spacecraft. Ti’s biocompatibility makes it
suitable for medical implants such as orthopaedic implants,
dental implants, and surgical instruments. Titanium alloys are
used in a wide range of industrial applications, such as
sporting products, chemical processing equipment, and naval
components. Despite being exposed to severe environments
like seawater and chemical solutions, titanium has strong
corrosion resistance. The distinctive mechanical properties
and compositions of various Ti alloys are important factors in
selecting the most suitable for specified applications. For
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example, alpha alloys have improved creep resistance at high
temperatures than alpha-beta alloys. It is important to
understand these differences in order to improve performance
in several industrial sectors. Titanium alloys have high tensile
strength, comparable to many steels, but with lower density.
Titanium is about 40% lighter than steel and is suitable for
weight-sensitive applications. Titanium is non-toxic and
biocompatible and is used for medical implants without risk
of adverse reactions [41, 42]. Table 2 shows the types of Ti
alloys and their properties.

3.1. Impact of Ti Alloy Composition on RSW Welding
Process and Weld Quality

The remarkable durability and resistance to corrosion of
titanium make it highly beneficial for military applications,
such as the production of armor plates and missile
components. Titanium and its alloys are widely used in aircraft
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applications because of their outstanding strength-to-weight
ratio. However, it is necessary to distinguish the effects of
welding parameters on different Ti alloys because of their
different compositions and mechanical properties. Process
parameters were shown to significantly impact joint strength
and failure mode, with optimal circumstances yielding the
highest strength. Weld nugget size, hardness and failure mode
can vary between alpha alloys, which require lower heat inputs
during welding and alpha+beta and near beta alloys, which
might be more sensitive to parameter variations. Fatmahardi
et al. [12] focused on the RSW of Ti-6Al-4V, concentrating
on the mechanical characteristics and weld quality. Using the
Taguchi L9 method, the study identified optimal welding
parameters for joint strength. High heat input increases weld
nugget diameter and hardness but decreases ductility due to
martensite microstructure formation. Expulsion occurs under
high heat input, which reduces weld nugget strength. The
study highlighted the importance of controlling welding
parameters for desired mechanical properties. For example, in
alpha+beta alloy Ti-6Al-4V, the weld quality is very sensitive
to heat input and cooling rates and can change the joint’s
microstructure and mechanical properties. The effect of
Electromagnetic Stirring (EMS) on Al/Ti resistance spot
welds was examined by Li et al. [43]. The microstructures of
Al/Tiand Al/Al welds were studied, and the impact of welding
settings on tensile shear characteristics was investigated.
Greater energy absorption, larger bonding diameter, and
higher tensile shear stress are all results of EMS’s finer
spheroidal grain structure compared to traditional welding.
Al/Ti EMS joints exhibited superior mechanical performance,
which was attributed to their improved bonding diameter and
finer grain structure. Using an aluminium interlayer,
Taufiqurrahman et al. [44] investigated the microstructure and
mechanical characteristics of different spot welds between
SS316L and Ti6Al4V. The optimal requirements yield a
maximum hardness of 367.3 HV and a tensile-shear load of
895 N. Holding time influences void formation within the
weld nugget, with increased holding time enhancing weld
strength by eliminating voids. Bozkurt and Cakir [45]
combined experimental and numerical approaches to analyze
Ti6AIl4V spot welds. Taguchi L9 orthogonal design identified
optimal welding parameters, which were validated
experimentally.

Numerical modeling with the Finite Element Method
(FEM) aids in understanding weld strength and
unpredictability. Parameter optimization enhances joint
quality and validates the numerical model. Utilizing
aluminum interlayer in  SS316L/Ti6AI4dV  RSW,
Taufiqurrahman et al. [46] optimized welding parameters for
joint strength. Optimal parameters result in a tensile-shear
load of 8.83 kN, with different interface morphologies and
intermetallic compound formation. The study highlighted the
importance of parameter optimization for achieving desired
mechanical properties. Ti6AI4V is highly sensitive to
microstructural changes during welding, and weld quality is
highly dependent on precise control of heat input and
electrode force.

Butsykin et al. [47] investigated preheating and slow
cooling effects on Ti-2Al-1Mn resistance spot welds. Optimal
energy parameters reduced nugget diameter dispersion and
enhanced fracture energy and peak load. Preheating and slow
cooling stages further improved joint stability and mechanical
properties, attributed to reduced residual stresses. Examining
RSW of grade 2 Ti alloy, Mezher et al. [29] evaluated welding
parameters’ effects on micro-hardness, shear force, and failure
mode. Experimental results and ANN modeling demonstrated
parameter influence on mechanical properties, with optimal
conditions yielding improved joint strength and hardness.
Different failure modes were observed, highlighting the need
for precise parameter control. Therefore, the welding
parameters must be matched to suitable alloy composition for
proper welding between different Ti alloy grades to achieve
optimum joint quality.

Moreover, considering the economic aspects of RSW for
Ti alloys is necessary for industrial feasibility. A
comprehensive cost-benefit analysis must include equipment
investments, operational costs and potential savings from
superior durability and shortened maintenance requirements.
Evaluating the economic impact of RSW can provide an
understanding of its practicality in sectors where Ti alloys are
important, such as aerospace and defense. This would help
manufacturers understand how to adopt RSW technologies for
Ti applications based on these economic factors. Table 3
summarizes the impact of Ti alloy composition on RSW.

Table 3. Summary of the impact of Ti alloy composition on RSW

. Welding _—
Study Materials Process Methods Findings
The welding settings affected the
Bozkurt et al Taguchi L9 method, | manner of failure and the strength of the
[9] ' Ti6AI4V RSW variance analysis, | joint; the ideal parameters produced the
characterization strongest joints under static and dynamic
circumstances.

. Taguchi L9 method, High hea_t input led to !ncreased we_ld
Fatmahardi et al. . - nugget diameter, expulsion, martensite
Ti-6Al-4V RSW microstructure - .

[12] analvsis. hardness microstructure, increased hardness, and
Y315, strength, but decreased ductility.




Anishkumar H. Gandhi & Prashant Hasmukhray Solanki / IIME, 11(10), 36-54, 2024

. EMS resulted in finer spheroidal grain
cwe;g;?rrigi%ﬁ structure, higher tensile shear force,
Li et al. [43] Al/Ti RSW tensile shear ' larger bonding diameter, and energy
. absorption compared to traditional
properties .
welding.
. Aluminum interlayer improved weld
Taufiqurrahman . Ten_sne-shear test, quality, holding time reduced voids in
SS316L/Ti6AI4V RSW microstructure ' . .
et al. [44] . weld nugget, and increased tensile-shear
analysis load
Numerical Optimizing the weld parameters
Bozkurt and . modeling, Taguchi | electrode force, welding time, and
Cakar [45] Ti6Alav RSW L9 method, welding current greatly enhanced the
ANOVA strength of the resulting joint.
Taguchi method, Optl_rlnlzte]d para:netgrs pLoduceId a_hlgh
Taufiqurrahman . mechanical tensile-shear oad; the aluminum
SS316L/Ti6AlI4V RSW . interlayer formed intermetallic
et al. [46] structure analysis, . .
compound layers, which improved joint
EDX
strength.
. As a result of decreased residual
Experimental stresses, fracture energy and peak load
Butsykin et al. Ti-2%Al-1%Mn evaluation, ' T9y P X
RSW . were enhanced during the preheating
[47] alloy preheating, slow d sl I h which al
cooling and slow cooling phases, which also
decreased the dispersion of nugget sizes.
Welding parameters affected shear force
Mezher et al Design of and hardness; the 0.5-0.5 mm case
[29] ' Titanium sheets RSW experiments, ANN | showed the highest hardness, and ANN
models predicted optimal parameters
effectively.

3.2. Surface Preparation of Ti Alloys

Titanium alloys are prepared for RSW through various
surface treatments aimed at ensuring proper weld quality and
preventing issues such as contamination and poor electrode
contact. Common methods for surface preparation of Ti alloys
include chemical cleaning, which removes surface
contaminants and oxides from Ti alloys. Acid-based solutions
such as a mixture of sulfuric acid and hydrofluoric acid are
commonly used for this purpose. The chemical cleaning
process helps to improve the uniformity of contact resistance
and facilitates better weld quality [48, 49].

Additionally, surface preparation methods affect the
mechanical properties of welded joints. Improper cleaning can
lead to defects such as cracks and porosity which adjusts the
integrity of the weld. Therefore, a systematic approach to
optimizing these surface preparation techniques is important
to increase the overall performance of RSW in Ti alloys.

In the surface preparation for RSW of Ti alloys, Ghalib et
al. [50] explored the efficacy of chemical cleaning as a
method. Using a tiny amount of Ti powder between the faying
surfaces, the article reveals a new method for increasing
corrosion resistance during spot welding. Researchers looked
at how a spot-welded alloy behaved when immersed in a
solution of one molar sulfuric acid in water. Microstructural
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alterations were observed during the spot welding process.
Mechanical abrasion techniques such as sanding or grit
blasting remove surface impurities and oxides from Ti alloy
surfaces [51].

Yu et al. [52] state that abrasion helps to create a clean
and roughened surface, which promotes better adhesion and
penetration during the RSW process. Inert gases like argon or
helium are used to insulate surfaces of Ti alloys from air
contamination. By acting as a barrier, this shielding keeps
surfaces free of oxidation and makes welding much easier
[53].

Grain structure and phase transformation characteristics
of welded Ti alloy are essential to be understood. Mechanical
properties and performance of welded joints depend on these
aspects in the case of varying welding conditions. In addition,
the joint formation of intermetallic compounds during the
welding process also affects the joint durability and reliability
of joints. Figure 3 demonstrates the microstructural analysis
of a Ti-6Al-4V alpha-beta Ti alloy [54]. Proper surface
preparation is essential for achieving high-quality welds when
using RSW of Ti alloys. It helps to minimize variations in
contact resistance, reduce electrode fouling, and ensure
optimal weld performance.
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Base metal
: e

ucture of a Ti-6Al-4V alpha-beta Ti alloy after the
welding process [54]

3.3. Nugget Formation of Ti Alloys

Ti alloys’ nugget formation process during RSW has a
pattern comparable to other metallic materials. In the initial
stage of nugget formation, known as the incubation stage, the
Ti alloy begins to melt due to the heat applied to it by the
welding current. This stage is relatively short and typically
lasts less than one welding cycle. During this phase, the nugget
forms as the material softens and fuses [55]. Following the
incubation stage, the nugget enters the growth stage, lasting
approximately 2 to 4 welding cycles. The nugget grows
rapidly in this stage as more material is melted and fused
together [56]. The growth rate decreases with time due to a
drop in current density and heating rate when the contact area
between the electrode and workpiece increases. Welding
achieves a stable state, and nugget growth stabilizes after
about four rounds. At this point, the size and shape of the
nugget remain relatively constant, indicating that the welding
parameters are well-balanced and the desired weld quality has
been achieved. Understanding the stages of nugget formation
in Ti alloy RSW is crucial for optimizing welding parameters
and ensuring consistent and reliable welds. Proper control of
welding parameters, including current, time, and pressure, is
essential for achieving desirable nugget characteristics and
overall weld quality.

