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PREFACE

Welding is one of the important processes used to permanently join metals in industries like
power generation, construction, manufacturing etc. To meet the growing demand for stronger
and more reliable welded structures, especially in high-temperature and corrosive environment,
industries are now turning to advanced welding techniques. These methods are developed to
improve mechanical strength, durability and safety of components used in critical applications.
However, traditional welding processes often face difficulties when working with modern,
high-performance materials. Understanding how these materials behave during welding is
important to ensure the joints to be strong and long-lasting. As industries use more advanced
materials to meet strict performance standards, it becomes crucial to understand the details of
how well these materials can be welded. Among various welding processes, Gas Tungsten Arc
Welding (GTAW) has gained popularity due to its high precision and versatility.

The increasing need for improved power plant efficiency has prompted the evolution of thermal
power plants from subcritical to Ultra Supercritical (USC) and Advanced Ultra Supercritical
(AUSC) technologies. These advancements necessitate the use of high-performance materials
such as Creep Strength Enhanced Ferritic (CSEF) steels, austenitic stainless steels and Ni-based
superalloys. Austenitic stainless steels, particularly 304H grade, exhibit superior high-
temperature strength and corrosion resistance, making them suitable candidates for elevated
temperature applications. Weldability of such steels is of key importance, as achieving high-
quality welds ensure structural integrity and enhances the long-term performance of
components operating under extreme thermal and mechanical conditions.

Austenitic stainless steel of grade 304H is one of the critical materials extensively used in
advanced boiler components such as fabricating terminal sections of superheaters and reheaters
(as reported by the previous researchers) due to its excellent high-temperature strength and
corrosion resistance. However, despite its significant role in such demanding environment, the
weldability study of more than 5 or 6-mm thick SS 304H remains underexplored. Achieving
full penetration and producing high-quality welds are crucial for ensuring the strength and
durability of welded joints in critical applications. However, welding characteristics of thick
SS 304H, particularly the interaction between various welding parameters, requires further
investigation.

Employing Multi Criteria Decision Making (MCDM) tools like the Analytic Hierarchy Process
(AHP) can enhance decision-making by systematically analyzing, prioritizing and optimizing
various welding parameters that was not reported in the literature for welding of SS 304H. Also,
application of Artificial Intelligence and Machine Learning in such weld joints of SS 304H flats
was not found in the literature.

Also, the literature does not reveal the use of Activating Flux in the enhancement of penetration
of TIG welded joints of SS 304H materials. Despite several advantages, this A-TIG welding is
not yet broadly adopted in the welding industry worldwide. Further research and
experimentation are necessary to validate its effectiveness for thick SS 304H flats, highlighting



the potential benefits of this method in industrial applications.

Use of SS 304H filler in enhancing depth of penetration was not reported in the published works
while joining similar materials. Therefore, investigations may well be performed in this area.

The main objective of this work would be to investigate and optimize weldability while joining

8 mm-thick 304H austenitic stainless steel using TIG welding process. Achieving full
penetration and producing high-quality welds are essential requirements. To accomplish this, a
series of experiments and various post welding tests and analysis would be carried out.

In the initial phase of experimentation, autogenous TIG welding is planned to be conducted
using butt joints prepared from 8 mm thick SS 304H specimens on a single side. To structure
the experimental design effectively, Response Surface Methodology (RSM) is planned to
employ in conjunction with Central Composite Design (CCD), allowing systematic variation
of key welding parameters such as heat input, shielding gas flow rate and torch angle across
three levels. It is tried to evaluate the combination of these parameters that would facilitate
maximum weld penetration while minimizing weld bead reinforcement and overall bead width.

Building upon the findings from the initial investigation, a second set of experiments is planned
with the optimal parameter combinations derived from the global matrix of a widely used
Multi-Criteria Decision-Making (MCDM) technique known as the Analytic Hierarchy Process
(AHP). In this phase, welding is planned to perform on both sides of the specimen aiming at
achieving full penetration.

Experiment Set 3 is planned wherein the same process parameters identified in the second set
would be retained, but with the application of Activated Flux (A-TIG) on the faying surface of
the specimens. This approach is intended to enhance arc constriction and increase penetration
depth further due to the reverse Marangoni effect, thereby improving the effectiveness of the
TIG welding process under the optimized conditions. Together, these sequential experimental
stages are planned to be done to build a comprehensive understanding of how process
modifications and enhancements influence weld quality and penetration characteristics in high-
performance austenitic stainless steels.

Extending the investigation further, a fourth phase of experimentation is planned to focus on
non-autogenous TIG welding by incorporating SS 304H filler material under conditions
comparable to the previous experiment sets. 1.2 mm diameter SS 304H filler wire is planned to
use to better understand the influence of filler addition on weld penetration and joint quality. A
structured Design of Experiment is again planned to be developed using Response Surface
Methodology (RSM) with a Central Composite Design (CCD), facilitating the optimization of
welding parameters specific to filler-assisted TIG welding. Key process parameters, such as,
heat input, root gap and shielding gas flow rate are planned to be varied across three levels to
examine their combined effect on weld characteristics.



To further strengthen the findings, investigation into the microstructural features, tensile tests
to determine ultimate tensile strength and percentage elongation of the welded joints, hardness
and micro-hardness measurements across the weld cross-sections and Scanning Electron
Microscopy (SEM) and optical microscopy to understand the microstructural features are
planned to be performed to gain deeper insights into the weld morphology. Finally, standard
Machine Learning algorithms are planned to apply to the entire experimental dataset to evaluate
the predictive capability of weld quality parameters such as bead geometry, tensile strength,
elongation and hardness based on the selected input process variables.

To address the objectives mentioned above, the work has been executed and documented in the
subsequent chapters of this thesis.

Chapter 1 outlines the motivation behind the study and underscores the importance of
investigating the weldability of SS 304H stainless steel using the Gas Tungsten Arc Welding
(GTAW) process. The aim and scope of the research are clearly defined, followed by a
summary of how the thesis is organized.

Chapter 2 presents a thorough examination of existing literature relevant to welding processes,
with emphasis on GTAW applied to austenitic stainless steels, especially in boiler component
manufacturing. It explores the influence of welding parameters on weld quality, discusses
experimental design methods like Response Surface Methodology (RSM), and delves into
decision-making frameworks such as the Analytic Hierarchy Process (AHP). Additionally, the
use of predictive algorithms for modelling welding outcomes is also reviewed.

Chapter 3 provides a detailed account of the materials selected and experimental procedures
adopted for the study. It describes the execution of four different TIG welding configurations
autogenous, A-TIG, and filler-assisted on SS 304H plates to examine the effect of key variables
on weld performance. Post-welding evaluation methods including tensile testing, hardness
measurement, microstructural analysis by Optical microscope and Scanning Electron
Microscope and machine learning-based prediction models are also discussed.

In Chapter 4 results of the initial experiment involving autogenous TIG welding on 8 mm thick
SS 304H specimens are presented and analyzed. The setup, including the weld joint
configuration, shielding gas selection, and parameter levels, is described. A Central Composite
Design (CCD) under the RSM framework is used for systematic experimentation. The effects
of varying welding parameters on weld quality are interpreted through the presented data.

Chapter 5 focuses on the findings from the second and third experiment sets. Experiment Set 2
involves double-sided TIG welding based on parameter optimization using AHP, aiming to
overcome the partial penetration issues found in Set 1. In Experiment Set 3, A-TIG welding is
introduced with TiO.-based activating flux to achieve deeper penetration via arc constriction.
The results from both sets are critically compared to assess their impact on weld quality.

Chapter 6 discusses the fourth experimental phase, where TIG welding is performed with the
addition of SS 304H filler wire. The experiment follows a CCD-RSM design and investigates

Xi



how factors such as heat input, gas flow rate, and root gap affect the welds. The use of a cold
wire feeding mechanism is also explored. Results are analyzed to determine the influence of
filler wire on penetration and mechanical properties.

Chapter 7 discusses the six standard machine learning models used in the weld dataset to predict
welding outcomes based on experimental data. Multiple algorithms are employed to estimate
output variables such as weld bead dimensions, tensile strength, and hardness. The performance
of each algorithm is compared, highlighting their effectiveness in modeling the TIG welding
process.

The final chapter, Chapter 8 summarizes the research outcomes across all four experimental
sets and discusses how the integration of AHP and machine learning contributed to process
optimization. Conclusions are drawn regarding weldability, penetration improvement, and
predictive capabilities. The chapter concludes by outlining recommendations for future
research on TIG welding of advanced stainless steels.

The thesis ends with the list of references.
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CHAPTER 1

Introduction

1.1 Preamble

Welding plays a pivotal role in modern engineering, serving as a fundamental process for
joining materials permanently in various industries, including power generation,
construction and manufacturing. The advancement of welding technology is critical for
enhancing the mechanical properties and longevity of welded structures, especially those

subjected to extreme conditions such as high temperature and corrosive environment.

Traditional welding methods often face challenges in achieving optimal joint properties,
particularly when dealing with high-performance materials. As industries use more
advanced materials to meet strict performance standards, it becomes crucial to understand
the details of how well these materials can be welded. Among various welding processes,
Gas Tungsten Arc Welding (GTAW) has gained popularity due to its ability to produce high
quality welded joints [1]. However, it has a limitation of having low productivity. A
schematic diagram representing GTAW process is shown in Figure 1.1.

‘ Non Consumable Tungsten Electrode ‘ | INgHL GaE (ATE0n) [

‘ TIG welding machine ‘

Workpiece

Figure 1.1. Schematic diagram of standard GTAW process



Efforts are ongoing to enhance the operational efficiency of power plants that rely on fossil
fuels, particularly coal-fired facilities, with the aim of reducing the environmental impact
caused by carbon emissions. For this, high operating temperature and pressure are required
for boiler applications. This demands for development and utilization of advanced boiler
materials. One of the key factors for selection of these materials depends on its ability to be
welded easily for fabrication works. As a consequence, weldability plays a pivotal role in

determining the suitable materials for modern coal-fired power plants.

Throughout a span of more than five decades, thermal power plants utilizing coal as a fuel
source have undergone a remarkable evolution. They have transitioned from subcritical
plants, characterized by an operating temperature of 540°C, pressure of 16.5MPa, and
efficiency of 35%, to the more advanced Ultra Supercritical Power plants. These newer
plants operate at a higher temperature of 593°C, pressure of 24.8MPa and achieve an
improved efficiency of 42%. Continued initiatives are underway in the USA, Japan, and
Europe to enhance power plant efficiency up to 45% by augmenting operating temperature
and pressure. These specific parameters are being proposed for the implementation of
Advanced Ultra Super Critical (AUSC) Boiler technology. To enhance overall efficiency,
extensive efforts have been devoted to the advancement of alloys in USC power plants.
Specifically, significant attention has been placed on optimizing Current Creep Strength
Enhanced Ferritic (CSEF) alloys and modified Chromium-Molybdenum (Cr-Mo) steels.
These materials [2-4] showcase remarkable physical and corrosion properties along with
superior creep strength at an elevated temperature.



Through a quantitative methodology, Bhadeshia introduced [5] a range of new steels which
are thermally resistive and welding consumables customised to meet the specific material
demands of USC and AUSC power plants. To avoid weld cracking within the heat-affected
zone (HAZ), it is essential to implement appropriate precautions during the welding process
of Current Creep Strength Enhanced Ferritic (CSEF) steels.

During the welding process, thermal and solidification shrinkage induce stresses that can
impact the performance of the weld. These stresses, if not addressed, can remain unchanged
and have detrimental effects on the weldment. When exposed to a corrosive atmosphere,
the presence of residual stresses can further increase the susceptibility to Stress Corrosion
Cracking (SCC) [6-8]. Hydrogen-induced cracking can occur in CSEF materials when there
is a combination of residual stress and insufficient preheating [9-12]. Moreover, in certain
components like grade 23 (2.25Cr, 1.6W-V-Nb-B) compliant with ASME code, the presence
of both residual stress and tri-axial stress can lead to the occurrence of reheat cracking [13-
16].

CSEF steels exhibit satisfactory performance up to a maximum temperature of 650°C.
However, when it comes to corrosion resistance, they fall short beyond 620°C. Furthermore,
the maximum allowable stresses of CSEF steels are comparatively lower when compared
to austenitic stainless steels and nickel base alloys. In contrast, austenitic steels typically
have a composition of 18% Cr and 8% Ni, but they can be modified to contain 25% Cr and
20% Ni for enhanced corrosion resistance and improved strength. These modifications make
austenitic steels excellent candidate materials for temperatures above 650°C, offering
superior corrosion resistance, higher strength and thermal stability at elevated temperatures
[9-12].



Nickel base super alloys are commonly utilized for an operating temperature exceeding
700°C. Nevertheless, the notable drawback of utilizing nickel and other alloying elements
in their composition is the substantial increase in cost, rendering them considerably more
expensive than ferritic and austenitic steels. In the United States, various nickel-based alloys
are under consideration for implementation in advanced ultra-supercritical (AUSC) power
plants. Particularly, Haynes 282 and Inconel 740/740H stand out for their exceptional
mechanical properties in comparison to other alloys. [10-16].

As found in the literature, different process parameters, such as heat input, weld current,
voltage, torch travel speed, and type of metal transfer, have a significant impact on bead
geometry. Factors such as reinforcement form factor (RFF) and penetration shape factor
(PSF) are crucial in determining the quality of weld bead geometry [17]. Mathematical
models are used to predict weld bead geometry when depositing 316L stainless steel onto
structural steel IS 2062 using a five-level factorial technique [18]. The impacts of various
factors, such as flux type, weld current, voltage and torch travel speed on penetration, bead

width, and reinforcement, have been analyzed [19,20].

Optimization techniques such as the Image Analysis Technigue (IAT) have been employed
to analyze weld bead geometry in the autogenous Tungsten Inert Gas (TIG) welding
process. Weld voltage and vertex angle pairs were identified as crucial factors while
developing neural network models for predicting bead size [21]. The influence of different
variables, including the use of pulse current on weld characteristics, has also been explored

in another research [22].

The design of experiments is achieved using Response Surface Methodology (RSM) [23],
where authors integrate mathematical and statistical analyses through empirical models. In
one work [24], mathematical models generated from the data effectively forecasted weld
bead geometry, with optimized values achieved at a specific parameter setting. Steels such
as austenitic stainless steels (ASS) and ferritic stainless steels (FSS) commonly use GTAW
process for fabrication [25]. Heat input plays [26, 27] a crucial role in successful weld
cladding and achieving desirable weld bead geometry. Researchers have employed several
optimization techniques to enhance bead geometry and weld joint characteristics, with The
Analytic Hierarchy Process (AHP) emerging as a simple yet powerful method. The AHP
involves constructing a hierarchy that includes objectives, criteria, and alternatives,

followed by pairwise comparisons using a ratio scale. The AHP has been successfully used

4



to optimize weld bead geometry parameters like reinforcement, penetration depth, and bead
width [28-31]. The use of activated tungsten inert gas (A-TIG) welding with suitable fluxes,
such as TiO2, Fe20s, Cr20s, etc. significantly affects weld bead geometry in stainless steel
welding, enhancing penetration and reducing bead width. Although A-TIG welding offers
productivity advantages, its adoption remains limited. However, the process provides
benefits like improved penetration and reduced welding time, particularly for butt joints of
10 mm-thick stainless-steel components [32-34]. A-TIG welding of aluminum alloys also
enhances [35] joint strength while minimizing weld porosity. This method also introduces
distinct morphological features in the weld zone and heat-affected zone compared to
conventional TIG welding, providing superior penetration and mechanical properties. A-
TIG welding, by reducing bead width, enhances penetration, resulting in significant
improvements in weld quality and efficiency, especially in thicker materials and alloys such
as stainless-steel components [36-39].

1.2 Aim of the Present Work

The aim of this research is to achieve optimal weld bead characteristics such as, bead width,
height of reinforcement and depth of penetration, for 8 mm thick SS 304H austenitic
stainless steel butt joints (50 mm x 50 mm). This steel is commonly used as high-
temperature components like advanced boiler materials that are used for fabricating terminal
sections of superheaters and reheaters commonly present in thermal power plants due to its
excellent high-temperature strength and corrosion resistance. Selecting suitable input
parameters, such as heat input, torch angle, root gap and shielding gas flow rate is the need.
To meet this goal, a detailed investigation is planned to be carried out using different
variants of TIG welding, including Autogenous TIG, A-TIG (Activated flux TIG) and filler-
assisted TIG, with a focus on achieving full penetration and producing high-quality welds.
Weldability of SS 304H is planned to be assessed by examining the resulting bead geometry
and mechanical properties such as tensile strength, elongation, hardness and microstructure.
The plan is to utilize suitable optimization technique to decide welding parameters and their
levels for achieving optimized bead geometry and mechanical strength. It also plans to apply
predictive algorithms to establish accurate correlations between input settings and weld

outcomes, enabling consistent and high-quality welds.



1.3 Organisation of the Thesis

The whole thesis is divided into 8 chapters. The name of each chapter and its contents are
briefly discussed in the following:

Chapter 1: Introduction

This chapter first introduces the background and significance of the research work on
welding of SS 304H stainless steel using GTAW process. Aim of the work is discussed next.

Organization of the thesis is also included at the end of the chapter.
Chapter 2: Literature Review

The second chapter presents a comprehensive review of the relevant literature on welding
techniques, focusing on GTAW processes used in austenitic stainless steels mainly used in
boiler applications, and the challenges involved in welding such steels. The impact of
various welding parameters on bead geometry, penetration and joint quality is also
discussed. This chapter also reviews design of experimentation techniques such as Response
Surface Methodology (RSM) and Multi Criteria Decision Making processes such as the
Analytical Hierarchy Process (AHP). Predictive algorithms which are widely used establish

correlations between input variables and outcomes are also reviewed in this chapter.
Chapter 3: Materials and Method

This chapter details the materials used and the method employed in this work. The research
investigates TIG welding variants on SS 304H stainless steel plates using four distinct sets
of experiments to assess the impact of key process parameters on weld quality. Each set
explores different welding configurations, such as autogenous, A-TIG and filler-assisted
TIG to bead geometry parameters mainly focusing upon depth of penetration. Post-weld
tests include tensile test, hardness and microstructural analysis, supported by SEM and
predictive machine learning models. A summary of methodologies is provided inside the

chapter.
Chapter 4: Results and Discussion on Experiment Set 1

This chapter presents the results obtained in the 1st set of welding experiment conducted

using autogenous TIG welding on SS 304H stainless steel specimens and discussions on



them. It includes detail about the type of weld joint, shielding gas and other process
parameters used. A structured design of experimentation using the Central Composite
Design (CCD) under the Response Surface Methodology (RSM) is employed to
systematically vary process parameters. The results of all these tests are represented,

analysed and discussed in this chapter.
Chapter 5: Results and Discussion on Experiment Set 2 and 3

This chapter presents the results and discussion related to Experiment Sets 2 and 3 aimed at
overcoming the lack of full penetration observed in Experiment Set 1. Experiment Set 2
involves double-sided autogenous TIG welding on SS 304H specimens using top-ranked
parameters from Experiment Set 1, using the Analytical Hierarchy Process. Experiment Set
3 introduces A-TIG welding with TiO: flux to enhance penetration by altering heat flow in
the weld pool. In both Experiment sets similar process parameters are set to ensure reliable
comparison, and their outcomes are analyzed to evaluate improvements in weld quality and

performance.
Chapter 6: Results and Discussion on Experiment Set 4

This chapter presents the 4th and final set of experiment involving filler-assisted TIG
welding on SS 304H stainless steel plates. This chapter also utilizes the application of
Design of Experimentation through Central Composite Design under Response Surface
Methodology to plan and analyse welding runs. It highlights the use of a cold wire feeder
for consistent filler deposition and explores the influence of key parameters such as heat

input, gas flow rate and root gap on weld quality and performance.

Chapter 7: Results and Discussion on Predictive Modelling of Experimental Data

Using Machine Learning Techniques

Chapter 7 presents the development and analysis of predictive models using machine
learning techniques applied to the experimental data. The objective is to estimate key output
parameters and to compare them with actual experimental results to evaluate the prediction
accuracy. Four complete sets of experimental data containing input welding parameters and
corresponding output responses are used for model training, testing and validation. Six

widely used machine learning algorithms are employed to build these models and their



performances are comparatively assessed based on their predictive reliability for weld bead

geometry and mechanical properties.
Chapter 8: Conclusion and Future Scope of Work

This chapter presents the conclusion drawn from the comprehensive research on variants of
TIG based welding of 8 mm thick SS 304H stainless steel used in elevated temperature
applications, aimed at achieving full penetration and optimal weld quality. The chapter
summarizes the outcomes of four distinct sets of experiments involving autogenous TIG,
A-TIG and filler-assisted TIG welding, alongside post-weld mechanical and metallurgical
evaluations. The role of the Analytic Hierarchy Process (AHP) in ranking optimal welding
conditions and the application of machine learning algorithms for predictive modelling are

also highlighted. Finally, the chapter highlights possible future research areas.

The thesis ends with the list of references.



CHAPTER 2

Literature Review

2.1 Introduction

Welding is a fundamental joining process widely employed in industries such as power
generation, construction and manufacturing. The demand for enhanced welded structures
has led to the development of advanced welding techniques to improve mechanical
properties and durability, particularly in high-temperature and corrosive environments.
With growing industrial needs, especially in energy sectors, the role of welding has
expanded beyond basic fabrication in becoming a critical factor in ensuring the long-term

reliability of structural components.

Traditional welding methods often face challenges in achieving optimal joint properties,
particularly when dealing with high-performance materials. As industries use more
advanced materials to meet strict performance standards, it becomes crucial to understand
the details of how well these materials can be welded. This becomes especially important
when working with materials exposed to extreme environments, such as those found in
thermal power plants. Among various welding processes, Gas Tungsten Arc Welding
(GTAW) has gained popularity due to its versatility and widespread applicability in
different materials and industries [1], providing high-quality welding. However, it has the
limitation of low productivity, which restricts its use in mass-scale or high-deposition
applications. Therefore, to meet the increasing demand for both quality and efficiency in
modern power plant construction, industries are looking at both improved materials and

welding techniques.

To enhance coal-based power plant efficiency and reduce emissions, researchers focused
on increasing boiler temperature and pressure. This required strong, heat-resistant materials
that could be effectively joined, making material selection crucial for USC and AUSC
technologies [2-5]. Several countries, including the USA, Japan, and nations in Europe, had
actively pursued power plant efficiencies above 45% by adopting advanced technologies
[2-4], which demanded welding processes capable of delivering both precision and

performance with minimal defects. Among the materials explored, Creep Strength

9



Enhanced Ferritic (CSEF) steels and modified Cr-Mo steels showed good strength and
resistance to corrosion at high temperatures [2—-4, 6-8]. However, they still faced welding
issues like cracking, especially in the heat-affected zone (HAZ), when proper welding
techniques and preheating were not used [5, 9-12]. While austenitic stainless steels
performed better above 650°C due to their superior corrosion resistance and strength [9—
12], nickel-based alloys like Haynes 282 and Inconel 740H were best suited for use above
700°C, though their high cost limited their widespread adoption [10-16]. As the demand for
high-performance materials increases over the years in advanced thermal systems, it is

essential to examine how different welding parameters influence joint quality.

As found in the literature, different process parameters, such as heat input, weld current,
voltage, torch travel speed and type of metal transfer, were found have a significant impact
on bead geometry. Factors such as reinforcement form factor (RFF) and penetration shape
factor (PSF) were found crucial in determining the quality of weld bead geometry [17].
Mathematical models were used to predict weld bead geometry when depositing 316L
stainless steel onto structural steel 1S 2062 using a five-level factorial technique [18]. The
influence of type of flux and composition, welding current, arc voltage and travel speed
were found to have a strong impact on weld bead geometry parameters such as penetration
depth, bead height, and bead width which were analyzed using Grey Relational Analysis
(GRA). The multi-response optimization was achieved by converting these outputs into a
single grey relational grade, which was then modeled through regression analysis for
prediction and parameter optimization [19]. Weld bead geometry in autogenous TIG
welding of P91 steel was evaluated using Image Analysis Techniques (IAT) based on pixel
intensity from digital images. The results closely matched those from Leica-Q-win-V3
software, validating IAT as a reliable method for weld profile measurement [20]. In another
work Image Analysis Technique (IAT) was effectively used in autogenous TIG welding to
assess bead shape, where voltage and vertex angle significantly influenced the outcomes
when neural networks were applied to predict bead geometry dimensions [21]. The
influence of pulse currents on weld geometry and angular distortion in 3 mm thick SS- 304
autogenous butt joints was examined using the pulsed GTAW process. Peak and base
currents were varied while keeping mean current and welding speed constant. Results
indicated that pulsed GTAW produced wider beads and significantly lower angular
distortion compared to continuous GTAW [22]. Statistical approaches, particularly

Response Surface Methodology (RSM), were employed to develop empirical models that
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described the influence of process parameters on bead formation [23]. Other investigations
demonstrated that mathematical models derived from experimental data could reliably
predict weld geometry, with optimal results achieved under specific parameter
combinations [24]. Austenitic and ferritic stainless steels frequently employed the GTAW
process for fabrication, owing to its high precision and adaptability across a range of
materials [25]. Among the key variables, heat input remained a critical determinant in weld

cladding and the formation of acceptable bead geometry [26, 27].