Kumar et al. [57] compared the mechanical and
microstructural characteristics of Ti-6Al-4V alloy that was
spot-welded. Weld duration cycles of 30, 50, and 70 were
employed to join thin sheets (750 pm) of Ti-6Al-4V alloy
using RSW. During Post-Weld Heat Treatment (PWHT), the
weld pad was heated to around 915°C, which is the B-transus
temperature, for a duration of 60 minutes. Subsequently, it was
quenched with water in order to reduce its temperature.
Improving the weld time led to enhanced mechanical
properties with 70 cycles, which was determined as the
optimal duration for welding. The solution treatment
improved the tensile-shear load-bearing capacity and
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extension by converting the interfacial failure mode to pullout.
Ertan [58] looked into the mechanical characteristics of
different Ti-Al resistance spot welds. Using RSW, titanium
alloy sheets (ASTM Grade 2) and 5754 aluminum alloy were
welded together. Various welding parameters were utilized,
including electrode pressures ranging from 5 to 15 kN,
welding currents of 10, 12, and 15 KA, and cycles of 10, 15,
and 20. The research looked at the weld nugget’s dimensions,
including its diameter and height, and the outcomes of
hardness and tensile-shear tests. The welding parameters had
a significant influence on the mechanical properties of the
joints. Increasing the welding current and duration enhanced
the tensile-shear load but lowered the electrode force. Using
Ti-1AlI-1Mn thin foils as an example, Chen et al. [59]
investigated the effect of welding conditions on the RSW at a
small scale. Key welding parameters such as holding time,
ramp time, welding current, welding time, and electrode force
were the primary focus of the investigation. An analysis was
conducted to assess the weld shape, microstructure,
microhardness, and element distribution. The surface
indentation reached a stable diameter of around 365 pm and a
thickness of about 8 um. The weld nugget exhibited the
maximum microhardness value, while the HAZ showed
softening. Weld nugget size, failure mode, and average HAZ
grain size were the three factors that ultimately decided the
welded joint’s maximum load-bearing capacity. The spot
welding parameters employed, such as a 12-cycle welding
time, 9 kA welding current, and 3 kN electrode force for the
Ti6Al4V Ti alloy, are shown in Figure 4, a cross-sectional
view of the joint. Despite the alloy sheet’s thinness (1 mm),
high welding heat achieves the desired weld width, leading to
full melting from the faying surfaces outward. The differing
material properties (TisAlsV alloy sheet and Cu-Cr alloy
electrodes) make adhesion challenging, but no significant
contamination or damage occurs. The joint consists of a weld
nugget, HAZ, and base metal, each with clearly defined limits.
The strength of a joint is influenced by the morphology of the
weld, which may be assessed by measuring the width of the
weld nugget (W) and the height of the joint (H), as depicted in
Figure 4 [60].

Base metal

Weld nugget

:
’
A 1
N

W

Fig. 4 Cross section of spot welded joint in Ti6Al4V Ti alloy [60]
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4. Influence of RSW Process Parameters on

Weld Quality

An investigation on the influence of welding current and
electrode force on the quality of SS316L/Ti6Al4V with an
aluminum interlayer was carried out by Taufiqurrahman et al.
[61]. The weld current varied between 11 and 13 kA, while the
electrode force ranged from 3 to 5 kN. Both welding and
holding periods were constant. Increased current and force led
to higher heat input, and the highest tensile-shear load, 8.71
kN, occurred with 11 kA current and 3 kN force. High-current
welding  produced  brittle  fractures and  defects.
Microstructural analysis showed grain growth in SS316L and
phase transformation in Ti6Al4V. Intermetallic compound
layers were examined using EDX and XRD, which revealed
different fusion zones with high microhardness values for both
metals. Stainless steel 316L and Ti-6Al-4V were welded by
Mansor et al. [62] using micro-RSW, varying welding
parameters, and electrode geometry. Tensile shear tests
determined joint strength, while microstructural analysis
examined fracture modes. Welding conditions that produced
the best results were a current of 2.0 kN, duration of 100 ms,
and force of 241 N, for a total load of 378.25 N.
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Fig. 5 Microhardness profile of RSW joint at 1.8 kA, 150 ms, and 362 N
[62]

Fig. 6 The big and small structures of the RSW combined areas A, B, C,
and D [62]
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The results were shown to be significantly affected by the
welding current. However, in order to avoid the discharge of
weld metal, control was required. SEM and EDS mapping
revealed columnar dendritic structures at the fusion zone.
Figure 5 displays the Vickers micro-hardness profile of the
RSW joint, where the welding parameters were adjusted to a
weld time of 150 milliseconds, weld current of 1.8
kiloamperes and weld force of 362 Newtons. Figure 6
illustrates the macrostructure and microstructure of various
regions (A-D) in a microresistance spot welded joint. The
pictures showed how ASS 316L and Ti-6Al-4V successfully
fused, solidifying into a hugget since the welding temperature
was higher than their melting temperatures.

Investigating the connection between dynamic resistance
and RSW quality estimation was the focus of Zhao et al. [63].
Twenty characteristics were extracted from the welding
process’s dynamic resistance signal. The test made use of TC2
Ti alloy specimens. A 3 mm electrode tip width was used in
conjunction with a welding current ranging from 1.0 to 2.4 kA,
a welding period from 4 to 12 ms, and an electrode force
ranging from 76.2 to 203.2 N. According to the results, the
welding current significantly affected most of the measured
features. The model was very good at predicting welding
quality, with a maximum relative error of less than 10%. To
forecast the TC2 Ti alloy welding quality, Zhao et al. [34] used
regression and NN models to examine the impacts of welding
variables and changes in dynamic resistance curves. Principal
Component Analysis (PCA) eliminated redundant information
and characterized curve shape, enhancing regression model
robustness. Results highlighted PCA reliability in assessing
and monitoring welding quality, indicating its superiority over
manual feature extraction methods. When it came to
Resistance Element Welding (REW), Wang et al. [64]
investigated 7075 aluminum alloy to Ti6AI4V Ti alloy. The
study created a metallurgical connection by inserting Ti6Al4V
rivets into holes in an aluminum sheet and then resistance
welding the components. The study examined the joints’
hardness distribution, microstructure, mechanical properties,
and fracture mode. The findings showed that compared to
riveted connections, REW joints were better at absorbing
energy and withstanding tensile shear loads, with both metrics
improving as the rivet diameter grew larger.

As the welding current increases, different failure modes
are experienced. The nugget’s microstructure is mostly made
up of acicular o’ phase martensite, and at the Ti/Al interface,
a layer of discontinuous intermetallic compounds is formed.
In order to forecast the nugget diameter of spot-welded joints,
Zhao et al. [65] monitored the dynamic power signature. The
study compared the efficacy of a regression model with that of
an Artificial Neural Network (ANN).

High-frequency precision spot welder settings for joining
TC2 Ti alloy sheets (100x30x0.4mm) included a welding
duration of 4 to 12 ms, a welding current of -1.0 to 2.4 kA, and
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an electrode force of 76.2 to 203.2 N, with increments of 0.2,
2, and 25.4 N, respectively. The Rogowski coil captured
dynamic welding current while electrodes detected voltage.
Five power signal characteristics described curve shapes,
aiding in classifying welds as bad, good, or with expulsion.
Through dynamic power signature monitoring, Zhao et al. [66]
explored real-time nugget size prediction in TC2 Ti alloy
welding joints. Welding current and voltage were recorded
similarly with features extracted from power waveforms for
quality prediction via the Kriging method. Experimentally
verified and Kriging method enabled effective monitoring and
assessment of RSW processes under constant current and
voltage modes. Scatter graphs illustrating the correlation
between AP; and nugget diameter, Ps and nugget diameter,
and Q and nugget diameter are presented in Figure 7 [66].
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Fig. 7 Nugget diameter plotted against AP1, Ps, and Q [66]

Liu et al. [67] looked at the RSW of the dissimilar alloys
TA15 Ti and AZ31 Mg and the effect of welding current on
nugget contacts. The study examined hardness,
microstructure, tensile strength, and fracture surface by
varying electrode pressure, welding current, and welding time.
Optimal conditions achieved a failure load of 4.79 kN, similar
to AZ31B magnesium alloy shear strength. Even though
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excessive welding current leads to interface cracks,
demonstrated at 200 ms welding time and 14kA with
0.22 MPa pressure, incomplete melting formed a ‘fish scale’
microstructure near the magnesium alloy interface, causing
fracture. In order to optimize RSW parameters on TC2 Ti
alloy sheets for several objectives, Zhao et al. [68] suggested
a hybrid method that combines regression analysis with the
entropy weight method. Using a central composite
experimental design, three levels of Welding Current (1),
Welding Time (T), and Electrode Force (F) were tested. The
results provide a thorough welding quality index using failure
energy, tensile shear load, nugget diameter, and maximum
displacement. The correlation between welding quality and
process variables was determined using a regression model.
According to the research, welding current is the main factor
affecting heat input.

Researchers Chen et al. [69] investigated how the size of
the weld nuggets affected the mechanical properties and
failure modes of Ti-1Al-1Mn ultrathin foil microscale RSW.
Interfacial and pullout failure mechanisms were identified
during tensile shear experiments. Pullout failure of welds was
associated with better mechanical characteristics. According
to the study, weld nugget size is a crucial component in
identifying the failure mechanism. A modified model based
on distortion energy theory is suggested for precise prediction.
Experimental results demonstrated consistency with the
proposed model, ensuring reliable determination of critical
weld nugget sizes. Wan et al. [70] focused on monitoring
small-scale RSW of TC2 Ti alloy using dynamic resistance
and NN. According to the study, changes in welding current
impacted dynamic resistance and nugget growth, with the
second resistance peak decreasing. Variations in dynamic
electrical signals showed weld ejection, while the growth of
nuggets correlated significantly with resistance valley and end
resistance. An accurate estimation of the weld quality was
made by an NN using features from the dynamic resistance
curve.

A composite beam with a thickness of 0.8 mm and
constructed of sheets of Ti Grade 2 and Grade 5 joined
together using RSW was evaluated for its bending load
capabilities by Lacki and Niemiro [71]. Strength testing and
microstructure analysis were used to select the welding
settings. The plastic strain distribution, load capacity, and
destruction mechanism were evaluated for joints with single
and parallel welds. Results indicated larger plastic strain on
Grade 2 Ti sheets and undamaged RSW welds during three-
point bending. The ideal welding parameters for Ti—1Al-1Mn
thin foils (0.05 mm thick) employed in Small-Scale Resistance
Spot Welding (SSRSW) were investigated by Yue et al. [72].
While other parameters stayed constant, variations in welding
current (600-800 A), electrode force (8.88-35.56 N), and
welding time (6-10 ms) were investigated. The Response
Surface Methodology (RSM) quadratic model was used to
analyze absorption energy, shear force, and microstructure.
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The outcomes demonstrated that the welding parameters for
SSRSW were optimized to a satisfactory degree, with
microstructures varying between the welded joints and the é-
martensite base material. Figure 8 shows a three-dimensional
surface that illustrates the shear force in connection to welding
parameters such as electrode force, welding current, and
welding time.

The development of a quality monitoring system for
small-scale RSW of TC2 Ti alloy (0.4 mm thickness) was
investigated by Wan et al. [73]. The features taken from the
electrode voltage and dynamic resistance curves were
analysed. In order to forecast the quality of the weld, neural
network models were used, using failure load estimation for
quality level classification and backpropagation neural
networks appropriate for probabilistic NNs. The study
highlighted the sensitivity of failure load and features to
changes in welding current rather than electrode force. Wan et
al. [74] examined multi-objective optimization of small-scale
RSW of TC2 Ti alloy. The study used Grey Relational
Analysis (GRA), Genetic Algorithms (GA) and Neural
Networks (NN) to optimize the welding process, focusing on
TC2 Titanium alloy with a thickness of 0.4mm. The welding
parameters consist of time intervals of 4, 6, 8 and 10 ms,
current values of 1.0, 1.4, 1.8 and 2.2 kA, and force levels of
100, 125, 150 and 175 N. The welding process employs a 3mm
diameter electrode tip.
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Fig. 8 Shear force’s three-dimensional surface in connection to welding
parameters, including electrode force, welding current, and welding
time [72]
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Welding current was the most significant parameter in
improving weld quality, and GRA gave a rough estimation of
optimal parameters. Then, the study used various architectures
of backpropagation NN to predict welding quality based on
these parameters and determined that failure load was more
sensitive to changes in welding parameters than nugget
diameter. The GA was then used to find optimal welding
parameters, and good agreement was shown between
predictions and experimental results. Wan et al. [75] explored
the development of a quality monitoring system for small-
scale RSW using dynamic resistance and NN techniques. The
study focuses on TC2 Ti alloy with a thickness of 0.4mm,
employing welding parameters such as time (6-12 ms), current
(1.2-2.4 kA), and force (75-200 N) with an electrode tip
diameter of 3mm. The study found relationships between
resistance peaks and weld quality by examining dynamic
resistance variations. For quality estimation, both multiple
linear regression and neural network models were employed;
the NN model outperformed regression analysis. In this
welding process, using NNs in conjunction with dynamic
resistance measurement proved beneficial for quality control.

The structure of nanostructured Ti alloy joints Ti-6Al-4V
formed by RSW was investigated by Klimenov et al. [76]. X-
ray structural analysis and scanning electron microscopy
determined the relationship between the metal structure in the
primary joint zones and the weld zone. The weld joint zone
exhibited a finely dispersed martensite structure due to local
heating and rapid cooling during welding. Derlatka et al. [77]
used 0.8 mm-thick Ti Grade 5 sheets to investigate the load-
bearing capacity of RSW joints. Five different welding
parameter sets were tested, and the most effective one was
chosen. Three types of joints were created using these
parameters with varying weld spacings. The study evaluated
plastic strain distribution, load capacity, and cracking
methods. It also demonstrated the feasibility of constructing
beams from these welded Ti sheets.

Wan et al. [78] investigated the quality evaluation in
small-scale RSW of TC2 Ti alloy. The study identified four
stages in the voltage curve by analysing electrode voltage
variations and their correlation with weld quality. A NN model
was proposed to evaluate weld quality based on voltage
signals, and the results indicated potential for real-time quality
monitoring systems. Wan et al. [79] applied Principal
Component Analysis (PCA) and GA to solve a multi-response
optimization problem for SSRSW of 0.4 mm thick TC2
titanium alloy. Using a central composite experimental design,
the study evaluated the influence of electrode force, welding
current, and welding time on weld quality indicators: failure
load, nugget diameter, failure displacement and failure energy.
Initially PCA was applied to combine these quality indicators
into composite weld quality indexes with multiple weighted
selection strategies being used. A mathematical function for
predicting these weighted principal components was
developed using multiple stepwise regression analysis.
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Welding current was again known as the most significant
factor. The optimization of welding parameters using GA was
experimentally validated, with the first principal component
considered the most effective quality index. When analyzing
the weldability of Ti-1Al-1Mn thin foils, Chen et al. [80]
focused on online monitoring and evaluating the weld quality
of RSW Ti alloy. The method ensures dependable quality
assessment by extracting characteristic information through
real-time welding parameter analysis and acquisition. Using
TB2 Ti alloy as the material with process parameters, the
system detects defects such as splash and incomplete fusion
during welding.

Zhao etal. [81] exposed the optimization of failure energy
in spot-welded Ti alloys. The study developed a mathematical
model correlating welding parameters (welding current,
electrode force and welding time) with failure energy using
Box—Behnken experimental design with 17 tests based on
Response Surface Methodology (RSM). The RSM model
enabled the analysis of both individual and interaction effects
of welding parameters on failure energy. A sensitivity analysis
displayed the influence of each parameter on joint quality. The
study further optimized process parameters using the Artificial
Fish Swarm Algorithm (AFSA), which successfully identified
the combination of parameters that maximized failure energy.
Verification tests with new welding parameters established the
RSM model’s robustness and effectiveness. Li et al. [82]
investigated the microstructure and mechanical characteristics
of Al/Ti joints welded by RSW. Commercially pure Ti (TAL)
and aluminium alloy 6061-T6 sheets were spot welded. The
findings showed the crucial welding current range, which
affects the quality of the weld joint, where the reaction
changes from solid to liquid titanium. Because the titanium
stayed solid and the aluminum alloy melted, the Al/Ti junction
displayed a brazed joint structure. While welding duration and
electrode force had little effect on tensile shear characteristics,
welding current had a substantial influence. In their study,
Hou et al. investigated the mechanical properties and
microstructure of RSW joints consisting of pure Ti and
stainless steel (SUS304) with an Nb interlayer [83]. Titanium
and 304 stainless steel sheets were sandwiched together with
nitin foil. The interfacial microstructure revealed the eutectic
structure of Nb and FeNb. The study investigated how welding
current affected the tensile shear stress and nugget diameter;
the greatest load of 5.61 kN was attained at ten kA. This
illustrated how well RSW joins Ti and stainless steel with Nb
interlayer. Figure 9 displayed the nugget diameter and tensile
shear force as functions of welding current.

Electrode wear was evaluated by Mathiszik et al. [84]
during the RSW process without the use of additional sensors
to determine the optimal timing for tip dressing based on
process data rather than experience. The electrode wear
modes, such as mushrooming and plateau forming, were
analyzed under laboratory conditions using topographical
measurements.

49

é10 -
581;//’%45
g of 4
=
S 4F .
CRE |

& 2} ]
2
Z I

08 10 12 14

Welding current I/kA

Z T T T
=<
—

(5~
2

5 F ]
=
.24.5

g
S 49 70 11 12 13 14

Welding current I/kA
Fig. 9 Welding current impact on nugget diameter and tensile shear
load [83]

The study discovered that electrode wear leads to
deformation of the electrode contact area, which impacts weld
quality and process parameters. However, the limitation is the
wear detection method’s importance on electrode length delta,
which might not consider all aspects of wear, such as surface
changes or material buildup. The influence of current pulse
width on electrode wear during RSW of aluminum alloy 6016-
T4 was studied by Schulz et al. [85]. The study shows
increased surface roughness and electrode erosion with a
longer pulse time. The decrease of current pulse width
decreased electrode wear without losing joint quality by
reducing surface temperatures. While decreasing the current
pulse width was shown to minimize electrode wear, which
may not be suitable for all applications. Also, it impacts weld
penetration in thicker materials and affects the ability to
produce larger welds.

Table 4 summarizing the key aspects of the proposed
review and previous reviews. The proposed review stands out
by providing a comprehensive overview of RSW focused on
Ti and its alloys, covering alloy composition, surface
preparation, nugget formation and process parameters. In
contrast to existing studies that focus on general welding
techniques (Reddy et al. [86]), dissimilar material welding
with interlayers (Liu and Zhang [87] and Giri et al. [90]) and
RSW in steels and other alloys (Soomro et al. [88]). However,
this review uniquely highlights the need for further research
on specific titanium alloys like AMS 4902 and the
optimization of RSW for thicker sheets, which provides
industrial relevance and future research direction in the field,
which is exceeded by studies on other metals.
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Table 4. Comparative analysis of reviews on welding techniques for Ti, Ti alloys and dissimilar material joints

Study Focus Area Welding Methods Materials Research Gaps/ Future Directions
. . . .. |Research on specific Ti alloys (AMS
Proposed | Comprehensive overview RSW Tiand its | q05y Row for thicker sheets, electrode
Review of RSW in Ti alloys alloys . A
size optimization
Reddy et al. [General review of welding  Various welding Tiand its |Need for optimized welding methods to
[86] techniques for Ti methods alloys |avoid defects in Ti alloys
Liu and Zhan Influence of interlayers on More research is needed on optimizing
[87] g Ti/Steel dissimilar RSW Tiand steel |interlayer ~ materials  for  better
welding mechanical properties.
Enhancing the mechanical RSW, interlayer- Automotive Study on failure behavior and RSW
Soomro et al. g assisted RSW, process feasibility for various AHSS
performance of RSW X . sheet steels
[88] joints in automotive steels magnetically assisted (AHSS) grades
) RSW, pulsed RSW
. Optimization of RSW P Lack of review on the selection of
Ariyanto et al. parameters for dissimilar RSW D'SS'm"ar optimal welding parameters for different
[89] c - materials . S
materials in automotive material combinations
Welding of dissimilar Various welding Ti and Need for more advanced methods and
Giri etal. [90] 19 ot d methods focus on . process  optimizations  for  better
Ti/SS joints . . stainless steell . ~ "
fusion welding dissimilar metal welds.