To further refine parameter selection, Multi Criteria Decision Making (MCDM) tools like
the Analytic Hierarchy Process (AHP) gained popularity for their capacity to handle multi-
criteria evaluations using structured pairwise comparisons [28-31]. The AHP was
successfully implemented to optimize key geometrical attributes such as bead width,
penetration depth and reinforcement. Additionally, the Activated Tungsten Inert Gas (A-
TIG) welding technique, which incorporated activating fluxes such as TiO:, Cr20s, or Fe20s,
demonstrated considerable improvements in weld penetration and a reduction in bead width,
particularly in thicker sections of stainless-steel weldments [32-34]. In the context of
aluminum alloys, A-TIG process was reported to increase joint strength and reduce weld
porosity [35]. Furthermore, A-TIG was found beneficial in producing desired
morphological changes in both the weld zone and heat-affected zone, offering mechanical

and structural advantages over conventional TIG welding techniques [36-39].

Using advanced welding methods effectively not only requires careful control of welding
settings but also depends on how the material reacts to heat and changes in its structure
during welding. This reaction is closely related to the concept of weldability, which is very
important while choosing the right material and improving the welding process. As per the
Handbook of the American Welding Society, weldability is characterized as the “ability of
a material to be effectively welded under the given fabrication conditions, resulting in a

well-designed structure that performs adequately in its intended service.” [40].

Weldability is influenced by multiple factors, including the composition properties,
microstructure, process parameters and other relevant considerations. Extensive research
and analysis led to the development of several weldability indicators that helped
characterize the behaviour of different welding techniques [41-43]. Weldability of
structural materials was examined such as stainless steels, and Ni- and Al-based alloys,

detailing fabrication and service-related failures such as hot, warm, and cold cracking [42].

11



Various weldability tests like hot cracking tests were found to be done during fabrication
and tests like toughness test, fatigue and corrosion resistance tests and tensile and ductility

tests were found to be done during service [43].

Following paragraphs discuss welding and weldability related investigations corresponding

to the materials used in boilers.

2.2 Welding and Weldability of Steels Employed in Coal Fired Power

Plants

Power generation in India is still highly dependent on coal. Nevertheless, the combustion of
coal for power generation is a major contributor to carbon dioxide emissions, which poses
significant concerns in terms of climate change. In response, numerous clean coal
technologies are being actively developed on a global scale. With the widespread adoption
of advanced boiler technology all over the world, including in India, effort has been made
to reduce the carbon dioxide emission as much as possible [44].

Previously, numerous welding experiments were carried out to determine the optimal
combination of process parameters and filler material for welding various components of
the predominantly steel boiler. Gas Tungsten Arc Welding (GTAW) was utilized for
conducting these experiments [10].

For higher efficiency of power plants using fossil fuel as a source, materials are required to
be developed with properties which can withstand higher operating temperature and
pressure. A boiler carrying steam at higher pressure consists of tubes and pipes. Tubes
typically possess a smaller outer diameter and thin walls, whereas pipes are characterized
by larger outside diameters and thicker walls. Pipes can be further categorized into headers,
that serve as passage for steam transportation to the turbine. Figure 2.1 depicts headers

composed of thick-walled pipes that are penetrated by multiple tubes [45].
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Figure 2.1. Headers consisting of pipes penetrated by tubes [45].
2.3. Application of Welding in Steam Generators

High temperature and continuous reaction with steam lead to corrosion in various boiler
parts which have detrimental effects. Moreover, pipe channels and their bends used in steam
generators and continuous joints are to be made of similar and dissimilar materials that
require various welding processes to employ for their fabrication [45]. Repair welding is
also often used to improve service life of these components mostly. Gas Tungsten Arc
Welding (GTAW), is a widely employed welding technique in modern steam generators
due to its effectiveness and suitability for the application [44,45].

2.3.1. Development of Advanced Boilers

In recent decades, the design and operation of fossil fuel-fired boilers have seen
transformative advancements aimed at improving efficiency and reducing environmental
impact. These developments are pivotal in addressing the dual challenges of growing energy
demand and climate change mitigation. Boilers are now categorized based on their
operational parameters, with "Subcritical," "Supercritical,”" and "Ultra-Supercritical” (USC)
technologies representing progressively higher levels of temperature and pressure.
Operating at elevated conditions allows these advanced boilers to generate more energy
from the same amount of coal, reducing fuel consumption and lowering CO2 emissions.
Supercritical boilers, operating above the critical point of water where distinct liquid and
vapour phases cease to exist, achieve superior thermal efficiency compared to their
subcritical counterparts. USC boilers take this further, operating at temperatures exceeding

600°C and pressures above 30 MPa, necessitating the use of high-performance materials
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such as austenitic stainless steels, nickel-based superalloys and creep-strength-enhanced
ferritic steels. In addition to material innovations, advances in manufacturing and welding
technologies have been critical to the successful deployment of these boilers. High-
precision welding techniques such as Gas Tungsten Arc Welding (GTAW) ensure the
structural integrity of critical components subjected to extreme operational conditions.
These methods provide improved control over weld quality, minimize defects and enhance
the durability of the welded joints. The use of suitable welding techniques with innovative
materials ensures that modern boilers meet the demands for efficiency, reliability and

sustainability while continuing to utilize coal as a primary energy source [44-46].
2.3.2. Material Requirements and Challenges in Modern Advanced Boilers

Modern advanced boilers, such as Advanced Ultra Super-Critical (AUSC) boilers require
materials with high creep strength, weldability and corrosion resistance to withstand
extreme conditions. Initiatives were taken globally with the aim to improve AUSC
efficiency, with boiler steam temperatures exceeding 750°C for efficiencies above 45%.
Materials like CSEF steels, austenitic stainless steels and nickel-based superalloys are key
candidates. CSEF steels offered cost-effective options with superior creep resistance but
face challenges like Type IV cracking in welds. Austenitic steels and nickel-based
superalloys excel at temperatures above 650°C, making them ideal for modern power plants
despite their higher costs. Efforts focus on optimizing welding parameters to ensure
reliability in AUSC applications [47-62].

2.4. Austenitic Stainless Steels Used in Modern Boilers

Boiler parts such as pipes and headers are susceptible to thermal fatigue cracking. These
parts were found to show lower thermal expansion and exhibit better thermal conductivity.
However, despite the satisfactory performance of ferritic steels below 620°C with the
aforementioned properties, they failed when exposed to temperatures exceeding this
threshold [61-63]. Studies [64] have concluded that austenitic stainless steels were
appropriate for applications at temperatures surpassing 650°C. These steels were derived
from a ternary alloy system consisting of iron (Fe), nickel (Ni) and chromium (Cr),
characterized by a fully austenitic structure and lacking transformation hardening
capabilities [65]. In recent times, researchers have developed a range of heat corrosion-

resistant and precipitation-hardenable austenitic steels [64, 66] that demonstrate outstanding
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creep properties. To enhance high-temperature resistance and corrosion resistance,
Chromium and Nickel percentages in austenitic stainless steels were typically increased to
25 and 20, respectively. Additional austenitic stainless steels with improved corrosion
properties and higher creep strength were developed, though at a higher cost compared to
high-performance austenitic stainless steels. Senba et al. [66] employed a combination of
precipitation hardening and solid solution strengthening mechanisms to enhance the
performance of these steels. On the other hand, the 304H grade of austenitic steel
incorporates additions of Cu, N and Nb. It falls within the 18Cr-8Ni steel family and

demonstrates enhanced strength and superior corrosion resistance [63, 65].

Stainless steel alloys belonging to the 18Cr-8Ni family commonly used include 304H,
316H, 321H and 347H. Stainless steel of grade 304H is known for its excellent combination
of high-temperature strength and corrosion resistance, making it ideal for use in demanding
environments. It offers outstanding resistance to oxidation, scaling and can withstand high-
temperature conditions, typically up to 870°C (1600°F). The alloy also exhibits good
weldability and fabricability, making it a popular choice for power plants, heat exchangers
and other applications where thermal stability is crucial.

2.4.1. Solidification in Austenitic Weldments

Substantial progress had been made since 1970s in understanding the properties of austenitic
stainless steels, including their solidification behaviour, segregation patterns and phase
stability of weld characteristics. These factors were found to determine the structure,
cracking tendency and overall performance of the steels and their weldments. Depending
on the Chromium and Nickel content, austenitic stainless steels were either fully austenitic
(y) or a combination of austenitic and ferritic phases (y + ), resulting in duplex
microstructures. The residual o ferrite in the weld referred to the portion remaining after the
initial ferritic solidification and subsequent solid-state transformation to austenite. The
amount of o ferrite in the weld was commonly evaluated using the ferrite number (FN),
which was based on magnetic properties such as magnetic permeability. However, it was
important to note that FN did not directly correspond to the actual ferrite percentage.
Typically, a Ferrite Number below 10 was considered indicative of a certain proportion of
ferrite [67].
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2.4.2. Ferrite in Austenitic Weldments

The presence of ferrite plays a crucial role in determining the properties and performance
parameters of austenitic stainless steels. It was found to be both advantageous and
potentially harmful effects when present in austenitic stainless steels. In welded joints, the
presence of ferrite helped prevent hot cracking issues. Prolonged exposure to elevated and
reduced temperatures caused spinodal decomposition, which in turn led to the loss of
ductility and the embrittlement of the weld metal. It was well recognized that austenitic
stainless steels were susceptible to hot cracking unless they contained a minimum
percentage of 3 to 5% of & ferrite. Conversely, an excessive presence of 6 ferrite, exceeding

5-10%, negatively impacted the properties of the welded joints [68].
2.5. Problems of Weldability in Austenitic Stainless Steels

While austenitic stainless steels were commonly considered weldable with proper control
over parameters, they remained prone to cracking problems, mainly attributed to the
presence of impurities like sulphur, phosphorus, and other low melting point elements.
Cracking failures manifested in different forms in austenitic stainless steels, including
solidification cracking, liquation cracking, reheat cracking, and ductility dip cracking [65].
To assess the sensitivity of these materials toward weld cracking issues, several weldability
tests were developed [35, 68, 69]. Lippold conducted a comprehensive review [64] on the
development of testing procedures for weld cracking. In his analysis, he took into account
various factors such as impurity levels, grain size, solidification mode, heat input and tried
to evaluate the tendency and severity of these cracking phenomena. Additionally, attention
had to be given to issues like sensitization observed in certain grades of austenitic stainless
steels. As a result of sensitization, chromium carbide is formed along grain boundaries,
degrading the chromium content in the matrix adjacent to the boundaries, causing

intergranular corrosion.
2.5.1 Hot Cracking and Weld Penetration

Hot cracking, also known as solidification cracking, was the phenomenon where low
penetration occurred in austenitic stainless steel during the GTAW process, resulting in
cracking [57, 68]. It was predominantly observed in fully austenitic stainless steels and was
less common in welds that contain a combination of y and 6 phases [57]. Consequently, it
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was recommended to have a ferrite number ranging from 5 to 10 in the microstructure to
mitigate the aforementioned failure. The most frequently accepted explanation for hot
cracking suggested that low melting constituents segregated during the latter phases of weld
solidification, resulting in the creation of a liquid phase with a lower melting point. This
liquid phase infiltrated the grain boundaries and subsequently cracked under the influence

of thermal and solidification stresses [68].
2.5.2 HAZ Liquation Cracking

Liquation cracking occured in the region of the fusion zone as a consequence of a liquid
film forming along grain boundaries. This liquid film weakened the boundary strengths,
leading to the occurrence of liquation cracking. The occurrence of these cracks was
primarily attributed to the presence of tramp elements such as sulphur (S), phosphorus (P)
and metal carbides like titanium carbide (TiC), niobium carbide (NbC), among others. An
effective approach to address these cracks involved modifying the composition to encourage
the formation of specific ferrite phases at the grain boundaries. Alternatively, reducing the
impurity levels to the desired specifications could also help in reducing the likelihood of

these cracking issues [70].
2.5.3 Stress Relief Cracking

These cracks exhibited an intergranular nature and was reported to occur specifically within
the Heat Affected Zone (HAZ) of stainless steels that were strengthened through
precipitation hardening, particularly grades that contained elements like niobium (Nb),
titanium (Ti) and others [46]. In industries related to power generation, stress relaxation
cracking was identified in weldments with thick sections, welds that connected stubs to

headers, highly restrained weldments and cold-worked tube bends [71, 72].
2.6. Use of GTAW Process in Power Plant Technology

The GTAW process was found to be extensively employed as a key fabrication method in
steam generators in recent times [73, 74]. Austenitic steels like modified 9 Cr-1Mo (P 91)
steel were commonly used for the construction of components of power plants, and GTAW
played a significant role in their joining process. However, there were several disadvantages
to GTAW, including restricted penetration depth during single-pass welding operations,

decreased productivity, and a high sensitivity of the weld bead to fluctuations in the
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chemical composition of the parent metal. Nevertheless, these limitations were overcome
by utilizing a multi-pass welding technique, which promoted surface treatment such as
tempering of the weld after every pass. In recent times, there had been significant interest
in the use of Activated Flux TIG (A-TIG) for joining power plant components. This welding
process is known for its ability to achieve deep penetration and high productivity in a single
pass, surpassing the conventional GTAW process. The A-TIG process used fluxes, where
penetration was enhanced by reverse Marangoni flow [38]. In this process, a paste
consisting of metallic oxides, such as a mixture of deoxidizers like Si and Ti in the correct
proportions, was manually applied in a longitudinal direction along the weld. This

application of flux aided in achieving the desired welding characteristics.
2.7. Material Selection for Welding of Boiler Steels Using GTAW Process

Selecting the right material for welding boiler components is critical due to the need for
high-temperature strength, corrosion resistance and cost-effectiveness. While low-alloy
ferritic steels such as Grade 91 and Grade 92 provided excellent creep resistance, they often
suffered from Type IV cracking in the heat-affected zone (HAZ) and showed limited
efficacy at temperatures beyond 600°C [75, 76]. On the other hand, nickel-based alloys
offered superior high-temperature performance and oxidation resistance but were not
economically viable for widespread use in large-scale boiler systems [77]. Among the
available options, SS 304H austenitic stainless steel stood out as a highly favourable choice
for advanced boiler applications. Elevated carbon content of this material enhanced its creep
rupture strength, making it particularly suitable for use in ultra-supercritical (USC) and
advanced ultra-supercritical (AUSC) boilers, where high pressure and temperature were
prevalent [78]. Furthermore, chromium-nickel alloy composition of SS 304H provided
exceptional resistance to oxidation and ensured that the material maintains its structural

integrity during prolonged exposure to high temperature [79].

When employing Gas Tungsten Arc Welding (GTAW) for joining SS 304H, several notable
benefits could be observed, including precise heat management, minimal defect formation
and superior mechanical properties in the weld zone [80]. Studies indicated that weld metal
of SS 304H displayed a well-balanced ferrite-austenite microstructure, which significantly
reduced the risk of solidification cracking [81]. Enhanced GTAW techniques, such as
Activated Flux GTAW (A-TIG), further improved the weld quality by increasing depth of

penetration, particularly in thick sections [82]. Post-weld microstructural assessments
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revealed that SS 304H weldments retained a stable carbide distribution, minimizing the risk
of intergranular corrosion and sensitization [83]. These advantages made SS 304H an
excellent choice for boiler components that could endure extreme operational conditions,
ensuring both reliability and longevity [84]. Additionally, the research highlighted the
importance of optimizing welding parameters, such as heat input and current, to improve

the weld quality and address challenges like residual stress and distortion [85].
2.8. Weldability of SS 304H

SS 304H, a high-carbon variant of 304-grade austenitic stainless steel, is highly regarded
for its excellent weldability, making it a key material for high-temperature applications,
particularly in modern boiler systems. Its higher carbon content contributed to improved
creep strength, enabling it to endure prolonged exposure to extreme operating temperatures
and pressures. Additionally, its chemical composition, which included chromium and
nickel, provided superior corrosion resistance and oxidation protection, both essential in

intense operational environments such as power plants [75].

The welding characteristics of SS 304H were found notably advantageous due to its
resistance to hot cracking during solidification. This was primarily achieved by maintaining
a balanced microstructure with ferrite in the weld metal, which reduced cracking tendencies.
Gas Tungsten Arc Welding (GTAW), known for its precise heat control, was found to be
particularly suited to SS 304H, allowing the fabrication of thick-section components with
minimal defects. Moreover, advanced techniques such as Activated TIG (A-TIG) welding,
etc. were demonstrated to enhance weld penetration and improve joint integrity in this
material. By optimizing welding parameters such as current and heat input, challenges like
residual stresses and distortion could be effectively addressed, ensuring durable and reliable
welds. These attributes established SS 304H as a versatile and dependable choice for high-
performance welded components in demanding industrial applications [75, 76, 78, 81, 84].

2.8.1 Weldability of SS 304H using GTAW process

SS 304H exhibited good weldability owing to its balanced austenitic microstructure which
ensured stability during the welding process. However, high carbon content increased the
risk of sensitization and intergranular corrosion when exposed to elevated temperatures

during welding. Research work showed that precise control over heat input was critical to
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minimize these effects. The use of GTAW, with its controlled arc and inert shielding
environment, helped mitigate formation of deleterious carbides, thus improving weld
integrity [86-88]. The microstructure and mechanical behaviour of GTAW joints between
P91 and SS304H was investigated using IN625 filler. Post-weld heat treatment improved
tensile strength and ductility and a varied microstructure was observed across the weld
zones [88].

One of the significant challenges associated with welding SS 304H is hot cracking, which
arises due to the segregation of impurities like sulphur and phosphorus in the weld zone. It
was demonstrated that maintaining a ferrite number (FN) between 5 and 10 could reduce
susceptibility to hot cracking. This was achieved by controlling the composition and cooling

rates during welding [89,90].

In another work Bayesian Neural Network model was used to predict the ferrite number in
stainless steel welds. The model revealed that elements like chromium, nickel, titanium, and
silicon had a major influence on ferrite content. It outperformed traditional constitution
diagrams in accuracy and highlighted the nonlinear impact of individual element variations
[91].

Moreover, the role of filler materials was explored extensively by various researchers to
enhance joint strength [92-95]. Researchers investigated dissimilar GTAW joints of pure
copper and AISI 304 stainless steel using various filler metals. Among the tested fillers,
ER309L provided the best mechanical strength and impact energy with a more ductile
fracture surface [92]. TIG welding of Ti-5Al-2.5Sn alloy was explored by using different
fillers and was found that Ti-6Al-4V filler gave better tensile strength and hardness due to
higher martensite formation. Welds with this filler also showed more compressive residual
stress, improving surface properties [93]. Researchers also investigated dissimilar welding
of SS304 and MS1020 using TIG and SMAW with various fillers and post-weld heat
treatments (PWHT). They found TIG with mild steel filler and post welding heat treated at
600 °C gave the best mechanical and microstructural performance due to improved ductility
and reduced hardness in the heat-affected zone [94]. A common approach involved using
compatible filler wires which align with thermal expansion and metallurgical properties of
the base material. In another work researchers examined dissimilar welding between T91
martensitic steel and Super 304H austenitic stainless steel using semi-automatic GTAW

process with three different filler wires. The study revealed that appropriate filler selection
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significantly influenced the microstructure and mechanical properties of the welds. The
research focused on optimizing cost-effective joints for high-temperature boiler applications
while ensuring performance through microstructural stability and mechanical integrity.
[95].

2.8.2 Heat Input and Penetration of SS 304H using GTAW process

Achieving full penetration is a critical requirement in applications involving SS 304H,
particularly for components subjected to high-pressure and high-temperature environment.
GTAW process allows precise control over heat input, which is crucial for optimizing bead
geometry and ensuring complete fusion without defects. Dissimilar welding of SS 304H
was reported to be done using seven binary fluxes where weldments where 90% SiO.—10%
TiO: flux were used achieved ~290% higher penetration and ~58% narrower welds due to
arc constriction and reverse Marangoni flow [96]. In another research hot wire T1G welding
of 304HCu and P91 steels was done where higher heating currents, along with optimized
wire feed rate, improved weld quality by enhancing heat input and deposition. The
dissimilar joint achieved 664 MPa tensile strength, 398 HV hardness at the interface, and
220 J impact toughness, indicating strong metallurgical bonding [97]. Investigations
employing autogenous GTAW and the addition of filler materials reported that parameters
such as welding current, travel speed and shielding gas flow rate to greatly influence

penetration depth and weld bead quality [98-99].

Additionally, Activated flux TIG (A-TIG) welding, a modification of the conventional
GTAW process was explored for SS 304H. The application of surface-active fluxes like
TiO: improved weld pool fluidity and penetration. This technique was particularly effective
in reducing the need for multiple passes, thereby enhancing productivity while maintaining
weld quality [100-103].

2.8.3. Microstructural and Mechanical Behaviour SS 304H Using GTAW Process

The microstructural stability of SS 304H during GTAW is a key factor influencing its
weldability. The austenitic matrix may undergo delta ferrite formation in the weld metal,
which provides crack resistance but can adversely affect toughness at an elevated
temperature. Post-weld heat treatment (PWHT) is often recommended to restore ductility

and relieve residual stresses in welded joints. Recent works emphasized the importance of
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PWHT in enhancing the creep resistance of SS 304H, especially in applications involving

prolonged thermal exposure [104-107].

From a mechanical perspective, welded SS 304H joints exhibit excellent tensile strength
and ductility under optimized welding conditions. Proper shielding gas composition,
typically pure argon or argon-helium mixtures were found to play a vital role in minimizing

oxidation and ensuring weld surface quality [108-110].

2.9. Application of Response Surface Methodology in Welding with a

Focus on Central Composite Design

Response Surface Methodology (RSM) is an effective statistical tool in optimization of weld
joints using various techniques, including Gas Tungsten Arc Welding (GTAW), Gas Metal
Arc Welding (GMAW), Friction Stir Welding (FSW), etc. Among various methods within
RSM, the Central Composite Design (CCD) is one of the most frequently employed,
primarily due to its efficiency in exploring quadratic relationships and generating accurate

second-order response surfaces with minimal experimental runs [23,24, 111-117].

In the optimization of pulsed current GTAW for commercially pure titanium, Response
Surface Methodology (RSM) combined with Central Composite Design (CCD) was utilized
to determine the best input parameters such as peak current, pulse frequency and welding
speed. This approach successfully identified the conditions that minimized bead width while
improving mechanical properties like tensile strength and hardness. The findings

demonstrated the capability of CCD to achieve these optimizations effectively [111].

A similar methodology was applied to submerged arc welding (SAW), focusing on key
variables such as arc voltage and welding current. Optimization using RSM and CCD
resulted in notable improvements in weld bead penetration, bead width and dilution. The
accuracy of the CCD model was verified through confirmation experiments, which showed
a strong correlation between predicted and actual results [112].

For friction stir welding of aluminum alloys, CCD was employed to examine how rotational
speed, welding speed and axial force influenced tensile strength. The analysis offered a
detailed understanding of the interplay between these factors, leading to the identification
of optimal parameters that enhanced mechanical properties and surface finish [113]. In gas
metal arc welding (GMAW) of AISI 304 stainless steel, the application of RSM and CCD
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streamlined the experimental process, reducing the number of required trials while ensuring

high-quality welds with minimal distortion and improved mechanical strength [114].

Further research demonstrated the advantages of using CCD in metal inert gas (MIG)
welding to systematically analyze the nonlinear effects of welding variables. When coupled
with confirmation tests, this approach provided reliable results and deeper insights into
process optimization [115]. Combining CCD with other techniques, such as Artificial
Neural Networks (ANN), further enhanced the predictive capabilities of models. This
integration proved especially beneficial in optimizing complex welding conditions for

microalloyed steels [116].

Overall, the application of RSM, particularly with CCD, has significantly improved welding
process optimization. It has reduced the experimental workload while providing accurate
predictions about the impact of welding parameters. This resulted in enhanced weld quality,
reduced production costs and shorter development times, making this methodology

invaluable for industrial practices [117].

2.10. Application of The Analytic Hierarchy Process in Optimization of

Welding Parameters

The Analytic Hierarchy Process (AHP) is a structured approach designed to solve complex
problems involving multiple criteria. It helps decision-makers systematically analyze and
organize problems in a logical and quantitative way [118]. The main idea behind the AHP
is to divide a complex problem into a hierarchy of smaller, easier-to-handle components,
allowing each part to be evaluated individually. These smaller components typically
represent criteria that are important in assessing various options. The AHP allows for a
structured comparison of these options based on the importance of each criterion. The
process involves three key steps. First, the problem is structured into a hierarchy, starting
with the main goal, followed by criteria and alternatives. Next, pairwise comparisons are
made to prioritize these elements using a scale of 1 to 9. Finally, a consistency check ensures
the reliability of comparisons, leading to a priority ranking that identifies the best option.
Its ability to integrate both qualitative and quantitative factors makes the Analytic Hierarchy
Process highly valuable in fields such as engineering and management. In welding, it
effectively balances key considerations like strength, cost and environmental impact,

leading to more informed and effective decision-making [118-123].
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In welding, the AHP was effectively used to optimize parameters by carefully assessing the
importance of various factors that influence weld quality, cost and performance [119-123].
This method is especially useful for addressing multiple objectives commonly found in

welding operations.

One major application of the AHP is in identifying the best settings for welding techniques
such as Gas Tungsten Arc Welding (GTAW). Various works performed prioritized critical
parameters like weld voltage, weld current, travel speed and filler material. These works
showed that factors like weld voltage and weld current significantly affect the mechanical
properties of welds, helping to make more informed decisions during parameter selection
[119].

The AHP was also applied to compare the performance of different welding methods. For
example, it was used to evaluate key factors like weld strength, thermal distortion and cost,
useful in selecting the most appropriate welding technique for joining different materials.
This was particularly useful to industries needing specific criteria to be met for various

welding applications [120].