5. Gaps in Current Studies

Several research gaps have been identified in current
studies on the RSW of Ti alloys. Although much research has
looked into how welding settings affect weld quality and
mechanical qualities, our knowledge of how welded joints
perform and last under real-world conditions is still limited.
Most studies focus on a specific Ti alloy composition, such as
Ti6Al4V, leaving a gap in understanding the RSW behavior
of other Ti alloy compositions. Incorporating new materials or
adopting novel welding procedures to solve existing obstacles
and improve weld quality are two examples of innovative
ways that might be studied to increase the efficiency and
effectiveness of RSW processes for Ti alloys. Despite several
investigations into the effects of these variables on weld
quality, a dearth of complete knowledge regarding the
combined influence of welding current, electrode force, and
other parameters on weld qualities has been observed. There
is a gap in research exploring innovative techniques to
enhance the reliability, efficiency, and quality of RSW
processes for Ti alloys, such as advanced monitoring and
control systems, novel electrode materials, or alternative
welding strategies. These research gaps could significantly
advance the understanding and application of RSW for Ti
alloys in various industries.

6. Conclusion and Future Directions

Based on identified research gaps, some conclusions can
be drawn from the current state of research on the RSW of Ti
and its alloys. Most of the research conducted on RSW for Ti
and its alloys focused on sheet thicknesses less than 1mm.
This shows a gap in understanding the behavior and

50

optimization of RSW for thicker materials, which may have
different welding characteristics and requirements. A major
portion of the literature uses electrode diameters less than
5mm for RSW of Ti alloys. This highlights the need for
research examining the effects of electrode diameter on weld
quality, as different diameters may result in varied weld
properties and performance. While several Ti alloys have been
studied in RSW, certain alloys have a gap, such as AMS 4902.
To observe a better understanding of RSW for Ti materials, it
would be valuable to study these alloys” welding behavior and
properties. These results recommend that RSW for thicker Ti
sheets should be part of future RSW studies for Ti and its
alloys. This shows how to optimize the welding process, how
joints in thicker sections behave mechanically and how to
optimize the welding behavior. Focusing on the influence of
electrode diameter on weld quality and performance would
help to determine optimal electrode sizes for different
applications and materials. Conducting research on RSW for
specific Ti alloys, such as AMS 4902, would fill existing gaps
in the literature and provide solutions for welding these
materials. In addition, future studies will focus on the
automation of RSW processes, increasing efficiency and
consistency in welding operations. Real-time monitoring and
control of welding parameters could develop weld quality by
allowing adjustments during the welding process. Also,
developing predictive models for weld quality based on
varying parameters would provide understanding and tools for
engineers and researchers to assist more effective and reliable
RSW applications in the industry. By addressing these
research areas, future studies can improve the understanding,
efficiency and reliability of RSW processes for Ti and its
alloys, enabling their broader application in industrial sectors.



Anishkumar H. Gandhi & Prashant Hasmukhray Solanki / IIME, 11(10), 36-54, 2024

References

[1] Chakkaravarthi Rajarajan et al., “Resistance Spot Welding of Advanced High Strength Steel for Fabrication of Thin-Walled Automotive
Structural Frames,” Forces in Mechanics, vol. 7, pp. 1-13, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[2] Pawel Kustron et al., “Development of Resistance Spot Welding Processes of Metal-Plastic Composites,” Materials, vol. 14, no. 12, pp.
1-20, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[3] Tanmoy Das, and Jinu Paul, “Interlayers in Resistance Spot-Welded Lap Joints: A Critical Review,” Metallography, Microstructure, and
Analysis, vol. 10, pp. 3-24, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[4] Kang Zhou, and Ping Yao, “Overview of Recent Advances of Process Analysis and Quality Control in Resistance Spot
Welding,” Mechanical Systems and Signal Processing, vol. 124, pp. 170-198, 2019. [CrossRef] [Google Scholar] [Publisher Link]

[5]1 Paluchamy Rajalingam et al., “A Comparative Study on Resistance Spot and Laser Beam Spot Welding of Ultra-High Strength Steel for
Automotive Applications,” International Journal of Lightweight Materials and Manufacture, vol. 7, no. 5, pp. 648-661, 2024. [CrossRef]
[Google Scholar] [Publisher Link]

[6] Zoha Nasir, and M.l. Khan, “Resistance Spot Welding and Optimization Techniques Used to Optimize its Process
Parameters,” International Research Journal of Engineering and Technology, vol. 3, no. 5, pp. 887-893, 2016. [Google Scholar] [Publisher
Link]

[71 Delphine Mulaba-Kapinga et al., “Mechanical, Electrochemical and Structural Characteristics of Friction Stir Spot Welds of Aluminium
Alloy 6063,” Manufacturing Review, vol. 7, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[8] Stefano Gialanella, and Alessio Malandruccolo, “Titanium and Titanium Alloys,” Aerospace Alloys, pp. 129-189, 2020. [CrossRef]
[Google Scholar] [Publisher Link]

[9] Fatih Bozkurt et al., “The Effect of Welding Parameters on Static and Dynamic Behaviors of Spot Welded Ti6Al4V Sheets,” Journal of
Materials Engineering and Performance, vol. 29, pp. 7468-7479, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[10] Luigi Panza et al., “Data-Driven Framework for Electrode Wear Prediction in Resistance Spot Welding,” IFIP International Conference
on Product Lifecycle Management, pp. 239-252, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[11] He Peng et al., “Microstructure and Mechanical Properties of Ultrasonic Spot Welded Mg/Al Alloy Dissimilar Joints,” Metals, vol. 8, no.
4, pp. 1-16, 2018. [CrossRef] [Google Scholar] [Publisher Link]

[12] Ichwan Fatmahardi et al., “An Exploratory Study on Resistance Spot Welding of Titanium Alloy Ti-6Al-4V,” Materials, vol. 14, no. 9,
pp. 1-17, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[13] Kaisar Mahmud et al., “Geometrical Degradation of Electrode and Liquid Metal Embrittlement Cracking in Resistance Spot
Welding,” Journal of Manufacturing Processes, vol. 61, pp. 334-348, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[14] Mukti Chaturvedi, and S. Arungalai Vendan, “Resistance Spot Welding and Design,” Advanced Welding Techniques, pp. 35-61, 2021.
[CrossRef] [Google Scholar] [Publisher Link]

[15] Das Tanmoy, “Resistance Spot Welding: Principles and its Applications,” Engineering Principles-Welding and Residual Stresses, pp. 1-
87, 2022. [Google Scholar] [Publisher Link]

[16] Saurabh Akulwar et al., “Resistance Spot Welding Behavior of Automotive Steels,” Transactions of the Indian Institute of Metals, vol.
74, pp. 601-609, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[17] Saurabh Pawar et al., “Characterizing Local Distribution of Microstructural Features and its Correlation with Microhardness in Resistance
Spot Welded Ultra-Low-Carbon Steel: Experimental and Finite Element Characterization,” Materials Characterization, vol. 194, 2022.
[CrossRef] [Google Scholar] [Publisher Link]

[18] Nikhil Kumar et al., “In-Depth Evaluation of Micro-Resistance Spot Welding for Connecting Tab to 18,650 Li-lon Cells for Electric
Vehicle Battery Application,” The International Journal of Advanced Manufacturing Technology, vol. 121, no. 9, pp. 6581-6597, 2022.
[CrossRef] [Google Scholar] [Publisher Link]

[19] Abdulkarim R. Omer Alzahougi, “Investigation and Simulation of Resistance Spot Welding Using DP600 Steel in Automotive Industry,”
Karabuk University, 2020. [Google Scholar] [Publisher Link]

[20] Hayder H. Khaleel, Ibtihal A. Mahmood, and Fuad Khoshnaw, “Optimization Process of Double Spots Welding of High Strength Steel
Using in the Automotive Industry,” Engineering and Technology Journal, vol. 41, no. 1, pp. 110-120, 2023. [CrossRef] [Google Scholar]
[Publisher Link]

[21] Heinrich Giinter, and Gerson Meschut, “Joining of Ultra-High-Strength Steels Using Resistance Element Welding on Conventional
Resistance Spot Welding Guns,” Welding in the World, vol. 65, no. 10, pp. 1899-1914, 2021. [CrossRef] [Google Scholar] [Publisher
Link]

[22] Sandhya D. Bhat et al., “Investigation of Thin Sheet Stainless Steel Resistance Spot Welds: Effect of Weld Current on Nugget Failure and
Microstructure,” Materials Today: Proceedings, vol. 35, pp. 361-365, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[23] Haetham G. Mohammed, Turnad L. Ginta, and Mazli Mustapha, “The Investigation of Microstructure and Mechanical Properties of
Resistance Spot Welded AIST 316L Austenitic Stainless Steel,” Materials Today: Proceedings, vol. 46, pp. 1640-1644, 2021. [CrossRef]
[Google Scholar] [Publisher Link]