In the optimization of welding parameters for specific materials, the AHP could be
integrated with other methodologies. For instance, combining the AHP with the Taguchi
method allowed researchers to analyze factors like tensile strength and toughness more
comprehensively when optimizing welding parameters for materials such as mild steel and
stainless steel. This combined approach led to improvements in both weld quality and
efficiency [121].

The AHP was utilized to evaluate the environmental sustainability of welding processes. By
considering factors like energy use, emissions and material waste, the importance of
including sustainability in welding parameter optimization was emphasized. This ensured
welding practices were aligned with environmental goals while maintaining high-quality
results [122].

In summary, the AHP was proven to be a versatile and effective tool in optimizing welding
processes. By providing a clear and systematic framework for evaluating multiple factors,
it improved selection of welding parameters, resulting in better weld quality, cost savings

and sustainable practices [123].
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In addition to the Analytical Hierarchy Process (AHP), several other Multi-Criteria
Decision-Making (MCDM) techniques have been explored by researchers to address multi-
objective optimization problems in welding. One investigation proposed a hybrid entropy-
weighted GRA-TOPSIS method for optimizing Gas Tungsten Arc Welding of copper and
SS304 stainless steel. Using a Taguchi L9 orthogonal array, the study optimized welding
current, speed and gas flow rate to achieve enhanced tensile strength and hardness. The
hybrid method effectively captured the influence of process parameters on weld quality,
achieving superior corrosion resistance and mechanical performance compared to

conventional optimization approaches [124].

In another work, the researchers evaluated the sustainability of key welding processes such
as Friction Stir Welding (FSW), Gas Tungsten Arc Welding (GTAW), Gas Metal Arc
Welding (GMAW) and Shielded Metal Arc Welding (SMAW). The assessment covered
environmental, economic and social aspects, along with the physical performance of welds.
Using the entropy weighting method and various MCDM techniques, the study objectively
compared the processes and found FSW to be the most sustainable option due to its high

energy efficiency, lower emissions and better weld quality [125].

A study optimized Gas Tungsten Arc (GTA) welding parameters for 15CDV6 aerospace
steel using Multi-Criteria Decision-Making (MCDM) techniques such as Grey Relational
Analysis (GRA) and the Technique for Order Preference by Similarity to Ideal Solution
(TOPSIS). Experiments based on a Taguchi L9 array optimized current, voltage and travel
speed to improve tensile strength, hardness and penetration. The results showed that
TOPSIS provided superior mechanical and metallurgical properties, highlighting the

effectiveness of MCDM methods in multi-response welding optimization [126].

Another group applied the MCDM-based TOPSIS optimization technique to compare
conventional TIG and Activated TIG (A-TIG) welding of stainless steel 304L. Using
Response Surface Methodology (RSM) with a central composite design, the researchers
optimized welding current, gas flow rate and root gap to enhance tensile strength, hardness
and penetration depth. The use of silicon dioxide (Si0O2) flux improved weld penetration,
and ANOVA identified key influential factors. The TOPSIS approach effectively
determined optimal parameters, showing that A-TIG welding achieved superior mechanical
and metallurgical performance compared to conventional TIG [127].

A recent study evaluated the weldability and optimization of TIG welding parameters to

maximize the yield strength of welded joints. The investigation analyzed how variations in
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welding current, travel speed, and gas flow rate influence mechanical properties such as
ultimate tensile strength and percentage elongation. Using the MCDM-based Grey
Relational Analysis (GRA) technique, the optimal parameter combination was determined
to be 100 A current, 100 mm/min travel speed, and 20 L/min gas flow rate. The optimized
settings significantly enhanced weld quality and mechanical performance while minimizing

material waste, energy consumption and process cost [128].

A recent study proposed an integrated MCDM-based framework for sustainable welding
process selection, focusing on minimizing environmental impact, cost and health risks while
ensuring joint strength. Using the Best-Worst Method (BWM), Sample Variance Analogy
(SVA) and Correlation Coefficient (CC) adjustments for weighting, the MULTIMOORA
method with BORDA rule ranked stainless steel 316LN welding alternatives. Laser Beam
Welding (LBW) achieved the highest sustainability index, validated through sensitivity
analysis and comparison with other MCDM methods [129].

A recent study applied the TOPSIS-based MCDM approach to optimize TIG welding
parameters for super-martensitic stainless steel. Using a Taguchi L9 orthogonal array, key
process parameters such as current, voltage, travel speed and shielding gas flow rate were
optimized to improve bead geometry, penetration depth and hardness. Multi-response
optimization confirmed that the TOPSIS method effectively enhanced weld quality, while
metallographic analysis validated the improved mechanical properties of the optimized
welds [130].

Another study investigated the optimization of TIG welding for dissimilar ferritic and
austenitic stainless steels using a multi-criteria approach. Experiments were designed using
a Taguchi L9 array, and weld quality was evaluated through visual inspection and X-ray
radiography. Advanced analytical techniques, including Grey Relational Analysis (GRA),
TOPSIS and Principal Component Analysis (PCA), were applied to optimize process
parameters for multiple responses. The study found that PCA provided the most effective
optimization for achieving superior weld quality, highlighting the utility of MCDM methods
in handling complex, multi-objective welding scenarios [131]. Some important works
employing MCDM techniques for optimizing welding parameters and evaluating welding

process performance are summarized in Table 2.1.
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Table 2.1: Overview of welding process optimization using MCDM techniques

Authors | Welding Process| MCDM Technique(s) Process Optimized
(Year) & Material Parameters & Outcomes /
Ranges Responses
Alametal. | GTAW, Copper | Hybrid GRA-TOPSIS | Current: 80— Improved tensile
(2025) & SS304 120 A, Speed: | strength, hardness,
2040 mm/min, | corrosion resistance
Gas Flow: 8-12
L/min
Saad etal. | FSW/GTAW/ Entropy weighted Current (A): FSW most
(2020) GMAW / multiple MCDM 152-210-133; | sustainable: energy-
SMAW — techniques Voltage (V): 20— efficient, low
Aluminum plates 18.5-71.7; emissions, better
weld quality
Srinivasan | GTA Welding — GRA + TOPSIS Current: 80-120 | Optimized tensile
etal. 15CDV6 A, Voltage: 18- | strength, hardness,
(2018) aerospace steel 22 V, Travel | penetration; TOPSIS
Speed: 50-150 | best performance
mm/min
Sutar & | TIG/A-TIG - TOPSIS + RSM Current: 80-120 A-TIG: higher
Jadhav Stainless steel A, Gas Flow: tensile strength,
(2021) 304L 10-20 L/min, |hardness, penetration
Root Gap: 1-3
mm
Guambo | TIG Welding — GRA Current: 80-120 | Maximized yield
Mondo et Not specified A, Travel Speed: | strength, improved
al. (2024) 80-120 mm/min, | UTS and elongation,
Gas Flow: 15-25| reduced material
L/min waste
Saluja & GTAW, MULTIMOORA + | Current: 64-120 | Laser Beam Welding
Singh AGTAW, LBW, BWM/SVA/CC A; Voltage: 11- | achieved highest
(2025) and FSW — 12.6 V; Speed: | sustainability index
Stainless steel 50-1500
316LN mm/min; Heat
input: 0.63-1.33
kJ/mm;
Chellappan | TIG Welding — TOPSIS Current: 80-120 | Optimized bead
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et al. Super-martensitic A, Voltage: 18— | geometry, improved
(2017) SS 22 V, Travel penetration depth
Speed: 2040 and hardness
mm/min, Gas
Flow: 8-12
L/min
Royetal. | TIG Welding — GRA + TOPSIS + Current: 80-120 | PCA best for multi-
(2024) Dissimilar PCA A, Voltage: 18- response
Ferritic & 22 V, Travel optimization;
Austenitic SS Speed: 50-150 improved weld
mm/min quality, defect
minimization

In addition to the above-mentioned Multi-Criteria Decision Making (MCDM) optimization
techniques, some researchers have employed standard predictive algorithms using Machine
Learning (ML) techniques to predict optimized weld parameters based on training and
testing experimental datasets. The predicted values were then compared with experimental
outcomes, and algorithms demonstrating close agreement with the observed data were
considered suitable [132-138].

In one such study, a comparative evaluation of mechanical properties and defect detection
was performed using ML techniques such as Adaptive Neuro-Fuzzy Inference System
(ANFIS) and the Unified Convolutional Neural Network (UCNN) with Nd:YAG Laser and
TIG welding processes. The tensile and microhardness predictions generated by the ANFIS
model exhibited a high correlation with the Peak Signal Noise Ratio (PSNR) values from
the UCNN model, indicating strong predictive consistency between the two approaches
[132].

In another work, an Al-based TIG welding algorithm was developed using a fuzzy deep
neural network combining fuzzy logic and deep learning. Trained and validated on data
from 27 experiments, with current, arc length, and welding speed as control parameters, the
model predicted weld bead width with a high accuracy of 92.59%, demonstrating its
potential to improve weld quality and process efficiency [133].

Another investigation utilized an Acrtificial Neural Network (ANN) to predict penetration
depth and weld bead width during A-TIG welding of 304 austenitic stainless steel.
Experimental data with activating fluxes- SiOz, TiO-, and Fe:Os in varying ratios- was used,
and the ANN model effectively predicted bead geometry under different flux compositions

and welding conditions [134].
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In another study, predictive models were applied to estimate yield strength in welds using
stainless steel filler metals for austenitic stainless steel base metal. With chemical
composition and heat input as inputs, both multiple regression and ML models were
evaluated. The multiple regression model achieved an R2 of 0.8642 and MAPE of 3.75%,
accurately predicting strength variations due to dilution and assisting in filler metal design
[135].

Machine learning has also been employed to predict fatigue life in welded structures across
industries such as shipbuilding and construction. Inputs like arc voltage, welding speed, and
crack growth parameters were linked to outputs such as residual stress and fatigue life.
High-strength and stainless steels were commonly used, particularly in bridges. Hybrid and
random forest models showed strong potential for automating fatigue assessment and
structural health monitoring [136].

A recent study applied ML to predict surface temperature in A-TIG welding of 304L
stainless steel using thermal imaging. Supervised algorithms including decision tree,
random forest, and XGBoost were trained on datasets with different activating fluxes.
Random forest delivered the best accuracy, achieving the lowest root mean square error and
mean square error, demonstrating effectiveness in thermal prediction during advanced
welding processes [137].

Another study employed ML techniques to predict hot crack length and microhardness in
ultrasonically assisted TIG (UA-TIG) welded Inconel 625 joints. Predictive models
evaluated included Random Forest Regression (RFR), ANN, ANFIS, and Multiple Linear
Regression (MLR). The RFR model exhibited the highest accuracy among all techniques
[138].

2.11. Gap In The Literature

Austenitic stainless steel of grade 304H is one of the critical materials extensively used in
advanced boiler components due to its excellent high-temperature strength and corrosion
resistance. However, despite its significant role in such demanding environment, the
weldability study of more than 5 or 6-mm thick SS 304H remains underexplored. Achieving
full penetration and producing high-quality welds are crucial for ensuring the strength and
durability of welded joints in critical applications. However, welding characteristics of thick
SS 304H, particularly the interaction between various welding parameters, requires further
investigation.

Employing Multi Criteria Decision Making (MCDM) tools like the Analytic Hierarchy
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Process (AHP) can enhance decision-making by systematically analyzing and prioritizing
the various welding parameters that was not reported in the literature for welding of SS
304H. Also, application of Artificial Intelligence and Machine Learning in such weld joints
of SS 304H flats was not found in the literature.

Also, the literature does not reveal the use of Activating Flux in the enhancement of
penetration of TIG welded joints of SS 304H materials. Despite several advantages, this A-
TIG welding is not yet broadly adopted in the welding industry worldwide. Further research
and experimentation are necessary to validate its effectiveness for thick SS 304H flats,

highlighting the potential benefits of this method in industrial applications.

Use of SS 304H filler in enhancing depth of penetration was not reported in the published
works while joining similar materials. Therefore, investigations may well be performed in

this explored area.
2.12. Objective of The Work

The main objective of this work would be to investigate and optimize weldability while
joining 8 mm-thick 304H austenitic stainless steel using TIG welding process. Achieving
full penetration and producing high-quality welds are essential requirements. To accomplish

this, a series of experiments would be carried out.

In the initial phase of experimentation, autogenous T1G welding is planned to be conducted
using butt joints prepared from 8 mm thick SS 304H specimens on a single side. To structure
the experimental design effectively, Response Surface Methodology (RSM) is planned to
employ in conjunction with Central Composite Design (CCD), allowing systematic
variation of key welding parameters such as heat input, shielding gas flow rate and torch
angle across three levels. It is tried to evaluate the combination of these parameters that
would facilitate maximum weld penetration while minimizing weld bead reinforcement and

overall bead width.

Building upon the findings from the initial investigation, a second set of experiments is
planned with the optimal parameter combinations derived from the global matrix of a widely
used Multi-Criteria Decision-Making (MCDM) technique known as the Analytic Hierarchy
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Process (AHP). In this phase, welding is planned to perform on both sides of the specimen

to evaluate whether full penetration can be achieved.

Experiment Set 3 is planned wherein the same process parameters identified in the second
set retained, but with the application of Activated Flux (A-TIG) on the faying surface of the
specimens. This approach is intended to enhance arc constriction and increase penetration
depth further due to the reverse Marangoni effect, thereby improving the effectiveness of
the TIG welding process under the optimized conditions. Together, these sequential
experimental stages are designed to build a comprehensive understanding of how process
modifications and enhancements influence weld quality and penetration characteristics in

high-performance austenitic stainless steels.

Extending the investigation further, a fourth phase of experimentation is planned to focus
on non-autogenous T1G welding by incorporating SS 304H filler material under conditions
comparable to the previous experiment sets. 1.2 mm diameter SS 304H filler wire is planned
to use to better understand the influence of filler addition on weld penetration and joint
quality. A structured Design of Experiment is again planned to be developed using Response
Surface Methodology (RSM) with a Central Composite Design (CCD), facilitating the
optimization of welding parameters specific to filler-assisted TIG welding. Key process
parameters, such as, heat input, root gap and shielding gas flow rate are planned to be varied

across three levels to examine their combined effect on weld characteristics.

To further strengthen the findings, investigation into the microstructural features, tensile
tests to determine ultimate tensile strength and percentage elongation of the welded joints,
hardness and micro-hardness measurements across the weld cross-sections and Scanning
Electron Microscopy (SEM) are planned to be performed to gain deeper insights into the
weld morphology. Finally, standard Machine Learning algorithms are planned to apply to
the entire experimental dataset to evaluate the predictive capability of weld quality
parameters such as bead geometry, tensile strength, elongation and hardness based on the

selected input process variables.
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3.1. Introduction

CHAPTER 3

Materials and Method

The present work is focused on selecting the key input welding parameters of TIG welding

for SS 304H austenitic stainless steel, which is commonly utilized in the fabrication of

components for advanced boiler systems that are used for fabricating superheater panels,

vertical hanging tubes in reheaters, low temperature reheaters, etc. SS 304H is finding its

applications in thermal power plants due to its excellent high-temperature strength and

corrosion resistance [96] due to the presence of 12-18% Cr. It is typically employed in the

temperature range of around 530°C to 680°C [45]. To accomplish this objective, four distinct

sets of experiments are carried out. Each set is designed to explore different welding

approaches and parameter combinations in order to evaluate their effects on weld quality

and performance. A consolidated summary of all experiment sets and their respective

methodologies is provided in Table 3.1.

Table 3.1. Experiments performed at a glance.

Sl. Type of Methodology
No Experiment
1 Autogenous e Welding Type: Autogenous single-sided TIG welding
Single-Sided | o Workpiece: SS304H stainless steel plate, Dimensions: 50 mm
TIG Welding x 50 mm x 8 mm.

e Electrode Details: 3.2 mm thoriated tungsten electrode
e Electrode-to-work distance: 2 mm.
o Welding Speed: 1.22 mm/s (constant).
e Experimental  Design  followed  Response  Surface
Methodology (RSM) using Central Composite Design (CCD).
e Three input factors, each at three levels:
= Torch angle: 60°, 75° and 90°
= Heatinput: 0.7679, 0.9434 and 1.1188 kJ/mm
= Shielding gas flow rate: 10, 12 and 14 L/min

e MCDM Tool Used: The Analytic Hierarchy Process (AHP)
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¢ Ranking Criteria: Alternatives are assessed based on key weld
quality parameters:
= Depth of Penetration
» Bead Width
» Reinforcement
e Selection Basis:
= The top-performing alternatives, identified through
Response Surface Methodology (RSM), are considered.
= These are ranked based on their weighted importance
using the AHP model.
e Final Selection:

= Top 5 ranked alternatives are selected for further testing

Double-Sided | e Welding Type: Autogenous TIG is performed on both sides of
TIG Welding the specimens using the top 5 alternatives from the AHP
(Autogenous) ranking.

e Welding torch angle: 75°

o All other parameters are kept the same as per the top 5 ranked
settings.

e The Analytic Hierarchy Process (AHP) is applied to rank the
best welding conditions based on depth of penetration, bead
width and reinforcement.

A-TIG Welding | e Activated TIG welding (A-TIG) is performed using the same
with TiO: Flux methodology as Experiment Set 2 (Double-Sided TIG
(Double-Sided Welding), with the only difference being the application of a
Autogenous thin layer of flux.
Welding) e Flux used: TiO:

e The top 5 alternatives from the AHP ranking are tested,
ensuring torch angle set at 75°, as per prior findings.

e The AHP is applied to rank the best welding conditions based

on depth of penetration, bead width and reinforcement.
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4 GTAW with | e Gas Tungsten Arc Welding (GTAW) is performed on similar
Continuous samples of 304H stainless steel using TIG welding machine
Filler Supply with a MOGRA CWF 04 Cold Wire Feeder.

e A 1.2 mm diameter filler wire is continuously supplied at 2
cm/s feed rate. The welding speed is set at 1.22 mm/s.

e Experiments are conducted at a 75° torch angle with a constant
arc gap of 5 mm.

e The experiment is designed using Response Surface
Methodology (RSM) with Central Composite Design (CCD),
considering three factors at three levels:

e The three factors (current, root gap and gas flow rate) are tested
at three levels: Heat input — 1.337, 1.458, 1.520 kJ/mm.; Root
Gap — 1.2mm, 1.6mm, 2.0mm; Gas Flow Rate — 10, 12, 14

L/min.

e The AHP is applied to identify the optimal depth of penetration
while maintaining productivity and determining the associated
process parameters for TIG welding.

e Welding experiments validate these findings by producing

fully penetrated joints under specific conditions.

Despite the significant role of SS 304H, weldability study of more than 5 or 6 mm thick
specimens remain underexplored [96]. Achieving full penetration and producing high-
quality welds are crucial for ensuring strength and durability of welded joints in critical
applications. Considering the above, work specimen used in the experiment is made of
SS304H, with dimensions of length 50 mm, width 50 mm and height 8 mm that is used in
several accessories of different industrial boilers, present in power plants, in particular. The
specimen is cooled in open air after butt welding. The chemical composition of the austenitic

stainless steel of 304H is given in Table 3.2 as detailed through spectrum analysis.

Table 3.2. Chemical composition of SS304H work specimen

Element C Si Mn P S Cr Ni Fe

Wt.% 0.055 | 0477 | 1.398 | 0.028 | 0.03 | 18.11 | 8.477 | Balance
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A comprehensive series of post-weld tests is carried out to assess the mechanical and
metallurgical characteristics of the welded joints across of all four experiment sets.
Hardness test is performed using the Rockwell Hardness C (HRC) scale on polished cross-
sections of each sample, with three readings taken per specimen and the average value is
considered for analysis. Tensile strength and elongation are determined using a Universal
Testing Machine (UTM), with specimens prepared as per ASTM 370a standard. For
microstructural examination, metallographic samples from the highest-performing welds
in each experiment set are sectioned, mounted, ground, polished, etched and examined
under an optical microscope to study the structural features of the weld metal, heat-
affected zone (HAZ) and base metal. Additionally, Vickers microhardness testing is
conducted on selected specimens along a transverse line covering the base metal, HAZ
and weld region to capture localized hardness variation. To supplement the microstructural
analysis, Scanning Electron Microscopy (SEM) is also performed on selected specimens
from each set to investigate grain refinement, phase transformations and features within
the HAZ, offering deeper insights into the microstructural evolution influenced by
different welding conditions.

The AHP is applied to all the Experiment Sets separately to obtain high ranking alternative
corresponding to appropriate welding conditions.

Additionally, six standard machine learning algorithms are employed which aim to predict
key input welding parameters which represent both the strength and favourable weld bead
geometry of welded joints. These predictions are then compared with experimental results
with the goal of establishing reliable correlations for tensile strength, hardness and bead
geometry of welded joints, ensuring their strength and sound weld joint.

3.2. Detail of Experiment Set 1

The first set of autogenous TIG welding experiments are conducted at NextGen Plasma
Ltd., Howrah, West Bengal, India using a model No. Qineo GLW 322 GTAW machine
manufactured by CLOOS, Germany as shown in Figure 1(a-d). Welding torch carriage
utilized in this experiment is the Promotech-Gecko made auto-magnetic carriage. The
specific welding joint performed is an Autogenous Butt Joint using a 3.2 mm (diameter)
non-consumable Thoriated tungsten electrode, accompanied by continuous flow of

shielding Argon gas.
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Figure 3.1. (a) GTAW Machine used, (b) Torch Carriage, (c)Torch Angle set at 60°, (d)
Torch Angle set at 75°, (e) Torch Angle set at 90°

The distance between the tungsten electrode tip and the base metal is maintained at 2 mm,
and the torch travel speed is set at 1.22 mm/s. The experiment involves variations in torch
angle, current range and gas flow rate. The torch angle is set at 60°, 75° and 90°, while the
current is set at 110A, 130A and 150A. Gas flow rate is set at 10, 12 and 14 L/min.

The cross-sectional cuts of the welded specimens are polished and etched with Kalling’s
reagent 2 for measurement of bead geometry. The welded specimens are first polished using
a polishing machine equipped with flat disk wheels. The specimens are progressively
polished by fixing abrasive papers on the disk with finer grits one after the other to achieve
a smooth, mirror-like finish. The specimens are then cleaned with water and alcohol.
Kalling’s reagent 2 is prepared by first mixing 50 mL of Hydrochloric Acid (HCI) with 50
mL of Ethanol in a beaker. To this solution, 2.5 mg of Cupric Chloride (CuCl.) is added and
stirred thoroughly until fully dissolved. Once the reagent is properly mixed and ready for
use, it is applied to the weld cross-section and base metal zone after the specimen has been
carefully polished. The reagent is applied by rubbing it onto the surface, ensuring even
coverage, and is left to react for approximately 50 seconds. Following this, the specimen is

rinsed under running water to remove any residual reagent and then allowed to air-dry.
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Before proceeding with microscopic examination, the specimen is left undisturbed for about
4 to 5 minutes, ensuring that the etching process is complete and the microstructural features

are well-developed.

A typical weld bead geometry is measured with the help of Tool Maker’s Microscope on
the basis of parameters such as weld bead width (W), reinforcement (R), depth of

penetration (P). Heat input (HI) is calculated using equation (3.1).
HI = (V x Ix 1)/ (1000 x S) (3.1)

Heat input is considered in kJ/mm. V is the closed-circuit voltage in V, | is the closed-circuit
current in A, S is the welding speed in mm/s and n is process efficiency (0.75 is considered

for TIG based on literature).

Design of Experiment: In this first set of experimentation, the design of experiment is
accomplished using the Central Composite Design (CCD), a widely used approach in
Response Surface Methodology (RSM), to analyze the effects of three key process
parameters on welding outcomes. CCD is a robust statistical technique that enables the
development of a mathematical model to evaluate the relationship between independent
variables and the response of interest. This approach facilitates optimization of welding
parameters by systematically varying experimental conditions while minimizing the number

of trials required for accurate prediction.

In this investigation, three key welding parameters—heat input, gas flow rate, and torch
angle—are chosen as independent variables, each evaluated at three distinct levels: low,
medium, and high. These parameters are selected due to their considerable impact on critical
aspects of weld quality, such as depth of penetration, bead profile and overall joint
performance. To systematically investigate their effects and interactions, 20 experimental
runs are designed and conducted using the Central Composite Design (CCD) approach.
Process parameters are varied at three different levels according to CCD is depicted in Table
3.3. The objective of this phase is to develop a structured understanding of how these
parameters influence welding characteristics and to determine the most effective

combination for achieving optimal welding performance.
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Table 3.3. Process Parameters and Their Levels for CCD Experimentation

Parameter Low Level (-1) | Medium Level (0) | High Level (+1)
Gas Flow Rate (L/min) 10 12 14
Torch Angle (°) 60 75 90
Heat Input (kJ/mm) 0.7679 0.9434 1.1188

3.3. Detail of Experiment Set 2

Experiment Set 2 is conducted using a KEMPI K2 TIG 200 ACDC machine as shown in
Figure 3.2, and the experimental runs are conducted under the parameter conditions
associated with the top 5 performing alternatives from the global matrix of the AHP

optimization of Experiment set 1.

(@) (b)
Figure 3.2. (a) GTAW Machine used, (b) Torch angle set at 75°

In this phase, welding is carried out on both sides of the butt joints to ensure full penetration
and improved joint quality. For this phase, the torch angle is set to 75°, as it is deemed more
appropriate based on insights gathered from the literature review and established welding
practices. All other process parameters, both fixed and variable, are maintained similarly as
in Experiment Set 1, ensuring consistency in methodology and enabling meaningful
comparison between the two sets of experimental results. The post welding specimen

preparations like polishing and etching is similar to the experiment set 1.
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3.4. Detail of Experiment Set 3

Experiment Set 3 is carried out using the same KEMPI K2 TIG 200 ACDC machine, as
depicted in Figure 3.3. This phase employed Activated Tungsten Inert Gas (A-TIG) welding,
in which a thin coating of titanium dioxide (TiO-) activated flux is applied to the surface of
the plates on both sides before welding. This technique is introduced to enhance weld
penetration and improve bead characteristics by modifying the heat distribution at the weld

Zone.