51


https://doi.org/10.1016/j.finmec.2022.100084
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Resistance+Spot+Welding+of+Advanced+High+Strength+Steel+For+Fabrication+Of+Thin-Walled+Automotive+Structural+Frames&btnG=
https://www.sciencedirect.com/science/article/pii/S2666359722000142
https://doi.org/10.3390/ma14123233
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Development+of+Resistance+Spot+Welding+Processes+of+Metal%E2%80%93Plastic+Composites&btnG=
https://www.mdpi.com/1996-1944/14/12/3233
https://doi.org/10.1007/s13632-021-00714-0
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Interlayers+in+resistance+spot-welded+lap+joints%3A+A+critical+review&btnG=
https://link.springer.com/article/10.1007/s13632-021-00714-0
https://doi.org/10.1016/j.ymssp.2019.01.041
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Overview+of+recent+advances+of+process+analysis+and+quality+control+in+resistance+spot+welding&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0888327019300573
https://doi.org/10.1016/j.ijlmm.2024.04.001
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+comparative+study+on+resistance+spot+and+laser+beam+spot+welding+of+ultra-high+strength+steel+for+automotive+applications&btnG=
https://www.sciencedirect.com/science/article/pii/S2588840424000301
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+comparative+study+on+resistance+spot+and+laser+beam+spot+welding+of+ultra-high+strength+steel+for+automotive+applications&btnG=
https://www.irjet.net/archives/V3/i5/IRJET-V3I5185.pdf
https://www.irjet.net/archives/V3/i5/IRJET-V3I5185.pdf
https://doi.org/10.1051/mfreview/2020022
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Mechanical%2C+electrochemical+and+structural+characteristics+of+friction+stir+spot+welds+of+aluminium+alloy+6063&btnG=
https://mfr.edp-open.org/component/article?access=doi&doi=10.1051/mfreview/2020022
https://doi.org/10.1007/978-3-030-24440-8_4
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Titanium+and+titanium+alloys%2C%E2%80%9D+Aerospace+alloys%2C&btnG=
https://link.springer.com/chapter/10.1007/978-3-030-24440-8_4
https://doi.org/10.1007/s11665-020-05202-0
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+effect+of+welding+parameters+on+static+and+dynamic+behaviors+of+spot+welded+ti6al4v+sheets&btnG=
https://link.springer.com/article/10.1007/s11665-020-05202-0
https://doi.org/10.1007/978-3-030-94335-6_17
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Data-driven+framework+for+electrode+wear+prediction+in+resistance+spot+welding&btnG=
https://link.springer.com/chapter/10.1007/978-3-030-94335-6_17
https://doi.org/10.3390/met8040229
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Microstructure+and+Mechanical+Properties+of+Ultrasonic+Spot+Welded+Mg%2FAl+Alloy+Dissimilar+Joints&btnG=
https://www.mdpi.com/2075-4701/8/4/229
https://doi.org/10.3390/ma14092336
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=An+Exploratory+Study+on+Resistance+Spot+Welding+of+Titanium+Alloy+Ti-6Al-4V&btnG=
https://www.mdpi.com/1996-1944/14/9/2336
https://doi.org/10.1016/j.jmapro.2020.11.025
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Geometrical+degradation+of+electrode+and+liquid+metal+embrittlement+cracking+in+resistance+spot+welding&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1526612520308124
https://doi.org/10.1007/978-981-33-6621-3_3
https://scholar.google.com/scholar?q=Mukti+Chaturvedi,+and+S.+Arungalai+Vendan,+%E2%80%9CResistance+Spot+Welding+and+Design&hl=en&as_sdt=0,5
https://link.springer.com/chapter/10.1007/978-981-33-6621-3_3
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Resistance+Spot+Welding%3A+Principles+and+Its+Applications&btnG=
https://books.google.co.in/books?hl=en&lr=&id=8Ch4EAAAQBAJ&oi=fnd&pg=PA87&dq=Resistance+Spot+Welding:+Principles+and+Its+Applications&ots=TQEt32r35c&sig=nL95i_wx5oIILeNXAwn5kh65FUs&redir_esc=y#v=onepage&q=Resistance%20Spot%20Welding%3A%20Principles%20and%2
https://doi.org/10.1007/s12666-020-02155-9
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Resistance+spot+welding+behavior+of+automotive+steels&btnG=
https://link.springer.com/article/10.1007/s12666-020-02155-9
https://doi.org/10.1016/j.matchar.2022.112382
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Characterizing+local+distribution+of+microstructural+features+and+its+correlation+with+microhardness+in+resistance+spot+welded+ultra-low-carbon+steel%3A+Experimental+and+finite+element+characterizatio
https://www.sciencedirect.com/science/article/abs/pii/S1044580322006647
https://doi.org/10.1007/s00170-022-09775-z
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=In-depth+evaluation+of+micro-resistance+spot+welding+for+connecting+tab+to+18%2C650+Li-ion+cells+for+electric+vehicle+battery+application&btnG=
https://link.springer.com/article/10.1007/s00170-022-09775-z
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Investigation+and+simulation+of+resistance+spot+welding+using+DP600+steel+in+automotive+industry&btnG=
https://platform.almanhal.com/Details/Thesis/2000133413
https://doi.org/10.30684/etj.2022.134325.1236
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimization+process+of+double+spots+welding+of+high+strength+steel+using+in+the+automotive+industry&btnG=
https://etj.uotechnology.edu.iq/article_175646.html
https://doi.org/10.1007/s40194-021-01122-2
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Joining+of+ultra-high-strength+steels+using+resistance+element+welding+on+conventional+resistance+spot+welding+guns&btnG=
https://link.springer.com/article/10.1007/s40194-021-01122-2
https://link.springer.com/article/10.1007/s40194-021-01122-2
https://doi.org/10.1016/j.matpr.2020.02.350
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Investigation+of+Thin+Sheet+Stainless+Steel+Resistance+Spot+Welds%3A+Effect+of+Weld+Current+on+Nugget+Failure+And+Microstructure&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S2214785320311056
https://doi.org/10.1016/j.matpr.2020.07.258
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+investigation+of+microstructure+and+mechanical+properties+of+resistance+spot+welded+AISI+316L+austenitic+stainless+steel&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S2214785320353517

Anishkumar H. Gandhi & Prashant Hasmukhray Solanki / IIME, 11(10), 36-54, 2024

[24] Deekshant Varshney, and Kaushal Kumar, “Application and Use of Different Aluminium Alloys with Respect to Workability, Strength
and Welding Parameter Optimization,” Ain Shams Engineering Journal, vol. 12, no. 1, 1143-1152, 2021. [CrossRef] [Google Scholar]
[Publisher Link]

[25] Ming Huang et al., “Effect of External Magnetic Field on Resistance Spot Welding of Aluminum Alloy AA6061-T6,” Journal of
Manufacturing Processes, vol. 50, pp. 456-466, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[26] Marwah S. Fakhri, Ibtihal A. Mahmood, and Ahmed Al-Mukhtar, “The Electrical and Mechanical Aspects of Aluminum and Copper
Resistance Spot Weld Joints,” Engineering and Technology Journal, vol. 42, no. 01, pp. 195-205, 2024. [CrossRef] [Google Scholar]
[Publisher Link]

[27] Nikhil Kumar et al., “Substituting Resistance Spot Welding with Flexible Laser Spot Welding to Join Ultra-Thin Foil of Inconel 718 to
Thick 410 Steel,” Materials, vol. 15, no. 9, pp. 1-15, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[28] Lacki Piotr, and Niemiro-Mazniak Judyta, “Numerical and Experimental Analysis of Lap Joints Made of Grade 2 Titanium and Grade 5
Titanium Alloy By Resistance Spot Welding,” Materials, vol. 16, no. 5, pp. 1-21, 2023. [CrossRef] [Google Scholar] [Publisher Link]

[29] Marwan T. Mezher, Diego Carou, and Alejandro Pereira, “Exploring Resistance Spot Welding for Grade 2 Titanium Alloy: Experimental
Investigation and Artificial Neural Network Modeling,” Metals, vol. 14, no. 3, pp. 1-24, 2024. [CrossRef] [Google Scholar] [Publisher
Link]

[30] P. Bamberg et al., “Improvement of the Resistance Spot Welding of Al-Mg-Si Alloys by Using Cladding Technology: An Optical and
Mechanical Characterization Study,” Journal of Advanced Joining Processes, vol. 5, pp. 1-11, 2022. [CrossRef] [Google Scholar]
[Publisher Link]

[31] Yu Zhang et al., “Effects of Al/Zn Interlayer on the Solidification Path and Liquation Cracking Susceptibility of AZ31/ZK61 Dissimilar
Magnesium Alloy Resistance Spot Welding Joints,” Journal of Manufacturing Processes, vol. 75, pp. 60-71, 2022. [CrossRef] [Google
Scholar] [Publisher Link]

[32] Pintso Tshering Lepcha et al., “Recent Applications of Laser in Orthodontics,” International Journal of Medical Science and Current
Research, vol. 5, no. 5, pp. 26-32, 2022. [Google Scholar] [Publisher Link]

[33] Ariyanto Ariyanto et al., “Prototype of Resistance Spot Welding Material Preparation to Improve the Quality of Welding
Joints,” International Journal of Engineering Business and Social Science, vol. 1, no. 4, pp. 283-289, 2023. [Google Scholar]

[34] Dawei Zhao et al., “Welding Quality Evaluation of Resistance Spot Welding Based on a Hybrid Approach,” Journal of Intelligent
Manufacturing, vol. 32, pp. 1819-1832, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[35] Wei Dai et al., “Online Quality Inspection of Resistance Spot Welding for Automotive Production Lines,” Journal of Manufacturing
Systems, vol. 63, pp. 354-369, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[36] Raman Kumar et al., “Impact of Process Parameters of Resistance Spot Welding on Mechanical Properties and Micro Hardness of Stainless
Steel 304 Weldments,” International Journal of Structural Integrity, vol. 12, no. 3, pp. 366-377, 2021. [CrossRef] [Google Scholar]
[Publisher Link]

[37] Yu Zhang et al., “In Situ Observations of the Strain Competition Phenomenon in Aluminum Alloy Resistance Spot Welding Joints during
Lap Shear Testing,” Metals, vol. 13, no. 9, pp. 1-13, 2023. [CrossRef] [Google Scholar] [Publisher Link]

[38] Soumyajit Das et al., “An Investigation on Metallurgical Features and Joint Characteristics of Ultrasonic Spot Welded Al-Ni
Sheets,” Journal of Adhesion Science and Technology, vol. 38, no. 17, pp. 3203-3224, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[39] Maria Grazia Riccelli et al., “Welding Fumes, A Risk Factor for Lung Diseases,” International Journal of Environmental Research and
Public Health, vol. 17, no. 7, pp. 1-32, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[40] Shuo Cao et al., “Interaction between Al and other Alloying Atoms in o -Ti for Designing High Temperature Titanium
Alloy,” Computational Materials Science, vol. 197, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[41] Manmeet Kaur, and K. Singh, “Review on Titanium and Titanium Based Alloys as Biomaterials for Orthopaedic Applications,” Materials
Science and Engineering: C, vol. 102, pp. 844-862, 2019. [CrossRef] [Google Scholar] [Publisher Link]

[42] C. Veiga, J.P. Davim, and A.J.R. Loureiro, “Properties and Applications of Titanium Alloys: A Brief Review,” Reviews On Advanced
Materials Science, vol. 32, no. 2, pp. 133-148, 2012. [Google Scholar] [Publisher Link]

[43] Y. Lietal., “Impact of Electromagnetic Stirring Upon Weld Quality of Al/Ti Dissimilar Materials Resistance Spot Welding,” Materials
& Design, vol. 83, pp. 577-586, 2015. [CrossRef] [Google Scholar] [Publisher Link]