Figure 3.3. Welding torch set above the TiO- flux coated sample before welding

The application of TiO- flux is intended to enhance heat concentration at the weld zone by
promoting the reverse Marangoni effect and arc constriction effect which facilitate deep
penetration by altering the fluid flow dynamics in the molten weld pool. All other process
parameters in this set are kept similar to that used in Experiment Set 2 to ensure a valid
comparison. Specifically, welding speed is maintained at 1.22 m/min, root gap is set to 0

mm, and arc gap is kept at 2 mm throughout the process.

A-TIG welding is specifically adopted to improve the depth of penetration in autogenous
welding, which had been the objective throughout the first three sets of experiments. Post
welding specimen preparations like polishing and etching is similar to the experiment Set 1
and 2.

39



3.5. Detail of Experiment Set 4

In the final set of experimentation filler assisted TIG welding is carried out using a KEMPPI
K2 TIG 200 AC/DC machine (shown in Figure 3.5 a-c) on the same 304H stainless steel
samples, each 8 mm thick and 50 mm x 50 mm in size. MOGRA CWF 04 Cold Wire Feeder
is employed to ensure a constant supply of 1.2 mm diameter filler wire made of austenitic
stainless steel of 304H grade, maintained at a consistent feed rate of 20 mm/s (feed rate is
finalised based multiple trial runs). Experiments are conducted with the torch held at an
angle of 75° maintaining a constant arc gap length of 5 mm and welding speed of 1.22
mm/s. Various welding current and welding voltage settings are tested in initial test runs to
evaluate their impact on weld quality. The key varying input parameters are weld current,
root gap and gas flow rate, each of these is evaluated at three different levels. Weld current
values are setat 130 A, 140 A and 150 A, with the weld voltage noted accordingly. Root gap
is varied at 1.2 mm, 1.6 mm and 2 mm and argon gas flow rate is controlled at 10, 12 and
14 L/min.

Each of the 20 samples is welded under these varying conditions. Joints are non-autogenous
butt joints, welded with a 3.2 mm non-consumable thoriated tungsten electrode. After
welding, specimens are air-cooled. To assess weld quality, welded specimens are polished
and then etched with Kalling’s 2 etchant. Polishing and etching procedures are similar to

the previous set of experiments.

@) (b) (0

Figure 3.5. (a) GTAW Machine used, (b) Torch set at 75°, (¢) MOGRA CWF 04 Cold
Wire Feeder used
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Design of Experiment: In Experiment Set 4, filler-assisted TIG welding is carried out on
SS 304H grade austenitic stainless-steel plates. The aim is to evaluate the effect of adding
filler material on weld quality and to optimize the process parameters for achieving full
penetration and desired bead geometry. To systematically plan experimental runs and to
analyze the influence of variables, design of experiments is done using Response Surface

Methodology (RSM), using Central Composite Design (CCD) approach.

Three critical process parameters are selected for investigation, such as heat input, gas flow
rate, and root gap. Each of these factors is varied across three levels to assess their individual
and combined effects on the welding outcome. Gas flow rate is maintained at 10, 12, and
14 L/min, which helped control shielding environment and arc stability. Root gap, an
important variable influencing weld penetration and filler deposition, is adjusted at 1.2 mm,
1.6 mm and 2.0 mm. Heat input, a key parameter governing thermal behaviour and fusion
characteristics, is set at 1.337, 1.458 and 1.520 kJ/mm. These values are derived from the
heat input calculation formula of Equation 3.1, based on welding parameters such as weld
voltage, weld current, and travel speed. This experimental setup is designed to explore the
interrelationship between the selected parameters and to determine the most effective
combination for achieving complete penetration and enhanced weld bead properties using

filler material in TIG welding.

Table 3.3 presents the experimental details for all sets, highlighting the corresponding input
and output parameters. Values in the parameters, 'Filler Used' and 'Flux Used', are
represented as binary indicators, where '1' indicates the presence or usage of the specified
parameter, and '0" indicates its absence or non-use. The sequence of experimental procedures
has been illustrated in the schematic diagram provided in Figure 3.7.

Table 3.3. Experimental details of all the set of experiments

Autogenous T1G Experiment done on One side

Set-1 Input Parameters
Serial | Gas | Torch | Filler | Welding | Flux | Root | Arc Heat

No. |flow | Angle | Used Pass Used | Gap | Gap input

rate | (Degree) (mm) | (kJ/mm)
1 10 60 0 1 0 0 2 0.768
2 14 60 0 1 0 0 2 0.768
3 10 90 0 1 0 0 2 0.768
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4 14 90 0 1 0 0 2 0.768
5 10 60 0 1 0 0 2 1.119
6 14 60 0 1 0 0 2 1.119
7 10 90 0 1 0 0 2 1.119
8 14 90 0 1 0 0 2 1.119
9 10 75 0 1 0 0 2 0.943
10 14 75 0 1 0 0 2 0.943
11 12 60 0 1 0 0 2 0.943
12 12 90 0 1 0 0 2 0.943
13 12 75 0 1 0 0 2 0.768
14 12 75 0 1 0 0 2 1.119
15 12 75 0 1 0 0 2 0.943
16 12 75 0 1 0 0 2 0.943
17 12 75 0 1 0 0 2 0.943
18 12 75 0 1 0 0 2 0.943
19 12 75 0 1 0 0 2 0.943
20 12 75 0 1 0 0 2 0.943
Autogenous TIG Experiment Done on Both Sides with best results of 1st
Set
Set-2 Input Parameters
Serial | Gas | Torch | Filler | Welding | Flux | Root | Arc Heat
No. |flow | Angle | Used Pass Used | Gap | Gap input
rate | (Degree) (mm) | (kJ/mm)
21 10 75 0 2 0 0 2 1.18
22 14 75 0 2 0 0 2 1.18
23 10 75 0 2 0 0 2 1.18
24 14 75 0 2 0 0 2 1.18
25 12 75 0 2 0 0 2 0.964

A- TIG Experiment Done on Both Sides with best results of 1st set

Set-3 Input Parameters

Serial | Gas | Torch | Filler | Welding | Flux | Root | Arc Heat
No. | flow | Angle | Used Pass Used | Gap | Gap input

rate | (Degree) (mm) | (kJ/mm)

26 10 75 0 2 1 0 2 1.264
27 14 75 0 2 1 0 2 1.264
28 10 75 0 2 1 0 2 1.264
29 14 75 0 2 1 0 2 1.264
30 12 75 0 2 1 0 2 1.01
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Filler TIG Experiment on Both Sides

Set-4 Input Parameters
Serial | Gas | Torch | Filler | Welding | Flux | Root | Arc Heat
No. | flow | Angle | Used Pass Used | Gap | Gap input
rate | (Degree) (mm) | (kJ/mm)
31 10 75 1 2 0 1.2 5 1.337
32 14 75 1 2 0 1.2 5 1.337
33 10 75 1 2 0 2 5 1.337
34 14 75 1 2 0 2 5 1.337
35 10 75 1 2 0 1.2 5 1.52
36 14 75 1 2 0 1.2 5 1.52
37 10 75 1 2 0 2 5 1.52
38 14 75 1 2 0 2 5 1.52
39 10 75 1 2 0 1.6 5 1.458
40 14 75 1 2 0 1.6 5 1.458
41 12 75 1 2 0 1.2 5 1.458
42 12 75 1 2 0 2 5 1.458
43 12 75 1 2 0 1.6 5 1.337
44 12 75 1 2 0 1.6 5 1.52
45 12 75 1 2 0 1.6 5 1.458
46 12 75 1 2 0 1.6 5 1.458
47 12 75 1 2 0 1.6 5 1.458
48 12 75 1 2 0 1.6 5 1.458
49 12 75 1 2 0 1.6 5 1.458
50 12 75 1 2 0 1.6 5 1.458
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Figure 3.7. Schematic representation of sequence of Experimental procedures

performed.

3.6 Post-Weld Testing and Analysis

Various post-weld tests are carried out to comprehensively evaluate the properties of the
welded joints. These assessments are aimed at determining mechanical strength, hardness,
and microstructural characteristics. Tensile testing is performed to assess the joint strength,
while hardness measurements—including Rockwell and microhardness tests—are used to
examine variations in hardness across the weld and heat-affected zones. In addition,
microstructural analysis and Scanning Electron Microscopy (SEM) are employed on some
typical specimens to study grain boundary features and metallurgical transformations in the
weld region. A schematic representation showing all the post welding processes performed
on the welded specimen is provided in Figure 3.8.

Following paragraphs discuss the detailed procedure of the tests performed.
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Tensile Test
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Bead geometry,
Hardness

& ASTM Standard (Code - A 370)

Figure 3.8. Schematic diagram representing all the post welding processes performed on

the welded specimen.

3.6.1. Tensile Test

Tensile testing is carried out on all welded specimens in accordance with ASTM 370a
standards, with the cut outs of the specimen along with the dimensions illustrated in Figure
3.7. Samples are made from all four experiment sets that includes autogenous TIG welding,
Activated TIG (A-TIG) welding and filler-assisted TIG welding processes. This evaluation
is aimed at determining the mechanical strength of the welded joints. The results indicate
that the maximum tensile strength achieved by the welded specimens in this work is 676.126
MPa having % elongation value of 34.003, which is found to be more than the tensile
strength of the base metal SS 304H (which is around 582 MPa), thereby validating
effectiveness of the welding procedures in preserving the joint’s load-bearing capacity. The
tensile testing procedure is conducted using INSTRON 8862 universal testing machine and
the setup utilized for this purpose is shown in Figure 3.9. Images of specimens prepared for

Tensile test is shown in Figure 3.10.
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Figure 3.10. Images of specimens prepared for Tensile test
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3.6.2. Rockwell Hardness Test

Rockwell Hardness test is carried out on the polished cross-sections of the welded samples
from all four sets of experiment. Hardness values are recorded at three distinct points across
the weld bead to determine an average reading for each specimen. The measured hardness
values are found to be consistent with those of the base metal, indicating good weld quality.
The highest hardness recorded in the weld zone is 36.33 HRC value. The Rockwell hardness

testing machine used for the analysis is shown in Figure 3.11.

| T =

| }

, Z = ,'i'
|

]

Figure 3.11. Rockwell Hardness test setup
3.6.3 Microhardness Test

Microhardness evaluation is carried out on some typical welded samples from the four sets
of experiments using UHL-VMHT Vickers microhardness testing machine. Measurements
are taken at five specific points along a straight line traversing the weld cross-section. These
points include two locations in the base metal on either side, two within the heat-affected
zones (HAZ), and one at the centre of the weld bead. This approach helped capture the
hardness distribution across the welded joint. Noticeable variations in microhardness values
are observed among different sets, reflecting the influence of welding parameters and

techniques on material properties.
3.6.4 Microstructure Analysis

Microstructural analysis is carried out on selected representative specimens from each

experiment set to assess the metallurgical characteristics present in the weld zone.
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Specimens are initially prepared through a meticulous polishing process using a polishing
machine fitted with flat disk wheels. A sequence of abrasive papers with progressively finer
grits is employed to achieve a smooth, mirror-like finish on the cross-sectional surface.
After polishing, the samples are thoroughly cleaned with water followed by alcohol to

remove any surface contaminants.

For etching, Kalling’s Reagent 2 is prepared by mixing 50 mL of Hydrochloric Acid (HCI)
and 50 mL of Ethanol, to which 2.5 mg of Cupric Chloride (CuCl.) is added and stirred until
fully dissolved. The prepared reagent is then uniformly applied to the polished weld and
base metal surfaces using a rubbing technique, allowing it to react for approximately 50
seconds. After the reaction time, the specimens are rinsed under running water and left to
air-dry. To ensure the etching is fully developed, the samples are kept undisturbed for an

additional 4 to 5 minutes prior to microscopic examination.

Etching process effectively reveals internal microstructural features, such as grain
boundaries and phase transitions across the base metal, heat-affected zone (HAZ) and weld
metal. Observations are conducted using the METSCOPE PRO optical microscope
(Chennai METCO), which enables high-resolution imaging and accurate interpretation of
the microstructural variations. Evaluation is conducted on the specimens with higher tensile
strength values to gain deeper insights into the weld quality and associated metallurgical

transformations. The optical microscope used for the analysis is shown in Figure 3.12.

Figure 3.12. METSCOPE PRO (Chennai METCO) optical microscope used for

microstructural analysis
3.6.5 Scanning Electron Microscopy (SEM)

SEM analysis is performed on selected welded specimens to closely examine grain structure
and surface morphology of the weld region. Samples are properly prepared to ensure clarity

in imaging. Results show changes in grain structure across the weld bead, heat-affected zone
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(HAZ) and base metal. Variations in grain boundaries and refinement are clearly visible,
helping to understand the metallurgical changes caused by different welding conditions.

Scanning Electron Microscope (SEM) used is shown in Figure 3.13.

Figure 3.13. The Scanning Electron Microscope (SEM) used
3.7. The Analytical Hierarchy Process (AHP)

The Analytical Hierarchy Process (AHP), a widely recognized multi-criteria decision-
making tool, is employed in Experiment Set 1 through Set 4 to determine the optimal bead
geometry characteristics and corresponding suitable input conditions. In this work, the
Analytic Hierarchy Process (AHP) involves structuring the problem into a hierarchy, with
the main goal at the top, followed by criteria and alternatives in subsequent levels as shown

in Figure 3.14. The matrix used for pairwise comparisons is represented in Equation 3.2

Goal

AN

Criterion 1 Criterion 2 Criterion 3 Criterion 4

AN

Alternative 1 Alternative 2 Alternative 3

Figure 3.14. Basic hierarchy structure of the AHP

My Mqs My3
my; My M3
M=
M3 My My B (3.2)
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Here mjj represents the strength of preferences of element m; over m;j concerning a specific
criterion (m;j = mi/m;). The ratio scale of Saaty [28, 29] is employed to determine the values
of m; and m; for pairwise judgments which is given in Table 3.4. A comparison matrix is
considered consistent if mjjxmijk = mik for all values of i, j, and k. The random index values

of different matrices are listed in Table 3.5.

Table 3.4. Ratio scale comparison matrix

Preference Scale
Extremely Preferred 9
Very strongly to Extremely Preferred
Very strongly Preferred
Strongly to Very Strongly Preferred
Strongly Preferred
Moderately to strongly preferred
Moderately preferred
Equally to moderately preferred
Equally preferred

PRI W OO |

Table 3.5. Random index (RI) for different matrix order (n)

n | 2 3 4 5 6 7 8 9 10
RI'| 0| 05 | 09 | 112 1.25 1.34 1.42 1.45 151

In the Analytic Hierarchy Process (AHP), Consistency Index (CI) is used to evaluate how
consistent the judgments are when elements are compared in pairs within a hierarchical
structure. A higher CI indicates potential inconsistencies in the comparisons. If the Cl value
is too high, it suggests that the judgments made during the pairwise comparison might be
unreliable, prompting a review and adjustment of the comparisons to improve consistency.

The formula to find CI is shown in equation (3.3).

o ¢ N W () J— (3.3)

In addition to CI, Consistency Ratio (CR) is another important measure in the AHP. It
compares consistency index (Cl) with a pre-determined random index (RI), which is based

on the size of the comparison matrix. The formula to find CR is shown in equation (3.4).
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CR = CI/RI (3.4)

The local priority weights in the comparison matrix are determined based on the maximum
eigenvalue (Amax) Of the normalized eigenvector. These local weights are then multiplied by
the priority of each alternative and integrated with the pairwise comparison matrix criteria,
referred to as the criteria weight. The global weight is computed by evaluating the total of
these values. The alternative with the highest global weight is typically considered the most

suitable choice in the decision-making process.

In each AHP analysis for all the experiment sets, the input alternatives are chosen from the
top-performing results observed during the welding experiments. The AHP approach
involves formulating the decision-making problem into a structured hierarchy placing the
overall objective at the top, followed by selection criteria, and then the various input

alternatives. The hierarchical representation for the process is illustrated in Figure 3.15.

Weld Bead Geometry

[ Optimization of ]

Figure 3.15 The hierarchical representation of the AHP performed

Priority weights for the AHP are calculated manually rather than use of any software after

discussions with welding experts and academic guidance. Brainstorming sessions help to

create more customized approach to it, ensuring that the weight assignments are based on

expert comments and the unique complexities of the welding parameters.
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3.8 Machine Learning-Based Predictive Modelling and Validation

The present research employed machine learning (ML) techniques such as ANN, KNN,
SVR, RF, GBR (Also known as GBM) and XGBoost algorithms. The graphical
representation is shown in Figure 3.15. Models have been established to forecast all the
responses or outputs {Height of reinforcement (mm), Penetration (mm), Width (mm),
Hardness (HRC), Ultimate tensile strength (UTS, MPa) and % Elongation} using each
model. The aforementioned algorithms are employed due to their ability to generate highly
accurate models within a short timeframe. For each developed model, performance
evaluation metrics are established to assess its predictive capability on test data. In machine
learning, the creation of reliable models and the generation of precise predictions require
the use of both training and test datasets. Using Google Colab, data have been divided into
two exclusive sets: a training set and a test set. The training dataset serves to construct and
validate the ML models, whereas the test dataset is utilized to assess the performance of the
models on new data. A common data splitting approach is applied, using 80% of data (40
data points) as training for the model and 20% of data (10 data points) for testing. To avoid
overfitting problems and to establish more generalized models, 5-fold cross-validation is
performed. The calculated training, test and validation data are applied for predicting all
responses using the established machine learning algorithms. Figure 3.16 demonstrates the

flow chart of the present work.
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Figure 3.17. Flow chart of the present work
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3.8.1. Artificial Neural Network (ANN)

ANNSs represents a category of computational systems based on the architecture and
processes of the human brain. They are made up of multiple layers of interconnected
neurons which process input data and learn to recognize patterns through training. Primary
components of an ANN include an input layer, several hidden layers and a final output layer
as shown Figure 3.16 (a). Throughout the training process, the network modifies weights of
connections according to the prediction error, employing techniques like back propagation.
ANN is highly versatile and is capable of capturing intricate relationships within data,
rendering them appropriate for various applications, including image and speech
recognition, natural language processing and financial forecasting. Its ability to learn from
data and improve over time enables it to perform well on tasks that involve large datasets
and intricate patterns, but it requires careful tuning of hyperparameters and sufficient
training data to achieve optimal performance. In Artificial Neural Networks (ANN), several
parameters require optimization to enhance performance. Key parameters include the
solver, which controls the weight adjustments based on the error through its line search
procedure. The activation function transforms input signals and the number of hidden layers

and neurons, which affects the model’s learning capacity [126].
3.8.2. K-Nearest Neighbor (KNN)

KNN, as indicated by its name, predicts outcomes for a new data point by referencing the
closest data points (neighbors) in the training dataset. The parameter “k” specifies how many
closest data points are utilized in this prediction. The parameter “n” affects the intricacy of
the KNN approach, making it crucial to select an appropriate “k” based on the characteristics
of data and the difficulty of the problem to optimize performance. A schematic
representation of KNN is depicted in Figure 3.16 (b). Moreover, it is important to determine
whether to apply uniform weights or weights based on proximity to the neighboring data
points in the KNN model [131].

3.8.3. Support Vector Regression (SVR)

SVR, an extension of Support Vector Machines (SVM), is a machine learning technique
designed for predicting continuous values. Unlike conventional regression approaches that
focus on minimizing the discrepancy between predicted and actual outputs, SVR seeks to

determine a function that closely estimates the target while maintaining a predefined margin
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of tolerance (¢). It ignores errors that fall within this e-insensitive zone, focusing only on
penalizing larger deviations, thereby increasing robustness of the model [131]. The solution
is constructed using only the data points that lie outside the € margin, known as support
vectors, which influence the regression line or curve. Figure 3.16 (c) represents the SVR
system schematically. SVR can handle both linear and nonlinear relationships through the
use of kernel functions like linear, polynomial, or radial basis function (RBF), allowing it
to model complex patterns effectively. The performance of SVR heavily depends on the
choice of hyperparameters, particularly the penalty parameter C and the kernel parameter .

3.8.4. Random Forest (RF)

Random Forest serves as a supervised machine learning algorithm that utilizes decision trees
to gain insights based on the training dataset. It is recognized for its ability to process large
datasets and address problems with a wide range of input variables effectively [132]. The
RF model or algorithm is composed of a collection of individual decision trees working
together as an ensemble as shown in Figure 3.16 (d). The predictions from these individual
trees are averaged, which enhances the predictive accuracy of RF. This approach helps
mitigate the issue of overfitting that can occur with simple decision trees, making RF often
superior to many other machine learning algorithms. To optimize Random Forest models,
key parameters that require fine-tuning include the maximum features to assess at every
split (max_features) along with the number of decision trees included in an ensemble

(n_estimators). The predictive equation for RF algorithm is shown in Equation 3.5.

For regression, the prediction y from a Random Forest with M trees is the average of

predictions from all individual decision trees f(x):

where fm(x) is the prediction from the m-th decision tree.
3.8.5. Gradient Boosting Machine (GBM)

GBM is a robust ensemble learning approach that constructs predictive models iteratively,
with each subsequent tree trained to correct the residual errors from the preceding ones using

gradient descent. This method integrates multiple weak learners—typically shallow
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decision trees—to form a highly effective predictive model that adeptly captures intricate
nonlinear relationships [133]. The network is represented in Figure 3.16 (e). Performance
of GBM is largely governed by key hyperparameters: n_estimators, which determines the
number of boosting iterations; learning_rate, which regulates contribution of each tree to
mitigate overfitting; max_depth, which constrains tree depth to manage complexity; and
subsample, which defines the proportion of training samples utilized per tree, introducing
randomness to enhance generalization. The predictive equation for GBM algorithm is
shown in Equation 3.6.

The model prediction Fj, (x) after M iterations (trees) is:

Fu ()= B+ ) Ymhm() ————————- (3.6)

where
Fo (x) is the initial prediction (e.g., mean of y in regression); hm (X) is the decision tree at
iteration m (trained on residuals); ym is the learning rate-adjusted weight for the m-th tree;

M is the total number of boosting iterations (trees).
3.8.6. XGBoost (Extreme Gradient Boosting)

XGBoost is an efficient and scalable implementation of gradient boosting that delivers high
predictive accuracy through a combination of advanced features like regularization, parallel
processing, and optimized tree-building as shown in Figure 3.16 (f). Like traditional
Gradient Boosting Machine (GBM), XGBoost builds trees sequentially to minimize
prediction errors, but it enhances performance by including both L1 (alpha) and L2 (lambda)
regularization [134] to control model complexity and prevent overfitting. Its key
hyperparameters include n_estimators (number of trees), learning_rate (controls the
contribution of each tree), max_depth (maximum depth of trees), subsample (fraction of
samples per tree), colsample_bytree (fraction of features used per tree), and gamma
(minimum loss reduction required for a split). These features make XGBoost a powerful
choice for regression problems in scientific and engineering applications, such as predicting

mechanical or thermal responses in material datasets.
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The core objective function in XGBoost includes a training loss and a regularization term

as shown in Equation (3.7):

0bj = Y 1009+ ) Of) —————- 3.7
i=1 k=1

where

3.8.7. Cross-Validation

Cross-validation is an essential method for measuring the effectiveness of machine learning
models and determining their ability to adapt to new, unseen data. It is particularly useful
when dealing with limited datasets, as it helps gauge how well the model performs in real-
world data scenarios [135]. In K-fold cross-validation, the dataset is partitioned into random
subsets, with the model being trained and validated on each subset. This approach ensures
that the model is tested on different sections of the data, providing a more reliable estimate
of its performance compared to a single train-test split. By using cross-validation, issues
like overfitting can be detected, model parameters can be fine-tuned, and various model
types can be compared. For this study, a 5-fold cross-validation approach was chosen.

3.8.8. Performance Evaluation Metrics

The model training process incorporates 5-fold cross-validation to improve generalization
and reliability. The dataset is divided, with 70% allocated for training. To evaluate the
predictive performance of the model, a variety of error metrics are used to compare the
predicted output values with their corresponding actual measurements. These metrics
includes Mean Square Error (MSE), Root Mean Square Error (RMSE), Mean Absolute
Error (MAE) and the Coefficient of Determination (R2). Employing multiple metrics ensure
a comprehensive and balanced evaluation of accuracy of each model. In general, smaller
values of MSE, RMSE, MAE and MAPE signify better performance whereas an R? value

close to 1 indicates a high degree of correlation between actual and predicted outputs. The
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mathematical formulations of these performance indicators are outlined in Equation 3.8 to

Equation 3.11.

1 ~
MSE =-¥L,(vi—9)° —————- (3.8)
1 n
RMSE = |- (=9 —————- (3.9)
i=1
1 n
MAE=-'|yi=9  —-———- (3.10)
i=1
1 "
) n ?:1(3’1’ - Yi)z
RP=1-0—— (3.11)
n ?:1(% —y)?
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CHAPTER 4

Results and Discussion on Experiment Set 1

4.1. Introduction

This chapter corresponds to the 1st set of welding experiments conducted using autogenous
TIG welding on SS 304H stainless steel specimens. It includes details about the type of weld
joint used, the shielding gas and the process parameters used. Each experiment is performed
using a different set of parameter combinations, which are listed in a table. Results of all
these tests are represented and analysed in this chapter. Post-welding evaluations such as
tensile test and hardness test are conducted and thoroughly analyzed. Additionally,
microhardness tests are also performed on best performing specimens. MCDM tool such as

the AHP is used also used to optimize the output parameters.