[44] Igbal Taufiqurrahman, Turnad Lenggo Ginta, and Mazli Mustapha, “The Effect of Holding Time on Dissimilar Resistance Spot Welding
of Stainless Steel 316L and Ti6Al4V Titanium Alloy with Aluminum Interlayer,” Materials Today: Proceedings, vol. 46, no. 4, pp. 1563-
1568, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[45] Fatih Bozkurt, and Fatih Hayati Cakir, “An Experimental Design of Spot Welding of Ti6Al4V Sheets and Numerical Modeling
Approach,” Welding in the World, vol. 65, no. 5, pp. 885-898, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[46] Igbal Taufiqurrahman et al., “The Effect of Aluminum Interlayer on Weld Strength, Microstructure Analysis, and Welding Parameters
Optimization in Resistance Spot Welding of Stainless Steel 316L and Ti6Al4V Titanium Alloy,” Engineering Solid Mechanics, vol. 10,
no. 2, pp. 165-178, 2022. [CrossRef] [Google Scholar] [Publisher Link]

52


https://doi.org/10.1016/j.asej.2020.05.013
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Application+and+use+of+different+aluminium+alloys+with+respect+to+workability%2C+strength+and+welding+parameter+optimization&btnG=
https://www.sciencedirect.com/science/article/pii/S2090447920301295
https://doi.org/10.1016/j.jmapro.2020.01.005
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effect+of+external+magnetic+field+on+resistance+spot+welding+of+aluminum+alloy+AA6061-T6&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1526612520300086
https://doi.org/10.30684/etj.2023.143734.1606
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+electrical+and+mechanical+aspects+of+aluminum+and+copper+resistance+spot+weld+joints&btnG=
https://etj.uotechnology.edu.iq/article_181766.html
https://doi.org/10.3390/ma15093405
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Substituting+resistance+spot+welding+with+flexible+laser+spot+welding+to+join+ultra-thin+foil+of+Inconel+718+to+Thick+410+steel&btnG=
https://www.mdpi.com/1996-1944/15/9/3405
https://doi.org/10.3390/ma16052038
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Numerical+and+Experimental+Analysis+of+Lap+Joints+Made+of+Grade+2+Titanium+and+Grade+5+Titanium+Alloy+by+Resistance+Spot+Welding&btnG=
https://www.mdpi.com/1996-1944/16/5/2038
https://doi.org/10.3390/met14030308
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Exploring+Resistance+Spot+Welding+for+Grade+2+Titanium+Alloy%3A+Experimental+Investigation+and+Artificial+Neural+Network+Modeling&btnG=
https://www.mdpi.com/2075-4701/14/3/308
https://www.mdpi.com/2075-4701/14/3/308
https://doi.org/10.1016/j.jajp.2021.100090
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Improvement+of+the+resistance+spot+welding+of+Al-Mg-Si+alloys+by+using+cladding+technology%3A+An+optical+and+mechanical+characterization+study&btnG=
https://www.sciencedirect.com/science/article/pii/S2666330921000509
https://doi.org/10.1016/j.jmapro.2021.12.017
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effects+of+Al%2FZn+interlayer+on+the+solidification+path+and+liquation+cracking+susceptibility+of+AZ31%2FZK61+dissimilar+magnesium+alloy+resistance+spot+welding+joints&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effects+of+Al%2FZn+interlayer+on+the+solidification+path+and+liquation+cracking+susceptibility+of+AZ31%2FZK61+dissimilar+magnesium+alloy+resistance+spot+welding+joints&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1526612521008896
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Recent+applications+of+laser+in+orthodontics&btnG=
http://www.ijmscr.com/asset/images/uploads/16623905221677.pdf
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Prototype+of+Resistance+Spot+Welding+Material+Preparation+to+Improve+the+Quality+of+Welding+Joints&btnG=
https://doi.org/10.1007/s10845-020-01627-5
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Welding+quality+evaluation+of+resistance+spot+welding+based+on+a+hybrid+approach&btnG=
https://link.springer.com/article/10.1007/s10845-020-01627-5
https://doi.org/10.1016/j.jmsy.2022.04.008
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Online+quality+inspection+of+resistance+spot+welding+for+automotive+production+lines&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0278612522000589
https://doi.org/10.1108/IJSI-03-2020-0031
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Impact+of+process+parameters+of+resistance+spot+welding+on+mechanical+properties+and+micro+hardness+of+stainless+steel+304+weldments&btnG=
https://www.emerald.com/insight/content/doi/10.1108/IJSI-03-2020-0031/full/html
https://doi.org/10.3390/met13091601
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=In+Situ+Observations+of+the+Strain+Competition+Phenomenon+in+Aluminum+Alloy+Resistance+Spot+Welding+Joints+during+Lap+Shear+Testing&btnG=
https://www.mdpi.com/2075-4701/13/9/1601
https://doi.org/10.1080/01694243.2024.2334135
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=An+investigation+on+metallurgical+features+and+joint+characteristics+of+ultrasonic+spot+welded+Al-Ni+sheets&btnG=
https://www.tandfonline.com/doi/abs/10.1080/01694243.2024.2334135
https://doi.org/10.3390/ijerph17072552
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Welding+fumes%2C+a+risk+factor+for+lung+diseases&btnG=
https://www.mdpi.com/1660-4601/17/7/2552
https://doi.org/10.1016/j.commatsci.2021.110620
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Interaction+between+Al+and+other+alloying+atoms+in+%CE%B1-Ti+for+designing+high+temperature+titanium+alloy&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0927025621003475
https://doi.org/10.1016/j.msec.2019.04.064
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Review+on+titanium+and+titanium+based+alloys+as+biomaterials+for+orthopaedic+applications%2C&btnG=
https://www.sciencedirect.com/science/article/pii/S0928493118338232
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Properties+and+applications+of+titanium+alloys%3A+a+brief+review&btnG=
https://www.ipme.ru/e-journals/RAMS/no_23212/05_23212_veiga.pdf
https://doi.org/10.1016/j.matdes.2015.06.042
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Impact+of+electromagnetic+stirring+upon+weld+quality+of+Al%2FTi+dissimilar+materials+resistance+spot+welding&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0264127515003925
https://doi.org/10.1016/j.matpr.2020.07.237
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+effect+of+holding+time+on+dissimilar+resistance+spot+welding+of+stainless+steel+316L+and+Ti6Al4V+titanium+alloy+with+aluminum+interlayer%2C&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S221478532035330X
https://doi.org/10.1007/s40194-020-01054-3
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=An+experimental+design+of+spot+welding+of+Ti6Al4V+sheets+and+numerical+modeling+approach&btnG=
https://link.springer.com/article/10.1007/s40194-020-01054-3
http://dx.doi.org/10.5267/j.esm.2022.1.002
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+effect+of+aluminum+interlayer+on+weld+strength%2C+microstructure+analysis%2C+and+welding+parameters+optimization+in+resistance+spot+welding+of+stainless+steel+316L+and+Ti6Al4V+titanium+alloy&btnG=
http://m.growingscience.com/beta/esm/5310-the-effect-of-aluminum-interlayer-on-weld-strength-microstructure-analysis-and-welding-parameters-optimization-in-resistance-spot-welding-of-stainless-steel-316l-and-ti6al4v-titanium-alloy.html

Anishkumar H. Gandhi & Prashant Hasmukhray Solanki / IIME, 11(10), 36-54, 2024

[47] Sergei Butsykin et al., “Effects of Preheating and Slow Cooling Stages in Small-Scale Resistance Spot Welding of the Ti-2Al-1Mn
Alloy,” The International Journal of Advanced Manufacturing Technology, vol. 128, pp. 3011-3024, 2023. [CrossRef] [Google Scholar]
[Publisher Link]

[48] Tian-Le Lv et al., “Effect of Storage Time on the Surface Status and Resistance Spot Weldability of TiZr Pretreated 5182 Aluminum
Alloy,” Journal of Manufacturing Processes, vol. 81, pp. 166-176, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[49] Jilin Xie et al., “Microstructure and Mechanical Properties of Ultrasonic Spot Welding TiNi/Ti6Al4V Dissimilar Materials Using Pure Al
Coating,” Journal of Manufacturing Processes, vol. 64, pp. 473-480, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[50] Lubna Ghalib, Ahmed K. Muhammad, and Sahib M. Mahdi, “Study the Effect of Adding Titanium Powder on the Corrosion Behavior for
Spot Welded Low Carbon Steel Sheets,” Journal of Inorganic and Organometallic Polymers and Materials, vol. 31, no. 6, pp. 2665-2671,
2021. [CrossRef] [Google Scholar] [Publisher Link]

[51] Minghui Du et al., “Effect of Surface Topography on Injection Joining Ti Alloy for Improved Bonding Strength of Metal-
Polymer,” Surface and Coatings Technology, vol. 433, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[52] Jiang Yu et al., “Interfacial Evolution Behavior and Mechanical Properties of Ti/Steel Joint via Ultrasonic Seam Assisted Resistance Spot
Welding with Cu Interlayer,” Journal of Manufacturing Processes, vol. 95, pp. 535-550, 2023. [CrossRef] [Google Scholar] [Publisher
Link]

[53] V. Dhinakaran et al., “A Review on the Categorization of the Welding Process of Pure Titanium and its Characterization,” Materials
Today: Proceedings, vol. 27, pp. 742-747, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[54] Yassin Mustafa Ahmed et al., “Optimization of Multi-Layer Welding of Titanium Alloy,” Research Journal of Applied Sciences,
Engineering and Technology, vol. 10, no. 9, pp. 1029-1034, 2015. [Google Scholar] [Publisher Link]

[55] Chaogqun Zhang et al., “Interfacial Segregation of Alloying Elements during Dissimilar Ultrasonic Welding of AA6111 Aluminum and
Ti6Al4V Titanium,” Metallurgical and Materials Transactions A, vol. 50, pp. 5143-5152, 2019. [CrossRef] [Google Scholar] [Publisher
Link]

[56] Sunusi Marwana Manladan, “Microstructural Evolution and Mechanical Properties of Magnesium Alloy/Austenitic Stainless Steel Joints
Produced by Resistance Spot Welding Techniques,” Doctoral Dissertation, University of Malaya, Malaysia, pp. 1-24, 2017. [Google
Scholar] [Publisher Link]

[57] Bikash Kumaretal., “A Comparative Study on Microstructural and Mechanical Behaviour of Spot Welded Ti-6Al-4V Alloy in As-Welded
and Solution Treated Condition,” Advances in Materials and Processing Technologies, vol. 8, no. 3, pp. 2637-2651, 2022. [CrossRef]
[Google Scholar] [Publisher Link]

[58] Rukiye Ertan, “Mechanical Properties of Dissimilar Ti-Al Resistance Spot Welds,” Materials Testing, vol. 62, no. 6, pp. 597-602, 2020.
[CrossRef] [Google Scholar] [Publisher Link]

[59] Feng Chen et al., “The Effects of Welding Parameters on the Small Scale Resistance Spot Weldability of Ti-1AlI-1Mn Thin
Foils,” Materials & Design, vol. 102, pp. 174-185, 2016. [CrossRef] [Google Scholar] [Publisher Link]

[60] Xinge Zhang et al., “Characteristics of Resistance Spot Welded Ti6Al4V Titanium Alloy Sheets,” Metals, vol. 7, no. 10, pp. 1-12, 2017.
[CrossRef] [Google Scholar] [Publisher Link]

[61] Igbal Taufiqurrahman et al., “The Effect of Welding Current and Electrode Force on the Heat Input, Weld Diameter, and Physical and
Mechanical Properties of SS3161/Ti6Al4V Dissimilar Resistance Spot Welding with Aluminum Interlayer,” Materials, vol. 14, no. 5, pp.
1-20, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[62] Muhammad Safwan Mohd Mansor et al., “Microstructure and Mechanical Properties of Micro-Resistance Spot Welding Between Stainless
Steel 316L and Ti-6Al-4V,” The International Journal of Advanced Manufacturing Technology, vol. 96, pp. 2567-2581, 2018. [CrossRef]
[Google Scholar] [Publisher Link]

[63] Dawei Zhao et al., “Research on the Correlation between Dynamic Resistance and Quality Estimation of Resistance Spot
Welding,” Measurement, vol. 168, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[64] Shuai Wang et al., “Resistance Element Welding of 7075 Aluminum Alloy to Ti6Al4V Titanium Alloy,” Journal of Manufacturing
Processes, vol. 70, pp. 300-306, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[65] Dawei Zhao et al., “Performances of Regression Model and Artificial Neural Network in Monitoring Welding Quality Based on Power
Signal,” Journal of Materials Research and Technology, vol. 9, no. 2, pp. 1231-1240, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[66] Dawei Zhao, Yuanxun Wang, and Dongjie Liang, “Correlating Variations in the Dynamic Power Signature to Nugget Diameter in
Resistance Spot Welding Using Kriging Model,” Measurement, vol. 135, pp. 6-12, 2019. [CrossRef] [Google Scholar] [Publisher Link]

[67] Fei Liu et al., “Study on Microstructure and Properties of Resistance Spot Welding of Mg/Ti Dissimilar Materials,” Science and
Technology of Welding and Joining, vol. 25, no. 7, pp. 581-588, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[68] Dawei Zhao et al., “Multi-Objective Optimization of the Resistance Spot Welding Process Using a Hybrid Approach,” Journal of
Intelligent Manufacturing, vol. 32, pp. 2219-2234, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[69] Feng Chen et al., “Effect of Weld Nugget Size on Failure Mode and Mechanical Properties of Microscale Resistance Spot Welds on Ti—
1Al-1Mn Ultrathin Foils,” Advances in Mechanical Engineering, vol. 10, no. 7, 2018. [CrossRef] [Google Scholar] [Publisher Link]

53


https://doi.org/10.1007/s00170-023-12110-9
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effects+of+preheating+and+slow+cooling+stages+in+small-scale+resistance+spot+welding+of+the+Ti-2Al-1Mn+alloy&btnG=
https://link.springer.com/article/10.1007/s00170-023-12110-9
https://doi.org/10.1016/j.jmapro.2022.06.058
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effect+of+storage+time+on+the+surface+status+and+resistance+spot+weldability+of+TiZr+pretreated+5182+aluminum+alloy&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1526612522004418
https://doi.org/10.1016/j.jmapro.2021.02.009
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Microstructure+and+mechanical+properties+of+ultrasonic+spot+welding+TiNi%2FTi6Al4V+dissimilar+materials+using+pure+Al+coating&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1526612521000839
https://doi.org/10.1007/s10904-020-01863-5
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Study+the+effect+of+adding+titanium+powder+on+the+corrosion+behavior+for+spot+welded+low+carbon+steel+sheets&btnG=
https://link.springer.com/article/10.1007/s10904-020-01863-5
https://doi.org/10.1016/j.surfcoat.2022.128132
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effect+of+surface+topography+on+injection+joining+Ti+alloy+for+improved+bonding+strength+of+metal-polymer&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0257897222000536
https://doi.org/10.1016/j.jmapro.2023.03.081
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Interfacial+evolution+behavior+and+mechanical+properties+of+Ti%2Fsteel+joint+via+ultrasonic+seam+assisted+resistance+spot+welding+with+Cu+interlayer&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1526612523003274
https://www.sciencedirect.com/science/article/abs/pii/S1526612523003274
https://doi.org/10.1016/j.matpr.2019.12.034
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+review+on+the+categorization+of+the+welding+process+of+pure+titanium+and+its+characterization&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S2214785319340453
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimization+of+multi-layer+welding+of+titanium+alloy&btnG=
https://www.airitilibrary.com/Article/Detail/20407467-201507-201509110021-201509110021-1029-1034
https://doi.org/10.1007/s11661-019-05395-7
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Interfacial+segregation+of+alloying+elements+during+dissimilar+ultrasonic+welding+of+AA6111+aluminum+and+Ti6Al4V+titanium&btnG=
https://link.springer.com/article/10.1007/s11661-019-05395-7
https://link.springer.com/article/10.1007/s11661-019-05395-7
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Microstructural+Evolution+and+Mechanical+Properties+of+Magnesium+Alloy%2FAustenitic+Stainless+Steel+Joints+Produced+by+Resistance+Spot+Welding+Techniques+%28Doctoral+dissertation%2C+University+of+Mala
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Microstructural+Evolution+and+Mechanical+Properties+of+Magnesium+Alloy%2FAustenitic+Stainless+Steel+Joints+Produced+by+Resistance+Spot+Welding+Techniques+%28Doctoral+dissertation%2C+University+of+Mala
https://myto.upm.edu.my/find/Record/u1067884?lng=en
https://doi.org/10.1080/2374068X.2021.1934648
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+comparative+study+on+microstructural+and+mechanical+behaviour+of+spot+welded+Ti-6Al-4V+alloy+in+as-welded+and+solution+treated+condition&btnG=
https://www.tandfonline.com/doi/abs/10.1080/2374068X.2021.1934648
https://doi.org/10.3139/120.111524
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Mechanical+properties+of+dissimilar+Ti-Al+resistance+spot+welds&btnG=
https://www.degruyter.com/document/doi/10.3139/120.111524/html
https://doi.org/10.1016/j.matdes.2016.04.001
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+effects+of+welding+parameters+on+the+small+scale+resistance+spot+weldability+of+Ti-1Al-1Mn+thin+foils&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0264127516304610
https://doi.org/10.3390/met7100424
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Characteristics+of+resistance+spot+welded+Ti6Al4V+titanium+alloy+sheets&btnG=
https://www.mdpi.com/2075-4701/7/10/424
https://doi.org/10.3390/ma14051129
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+effect+of+welding+current+and+electrode+force+on+the+heat+input%2C+weld+diameter%2C+and+physical+and+mechanical+properties+of+SS316l%2FTi6Al4V+dissimilar+resistance+spot+welding+with+aluminum+inte
https://www.mdpi.com/1996-1944/14/5/1129
https://doi.org/10.1007/s00170-018-1688-4
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Microstructure+and+mechanical+properties+of+micro-resistance+spot+welding+between+stainless+steel+316L+and+Ti-6Al-4V&btnG=
https://link.springer.com/article/10.1007/s00170-018-1688-4
https://doi.org/10.1016/j.measurement.2020.108299
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Research+on+the+correlation+between+dynamic+resistance+and+quality+estimation+of+resistance+spot+welding&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0263224120308381
https://doi.org/10.1016/j.jmapro.2021.08.047
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Resistance+element+welding+of+7075+aluminum+alloy+to+Ti6Al4V+titanium+alloy&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1526612521006241
https://doi.org/10.1016/j.jmrt.2019.11.050
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Performances+of+regression+model+and+artificial+neural+network+in+monitoring+welding+quality+based+on+power+signal&btnG=
https://www.sciencedirect.com/science/article/pii/S2238785419304016
https://doi.org/10.1016/j.measurement.2018.11.025
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Correlating+variations+in+the+dynamic+power+signature+to+nugget+diameter+in+resistance+spot+welding+using+Kriging+model&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0263224118310790
https://doi.org/10.1080/13621718.2020.1780756
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Study+on+microstructure+and+properties+of+resistance+spot+welding+of+Mg%2FTi+dissimilar+materials&btnG=
https://journals.sagepub.com/doi/abs/10.1080/13621718.2020.1780756
https://doi.org/10.1007/s10845-020-01638-2
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Multi-objective+optimization+of+the+resistance+spot+welding+process+using+a+hybrid+approach&btnG=
https://link.springer.com/article/10.1007/s10845-020-01638-2
https://doi.org/10.1177/1687814018785283
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effect+of+Weld+Nugget+Size+on+Failure+Mode+and+Mechanical+Properties+of+Microscale+Resistance+Spot+Welds+on+Ti%E2%80%931Al%E2%80%931Mn+Ultrathin+Foils&btnG=
https://journals.sagepub.com/doi/full/10.1177/1687814018785283

Anishkumar H. Gandhi & Prashant Hasmukhray Solanki / IIME, 11(10), 36-54, 2024

[70] Xiaodong Wan, Yuanxun Wang, and Dawei Zhao, “Quality Estimation in Small Scale Resistance Spot Welding of Titanium Alloy Based
On Dynamic Electrical Signals,” ISI1J International, vol. 58, no. 4, pp. 721-726, 2018. [CrossRef] [Google Scholar] [Publisher Link]

[71] Piotr Lacki, and Judyta Niemiro, “Strength Evaluation of the Beam Made of the Titanium Sheets Grade 2 and Grade 5 Welded By
Resistance Spot Welding,” Composite Structures, vol. 159, pp. 538-547, 2017. [CrossRef] [Google Scholar] [Publisher Link]

[72] X.K. Yue et al., “Optimal Welding Parameters for Small-Scale Resistance Spot Welding with Response Surface Methodology,” Science
and Technology of Welding and Joining, vol. 22, no. 2, pp. 143-149, 2017. [CrossRef] [Google Scholar] [Publisher Link]

[73] Xiaodong Wan et al., “A Comparison of Two Types of Neural Network for Weld Quality Prediction in Small Scale Resistance Spot
Welding,” Mechanical Systems and Signal Processing, vol. 93, pp. 634-644, 2017. [CrossRef] [Google Scholar] [Publisher Link]