4.2. Detail of Setup and Conditions of Experiment Set 1

The initial phase of experimentation is carried out on austenitic stainless-steel plates, each
measuring 50 mm x 50 mm with a thickness of 8 mm. For this study, autogenous butt welds
are created using a standard Tungsten Inert Gas (T1G) welding setup. A non-consumable
thoriated tungsten electrode with a diameter of 3.2 mm is employed and Argon gas is
supplied through annular collar of the torch as the shielding medium. The TIG welding is
using a Qineo GLW 322 GTAW machine by CLOQOS, Germany as shown in Figure 3.1(a-
d). The welding torch carriage utilized in this experiment is the Promotech-Gecko made

auto-magnetic carriage. Details of Experiment Set 1 is given in Section 3.2.

4.3. Observations Made in Experiment Set 1

The results from the first set of welding experiments are carefully studied to understand how
the selected process parameters—heat input, gas flow rate and torch angle—affect the weld
quality of SS 304H welded specimens. The weld joints are examined based on their overall
appearance, surface condition and continuity. Observations are made to find any visible

issues that could affect strength, performance, or reliability.
4.3.1. Visual Inspection

Visual inspection for any weld defect is an important step for the experiment to be done.

Presence of welding defects creates variation in mechanical characteristics. Table 4.1 shows
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the non-presence of defects, namely uniformity, crack, blowhole, pinhole, undercut and

spatter formation by visual inspection. Figure 4.1. shows the top view of some typical

autogenous weld samples taken for visual inspection.

Table 4.1. Visual observations made in experiment set 1

SI. | Gasflow | Torch Heat |Spatter| Weld Crack| Blowhole | Undercut
No rate Angle input Uniformity -Pinhole
(L/min) | (Degree)
1 10 60 0.768 V4 J Nil Nil Nil
2 14 60 0.768 N4 N4 Nil Nil Nil
3 10 90 0.768 N4 N4 Nil Nil Nil
4 14 90 0.768 J J Nil Nil Nil
5 10 60 1.119 J J Nil Nil Nil
6 14 60 1.119 J N4 Nil Nil Nil
7 10 90 1.119 N4 J Nil Nil Nil
8 14 90 1.119 N4 v Nil Nil Nil
9 10 75 0.943 N J Nil Nil Nil
10 14 75 0.943 V4 V4 Nil Nil Nil
11 12 60 0.943 V4 V4 Nil Nil Nil
12 12 90 0.943 v J Nil Nil Nil
13 12 75 0.768 v J Nil Nil Nil
14 12 75 1.119 v J Nil Nil Nil
15 12 75 0.943 V4 V4 Nil Nil Nil
16 12 75 0.943 V4 J Nil Nil Nil
17 12 75 0.943 Vv v Nil Nil Nil
18 12 75 0.943 N4 V4 Nil Nil Nil
19 12 75 0.943 N4 J Nil Nil Nil
20 12 75 0.943 V4 N4 Nil Nil Nil

R

a) Serial No. - 3

b) Serial No. - 6

c) Serial No. -9
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d) Serial No. - 13 e) Serial No. - 14 f) Serial No. - 2

Figure 4.1(a-f). Some typical images of visual inspected welded specimens of
Experimental Set 1

It is found by visual inspection that all the welded specimens are uniformly welded with
visible small spatter on the surface. Neither of the specimens are found with visible defects
such as crack, undercut, blowhole and pinhole, etc. The overall bead appearance is smooth
and continuous, indicating stable arc performance during the welding process.

4.3.2. Influence of Process Parameters on Bead Geometry

The bead geometry parameters such as depth of penetration, bead width, height of
reinforcement, for the twenty welded specimens are presented in Table 4.2. It is observed
that the depth of penetration ranges between approximately 1.6 mm to 3.5 mm, with

corresponding variations in bead width and height of reinforcement.

Table 4.2. Bead Geometry Parameters for Autogenous Welded (single sided) Specimens

with Varying Gas Flow Rate, Torch Angle, and Heat Input

Sl. Gas Torch | Heat | Penetration| Width |Reinforcement
No | flow Angle | input (mm) (mm) (mm)
rate | (Degree)
(L/min)

1 10 60 0.768 2.326 5.932 -0.1
2 14 60 0.768 2.156 6.045 0

3 10 90 0.768 1.674 7.531 -0.16
4 14 90 0.768 1.735 6.639 0

5 10 60 1.119 3.369 7.869 -0.14
6 14 60 1.119 3.058 8.422 0.12
7 10 90 1.119 3.459 9.375 0.11
8 14 90 1.119 2.908 6.609 -0.1
9 10 75 0.943 1.826 8.264 0.1
10 14 75 0.943 2.924 6.244 0
11 12 60 0.943 1.822 6.014 0.11
12 12 90 0.943 2.884 6.424 0
13 12 75 0.768 2.787 6.548 0
14 12 75 1.119 2.707 7.121 0

61



15 12 75 0.943 2.807 6.311 -0.19
16 12 75 0.943 2.607 7.029 0
17 12 75 0.943 2.747 7.162 0
18 12 75 0.943 2.968 7.008 0.08
19 12 75 0.943 2.618 7.118 0.11
20 12 75 0.943 2.712 6.582 0

The maximum penetration of 3.459 mm is achieved in Specimen 7, which is welded using
a gas flow rate of 10 L/min, torch angle of 90° and heat input of 1.119 kJ/mm. Results show
the influence of increased heat input and vertical torch alignment on achieving deeper weld
penetration. In terms of bead width, this condition also lead to a larger bead width of 9.375
mm, indicating that higher heat input contributes to not just deeper penetration but also
wider bead formation. Reinforcement, on the other hand, varies with different welding
conditions. At this optimal setting, reinforcement is 0.11 mm, suggesting that while the
penetration is maximized, reinforcement is relatively modest compared to other conditions
with different heat inputs and torch angles. Images of bead geometry of few typical welded

specimens of Experiment Set 1 are shown in Figure 4.2.

iE

Serial No. 5(b)

Serial No. 13(a) | Serial No. 13(b)

Serial o. 9(a) | Serial No, 9(b Serial No. 4(a) Serial No. 4(b)

Figure 4.2. Bead Geometry of few typical specimens of Experiment Set 1
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4.3.3. Analysis of Bead Geometry Parameters

In a contour plot or a surface plot, variation of a bead geometry parameter (such as P, R or
W) is represented against the change of two factors keeping the third factor to a fixed value,
commonly known as a hold value. Therefore, there would be three hold values for the 3«
factor would be three hold values for the 3« factor corresponding to a low value (coded as
‘-17), middle value (coded as ‘0’) and high value (coded as +1). After observing the nature
of contour or surface plots against two factors at three hold values of the 3« factor, maximum
variations of respective bead parameters are tried to detect. Corresponding hold value is
noted and those contour and surface plots are included in this discussion. All the contour
and surface plots are meant to represent variation of a bead geometry parameter with change
in two independent variables keeping the third variable constant at its highest level (i.e.,

with a hold value of positive 1)
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Figure 4.3. (a) Contour plot and (b) surface plot of penetration with change in torch angle

and gas flow rate at a hold value of heat input “+ve’, i.e., 1.188kJ/mm.

Figure 4.3 is drawn at a ‘+1’ hold value of heat input (1.1188kJ/mm). At this heat input of
1.1188kJ/mm, penetration is maximum when gas flow rate is between 10-12 L/min and it
decreases as the gas flow rate increases. No such variation is observed with torch angle as
shown in Figure 4.3 (a, b). Penetration is decreasing with the increasing value of gas flow

rate but it remains almost the same with increasing rate of torch angle. Higher shielding gas
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flow rate may have taken away comparatively more amount of heat resulting in decreasing

depth of penetration to a small extent.
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Figure 4.4. (a) Contour plot and (b) surface plot of penetration with change in torch angle

and heat input at a hold value of gas flow rate as ‘+ve’, i.e. 14 L/min.

Penetration shows an increasing trend with Heat Input when gas flow rate of 14 L/min is

the hold value. No much variation in penetration is observed with torch angle at higher heat

input as shown in Figure 4.4 (a, b), Whereas at lower range of heat input, small amount of

reduction in depth of penetration can be observed. Penetration is increasing with the

increasing value of heat input at any torch angle.
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Figure 4.5. (a) Contour plot and (b) surface plot of penetration with change in gas flow
rate and heat input at a hold value of torch angle ‘+ve’, i.e. 90°.
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Penetration is remarkably increasing with an increase in Heat input when hold value of torch
angle is 90° (coded value ‘+1°). High Heat Input causes large melt volume resulting in
increasing in ‘P’ and ‘W’ and sometimes ‘R’ to some extent as expected. Penetration shows
only small variation with increasing gas flow rate (shown in Figure 4.5 a,b) at any heat input

indicating its marginal influence on ‘P’.

From Figure 4.3 through 4.5, it is found that at high Heat Input ranging between 1.05-1.11
kJ/mm and gas flow rate between 11-13 L/min and at a torch angle of 90° maximum

penetration is achieved.
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Figure 4.6. (a) Contour plot and (b) surface plot of bead width with change in torch angle

and gas flow rate at a hold value of heat input “+ve’, i.e. 1.1188kJ/mm.

Maximum bead width is observed at a torch angle between 72-90° and gas flow rate between
10-10.5 L/min as shown in Figure 4.6 (a,b). Bead width is decreasing with increase in value
of gas flow rate but marginal variation of bead width is found with change in value of torch

angle.
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Figure 4.7. (a) Contour plot and (b) surface plot of bead width with change in gas flow
rate and heat input at a hold value of torch angle “+ve’ i.e. 90 °

Bead width is found to be high significant at high heat input of 1.10kJ/mm and gas flow of
10 L/min where torch angle is set at “+1’° hold value of 90° (shown in Figure 4.7). Bead
width keeps on increasing at a low rate with the increasing value of heat input but it has

marginal change with the increasing value of gas flow rate.
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Figure 4.8. (a) Contour plot and (b) surface plot of bead width with change in torch angle
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and heat input at a hold value of gas flow rate ‘+ve’, i.e. 14 L/min

Bead width increases with hike in Heat Input and becomes maximum at a maximum Heat
Input of 1.1kJ/mm. Marginal changes in bead width is found with variation in torch angle
at low Heat Input. However, it decreases with torch angle at higher Heat Input (shown in
Figure 4.8.).
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The analysis of Figures 4.6 to 4.8 indicates that heat input has the most significant effect on
bead width, while torch angle and gas flow rate show relatively lesser influence. Bead width
reaches its maximum at higher torch angles (72—-90°) and moderate gas flow rates (10-10.5
L/min) when heat input is kept at 1.1188 kJ/mm. When the torch angle is held constant at
90°, increasing heat input leads to a steady rise in bead width, though gas flow rate
contributes minimally. At a fixed gas flow rate of 14 L/min, bead width continues to increase
with heat input, but shows slight decrease with increasing torch angle, particularly at higher

heat input levels.

Thus, heat input is the dominant factor, while torch angle and gas flow rate influence bead

width through secondary or interactive effects, with minor or localized variations.
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Figure 4.9. (a) Contour plot and (b) surface plot of reinforcement with change in torch

angle and gas flow rate at a hold value of heat input ‘+ve’, i.e. 1.1188kJ/mm

Maximum reinforcement of 0.12mm is observed at a gas flow rate 10 L/min and torch angle

of 90°. Again, higher reinforcement is observed at torch angle of around 65° and gas flow

rate of 13 L/min as shown in Figure 4.9 (a,b).
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Figure 4.10. (a) Contour plot and (b) surface plot of reinforcement with change in torch

angle and heat input at a hold value of gas flow rate ‘t+ve’, i.e. 14 L/min

Reinforcement is maximum at a torch angle of 60°. Not much significant variation is found

with heat input as shown in Figure 4.10 (a,b). Reinforcement value keeps decreasing with

the increasing value of torch angle. With high Heat Input and torch angle, higher melt

volume causes deeper penetration ‘P’ as well as width ‘W’ and it leaves less effect on

reinforcement ‘R’.
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Figure 4.11. (a) Contour plot and (b) surface plot of reinforcement with change in gas

flow rate and heat input at a hold value of torch angle ‘+ve’, i.e. 90°
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Reinforcement increases with high heat input and is found maximum at a heat input of 1.10
kJ/mm with gas flow rate between 10-12 L/min as shown in Figure 4.11 (a,b). While
reinforcement increases with the increasing value of heat input but marginal variation is

found with the increasing value of gas flow rate.

From Figures 4.9, 4.10 and 4.11, it can be concluded that maximum reinforcement occurs
at specific torch angles and gas flow rates, notably at 90° and 10 L/min, and higher
reinforcement is observed at torch angles around 60°-65°. Additionally, reinforcement
increases with higher heat input, peaking at 1.10 kJ/mm with gas flow rates between 10-12

L/min, while gas flow rate has a marginal effect compared to heat input.

4.3.4. Summary of Observation Made in Experiment Set 1

o In experiment set 1, design of experiments done by Response Surface Methodology
(RSM) technique. Outcomes show that maximum penetration with considerable
amount of reinforcement, and bead width are achieved with high Heat Input of 1.1188
kJ/mm, low gas flow rate of 10 L/min, and high torch angle of 90°. These parameters
are used in obtaining optimal weld bead geometry but full penetration of bead
specimen cannot be achieved that is the main goal to achieve in this work.

« This configuration yields penetration of 3.459 mm. At this condition bead width and

reinforcement values of 9.375 mm and 0.11 mm are obtained respectively.
4.4. Observations Made in Tensile Test for Experiment Set 1

The tensile test results of Experimental Set 1 as presented in Table 4.3, revealed that the
tensile strength of the welded joints varied between 206.29 MPa and 424.5 MPa, with the
highest value recorded in Serial No. 7 and the lowest in Serial No. 9 (shown in Figure 4.12.).
Although many samples exhibited strengths exceeding 300 MPa, the values remained
significantly lower than the base material strength of approximately 580 MPa. This disparity
suggests that the welded joints did not achieve sufficient strength, primarily due to
incomplete penetration, which is observed to reach a maximum of only around 3.46 mm.
To ensure the welded joints attain mechanical strength equivalent to that of the base metal,
achieving full penetration is essential. This may require modification of the welding process,
such as adjustments in heat input, welding technique, or the adoption of alternative welding
methods to enhance fusion depth and overall joint integrity. Figure 4.13 illustrates the
Tensile Stress vs. Elongation graph for Specimen Serial No. 7, which records the highest
Ultimate Tensile Stress among the tested samples for Experiment Set 1.
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Table 4.3. Tensile Strength Results of Welded Joints for Experimental Set 1

Serial Tensile

No. Strength
(MPa)

1 284.32
2 274.86
3 212.62
4 218.67
5 349.4
6 334.96
7 424.5
8 346.06
9 206.29
10 370.22
11 231.54
12 351.62
13 328.31
14 332.86
15 352.36
16 331.42
17 339.82

18 311.691
19 326.61
20 331.42
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Figure 4.13. (a) The maximum Tensile strength achieved of Specimen 7 of Experiment
Set 1 (424.5 MPa), (b) Test specimen after test

4.5. Observations Made in Rockwell Hardness Test for Experiment Set 1

In Experimental Set 1 the average Rockwell hardness across the samples ranged from 25.33
HRC to 34.33 HRC, as shown in Table 4.4. The highest hardness value of 34.33 HRC is
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recorded for Sample of Serial No. 11, indicating a comparatively harder weld region,
potentially due to favourable thermal cycles or refined grain structure. In contrast, lower
hardness values like 25.33 HRC observed in Samples of Serial Nos. 10 and 13 could be
attributed to softer microstructures formed due to lower heat input or slower cooling rates.
Most samples showed hardness values in the 27-32 HRC range, suggesting a consistent and
moderate level of weld zone hardening. Figure 4.14. represents the variations in hardness

values of the weld zone found for the autogenous welded specimens of Experimental Set 1.

Table 4.4. Rockwell Hardness (HRC) Test Results for Autogenous welded Joints of

experimental set 1

Serial | HRC1 HRC2 HRC3 | Avg HRC
No.
1 26 31 26 217.67
2 29 32 28 29.67
3 31 33 33 32.33
4 29 27 31 29
5 26 31 27 28
6 32 29 33 31.33
7 32 31 28 30.33
8 25 29 28 27.33
9 29 33 31 31
10 25 25 26 25.33
11 32 37 34 34.33
12 28 28 32 29.33
13 27 25 24 25.33
14 27 28 27 27.33
15 26 32 27 28.33
16 29 27 32 29.33
17 30 33 31 31.33
18 32 34 31 32.33
19 28 28 27 27.67
20 31 28 27 28.67

72



Rockwell Hardness - HRC - Autogenous TIG

40

35

o CARARANN L4
25 -

20

15

10

Values in HRC

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
No. of Specimens

=@= HRC1 HRC2 HRC3 Avg HRC

Figure 4.14. Variations in hardness values of weld zone found for welded specimens of

Experiment Set 1
4.6. Observations Made in Microhardness Test

To assess the variation in hardness across different zones of the welded joints,
microhardness testing is carried out using a Vickers Microhardness Tester (UHL VMHT).
Typical specimens are selected for this test, and indentations are made at five different
regions along a straight line, spanning from the base metal (BM) through the heat-affected
zone (HAZ) to the weld centre (WC) and back across the HAZ to the base metal on the
opposite side. This line profile is allowed for a detailed understanding of the hardness
gradient caused by thermal cycles during welding. In experimental set 1, the test is
conducted on typical samples from eight different Serial Nos. (Serial Nos. 14, 11, 18, 7, 4,
3,9, and 19). The distance is measured in millimetre from the weld centre, ranging from —
10 mm (left base metal) to +10 mm (right base metal). Results show that hardness values
typically peak near the HAZ and vary across the weld zone depending on the thermal input
and cooling rates, indicating microstructural transformations in different regions of the
weldment. Vickers microhardness values at each location are provided in Table 4.5. Figure

4.15 presents the hardness plot for the autogenous TIG specimens welded on a single side.
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Table 4.5. Vickers microhardness values of some typical specimens of Set 1 at various

locations from weld centre

Distanc

e\;:/r(ec:;n Serial | Serial | Serial | Serial | Serial | Serial | Serial | Serial
No.14 | No.11 | No.18 | No.7 | No.4 | No.3 | No.9 | No.19

Centre

(mm)

-10 227 256 266 260 228 262 252 237

-8 238 259 269 262 232 259 259 239
-6 263 243 242 253 260 243 253 253
-4 253 253 240 256 254 245 245 253
-2 249 239 248 242 245 241 253 252
Cé:(e\:]\i::;j 246 248 237 231 248 239 249 247
+2 251 254 229 228 246 231 241 248
+4 234 244 251 233 238 248 249 236

+6 226 249 248 235 233 248 238 235

+8 230 247 267 261 226 268 258 232

+10 224 252 261 256 222 264 254 234
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Figure 4.15. Hardness plot of some typical autogenous TIG one-side welded

specimens (Set 1)

4.7. Observations Made in Microstructure Analysis

In Experiment Set 1, Serial No. 7 (424.50 MPa), Serial No. 10 (370.22 MPa), Serial No. 15
(352.36 MPa), and Serial No. 12 (351.62 MPa) are observed under the optical microscope
(shown in Figure 3.11) for microstructural study. These samples exhibit the highest
mechanical strength, suggesting superior weld quality and metallurgical bonding.
Micrographs are captured under 50x, 100x, and 200x magnifications, covering the base
metal, heat-affected zone (HAZ) and weld zone. Observations reveal a finer grain structure
in the weld zone of high-strength specimens, attributed to optimal heat input and cooling
rates that promote grain refinement. Microstructures of typical specimens of Experiment
Set 1 having higher tensile strength seen under optical microscope are depicted in Figure
4.16.

e 552

b) Serial No. 7 - 100x c) Serial No. 7 - 200x

— T A

a) Serial No. 7 - 50x
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d) Serial No. 10 -50x | e) Serial No. 10 - 100x

g) Serial No.15-50x | h) Serial No. 15-100x | i) Serial No. 15 - 200x

j) Serial No. 12 - 50x k) Serial No. 12 - 100x | I) Serial No. 12 - 200x

Figure 4.16. Microstructures of typical specimens of Experimental Set 1 having higher

tensile strength seen under optical microscope.
4.8. Observations Made in Scanning Electron Microscopy

The SEM micrographs of typical samples from Set 1 reveal well-refined and uniformly
distributed dendritic structures, indicating effective thermal control during solidification.
The grain boundaries appear continuous with minimal signs of cracking or porosity,
suggesting strong metallurgical bonding and stable phase formation. As found from the
images, the microstructure is relatively free from defects such as voids or shrinkage cavities,
which is indicative of a controlled welding environment and optimized heat input. Overall,
these microstructural characteristics correlate well with improved mechanical properties
and successful autogenous welding outcomes. Figure 4.17 represents micrographs of typical
specimens of Experimental Set 1 and Set 2 having higher tensile strength seen under
Scanning Electron Microscope (SEM).
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Figure 4.17. Microstructures of typical specimens of Experimental Set 1 having higher
tensile strength seen under Scanning Electron Microscope (SEM).

4.9. Outcomes of the Analytical Hierarchy Process applied to the
results of Experiment Set 1

The pairwise comparison matrix for criteria is developed using the operating conditions
from Serial numbers 1 to 9 from Experimental Set 1. These are selected based on unique
parameter combinations, as several other experimental runs shared identical settings and are

therefore excluded from the matrix to avoid redundancy.

The priority weights for the AHP are determined manually through extensive discussions
with welding experts and academic supervisors. Instead of relying solely on software-
generated values, brainstorming sessions are conducted to integrate expert judgment and
practical welding experience. This approach ensured that the assigned weights accurately
reflected the real-world significance and interdependence of parameters such as depth of
penetration, bead width, and reinforcement, thereby providing a more customized and
realistic decision-making framework. A similar methodology was also reported by Acharya
et al. (2022, 2023) [28, 29] and Bhatti & Tharwat (2018) [123].
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Table 4.6 represents the AHP model, where weights of various criteria are chosen based on
the goal of optimizing weld parameters for all four Experiment Sets. Then maximum Eigen
value is calculated from 3 x 3 matrix. It is calculated as Amax = 3.103 and finally consistency

ratio (C.R.) is calculated. This value is calculated as 8.8% and it is less than 10%. So, it is

accepted.
Table 4.6. Pair wise comparison matrix for criteria
Optimization of Depth of Bead Reinforce | Geometric Local
Weld Bead penetration | width ment mean weight
Geometry
Depth of penetration 1 4 3 2.27 0.62
Bead width 0.25 1 2 0.79 0.21
Reinforcement 0.33 0.5 1 0.55 0.15

Amax= 3.103, C.R.= 0.088
Now, in Table 4.7. the comparison matrix between alternatives for criterion 1 (Depth of
penetration) is calculated keeping in mind the goal i.e. optimization of weld parameter. Now
maximum Eigen value is Amax= 9.36 is calculated from 9x9 matrix and consistency ratio is

calculated as 4.3%. It is below 10% and is accepted.

Table 4.7. Pair wise comparison matrix for alternatives for depth of penetration

Depthof | AL| A2| A3| A4| A5 | A6 | A7 | A8 | A9 | Geometric | Local
Penetration mean weight
Al 1 (2] 3| 3 |14 13]14|13)|13 0.70 0.0613
A2 121 1| 3 V4| 13| 1/4]1/3]|1/3 0.577 0.0505
A3 V3| 13| 1 (12|15 14|15 14 1/4 0.322 0.0282
Ad V3|12 2 | 1 |15 14|15 14 1/4 0.393 0.0344
A5 4 | 4| 5| 5| 1|2 |13| 2] 2 2.15 0.188
A6 3 3| 4] 4 121 1322 1.65 0.144
A7 4 | 4| 5| 5] 3] 3] 1| 2|2 2.86 0.250
A8 3| 3| 4| 4 |12(102|12| 1| 2 1.48 0.129
A9 3 3 4 4 (121121212 1 1.273 0.112

C.R.=0.043, Amax= 9.36

Now, in Table 4.8. the comparison matrix between alternatives for criterion 2 (Bead Width)
is calculated keeping in mind the goal i.e., optimization of weld parameter. Now maximum
Eigen value is Amax = 9.432 is calculated from 9x9 matrix and consistency ratio is calculated

as 5.4 %. It is below 10% and is accepted.
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Table 4.8. Pair wise comparison matrix for alternatives for bead width

Bead Al | A2 | A3| A4 | A5| A6 | A7 | A8 | A9 | Geometric Local
Width mean weight
Al 1124|345 |5] 3|3 2.99 0.269
A2 1211 3|2 | 3|4 |4]|2]2 2.01 0.181
A3 Va3 1 (12| 2| 3|3 [12(12 0.830 0.074
A4 3|12 21| 2|3 |3]| 2] 2 1.416 0.128
A5 V4113|1212 1 3 3 |1/2]1/2 0.713 0.064
A6 5|14 1131313 1| 2 |14]1/4 0.396 0.035
A7 151141 1/3 13|13 (12 1 |14]1/4 0.340 0.031
A8 3112 2 (12| 2| 4| 4| 1] 2 1.29 0.116
A9 13112 2 |12 2 4 4 (12 1 1.112 0.10

CR.:= 0.054, Amax = 9.432

Now, in Table 4.9 the comparison matrix between alternatives for criterion 2
(Reinforcement) is calculated keeping in mind the goal i.e., optimization of weld parameter.
Now maximum Eigen value is Amax= 10.27 is calculated from 9x9 matrix and consistency

ratio is calculated as 10% so it is acceptable.