[74] Xiaodong Wan, Yuanxun Wang, and Dawei Zhao, “Grey Relational and Neural Network Approach for Multi-Objective Optimization in
Small Scale Resistance Spot Welding of Titanium Alloy,” Journal of Mechanical Science and Technology, vol. 30, pp. 2675-2682, 2016.
[CrossRef] [Google Scholar] [Publisher Link]

[75] Xiaodong Wan et al., “Weld Quality Monitoring Research in Small Scale Resistance Spot Welding by Dynamic Resistance and Neural
Network,” Measurement, vol. 99, pp. 120-127, 2017. [CrossRef] [Google Scholar] [Publisher Link]

[76] V.A. Klimenov et al., “Structure of Ti-6Al-4V Nanostructured Titanium Alloy Joint Obtained by Resistance Spot Welding,” AIP
Conference Proceedings, vol. 1698, no. 1, pp. 1-4, 2016. [CrossRef] [Google Scholar] [Publisher Link]

[771 Anna Derlatka, Marcin Dyner, and Piotr Lacki, “Evaluation of Load-Bearing Capacity of Resistance Spot Welding (RSW) Joints Made
of Titanium Gr 5 Sheets,” Key Engineering Materials, vol. 687, pp. 212-219, 2016. [CrossRef] [Google Scholar] [Publisher Link]

[78] X.Wan, Y. Wang, and D. Zhao, “Quality Evaluation in Small-Scale Resistance Spot Welding by Electrode Voltage Recognition,” Science
and Technology of Welding and Joining, vol. 21, no. 5, pp. 358-365, 2016. [CrossRef] [Google Scholar] [Publisher Link]

[79] Xiaodong Wan, Yuanxun Wang. and Dawei Zhao, “Multi-Response Optimization in Small Scale Resistance Spot Welding of Titanium
Alloy by Principal Component Analysis and Genetic Algorithm,” The International Journal of Advanced Manufacturing Technology, vol.
83, pp. 545-559, 2016. [CrossRef] [Google Scholar] [Publisher Link]

[80] S. Chen et al., “Online Monitoring and Evaluation of the Weld Quality of Resistance Spot Welded Titanium Alloy,” Journal of
Manufacturing Processes, vol. 23, pp. 183-191, 2016. [CrossRef] [Google Scholar] [Publisher Link]

[81] Dawei Zhao et al., “Process Analysis and Optimization for Failure Energy of Spot Welded Titanium Alloy,” Materials & Design, vol. 60,
pp. 479-489, 2014. [CrossRef] [Google Scholar] [Publisher Link]

[82] Y. Li, Y. Zhang, and Z. Luo, “Microstructure and Mechanical Properties of Al/Ti Joints Welded by Resistance Spot Welding,” Science
and Technology of Welding and Joining, vol. 20, no. 5, pp. 385-394, 2015. [CrossRef] [Google Scholar] [Publisher Link]

[83] Longlong Hou et al., “Microstructure and Mechanical Property of Resistance Spot Welded Joint between Pure Titanium and Stainless
Steel with Interlayer of Nb,” 5" International Conference on Advanced Design and Manufacturing Engineering, pp. 782-787, 2015.
[CrossRef] [Google Scholar] [Publisher Link]

[84] Christian Mathiszik et al., “General Approach for Inline Electrode Wear Monitoring at Resistance Spot Welding,” Processes, vol. 9, no.
4, pp. 1-20, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[85] Eric Schulz et al., “Electrode Wear in Short-Pulse Resistance Spot Welding of Aluminum AA 6016-T4,” Welding in the World, vol. 65,
pp.127-141, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[86] Malis Krishna Prasad Reddy et al., “Review on Different Welding Techniques of Titanium and its Alloys,” International Journal of
Scientific Research in Science, Engineering and Technology, vol. 7, no. 1, pp. 2395-1990, 2020. [CrossRef] [Google Scholar] [Publisher
Link]

[87] Yibo Liu, and Chaoqun Zhang, “Effects of Interlayer on the Microstructure and Mechanical Properties of Resistance Spot Welded
Titanium/Steel Joints: A Short Review,” Metals, vol. 14, no. 4, pp. 1-14, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[88] Imtiaz Ali Soomro, Srinivasa Rao Pedapati, and Mokhtar Awang, “A Review of Advances in Resistance Spot Welding of Automotive
Sheet Steels: Emerging Methods to Improve Joint Mechanical Performance,” The International Journal of Advanced Manufacturing
Technology, vol. 118, no. 5, pp. 1335-1366, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[89] Ilyas Renreng Ariyanto, Hairul Arsyad, and Muhammad Syahid, “Optimization Parameter Resistance Spot Welding Dissimilar Material-
A Review,” AIP Conference Proceedings, vol. 2630, no. 1, 2023. [CrossRef] [Google Scholar] [Publisher Link]

[90] Soumya Ranjan Giri, Bijaya Kumar Khamari, and Bikash Ranjan Moharana, “Joining of Titanium and Stainless Steel by Using Different
Welding Processes: A Review,” Materials Today: Proceedings, vol. 66, pp. 505-508, 2022. [CrossRef] [Google Scholar] [Publisher Link]

54


https://doi.org/10.2355/isijinternational.ISIJINT-2017-282
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Quality+estimation+in+small+scale+resistance+spot+welding+of+titanium+alloy+based+on+dynamic+electrical+signals&btnG=
https://www.jstage.jst.go.jp/article/isijinternational/58/4/58_ISIJINT-2017-282/_article/-char/ja/
https://doi.org/10.1016/j.compstruct.2016.10.002
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Strength+evaluation+of+the+beam+made+of+the+titanium+sheets+Grade+2+and+Grade+5+welded+by+Resistance+Spot+Welding&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0263822316315616
https://doi.org/10.1080/13621718.2016.1204799
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimal+welding+parameters+for+small-scale+resistance+spot+welding+with+response+surface+methodology&btnG=
https://journals.sagepub.com/doi/abs/10.1080/13621718.2016.1204799
https://doi.org/10.1016/j.ymssp.2017.01.028
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+comparison+of+two+types+of+neural+network+for+weld+quality+prediction+in+small+scale+resistance+spot+welding&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0888327017300377
https://doi.org/10.1007/s12206-016-0232-4
https://scholar.google.com/scholar?q=Grey+relational+and+neural+network+approach+for+multi-objective+optimization+in+small+scale+resistance+spot+welding+of+titanium+alloy&hl=en&as_sdt=0,5
https://link.springer.com/article/10.1007/s12206-016-0232-4
https://doi.org/10.1016/j.measurement.2016.12.010
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Weld+Quality+Monitoring+Research+in+Small+Scale+Resistance+Spot+Welding+by+Dynamic+Resistance+And+Neural+Network&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0263224116307114
https://doi.org/10.1063/1.4937829
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Structure+of+Ti-6Al-4V+nanostructured+titanium+alloy+joint+obtained+by+resistance+spot+welding&btnG=
https://pubs.aip.org/aip/acp/article/1698/1/030007/828486/Structure-of-Ti-6Al-4V-nanostructured-titanium
https://doi.org/10.4028/www.scientific.net/KEM.687.212
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Evaluation+of+load-bearing+capacity+of+resistance+spot+welding+%28RSW%29+joints+made+of+titanium+Gr+5+sheets&btnG=
https://www.scientific.net/KEM.687.212
https://doi.org/10.1080/13621718.2015.1115161
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Quality+evaluation+in+small-scale+resistance+spot+welding+by+electrode+voltage+recognition&btnG=
https://www.tandfonline.com/doi/abs/10.1080/13621718.2015.1115161
https://doi.org/10.1007/s00170-015-7545-9
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Multi-response+optimization+in+small+scale+resistance+spot+welding+of+titanium+alloy+by+principal+component+analysis+and+genetic+algorithm&btnG=
https://link.springer.com/article/10.1007/s00170-015-7545-9
https://doi.org/10.1016/j.jmapro.2016.06.003
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Online+monitoring+and+evaluation+of+the+weld+quality+of+resistance+spot+welded+titanium+alloy&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1526612516300597
https://doi.org/10.1016/j.matdes.2014.03.070
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Process+analysis+and+optimization+for+failure+energy+of+spot+welded+titanium+alloy&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0261306914002635
https://doi.org/10.1179/1362171815Y.0000000028
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Microstructure+and+mechanical+properties+of+Al%2FTi+joints+welded+by+resistance+spot+welding&btnG=
https://www.tandfonline.com/doi/abs/10.1179/1362171815Y.0000000028
https://doi.org/10.2991/icadme-15.2015.153
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Microstructure+and+mechanical+property+of+resistance+spot+welded+joint+between+pure+titanium+and+stainless+steel+with+interlayer+of+Nb&btnG=
https://www.atlantis-press.com/proceedings/icadme-15/25840231
https://doi.org/10.3390/pr9040685
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=General+approach+for+inline+electrode+wear+monitoring+at+resistance+spot+welding&btnG=
https://www.mdpi.com/2227-9717/9/4/685
https://doi.org/10.1007/s40194-020-01003-0
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Electrode+wear+in+short-pulse+resistance+spot+welding+of+aluminum+AA+6016-T4&btnG=
https://link.springer.com/article/10.1007/s40194-020-01003-0
https://doi.org/10.32628/IJSRSET207150
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Review+on+different+welding+techniques+of+Titanium+and+its+alloys.+International+Journal+of+Scientific+Research+in+Science&btnG=
https://ijsrset.com/home/issue/view/article.php?id=IJSRSET207150
https://ijsrset.com/home/issue/view/article.php?id=IJSRSET207150
https://doi.org/10.3390/met14040429
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effects+of+Interlayer+on+the+Microstructure+and+Mechanical+Properties+of+Resistance+Spot+Welded+Titanium%2FSteel+Joints%3A+A+Short+Review&btnG=
https://www.mdpi.com/2075-4701/14/4/429
https://doi.org/10.1007/s00170-021-08002-5
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+review+of+advances+in+resistance+spot+welding+of+automotive+sheet+steels%3A+emerging+methods+to+improve+joint+mechanical+performance&btnG=
https://link.springer.com/article/10.1007/s00170-021-08002-5
https://doi.org/10.1063/5.0126219
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Optimization+parameter+resistance+spot+welding+dissimilar+material-a+review&btnG=
https://pubs.aip.org/aip/acp/article-abstract/2630/1/030002/2886612/Optimization-parameter-resistance-spot-welding
https://doi.org/10.1016/j.matpr.2022.05.590
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Joining+of+titanium+and+stainless+steel+by+using+different+welding+processes%3A+A+review&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S2214785322040676