Table 4.9. Pair wise comparison matrix for alternatives for reinforcement

Alternative | AL | A2 | A3| A4 | A5 | A6 | A7 | AB| A9 | Geometric Local
mean weight
Al 1 (132 (1/3| 2 |12 % | 1| 3 0.884 0.0823
A2 31313 |2|2]3]|1 1.88 0.175
A3 12113 1 |13 (12|13 |13]12|1/4 0.419 0.039
A4 3| 13|13 |2|2]3]|1 1.88 0.175
A5 12113 2 |13 1 (12| % |12|1/4 0.535 0.0498
A6 2 |12 3 (12| 2 | 1| % | 3 |1/4 1.01 0.094
A7 2 |12 3 |12 2 | 2| 1] 2 |1/4 1.128 0.105
A8 1 (13| 2 (13| 2 |183| % | 1 |1/3 0.662 0.061
A9 3 1 4 1 4 4 4 3 1 2.34 0.217

C.R.=0.10, Amax = 10.27

In Table 4.10. the local weights for each parameter are considered and global weights are
calculated for all individual alternatives. The maximum global weight of 0.177 for
Alternative No. 7 represents the suitable alternative, which may be considered as the

optimized condition.
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Table 4.10. Local and global weights for alternatives and local weights for criteria

Alternative Local Weights Global

No. Depth of Bead Width | Reinforcement | Weights
penetration
0.62 0.21 0.15

Al 0.0613 0.269 0.082 0.106
A2 0.0505 0.181 0.175 0.095
A3 0.0282 0.074 0.039 0.038
A4 0.0344 0.128 0.175 0.074
AS 0.188 0.064 0.049 0.137
A6 0.144 0.035 0.094 0.110
A7 0.250 0.031 0.105 0.177
A8 0.129 0.116 0.061 0.113
A9 0.112 0.100 0.217 0.123

In this work, the analytical hierarchy process is applied to explore favourable depth of
penetration maintaining productivity and the related process conditions employing
Tungsten Inert Gas welding. Global weight of each alternative is calculated and the
highest global weight of 0.177 corresponding to alternative 7 is evaluated as the optimal

condition (shown in Table 4.10).

4.10. Summary of Experiment Set 1

Experimental Set 1 focuses on autogenous TIG welding using the Response Surface
Methodology (RSM) to optimize process parameters for 8 mm thick SS304H stainless
steel specimens. The objective is to maximize penetration while maintaining desirable
bead geometry. Results indicate that a high heat input of 1.1188 kJ/mm, a low gas flow
rate of 10 L/min, and a high torch angle of 90° produces the most favourable weld profile
(Serial No. 7). However, full penetration is not achieved, with the maximum penetration
limited to approximately 3.46 mm. This insufficient depth of fusion resulted in tensile
strengths significantly below the base metal strength (580 MPa), with values ranging from
206.29 MPa to a peak of 424.5 MPa.

Hardness analysis of the welds shows Rockwell hardness values between 25.33-34.33
HRC, with the highest hardness observed in Serial No. 11, potentially due to grain
refinement and favourable thermal cycles. Most samples exhibit moderate hardness
values, indicating a consistent weld profile. Vickers microhardness tests conducted on

selected specimens show typical hardness gradients, with peaks near the heat-affected
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zone (HAZ), reflecting the influence of thermal input during welding.

Microstructural investigations, using both optical and scanning electron microscopy
(SEM), reveal dendritic structures with refined grains in high-strength specimens. The
weld zones are largely free from common defects such as voids, cracks and porosity,
suggesting effective thermal control during the solidification phase. The microstructural
characteristics correlates well with the mechanical performance, particularly in samples
with optimal welding conditions.

Additionally, the Analytical Hierarchy Process (AHP) identifies Serial No. 7 as the
optimal welding condition with the highest global weight of 0.177, emphasizing the
significance of parameter optimization. While acceptable weld quality is achieved in
many cases, the limited depth of penetration and resulting low tensile strength highlight
the need for improved techniques, such as using flux or alternative welding methods to
meet the mechanical requirements of thick-section stainless steel joints.
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Chapter 5

Results and Discussion on Experiment Set 2 and 3

5.1. Introduction

This chapter focuses on the second and third phase of welding experiments (Experiment Set
2 and 3), which aims at overcoming the limitations of incomplete penetration observed in
the first phase. In Experiment Set 1, autogenous T1G welding is performed on only one side
of the butt joints and complete fusion through the thickness of the plate is not achieved. To
address this, Experiment Set 2 is undertaken involving autogenous welding on both sides of
selected SS 304H specimens targeting full penetration and improving the mechanical
property of the welded joint. Activating flux is also applied on the faying surface in
Experiment Set 3 in autogenous TIG welding done on both sides of the specimens. Post-
welding evaluations such as tensile test and hardness test are conducted and thoroughly
analyzed. Additionally, microhardness tests are also performed on best performing
specimens. MCDM tool such as the AHP is used also used to optimize the output

parameters.
5.2. Detail of Setup of Experiment Set 2 and Experiment Set 3

The second set of experiments is conducted using a KEMPI K2 TIG 200 ACDC welding
machine, as illustrated in Figure 3.2. Process parameters applied during these experiments
are taken directly from the top five performing alternatives of Experiment Set 1 identified
through the Analytic Hierarchy Process (AHP). In this Experiment Set 2, a torch angle of
75° to the horizontal is uniformly applied for all specimens, as supported by findings in the
relevant literature and practical welding standards. It is commonly used for such welding
applications and produced superior welded joints. Importantly, all other process parameters
including current, travel speed, gas flow rate are kept identical to those used in Experiment
Set 1 to ensure consistency across both sets of experiments and to facilitate direct
comparison. Post-welding procedures such as surface preparation, polishing and etching for
metallographic analysis are carried out in the same manner as described for Experiment Set
1. Based on initial experimentation, a gas flow rate range of 10-14 L/min and an arc gap of

2 mm are finalized. Accordingly, the selected parameters for this phase include a torch angle
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of 75°, gas flow rates of 10, 12 and 14 L/min, and heat input of 0.9434 kJ/mm and 1.1188
kJ/mm.

Experiment Set 3 has employed Activated Tungsten Inert Gas (A-TIG) welding process, in
which a thin coating of titanium dioxide (Ti0O:) activated flux is applied to the faying surface
of the plates on both sides before welding. This technique is introduced to enhance weld
penetration and improve bead characteristics by modifying the heat distribution at the weld
zone. The application of TiO: flux is intended to enhance heat concentration at the weld
zone by promoting the reverse Marangoni effect, which facilitates deeper penetration by
altering the fluid flow dynamics in the molten weld pool. All other process parameters in
this set are kept consistent with those used in Experiment Set 2 to ensure a valid comparison.
Specifically, the welding speed is maintained at 1.22 m/min, the root gap is set to 0 mm,
and the arc gap is kept at 2 mm throughout the process. The selected parameters for this
phase include a torch angle of 75°, gas flow rates of 10, 12 and 14 L/min, and heat input of
1.010 kJ/mm and 1.264 kJ/mm.

5.3 Observations Made in Experiment Set 2

This section first presents the observations made using visual inspection of the welds. It also
tries to explore the influence of process parameters on weld bead geometry and the insights
gained from the experimental observations. The results aim at validating the effectiveness
of selected parameters in producing quality weld joints and to highlight limitations where

further improvements may be necessary.
5.3.1 Visual Inspection

Visual examination of the welded specimens reveals uniform bead formation with minimal
spatter and absence of surface defects. No undercut, blowhole, pinhole and cracks are
observed in any of the weld runs. These findings suggest that selected welding parameters
lead to stable arc performance and efficient shielding gas coverage. The visual results for
each Serial No. are summarized in Table 5.1. A top view of the welded specimens is shown
in Figure 5.1. This confirms that the chosen combinations of gas flow rate and heat input
are capable of producing visually acceptable welds under consistent torch angle and travel

speed.
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Figure 5.1. Top view of welded specimens of Experiment Set 2

Table 5.1. Visual observations made in Experiment Set 2

Gas Heat Weld Spatter | Crack | Blowhole- | Undercut
ea
Sl Flow Uniformity Pinhole
Input
No. Rate
) (kJ/mm)
(L/min)

21 10 1.1188 J V4 Nil Nil Nil
22 14 1.1188 J V4 Nil Nil Nil
23 10 1.1188 V4 V4 Nil Nil Nil
24 14 1.1188 4 V4 Nil Nil Nil
25 12 0.9434 V4 V4 Nil Nil Nil

5.3.2 Influence of Process Parameters on Bead Geometry

To evaluate how varying process parameters influence the morphology of weld beads, a
detailed cross-sectional analysis is performed. Key attributes considered include total depth
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of penetration (i.e., the combined penetration from both sides of the weld), average bead
width and average reinforcement height, each calculated as the mean of values obtained

from both welded sides.

The summarized data in Table 5.2 indicate that the specimens subjected to a lower gas flow
rate of 10 L/min and a higher heat input of 1.180 kJ/mm (Serial Nos. 21 and 23) demonstrate
significantly greater depth of penetration and bead width. In contrast, specimens welded at
a higher gas flow rate of 14 L/min exhibit reduced penetration. This reduction is likely due
to increased cooling or arc instability effects, which can occur at elevated gas flow rates.
Serial No. 25, which has a comparatively lower heat input (0.964 kJ/mm) and a moderate
gas flow rate of 12 L/min, produced a weld with balanced penetration and minimal

reinforcement.

Figures 5.2 through 5.5 illustrate cross-sectional views of typical representative weld beads.
Although welding is done on both sides of the 8 mm thick plates, none of the samples have
achieved full penetration. This shows that further improvement in the process is needed to

achieve full weld penetration.

Table 5.2. Experimental observations made in Experiment Set 2

SI. No. Gas Torch Heat Total Avg. Avg.
flow Angle input Penetration Width Reinforcement

rate (Degree) | (kJ/mm) (mm) (mm) (mm)

(L/min)

21 10 75 1.180 6.530 5.839 0.109

22 14 75 1.180 5.368 5.59 0.144

23 10 75 1.180 6.000 6.066 0.121

24 14 75 1.180 5.022 5.307 0.00

25 12 75 0.964 5174 6.64 0.177
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Figure 5.2. View of weld bead of Serial No. 21 (a) 1st pass and (b) 2nd Pass done on two

sides

Figure 5.3. View of weld bead of Serial No. 22 (a) 1st pass and (b) 2nd Pass done on two

sides

Figure 5.4. View of weld bead of Serial No. 23 (a) 1st pass and (b) 2nd Pass done on two
sides
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Figure 5.5. View of weld bead of Serial No. 24 (a) 1st pass and (b) 2nd Pass done on two
sides
The observations from this set of experiments demonstrate a smooth and uniform deposition
with minimal spatter and an absence of crack, undercut, blowhole and pinhole. These factors
confirm the effectiveness of the selected welding parameters in producing high-quality weld
joints. This autogenous welding on both sides of the specimen significantly improves
penetration but does not lead to full joint penetration for 8 mm thick SS304H specimens. It
is clear from the diagrams of bead geometry as shown in Figure 5.2 through Figure 5.5. This
suggests that additional modifications, such as incorporation of activated flux, etc. may be

necessary to enhance weld penetration.

5.4. Observations Made in Tensile Test for Experiment Set 2

In the second phase of experimentation, autogenous TIG welding is performed on both sides
of the SS304H specimens using the optimal input parameters derived from the AHP-based
global decision matrix. The tensile strength values obtained for the corresponding Serial
Numbers (21 to 25) are presented in Table 5.3. The results demonstrated considerable
variation in mechanical performance, with the highest tensile strength recorded at 481.73
MPa (Serial No. 21 shown in Figure 5.7), followed by 476.82 MPa (Serial No. 23). The
lowest value is observed for Serial No. 24 at 416.83 MPa. These fluctuations indicate the
sensitivity of weld quality to process parameter tuning, even under optimal conditions. The

variations of Tensile strength values of second set are shown in Figure 5.6.
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Table 5.3. Tensile Strength Results of Welded Joints for Experimental Set 2

Serial No. Tensile Strength (MPa)
21 481.73
22 434.276
23 476.82
24 416.834
25 422.754
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Figure 5.6. Variations in Tensile strength found in Experiment Set 2
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Figure 5.7. The maximum Tensile strength achieved of Specimen of Serial No. 21 of
Experiment Set 2 (481.73 MPa), (b) Test specimen after test
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5.5. Observations Made in Rockwell Hardness Test for Experiment Set 2

In Experimental Set 2, the average Rockwell hardness of the autogenous welded joints falls
between 28.00 HRC and 31.67 HRC (Table 5.4). The highest hardness, 31.67 HRC in
Sample 24, indicates a harder weld zone, probably due to good heat control and finer grains
from the double-sided TIG weld. Conversely, the lowest average hardness of 28.00 HRC
(Sample 21) points to a slightly softer microstructure that may stem from localized
variations in heat input or cooling rate. Overall, most samples cluster in the 28-31 HRC
range, indicating a fairly uniform and moderately hardened weld region throughout this
experimental set. Figure 5.8 depicts the hardness variation for all autogenous welds (both
side welded) in Set 2.

Table 5.4. Rockwell Hardness (HRC) Test Results for Autogenous welded Joints of

Experimental Set 2

SI. No HRC1 HRC2 HRC3 Avg HRC
21 31 27 26 28
22 29 28 29 28.67
23 32 27 31 30
24 32 31 32 31.67
25 33 30 31 31.33

Rockwell Hardness - HRC - Autogenous

20 Both sides
30 .\ 7/
20
10
0
1 2 3 4 5
=== HRC1 HRC2 HRC3 Avg HRC

Figure 5.8. Variations in hardness values of weld zone found for Autogenous Welded

(Both sides) specimens of Experiment Set 2
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5.6. Observations Made in Microhardness Test

In Experimental Set 2, hardness testing is performed on typical specimens from four
different Serial Nos. (Runs 21, 23, 24 and 25). Vickers microhardness measurements are
taken at intervals ranging from —10 mm (left base metal) to +10 mm (right base metal)
relative to the weld centre, covering both sides of the autogenous TIG weld zone. The
hardness values exhibit variation across the weldment, generally peaking near the heat-
affected zone (HAZ), reflecting the effects of thermal input and cooling rates on
microstructural changes. The full set of Vickers microhardness data for each measurement
location is presented in Table 5.5. The hardness distribution for these autogenous TIG both-

side welded specimens is illustrated in Figure 5.9.

Table 5.5. Vickers microhardness values of some typical welded specimens of Set 2 at

various locations from weld centre

Distance Serial No. 21 | Serial No. 23 | Serial No. 24 | Serial No. 25
from (Autogenous (Autogenous (Autogenous (Autogenous
both sides) both sides) both sides) both sides)
Weld
Centre
(mm)
-10 240 245 238 242
-8 255 256 251 248
-6 263 268 266 261
-4 270 262 261 257
-2 265 259 257 255
0 (Weld 260 254 252 246
Centre)
+2 268 264 258 252
+4 255 256 247 245
+6 250 248 245 243
+8 252 242 249 246
+10 245 246 242 239
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Hardness Plot of Autogenous T1G (Both Side Welded) Specimens
280
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Figure 5.9. Hardness plot of some typical autogenous TIG both-side welded specimens

(Experiment Set 2)

5.7. Observations Made in Microstructure Analysis of Experiment Set 2

In Experimental Set 2 specimens of Serial No. 21(481.73MPa) and Serial No. 23
(476.82 MPa), the two highest-strength welds in the set are selected for detailed
microstructural examination. Optical micrographs are captured at 50x, 100x and 200x
magnifications, encompassing the base metal, heat-affected zone (HAZ) and weld metal.
Both high-strength samples display a noticeably refined grain structure within the weld
zone, a feature attributed to the favourable heat input and cooling rates achieved during
autogenous TIG welding. Representative microstructures of these high-strength specimens

from Experimental Set 2 are presented in Figure 5.10.

a) Serial No. 21-50x | b) Serial No. 21-100x | c) Serial No. 21 - 200x
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v 'i“ﬁg‘%
e)  Serial No. 22-50x | f) Serial No. 22-100x | g) Serial No. 22 - 200x

Figure 5.10. Microstructures of typical specimens of Experimental Set 2 having higher

tensile strength seen under optical microscope.

5.8. Observations Made in Scanning Electron Microscopy of Experiment
Set 2

The SEM micrographs of typical samples from Experiment Set 2 reveal well-refined and
uniformly distributed dendritic structures, indicating effective thermal control during
solidification. Grain boundaries appear continuous with minimal signs of cracking or
porosity, suggesting strong metallurgical bonding and stable phase formation. In several
images, the microstructure is relatively free from defects such as voids or shrinkage cavities,
which is indicative of a controlled welding environment and optimized heat input. Overall,
these microstructural characteristics correlate well with improved mechanical properties
and successful autogenous welding outcomes. Figure 5.11 represents micrographs of typical

specimens of Experimental Set 2 having higher tensile strength seen under Scanning

Electron Microscope (SEM).

a) Serial No. 21 —500x | b) Serial No. 21-1500x | ¢)  Serial No. 21 - 2000x
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e) Serial No. 23 —500x f)  Serial No. 23-1500x | Q) Serial No. - 2000x

Figure 5.11. Microstructures of typical specimens of Experimental Set 1 and Set 2 having

higher tensile strength seen under Scanning Electron Microscope (SEM).

5.9 Outcomes of the Analytical Hierarchy Process Applied to the Results
of Experiment Set 2

The pairwise comparison matrix for criteria for this Experiment Set 2 is identical to that
Experiment Set 2 and it is shown in Table 4.6 of Chapter 4. These Serial numbers of the
specimens 21 to 25 are represented as Alternatives 1 to 5 taken in the same order for
Experiment Set 2. Now, in Table 5.6. the comparison matrix between alternatives for
criterion 1 (Depth of penetration) is calculated keeping in mind the goal, i.e., optimization
of weld parameter. Now maximum Eigen value is Amax= 5.13 is calculated from 5x5 matrix

and consistency ratio is calculated as 3.0%. It is below 10% and is accepted.

Table 5.6. Pair wise comparison matrix for alternatives for Depth of Penetration

Depth of Al A2 | A3 | A4 | A5 | Geometric Local
Penetration mean weight
Al 1 3 2| 4] 4 2.49 0.42
A2 1/3 1 13| 2| 2 0.84 0.14
A3 1/2 3 11 3] 3 1.68 0.28
Ad 1/4 172 | 13| 1|12 0.46 0.07
A5 1/4 172 1131 2| 1 0.44 0.074

C.R.=0.030, Amax=5.1348
Now, in Table 5.7. the comparison matrix between alternatives for criterion 2 (Bead Width)
is calculated keeping in mind the goal i.e., optimization of weld parameter. Now, maximum
Eigen value is Amax= 5.324 is calculated from 5x5 matrix and consistency ratio is calculated
as 7.22 %. It is below 10% and is accepted.
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Table 5.7. Pair wise comparison matrix for alternatives for Bead Width

Bead Width | AL | A2 | A3 | A4 | A5 Geometric Local weight
mean
Al 1 (212 3|13 4 1.14 0.19
A2 2 1 3 |112) 4 1.64 0.27
A3 1313 1 (W3] 3 0.64 0.11
Ad 31 23] 1]3 2.22 0.37
A5 4| 1/41 1/3|1 13 1 0.26 0.04

C.R.=0.0722, Amax= 5.3236

Now, in Table 5.8. the comparison matrix between alternatives for criterion 3 (Height of
Reinforcement) is calculated keeping in mind the goal i.e., optimization of weld parameter.
Now maximum Eigen value is Amax= 5.168 is calculated from 5x5 matrix and consistency

ratio is calculated as 3.79 %. It is below 10% and is accepted.

Table 5.8. Pair wise comparison matrix for alternatives for Height of Reinforcement

Height of Al A2 A3 | AAd | A5 | Geometric Local
Reinforcement mean weight

Al 1 1/2 3 1/3 4 1.14 0.19

A2 2 1 3 1/2 4 1.64 0.27

A3 1/3 1/3 1 1/3 3 0.64 0.11

Ad 3 2 3 1 3 2.22 0.37

A5 1/4 1/4 1/3 | 1/3 1 0.26 0.04

C.R.=0.0379, Amax= 5.168

In Table 5.9. the local weights for each parameter are considered and global weights are
calculated for all individual alternatives. The maximum global weight of for Alternative No.

1 represents the suitable alternative which may be considered as the optimized condition.

Table 5.9. Local and global weights for alternatives and local weights for criteria

Alternative Local Weights Global

No. Depth of penetration | Bead Width | Reinforcement | Weights
0.62 0.21 0.15

Al 0.42 0.19 0.32 0.348
A2 0.14 0.27 0.15 0.160
A3 0.28 0.11 0.23 0.231
A4 0.07 0.37 0.23 0.155
A5 0.074 0.04 0.07 0.064
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In this work, the analytical hierarchy process is applied to explore favourable depth of
penetration maintaining productivity and the related process conditions employing
Tungsten Inert Gas welding. Global weight of each alternative is calculated and the highest
global weight of 0.348 corresponding to Alternative 1 is evaluated as the optimal condition
(shown in Table 5.9).

5.10. Observations Made in Experiment Set 3

In Experiment Set 3, welding trials are conducted using a single activated flux—titanium
dioxide (TiO2) applied as a thin, uniform layer on the faying surface of the specimens prior
to welding. The selection of TiO: is based on preliminary trial runs involving various flux
materials, where TiO: is found to produce the most favourable results in terms of bead
quality and penetration. The flux layer is expected to intensify arc energy concentration in
the weld zone, thereby facilitating deeper penetration and improved joint quality.

This process, referred to as Activated Flux Tungsten Inert Gas (A-TIG) welding is an
advanced modification of the conventional TIG process wherein a thin layer of specially
formulated flux is uniformly applied to the surface of the base metal prior to welding. Under
the influence of high arc temperature, this flux alters the fluid flow dynamics within the
weld pool, inducing a reverse Marangoni effect. This phenomenon causes the surface
tension gradient to reverse, driving molten metal inward toward the centre of the weld pool
rather than outward, thereby increasing depth of penetration. Activated flux not only
improves heat concentration at the weld zone but also enhances arc stability, facilitates oxide
removal from the weld metal. As a result, it becomes easier to achieve strong, defect-free

weld joints with deeper and more consistent penetration.

All other welding conditions in this experiment set are kept consistent with the previous set
to enable meaningful comparisons. The welding speed is fixed at 1.22 mm/s, with an arc
gap of 2 mm and no root gap. Autogenous butt welding is carried out using a torch angle of
75°, as standardized earlier. Application of TiO: is done carefully to ensure uniform flux
coverage. The main objective of this experiment is to evaluate whether A-TIG welding can

produce full penetration while maintaining good weld strength and appearance.
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5.10.1 Visual Inspection

Visual inspection of the A-T1G welded joints shows consistent and smooth bead formation
across all specimens, indicating effective weld pool control with the TiO: flux. Minimal
spatter is there, and no surface defects such as crack, undercut, blowhole, or pinhole are
observed in any of the weld runs. This demonstrates that the applied flux and selected
parameters maintain a stable arc and provide adequate gas shielding. Table 5.10 presents a
summary of the visual observations for each run, confirming that A-T1G process produces
welds with high surface integrity and uniformity under the fixed torch angle and travel

speed. Top view of the A-TIG welded specimens is illustrated in Figure 5.12.

Table 5.10. Visual observations made in Experiment Set 3

Gas Heat Weld Spatter | Crack | Blowhole- | Undercut
ea

Sl Flow Uniformity Pinhole

Input
No. Rate

) (kJ/mm)
(L/min)

21 10 1.264 J V4 Nil Nil Nil
22 14 1.264 V4 N4 Nil Nil Nil
23 10 1.264 V4 V4 Nil Nil Nil
24 14 1.264 V4 Vv Nil Nil Nil
25 12 1.010 J V4 Nil Nil Nil

& X

(a) Serial No. 26 (b) Serial No. 27 (c) Serial No. 28

odl N R

(d) Serial No. 29 (e) Serial No. 30

Figure 5.12. Top view of welded specimens of Experiment Set 3.
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5.10.2 Influence of Process Parameters on Bead Geometry

To evaluate how varying process parameters influence the morphology of weld beads, a
detailed cross-sectional analysis is performed. Key attributes considered include the total
depth of penetration (i.e., the combined penetration from both sides of the weld), average
bead width and average reinforcement height, each calculated as the mean of values

obtained from both welded sides.

The summarized data in Table 5.11. reveal that specimens welded at gas flow rates of 10
L/min and 14 L/min with a heat input of 1.264 kJ/mm (Serial Nos. 26 to 29) consistently
achieved full penetration of 8 mm. However, bead width and reinforcement varies
noticeably with changes in gas flow rate. Notably, Serial No. 29 (14 L/min) showed the
highest average width of 5.881 mm and zero reinforcement, indicating stable arc behaviour
and effective heat transfer at this setting. Conversely, Serial Nos. 26 and 28 (10 L/min)
exhibited slightly lower bead widths (5.214 mm and 5.326 mm respectively) along with
negative reinforcement, suggesting possible surface underfill. The specimen with
intermediate gas flow and lower heat input (Serial No. 30, 12 L/min, 1.010 kJ/mm) failed
to achieve full penetration, reaching only 6.640 mm. View of the cross-sections of the weld

beads of typical welded specimens of Experiment Set 3 is shown in Figure 5.13.

Table 5.11. Experimental observations made in Experiment Set 3

Sl Gas Torch Heat Total Avg. Avg.

No. | flow Angle input Penetration Width Reinforcement
rate (Degree) | (kJ/mm) (mm) (mm) (mm)

(L/min)

26 10 75 1.264 8.000 5.214 -0.14

27 14 75 1.264 8.000 5.642 0.00

28 10 75 1.264 8.000 5.326 -0.11

29 14 75 1.264 8.000 5.881 0.00

30 12 75 1.010 6.640 6.314 0.00
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Figure 5.13. View of weld bead geometry typical weld beads of Experiment Set 3

5.10.3. Inference Made from Experiment Set 3

Experiment results of Set 3, conducted using A-TIG welding, clearly demonstrate full
penetration (8 mm) in most of the runs, confirming the significant improvement in weld
depth over conventional TIG processes. Across Serial Nos. 26 to 30, uniform weld bead

formation is observed with minimal surface defects, indicating stable arc characteristics and
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efficient heat utilization. Notably, samples with higher gas flow rates and torch angles (e.g.,
Serial Nos. 27 and 29) exhibit broader bead width and neutral reinforcement profiles, which
suggest a more controlled melt pool and effective shielding. Figure 5.6 illustrates the typical
weld bead profiles for this set, supporting the conclusion that autogenous A-TIG welding
process significantly enhances bead geometry and penetration as compared to Autogenous

common TIG welding.
5.11. Observations Made in Tensile Test for Experiment Set 3

In the third set of experiments, the same optimized input parameters derived from the AHP
global matrix are retained; however, a TiO- based activated flux is applied to the specimen
surfaces prior to welding, aiming to enhance penetration through the A-TIG welding
process. This modified setup, executed from Serial No. 26 to 30, led to a significant
improvement in tensile strength compared to the autogenous welds. As summarized in Table
8.3 and depicted in the corresponding line graph shown in Figure 5.14., tensile strength
values ranged between 602.08 MPa and 656.86 MPa, with the highest value observed in
Serial No. 28. The graph of Tensile Stress vs Elongation of Specimen 28 and the specimen
after test is shown in Figure 5.15. Notably, the ultimate tensile strength (UTS) in all five
cases exceeded that of the base material, which is approximately 582 MPa—a promising
indication of the effectiveness of this approach. The noticeable enhancement in mechanical
performance is primarily attributed to the deeper penetration and improved weld pool

dynamics caused by the reverse Marangoni effect induced by the flux.

Table 5.12. Tensile Strength Results of Welded Joints for Experimental Set 3

Serial No. Tensile Strength (MPa)
26 648.64
27 628.94
28 656.86
29 636.41
30 602.083
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Figure 5.14. Variations in Tensile strength found in A-TIG (Both sides) welding of SS
304H specimens

800

600 \
400

200

Stress (MPa)

0.0 0.5 1.0 15

Extension (mm)

(@) (b)

Figure 5.15. The maximum Tensile strength achieved of Specimen of Serial No. 28 of
Experiment Set 3 (656.86 MPa), (b) Test specimen after test

5.12. Observations Made in Rockwell Hardness Test for Experiment
Set3

For Experimental Set 3, where a TiO: activated-flux layer is introduced (A-TIG), hardness

values show a clear upward shift, ranging from 32.33 HRC to 36.33 HRC as detailed in

Table 5.13. The highest average hardness, 36.33 HRC (Sample 27), reflects the pronounced

grain refinement and solid-solution strengthening typically associated with flux-assisted
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deeper penetration and accelerated cooling. Even the lowest reading in this set, 32.33 HRC
(Sample 30), exceeds the maximum recorded in Set 2, underscoring the beneficial influence
of activated flux on weld-zone hardening. Figure 5.16 illustrates the corresponding hardness
trend for the A-TIG welds in Set 3. Overall, these results show that using the TiO: flux in
A-TIG welding makes the welds noticeably harder than those produced by standard

autogenous TIG welding.

Table 5.13. Rockwell Hardness (HRC) Test Results for A-TIG welded Joints of
Experimental Set 3

SlI. No. HRC1 HRC2 HRC3 Avg HRC
26 34 35 34 34.33
27 36 37 36 36.33
28 35 36 36 35.67
29 36 34 32 34
30 32 31 34 32.33

Rockwell Hardness - HRC - A-T1G Both

38 sides
36 \.,
34
AN
32 v
30
28
1 2 3 4 5
=&— HRC1 HRC2 HRC3 Avg HRC

Figure 5.16. Variations in hardness values of weld zone found for the A-TIG welded

(Both sides) specimens of Experimental Set 3
5.13. Observations Made in Microhardness Test for Experiment Set 3

In Experimental Set 3, hardness testing is carried out on typical specimens drawn from four
different Serial Nos. (Runs 27, 29, 30 and 28). Vickers microhardness was recorded at
positions from —10 mm (left-side base metal) to +10 mm (right-side base metal) with respect
to the weld centre, thus capturing both sides of the A-TIG weld bead. The resulting hardness
values vary across the weldment and, as expected, reach their maximum in the vicinity of

the heat-affected zone (HAZ). This pattern shows the combined influence of heat input,
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influence of activated-flux and subsequent rate of cooling on the evolving microstructure.
The complete set of Vickers microhardness readings for every measurement location is
compiled in Table 5.14. The corresponding hardness profile for these A-TIG welded
specimens is depicted in Figure 5.17.

Table 5.14. Vickers microhardness values of some typical welded specimens of Set 3 at

various locations from weld centre

Distance Serial No. Serial No. Serial No. Serial No.
tromweld | 27 ATIG) | 29 (A-TIG) | 30 (A-TIG) | 28 (A-TIG)
Centre
(mm)
-10 289 273 264 281
-8 342 322 312 322
-6 323 342 324 316
-4 351 367 356 341
) 348 364 346 322
0 (Weld 378 340 338 348
Center)
+2 368 357 356 340
+4 342 311 208 352
+6 348 324 321 312
+8 322 298 267 322
+10 306 284 278 287
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Hardness Plot of A-TIG specimens (both sides welded)

400

380
360
340
320
300
280
260
240
220
200
-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12
—8— Run Order 27 (A-TIG) —8— Run Order 29 (A-TIG)
Run Order 30 (A-TIG) —@&— Run Order 28 (A-TIG)

Figure 5.17. Hardness distribution for some typical A-TIG welded (both sides)

specimens
5.14. Observations Made in Microstructure Analysis for Experiment Set
3

In Experiment Set3, specimens from Serial No.28 (656.86 MPa) and Serial No. 26
(648.64 MPa), the two highest-strength welds in the set are selected for detailed
microstructural examination. Optical micrographs are captured at 50x, 100x, and 200x
magnifications, encompassing the base metal, heat-affected zone (HAZ) and weld metal.
Both high-strength samples display a noticeably refined grain structure within the weld
zone, a feature attributed to the favourable heat input and controlled cooling achieved during
A-TIG welding. This grain refinement correlates with their superior tensile performance,

indicating sound metallurgical bonding and minimized weld defects. Representative

microstructures of these high-strength specimens from Experimental Set 3 are presented in
Figure 5.18.

a)  Serial No. 26 - 50x b) Serial No. 26 - 100x c) Serial No. 26 - 200x
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d)  Serial No. 28 - 50x

e) Serial No. 28 - 100x

f) Serial No. 28 - 200x

Figure 5.18. Microstructures of typical specimens of Experimental Set 3 having higher

tensile strength seen under optical microscope.

5.15. Observations Made in Scanning Electron Microscopy

The SEM images of the A-TIG welded specimens of Experimental Set 3 reveal a relatively

smooth and refined surface morphology. The microstructure appears more uniform, with

improved grain alignment and reduced irregularities, suggesting enhanced weld quality. The

presence of well-defined features and orderly patterns across the surface indicates better

thermal control and stable arc characteristics during welding. Overall, the surface shows

signs of effective fusion and metallurgical bonding, which are desirable traits for improved

mechanical performance and surface integrity of the welded zone. Figure 5.19. represents

micrographs of typical specimens of Experimental Set 3 having higher tensile strength seen

under Scanning Electron Microscope (SEM).

a) Serial No. 26 — 200x

b) Serial No. 26 — 500x

c) Serial No. 26 —1000x
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h) Serial No. 28 -200x |i) Serial No. 28 — 500x | j)

DR = T

K)  Serial No. 29 -200x |l) Serial No. 29 - 300x m) Serial No. 29 — 1000x

Figure 5.19. Microstructures of typical specimens of Experimental Set 3 having higher
tensile strength seen under Scanning Electron Microscope (SEM).

5.16 Outcomes of the Analytical Hierarchy Process applied to the results of

Experiment Set 3

The pairwise comparison matrix for criteria for this Experiment Set 3 is identical to that
Experiment Set 1 and it is shown in Table 4.6 of Chapter 4. Serial numbers of the specimens
26 to 30 are represented as Alternatives 1 to 5 taken in the same order for Experiment Set
3. Now, in Table 5.15. the comparison matrix between alternatives for criterion 1 (Depth of
penetration) is calculated keeping in mind the goal i.e. optimization of weld parameter. Now
maximum Eigen value is Amax= 5.13 is calculated from 5x5 matrix and consistency ratio is

calculated as 3.0%. It is below 10% and is accepted.
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Table 5.15. Pair wise comparison matrix for alternatives for Depth of Penetration

Depth of Al A2 A3 | A4 | A5 | Geometric Local
Penetration mean weight

Al 1 1 1 1 4 131 0.23

A2 1 1 1 11| 4 131 0.23

A3 1 1 1 1 4 131 0.23

A4 1 1 1 11| 4 131 0.23

A5 1/4 1/4 /4114 1 0.32 0.057

C.R.=0.030, Amax=5.1348
Now, in Table 5.16. the comparison matrix between alternatives for criterion 2 (Bead
Width) is calculated keeping in mind the goal i.e., optimization of weld parameter. Now
maximum Eigen value is Amax= 5.288 is calculated from 5x5 matrix and consistency ratio
is calculated as 6.4 %. It is below 10% and is accepted.

Table 5.16. Pair wise comparison matrix for alternatives for Bead Width

Bead Width | A1 | A2 | A3 | A4 | A5 Geometric Local weight
mean
Al 113(2(3] 4 2.35 0.38
A2 131 1|12 3| 4 1.14 0.18
A3 121 2 11| 3| 4 1.64 0.26
Ad 3113113 1] 3 0.64 0.1
A5 1411411413 1 0.34 0.05

C.R.=0.064, Amax=5.288
Now, in Table 5.17. the comparison matrix between alternatives for criterion 3 (Height of
Reinforcement) is calculated keeping in mind the goal i.e., optimization of weld parameter.
Now maximum Eigen value is Amax= 5.208 is calculated from 5x5 matrix and consistency

ratio is calculated as 4.6 %. It is below 10% and is accepted.
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Table 5.17. Pair wise comparison matrix for alternatives for Height of Reinforcement

Height of Al A2 A3 | A4 | A5 | Geometric Local
Reinforcement mean weight

Al 1 1/3 12 | 12| 12 0.52 0.09

A2 3 1 2 1 1 143 0.26

A3 2 1/2 1 12 | 1/2 0.75 0.14

Ad 2 1 2 1 1 131 0.24

A5 2 1 2 1 1 131 0.24

C.R.=0.046, Amax= 5.208

In Table 5.18. the local weights for each parameter are considered and global weights are
calculated for all individual alternatives. The maximum global weight of for Alternative No.
1 represents the suitable alternative which may be considered as the optimized condition.

Table 5.18. Local and global weights for alternatives and local weights for criteria

Alternative Local Weights Global

No. Depth of penetration | Bead Width | Reinforcement | Weights
0.62 0.21 0.15

Al 0.23 0.38 0.09 0.236
A2 0.23 0.18 0.26 0.220
A3 0.23 0.26 0.14 0.218
A4 0.23 0.10 0.24 0.199
A5 0.06 0.05 0.24 0.083

In this work, the Analytical Hierarchy Process is applied to explore favourable depth of
penetration maintaining productivity and the related process conditions employing
Activated Tungsten Inert Gas (A-TIG) welding. Global weight of each alternative is
calculated and the highest global weight of 0.348 corresponding to Alternative 1 is evaluated

as the optimal condition (shown in Table 5.18).
5.17. Summary of Experimental Set 2 and Set 3

Experimental Set 2 and Set 3 are conducted to evaluate and compare characteristics of bead
geometry in particular, and weld penetration, under autogenous TIG and Activated TIG (A-

TIG) welding processes, respectively.

In Experiment Set 2, autogenous TIG welding is performed on both sides of 8 mm thick

SS304H specimens. The process resulted in smooth and uniform bead formation with

107



negligible defects such as crack, undercut, blowhole and pinhole. However, depth of
penetration remains below full joint penetration levels, with a maximum penetration of 6.53
mm (Serial No. 21). Although the weld quality is acceptable, results indicate that
conventional autogenous TIG welding is insufficient to achieve full depth of penetration for
the selected material and thickness. Average bead width and height of reinforcement vary
slightly across runs, suggesting relatively stable but limited fusion. In contrast, Experiment
Set 3 utilizes Activated TIG (A-TIG) welding technique, where TiO: is used as the
activating flux. This approach demonstrates a significant improvement in penetration and
bead morphology. Most runs in this set, particularly Serial Nos. 26 through 29, achieve full
penetration (8.0 mm), indicating superior heat concentration and arc efficiency facilitated
by the use of flux. Bead formation is uniform and largely free of surface defects.
Additionally, increased gas flow rates and optimized torch angles contribute to broader weld
beads and stable reinforcement profiles. For instance, Serial Nos. 27 and 29, which use a
gas flow rate of 14 L/min and a torch angle of 75°, yield balanced welds. The success of
these parameters underlines the effectiveness of A-TIG process in achieving deep and defect-

free welds in thicker stainless-steel sections.

The Tensile test results from Experiment Sets 2 and 3 reveal the impact of process
modifications on weld strength. In Set 2, double-sided autogenous TIG welding using AHP-
optimized parameters yielded tensile strengths ranging from 416.83 MPa to 481.73 MPa,
highlighting how small variations in parameters still affect mechanical performance. In
contrast, Set 3, which incorporated TiO:-based activated flux for A-TIG welding,
demonstrated a clear improvement in tensile strength, with values between 602.08 MPa and
656.86 MPa—surpassing even the base material strength of 582 MPa. This enhancement is
primarily due to improved weld pool behaviour and deeper penetration enabled by the flux-

induced reverse Marangoni effect.

In Experiment Set 2, autogenous TIG welds show Rockwell hardness between 28.00-31.67
HRC, with variations attributed to heat input and cooling rates. Vickers microhardness
peaks near the HAZ, reflecting typical thermal effects during welding. In Set 3, A-TIG
welds with TiO: flux exhibit higher hardness, ranging from 32.33-36.33 HRC. Vickers
microhardness in this set also consistently records elevated values across the weld zone,
especially near the HAZ, indicating enhanced grain refinement and accelerated cooling.
Overall, the addition of flux in A-TIG welding significantly improves both Rockwell and

Vickers hardness compared to autogenous TIG.
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Microstructural analysis of the highest-strength welds from Experiment Sets 2 and 3
includes optical micrographs at 50x, 100x and 200x magnifications, which show refined
grain structures across the base metal, HAZ, weld metal — suggesting effective heat input,
and controlled cooling. SEM images further reveal uniform dendritic patterns, smooth
surface morphology, improved grain alignment and minimal defects like cracks or voids, all

confirming strong metallurgical bonding and stable weld formation.

Overall, a comparative analysis of these two sets confirms that autogenous A-TIG welding
with TiO: flux is more effective than conventional autogenous TIG welding in enhancing

bead geometry and achieving full penetration for 8 mm SS304H specimens.
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CHAPTER 6

Results and Discussion on Experiment Set 4

6.1. Introduction

This chapter presents the 4" and final set of welding experiments conducted using filler-
assisted TIG welding on SS 304H stainless steel specimens. While some parameters, such
as torch angle and welding speed are kept constant based on earlier trials, others like weld
current, gas flow rate and root gap are varied across three levels to study their effects. The
setup includes a cold wire feeder to ensure a consistent supply of filler metal. Each welding
trial is carried out under a unique combination of parameters according to a standardised
Design of Experimentation. The chapter also presents visual inspection findings, bead
geometry analysis and overall interpretation of weld quality based on the experimental
observations. Post-welding evaluations such as tensile test and hardness test are conducted
and thoroughly analyzed. Additionally, microhardness tests are also performed on best
performing specimens. MCDM tool such as the AHP is used also used to optimize the

output parameters.

6.2. Details of Setup and Conditions of Experiment Set 4

Experiment set 4 involves performing filler-assisted TIG welding on 304H grade austenitic
stainless-steel plates using a KEMPPI K2 TIG 200 AC/DC machine shown in Figure 3.5
(a—c)). To facilitate controlled addition of filler material, a Mogra CWF 04 Cold Wire
Feeder is employed as shown in Figure 3.5 (c), supplying 1.2 mm diameter 304H filler
wire at a constant feed rate of 20 mm/s, determined through preliminary trials. During
welding, the torch is positioned at a 75° angle, with an arc gap of 5 mm maintained
throughout. A welding speed of 1.22 mm/s is fixed across all trials. Prior to the final runs,
several test welds are performed to determine suitable current and voltage combinations.
The main process variables investigated in this set are current (130 A, 140 A, and 150 A),
root gap (1.2 mm, 1.6 mm, and 2 mm), and argon gas flow rate (10, 12, and 14 L/min). To
systematically plan experimental runs and analyse the influence of variables, Design of
Experiments using Central Composite Design (CCD) approach of Response Surface
Methodology (RSM) is considered. Three critical process parameters are selected for
investigation: heat input, gas flow rate, and root gap. Each of these factors is varied across

three levels to assess their individual and combined effects on the welding outcome. Total
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20 weld runs are performed. The filler wire is deposited in non-autogenous butt joint
configurations using a 3.2 mm thoriated tungsten electrode. After welding, the plates are

allowed to cool in ambient air.

The heat input, a key parameter governing thermal behaviour and fusion characteristics, is
set at 1.337, 1.458 and 1.520 kJ/mm. These values are derived from the heat input
calculation formula (Equation 3.1), based on actual welding parameters such as weld
voltage, weld current and torch travel speed. This experiment is designed to explore the
interrelationship between the selected parameters and to determine the most effective
combination for achieving complete penetration and enhanced weld bead properties using

filler material in TIG welding.

Table 6.1. Process Parameters and Their Levels for CCD Experimentation in Set 4

Parameter Low Level (-1) Medium Level (0) High Level (+1)
Gas Flow Rate 10 12 14
(L/min)
Root Gap (mm) 1.2 1.6 2.0
Heat Input (kJ/mm) 1.337 1.458 1.520

6.3. Observations Made in Experiment Set 4

The results from the fourth and final set of welding experiments are thoroughly analyzed
to assess the impact of the selected parameters—heat input, gas flow rate, and root gap—
on the weld quality of SS 304H plates when filler material is used. Weld joints are
inspected primarily for surface condition, continuity, and evidence of any visible defects.
The objective is to determine the influence of varying parameters on achieving full

penetration, sound weld bead formation, and consistent weld integrity.

6.3.1. Visual Inspection

Visual inspection is conducted to identify any welding defects that may compromise
mechanical properties. The primary focus is on detecting spatter formation, lack of weld
uniformity, cracks, blowholes or pinholes, and undercuts. The presence or absence of these
flaws is documented for all 20 weldments. Figure 6.1 represents top view of typical welded
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specimens of Experiment Set 4. The consistent application of filler material and control of
process parameters help maintain the integrity of the welds across different trials. Table

6.2 presents the visual inspection results.

Table 6.2. Outcome of the visual inspection of Experimental Set 4

Sl. | Gas Root Heat |Spatter| Weld |Crack lowhole- |Undercut
No. |Flow |Gap Input Uniformity Pinhole
Rate (mm) (kJ/mm)
(L/min)
31 10 1.2 1.337 v v Nil Nil Nil
32 12 1.2 1.458 v v Nil Nil Nil
33 14 1.2 1.520 v v Nil Nil Nil
34 10 1.6 1.458 v v Nil Nil Nil
35 12 1.6 1.337 N4 N4 Nil Nil Nil
36 14 1.6 1.458 v v Nil Nil Nil
37 10 2.0 1.520 N4 N4 Nil Nil Nil
38 12 2.0 1.458 N4 N4 Nil Nil Nil
39 14 2.0 1.337 v v Nil Nil Nil
40 12 1.6 1.520 v v Nil Nil Nil
41 12 1.6 1.458 v v Nil Nil Nil
42 12 1.6 1.458 v v Nil Nil Nil
43 12 1.6 1.458 v v Nil Nil Nil
44 12 1.6 1.458 v v Nil Nil Nil
45 12 1.6 1.458 v v Nil Nil Nil
46 12 1.6 1.458 v v Nil Nil Nil
47 | 12 1.6 1.458 v v Nil Nil Nil
48 12 1.6 1.458 v v Nil Nil Nil
49 12 1.6 1.458 v v Nil Nil Nil
50 12 1.6 1.458 v v Nil Nil Nil
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It is found by visual inspection that all the twenty welded specimens are uniformly welded
with visible small spatter on the surface. None of the specimens exhibit visible welding
defects such as cracks, undercut, blowholes, or pinholes. The overall bead appearance
across all samples is smooth and continuous, suggesting that the arc during the welding
process is stable and well-controlled. The consistency in surface finish further indicates
good weld integrity and appropriate selection of parameters for achieving defect-free

welds.

s
| —

Serial No. 33 Serial No. 36 Serial No. 37 Serial No. 38 Serial No. 44

Figure 6.1. Top view of typical welded specimens of Experimental Set 4

6.3.2. Influence of Process Parameters on Bead Geometry

The bead geometry parameters such as Depth of Penetration, Bead Width and Height of
Reinforcement are evaluated for all twenty specimens. These parameters provide
important insight into weld quality and structural integrity. It is observed that most of the
specimens achieve full penetration when welding is performed on both sides, indicating
proper fusion and depth of weld metal. Minor variations in bead width and reinforcement
are noted, reflecting the influence of parameter combinations on the surface morphology
of the weld. Detailed measurements for bead geometry corresponding to each experimental
condition are presented in Table 6.3. Images of bead geometry of few typical welded
specimens of Experiment Set 4 are shown in Figure 6.2.
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Table 6.3. Bead Geometry Measurements in Experiment Set 4

5| Gas flow | Root Heat input Depth (.Jf B.ead .Height of
No. rate Gap (k3/mm) Penetration | Width | Reinforcement
(L/min) | (mm) (mm) (mm) (mm)
31 10 1.2 1.337 2.825 8.105 1.61
32 14 1.2 1.337 4.63 8.61 1.18
33 10 2 1.337 8 8.295 1.14
34 14 2 1.337 8 7.755 2.455
35 10 1.2 1.52 8 8.99 1.315
36 14 1.2 1.52 8 9.65 0.665
37 10 2 1.52 8 9.705 0.51
38 14 2 1.52 8 9.135 0.485
39 10 1.6 1.458 8 8.32 1.16
40 14 1.6 1.458 8 7.564 0.621
41 12 1.2 1.458 3.34 9.632 0.34
42 12 2 1.458 8 9.224 0.56
43 12 1.6 1.337 8 8.19 1.045
44 12 1.6 1.52 8 8.615 -0.665
45 12 1.6 1.458 2.73 11.86 0.69
46 12 1.6 1.458 2.98 11.805 0.38
47 12 1.6 1.458 3.25 12.615 0.825
48 12 1.6 1.458 8 9.63 1.59
49 12 1.6 1.458 3.42 11.64 0.14
50 12 1.6 1.458 8 8.89 0.442
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(c) Serial No. 37

(a) Serial No. 39 (b) Serial No. 39

(a) Serial No. 44 (b) Serial No. 44 (c) Serial No. 44

Figure 6.2. Images of Bead geometry of few typical specimens of Experiment Set 4
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6.3.3. Analysis of Bead Geometry parameters

In a contour plot or a surface plot, variation of a bead geometry parameter (such as P, R or
W) is represented against the change of two factors keeping the third factor to a fixed
value, commonly known as a hold value. Therefore, there would be three hold values for
the 3.factor corresponding to a low value (coded as ‘-1”), middle value (coded as ‘0”) and
high value (coded as +1). After observing the nature of contour or surface plots against
two factors at three hold values of the 3.factor, maximum variations of respective bead
parameters are tried to detect. Corresponding hold value is noted and those contour and
surface plots are included in this discussion. All the contour and surface plots are meant to
represent variation of a bead geometry parameter with change in two independent variables
keeping the third variable constant at its highest level (i.e., with a hold value of
positive 1).
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Figure 6.3. (a) Contour plot and (b) surface plot of penetration with change in root gap

and gas flow rate at a hold value of heat input ‘t+ve’, i.e., 1.520 kJ/mm.

Penetration shows a dual-peak trend with respect to gas flow rate, as observed in Figure
6.3 (b). At a constant heat input of 1.520 kJ/mm, maximum penetration occurs at both low
(10 L/min) and high (14 L/min) gas flow rates, while a notable dip in penetration is found
at the intermediate gas flow rate (~12 L/min). With respect to root gap, penetration
generally increases slightly up to a moderate value and then stabilizes. This behaviour
suggests that the arc is more stable and the shielding is more effective at very low or very
high gas flow rates. In the middle range of gas flow rate, penetration decreases, possibly

due to some disturbance or weak shielding caused by turbulence or uneven gas flow.
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Figure 6.4. (a) Contour plot and (b) surface plot of penetration with change in root gap

and heat input at a hold value of gas flow rate as ‘+ve’, i.e. 14 L/min.

Figure 6.4 (a, b) shows the variation in weld penetration with change in root gap and heat

input at a fixed gas flow rate of 14 L/min (‘“+ve’ hold value). Penetration shows an

increasing trend with heat input across all levels of root gap. Penetration is found to be

more at higher values of root gap, particularly beyond 1.75 mm, as seen in both the contour

and surface plots. However, at lower root gaps, a slight reduction in penetration can be

noted at the lower range of heat input. This is likely because higher heat input provides

more energy for melting, and a larger root gap allows more molten material to accumulate

and fuse effectively.
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Figure 6.5. (a) Contour plot and (b) surface plot of penetration with change in gas flow

rate and heat input at a hold value of root gap ‘+ve’, i.e. 2 mm.
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Figure 6.5 (a, b) illustrates the variation in penetration with changes in gas flow rate and
heat input at a fixed root gap of 2 mm (‘+ve’ hold value). Penetration is observed to be
higher at both the lower and higher ends of the heat input range. A similar pattern is noted
with gas flow rate, where penetration increases at the lower and higher extremes. However,
when both heat input and gas flow rate fall within their mid-range values, the penetration

tends to be relatively lower.

From Figures 6.3 through 6.5, it is observed that weld penetration is influenced by complex
interactions between gas flow rate, heat input and root gap, with some multiple peak trends
seen in gas flow rate, consistent increase with heat input, and enhanced penetration at
higher root gaps, indicating that optimal penetration occurring at specific combinations of

these parameters rather than at their mid-range values.
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Figure 6.6. (a) Contour plot and (b) surface plot of bead width with change in in root gap

and gas flow rate at a hold value of heat input ‘+ve’, i.e., 1.520 kJ/mm.

Maximum bead width is observed at a root gap between 1.75-2.00 mm and gas flow rate
between 11.5-13 L/min as shown in Figure 6.6 (a, b). Bead width is found to be lower at
lower gas flow rate of 10 L/min and also lower at higher gas flow rate of 14 L/min. It is
found to higher at the midrange of gas flow rate at around 11.5-13 L/min. Bead width is
found to increase steadily with root gap, suggesting that a larger gap allows more filler

material to spread, resulting in a wider weld bead.
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Figure 6.7. (a) Contour plot and (b) surface plot of bead width with change in root gap

and heat input at a hold value of gas flow rate as ‘“t+ve’, i.e. 14 L/min.

Bead width is found to be significantly higher at a root gap of 1.25-1.50 mm and heat
input near 1.48-1.50 kJ/mm, where gas flow rate is held constant at its “+ve’ value of 14
L/min, as shown in Figure 6.7 (a, b). Bead width shows a gradual increase with increasing
heat input, while the effect of root gap is moderately influential, especially in the lower

range (1.25-1.5 mm), beyond which the change is marginal.
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Figure 6.8. (a) Contour plot and (b) surface plot of bead width with change in gas flow

rate and heat input at a hold value of root gap ‘+ve’, i.e. 2 mm.
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Bead width increases progressively with rising heat input and reaches its maximum at
around 1.48-1.50 kJ/mm, while the root gap is held at its ‘+ve’ value of 2 mm, as depicted
in Figure 6.8 (a, b). The effect of gas flow rate on bead width is minimal, with the width
reaching its highest point around 12 L/min and staying mostly unchanged beyond that. The
surface and contour plots confirm that heat input remains the primary influencing factor

for bead width, while gas flow rate contributes subtle variations.

From Figures 6.6 through 6.8, it is observed that bead width is primarily influenced by
heat input, showing a consistent increase as heat input rises. Root gap also plays a
significant role, especially in the lower range, where bead width increases steadily before
stabilizing. Gas flow rate has a smaller but noticeable effect, with bead width being widest
at medium values (around 11.5-13 L/min) and becoming narrower at both lower and
higher flow rates. Overall, the best bead width is achieved when the root gap is moderate,
the gas flow rate is in the middle range, and the heat input is high.
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Figure 6.9. (a) Contour plot and (b) surface plot of reinforcement with change in root gap

and gas flow rate at a hold value of heat input ‘+ve’, i.e., 1.520 kJ/mm.

Figure 6.9 (a, b) shows that reinforcement decreases as the root gap increases, while it first
increases and then decreases with rising gas flow rate at a constant heat input of 1.520
kJ/mm. This trend suggests that a smaller root gap helps retain more molten material on
the weld surface, and moderate gas flow provides stable shielding, whereas excessive gap

or high gas flow may cause loss of reinforcement due to overflow or turbulence.
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Figure 6.10. (a) Contour plot and (b) surface plot of reinforcement with change in root

gap and heat input at a hold value of gas flow rate as “+ve’, i.e. 14 L/min

Reinforcement is found to be maximum at higher root gaps (close to 2 mm) and lower heat
input values, as observed in Figure 6.10 (a, b). As heat input increases beyond 1.475
kJ/mm, reinforcement gradually decreases, particularly when combined with wider root
gaps. The gas flow rate is held constant at its ‘+ve’ level of 14 L/min in this analysis. The
interaction between root gap and heat input shows that reinforcement is more sensitive to

changes in root gap than to heat input in this case.
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Figure 6.11. (a) Contour plot and (b) surface plot of reinforcement with change in gas

flow rate and heat input at a hold value of root gap ‘“+ve’, i.e. 2 mm.
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From Figure 6.11 (a,b), it is found that reinforcement shows the highest peak at lower
value of heat input at around 1.350 kJ/mm and having maximum gas flow rate of 14 L/min
at a constant root gap of 2 mm. With the increase in heat input and lesser value of gas flow
rate the reinforcement is found to be lower and minimum at around heat input of 1.520
kJ/mm and and gas flow rate of 10 L/min. This trend may be due to the fact that lower heat
input helps retain more molten material on the surface, and higher gas flow provides better
shielding, whereas higher heat input and lower gas flow may lead to excessive melting and
poor arc stability, reducing reinforcement.

From Figures 6.9, 6.10 and 6.11, it can be concluded that reinforcement is influenced by a
combination of root gap, gas flow rate and heat input, with the most favourable
reinforcement occurring at lower heat input and higher gas flow rate. Reinforcement
generally decreases with increasing root gap and heat input, while gas flow rate shows a
non-linear effect—moderate to high values tend to enhance reinforcement, but excessive
or insufficient flow can reduce it. Overall, lower heat input helps retain more molten
material, and higher gas flow improves shielding, while wider root gaps and excessive heat

may lead to reduced reinforcement due to overflow or excessive melting.

6.4. Observations Made in Tensile Test for Experiment Set 4

In the final phase of the study, denoted as Experiment Set 4, filler-assisted TIG welding is
conducted on SS 304H grade austenitic stainless-steel plates (50 mm x 50 mm x 8 mm).
This experimental set comprised 20 runs (Serial No 31-50), focusing on evaluating the
effect of filler addition on weld penetration and bead geometry. The experiments are
systematically designed using a Central Composite Design (CCD) under Response Surface
Methodology (RSM) to analyze the influence of key process parameters. The tensile
strength values, as shown in Table 6.4, ranged from 334.68 MPa to 676.13 MPa. Notably,
several welded joints exhibit UTS values exceeding the base material strength of
approximately 582 MPa, indicating a significant improvement in mechanical performance.
The tensile strength trend is graphically represented in Figure 6.12. Figure 6.13 illustrates
the Tensile Stress vs. Elongation graph for Specimen Serial No. 38, which records the

highest Ultimate Tensile Stress among the tested samples for Experiment Set 4.
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Table 6.4. Tensile Strength Results of Welded Joints for Experiment Set 4

Sl. No. | Tensile Strength (MPa)
31 361.34
32 468.69
33 622.243
34 642.536
35 656.172
36 634.562
37 664.239
38 676.126
39 616.362
40 621.643
41 416.631
42 616.263
43 618.472
44 671.473
45 334.682
46 346.732
47 364.862
48 628.02
49 386.793
50 621.462
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Figure 6.12. Variations in Tensile strength found in Filler assisted TIG welding of SS
304H specimens

800

600

400

Tensile Stress (MPa)

200

0 2 B 6 8

Extension (mm)

(a) (b)

Figure 6.13. (a) The maximum Tensile strength achieved of Specimen Serial No 38 of
Experiment Set 4 (676.126 MPa), (b) Test specimen after test

6.5. Observations Made in Rockwell Hardness Test for Experiment
Set4

In Experimental Set 4, which involve filler-assisted TIG welding, the Rockwell hardness

(HRC) values show notable variation across the 20 welded samples. As seen in Table 6.5,

the average hardness values ranged from a low of 25.33 HRC (Samples 40 and 43) to a

peak of 34.33 HRC recorded for Sample 41. This peak value indicates a relatively harder

weld zone, which may be attributed to enhanced filler material deposition and optimal

thermal cycles during welding. Several samples such as 33, 36, 47, and 48 also exhibit
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higher hardness values (above 31 HRC), indicating effective metallurgical bonding and
possible refinement of grain structure. Figure 6.14 illustrates the variation in hardness
values observed in the weld zones of the filler-assisted TIG welded specimens from
Experiment Set 4.

Table 6.5. Rockwell Hardness (HRC) Test Results for Filler assisted TIG welded Joints

of Experimental Set 4

SI.No | HRC1 HRC?2 HRC3 | Avg. HRC
31 26 31 26 27.67
32 29 32 28 29.67
33 31 33 33 32.33
34 29 27 31 29
35 26 31 27 28
36 32 29 33 31.33
37 32 31 28 30.33
38 25 29 28 27.33
39 29 33 31 31
40 25 25 26 25.33
41 32 37 34 34.33
42 28 28 32 29.33
43 27 25 24 25.33
44 27 28 27 27.33
45 26 32 27 28.33
46 29 27 32 29.33
47 30 33 31 31.33
48 32 34 31 32.33
49 28 28 27 217.67
50 31 28 27 28.67
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Figure 6.14. Variations in hardness values of weld zone found for the Filler assisted TIG

welded (Both sides) specimens of Experimental Set 4

6.6. Observations Made in Microhardness Test of Experiment Set 4

In Experimental Set 4, hardness measurements are conducted on typical samples from
eight different Serial Nos (43, 42, 33, 34, 35, 36, 48 and 40). The microhardness is
measured at intervals ranging from —10 mm (left base metal) to +10 mm (right base metal)
from the weld centre, covering both sides of the filler-assisted TIG weld zone. The Vickers
microhardness results demonstrate that hardness values fluctuate across the weldment,
typically peaking near the heat-affected zone (HAZ), which reflects the effects of thermal
input and cooling rates on microstructural changes in different regions. Detailed Vickers
microhardness values at various distances from the weld centre for all runs are presented
in Table 6.6. Figure 6.15. illustrates the microhardness distribution for these filler-assisted

TIG welded specimens.
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Table 6.6. Vickers microhardness values at various locations from weld centre (Filler

assisted welded specimens — both sides)

Distance | Serial | Serial | Serial |Serial No| Serial | Serial | Serial | Serial
from No43 | No42 | No33 34 No35 | No36 | No48 | No40
(;/;/r?tl(:e (Filler | (Filler | (Filler | (Filler | (Filler | (Filler | (Filler | (Filler
(mm) TIG) TIG) TIG) TIG) TIG) TIG) TIG) TIG)
-10 279 288 294 268 264 276 284 271
-8 301 312 284 298 334 341 334 286
-6 329 338 323 332 342 319 356 342
-4 345 352 336 348 354 331 342 356
-2 347 349 338 351 342 336 324 362
0 (Weld
Center) 340 342 321 344 322 338 352 354
+2 339 347 341 346 340 344 358 334
+4 327 335 329 331 348 326 341 342
+6 318 328 335 324 334 322 346 348
+8 283 290 276 286 282 294 281 298
+10 270 280 316 272 278 284 264 274

127




Hardness Plot of Filler TIG specimens both sides welded
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Figure 6.15. Microhardness distribution for some typical filler-assisted T1G welded

specimens.

6.7. Observations Made in Microstructure Analysis of Experiment Set 4

In Experiment Set 4, specimens from Serial No 38 (676.13 MPa), Serial No. 44
(671.47 MPa), Serial No. 37 (664.24 MPa), and Serial No. 35 (656.17 MPa), the four
highest-strength welds in the set are chosen for detailed microstructural study. Optical
micrographs are taken at 50x, 100x and 200x magnifications, covering the base metal,
heat-affected zone (HAZ), and weld metal. All four high-strength samples exhibit a finely
refined grain structure within the weld region, a result of optimized heat input and
controlled cooling during filler-assisted TIG welding. This grain refinement aligns with
their excellent tensile performance, indicating robust metallurgical bonding and minimal
weld defects. Representative microstructures of these top-strength specimens from

Experimental Set 4 are shown in Figure 6.16.
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a) Serial No 35 - 50x

b)Serial No 35 - 100x

c) Serial No 35 - 200x

d)Serial No 37 - 50x

e) Serial No 37 - 100x

f) Serial No 37 - 200x

g)Serial No 38 - 50x

h) Serial No 38 - 100x

i) Serial No 38 - 200x

a) Serial No 44 - 50x

b) Serial No 44 - 100x

c) Serial No 44 - 200x

Figure 6.16. Microstructures of typical specimens of Experimental Set 4 having higher

tensile strength seen under optical microscope.
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6.8. Observations Made in Scanning Electron Microscopy of Experiment
Set4

The SEM micrographs of Set 4 reveal a predominantly dendritic surface morphology. The
uniform distribution of dendrites indicates consistent solidification and good metallurgical
bonding. The use of SS 304H as the filler material has resulted in a homogenous weld
structure with minimal surface irregularities, reflecting sound process stability and
material compatibility. The presence of refined dendritic arms and reduced porosity points
towards effective heat input and controlled cooling, which together contribute to the
enhanced mechanical performance of the weldments. Figure 6.17. represents micrographs
of typical specimens of Experimental Set 4 having higher tensile strength seen under
Scanning Electron Microscope (SEM).

a) Run order 33 - 1000x

7

b) Run order 35 - 1000x

Highviec. (@x1. - — 1 v L0 —

e) Run order 39 - 500x

d) Run order 38 - 1000x

g) Run order 42 - 1000x h) Run order 43 - 1000x i) Run order 44 - 1000x

Figure 6.17. Microstructures of typical specimens of Experiment Set 4 having higher
tensile strength seen under Scanning Electron Microscope (SEM).
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6.9. Outcomes of the Analytical Hierarchy Process applied to the results

of Experiment Set 4

The pairwise comparison matrix for criteria for this Experiment Set 4 is identical to that
Experiment Set 1 and it is shown in Table 4.6 of Chapter 4. Serial numbers of the
specimens 31 to 39 are represented as Alternatives 1 to 9 taken in the same order for
Experiment Set 4. The pairwise comparison matrix for alternatives is developed using the
operating conditions from Serial No’s 31 to 39 (denoted as Alternatives 1 to 9) from
Experimental Set 4. These are selected based on unique parameter combinations, as several
other experimental runs shared identical settings and are therefore excluded from the

matrix to avoid redundancy.

Now, in Table 6.7. the comparison matrix between alternatives for criterion 1 (Depth of
penetration) is calculated keeping in mind the goal i.e. optimization of weld bead
geometry. Maximum Eigen value is Amax= 9.0689 is calculated from 9x9 matrix and

consistency ratio is calculated as 5.9%. It is below 10% and is accepted.

Table 6.7. Pair wise comparison matrix for alternatives for Depth of Penetration

Depth of Geometric | Local
Al | A2 | A3 | A4 | A5 | A6 | A7T | A8 | A9
Penetration mean weight
Al 1 | 1/3(15 1515 (15|15 |1/5|1/5 0.256 0.0246
A2 3 1 |4 |14 |14 14)1/4]1/4)1/4 0.388 0.037
A3 5 4 1 1 1 1 1 1 1 1.39 0.134
A4 5 4 1 1 1 1 1 1 1 1.39 0.134
A5 S | 4 1 1 1 1 1 1 1 1.39 0.134
A6 S | 4 1 1 1 1 1 1 1 1.39 0.134
A7 5 4 1 1 1 1 1 1 1 1.39 0.134
A8 S | 4 1 1 1 1 1 1 1 1.39 0.134
A9 S | 4 1 1 1 1 1 1 1 1.39 0.134

C.R.=0.059, Amax= 9.0689
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Now, in Table 6.8. the comparison matrix between alternatives for criterion 2 (Bead
Width) is calculated keeping in mind the goal i.e. optimization of weld bead geometry.
Now maximum Eigen value is Amax= 9.657 is calculated from 9x9 matrix and consistency

ratio is calculated as 5.6 %. It is below 10% and is accepted.

Table 6.8. Pair wise comparison matrix for alternatives for Bead Width

Bead Geometric | Local
Al | A2 | A3 | A4d| A5 | A6 | A7 | AB | A9
Width mean weight
Al 1 3 2 | 12| 3 4 | 4| 4| 3 2.270 0.19
A2 13| 1 |12 13| 3 4 4 4 |12 1.190 0.10
A3 12| 2 1 |13] 3 4 4 4 |12 1.462 0.13
Ad 2 3 3 1 4 S| 5] 5 3 3.070 0.27
A5 1/3|11/3113 |14 1 3| 4| 2 |13 0.747 0.06
A6 /4|14 114 15|13 1 2 | 1/2|1/3 0.415 0.04
A7 A | 14| 14|15 U412 1 |12 13 0.345 0.03
A8 4| 14| 14|15 112 2 | 2 1|12 0.530 0.05
A9 1/3| 2 2 |1/3] 3 3 13| 2 1 1415 0.12

C.R.=0.056, Amax= 9.657

Now, in Table 6.9. the comparison matrix between alternatives for criterion 2
(Reinforcement) is calculated keeping in mind the goal i.e. optimization of weld bead
geometry. Now maximum Eigen value is Amax= 9.445 is calculated from 9%x9 matrix and

consistency ratio is calculated as 3.8% which is below 10% so it is acceptable.
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Table 6.9. Pair wise comparison matrix for alternatives for Height of Reinforcement

Height of
) Geometric Local
Reinforce | A1 | A2 | A3 | A4 | A5 | A6 | A7 | A8 | A9 )
mean weight
ment
Al 1 (1212 3 [1/2]1/3]1/3]1/3|1/2 0.576 0.054
A2 2 1 (123 | 2 |1/3]1/3]1/3|1/2 0.782 0.073
A3 2 2 1|32 |1/3|1/3|1/3|1/2 0.911 0.085
A4 /3113|113 1 |1/3|1/4|1/4]|1/4]|1/3 0.343 0.032
A5 2 |1/2(1/2] 3|1 |1/3|1/3]|1/3|1/2 0.671 0.063
A6 3133 )|4] 3 1 (12 (12| 2 1.750 0.164
A7 3|1 3|34 ]| 3|2 12|12 2 2.030 0.190
A8 313|314 ] 3] 2 1 1|2 2.370 0.220
A9 2 2 2 | 3| 2 (1212|112 1 1.220 0.114

C.R.=0.038, Amax= 9.445

In Table 6.10. the local weights for each parameter are considered and global weights are
calculated for all individual alternatives. The maximum global weight of 0.144 for Serial
No. 4 represents the suitable alternative which may be considered as the optimized

condition.
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Table 6.10. Local and global weights for alternatives and local weights for criteria

Local Weights
Alternative ) ] ] Global
Depth of penetration Bead Width Reinforcement )
No. Weights
0.62 0.21 0.15

Al 0.0246 0.19 0.054 0.063
A2 0.037 0.10 0.073 0.054
A3 0.134 0.13 0.085 0.123
A4 0.134 0.27 0.032 0.144
A5 0.134 0.06 0.063 0.105
A6 0.134 0.04 0.164 0.116
A7 0.134 0.03 0.19 0.117
A8 0.134 0.05 0.22 0.126
A9 0.134 0.12 0.114 0.125

In this work, the Analytical Hierarchy Process (AHP) is applied to identify the optimal
depth of penetration while maintaining productivity and determining the associated
process parameters for Tungsten Inert Gas (TIG) welding. Global weights of all
alternatives are calculated, and the highest value of 0.144, corresponding to alternative 4,
is identified as the optimal condition.

6.10. Summary of Experiment Set 4

Experimental Set 4 focuses on filler-assisted T1G welding of 8 mm thick SS 304H stainless
steel plates, using Central Composite Design (CCD) within the Response Surface
Methodology (RSM) framework. The objective is to evaluate the effects of filler addition
and optimize process parameters such as heat input, gas flow rate, and root gap to achieve
full penetration and improved bead geometry.

The results reveal that full penetration (8 mm) is successfully achieved in multiple runs,
especially at high heat input levels (1.458-1.520 kJ/mm) combined with moderate to wide
root gaps (1.6-2.0 mm). Gas flow rate plays a lesser role in penetration but influences
reinforcement and bead shape. Notably, the highest reinforcement of 2.455 mm is recorded

at a 2 mm root gap, 14 L/min gas flow, and 1.337 kJ/mm heat input, while negative
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reinforcement (—0.665 mm) is observed under high heat and moderate root gap, indicating
surface depression or excess melting. Bead width varies considerably, reaching a

maximum

of 12.615 mm at 1.458 kJ/mm heat input and 1.6 mm root gap, demonstrating that bead
spread is more responsive to heat than gas flow. Overall, optimal weld geometry featuring
full penetration, balanced reinforcement, and bead width is achieved at 1.520 kJ/mm heat
input, 1.6-2.0 mm root gap, and 12—14 L/min gas flow rate.

Tensile testing of the 20 welded samples (Serial Nos 31-50) shows strength values ranging
from 334.68 MPa to 676.13 MPa, with several samples such as Serial Nos 38 (676.13
MPa), 37 (664.24 MPa) and 35 (656.17 MPa) exceeding the base material strength (about
582 MPa), signifying enhanced joint integrity and weld quality. These samples were
selected for further microstructural analysis.

The Analytical Hierarchy Process (AHP) ranks Alternative 4 of Experiment Set 4 (Serial
No 34) as the optimal condition with the highest global weight (0.144). This alignment
with experimental observations confirms the effectiveness and reliability of AHP as a
decision- making and optimization tool for welding parameter selection.

Microstructural examination under optical microscopy at 50%, 100x, and 200x
magnifications reveal a refined grain structure in the weld zone of high-strength
specimens, attributed to effective heat input and controlled cooling rates. The SEM
micrographs (Figure 6.17) show uniform dendritic morphology, refined arms, minimal
porosity, and smooth solidification fronts indicative of sound metallurgical bonding and
filler compatibility.

Rockwell hardness (HRC) values in this set vary from 25.33 HRC (Samples 40 and 43) to
a peak of 34.33 HRC (Sample 41), with several others (33, 36, 47, 48) above 31 HRC.
This suggests localized hardening due to refined microstructures and optimal welding
cycles. Vickers microhardness profiles measured from —10 mm to +10 mm across the weld
zone show peaks near the HAZ, reflecting typical thermal influences.

In summary, Experiment Set 4 shows that by using filler-assisted TIG welding with the
right combination of heat input, root gap, and shielding gas, full penetration can be
achieved in several cases. This method leads to better mechanical strength and improved
microstructure in SS 304H plates, making it more effective than autogenous TIG welding
for thicker materials.
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CHAPTER 7

Results and Discussion on Predictive Modelling of
Experimental Weld Data Using Machine Learning

Techniques

7.1. Preamble

This chapter focuses on the application of machine learning (ML) algorithms to develop
predictive models based on experimental welding data. The goal is to forecast output
parameters and assess their alignment with actual experimental results, thereby validating
the predictive accuracy of the models. Four complete sets of experimental data are compiled
and utilized in this analysis. Each dataset includes key process variables, and the
corresponding output responses serving as target variables for model training and validation.
A standard data-splitting approach is adopted, where 80% of the total dataset is used to train

the models and the remaining 20% is reserved for testing and evaluation.

Six widely recognized machine learning algorithms commonly applied across multiple
industrial domains are employed to build the predictive frameworks. The performance of
each model is then comparatively analyzed based on its accuracy in predicting the
experimental outcomes. The input and output parameters considered for training and testing

are shown in Table 7.1.

Table 7.1 Experimental input and output parameters of this present work

Autogenous TIG Experiment done on One side
Input Parameters Output Parameters
Run Gas Torch Filler Welding Flux Root Arc Heat Penetration Width Reinforcemen Tensile Strength % Elongation Avg. Rockwell
Order flow Angle Used Pass Used Gap Gap input (mm) (mm) t(mm) (MPa) Hardness
rate (Degree) (mm) (kJ/mm) (HRC)
1 10 60 0 1 0 0 2 0.768 | 2.326 5.932 0.1 284.32 3.96 27.67
2 14 60 0 1 0 0 2 0.768 | 2.156 6.045 0.00 274.86 3.61 29.67
3 10 90 0 1 0 0 2 0.768 | 1.674 7.531 -0.16 212.62 1.62 32.33
4 14 90 0 1 0 0 2 0.768 | 1.735 6.639 0.00 218.67 176 29
5 10 60 0 1 0 0 2 1119 | 3.369 7.869 -0.14 349.4 4.95 28
6 14 60 0 1 0 0 2 1119 | 3.058 8.422 0.12 334.96 4.58 31.33
7 10 90 0 1 0 0 2 1119 | 3.459 9.375 0.11 4245 17.696 30.33
8 14 90 0 1 0 0 2 1119 | 2.908 6.609 0.1 346.06 5.28 27.33
9 10 75 0 1 0 0 2 0.943 | 1.826 8.264 0.1 206.29 9.232 31
10 14 75 0 1 0 0 2 0943 | 2924 6.244 0.00 370.22 13 25.33
11 12 60 0 1 0 0 2 0.943 1.822 6.014 0.11 231.54 2.26 34.33
12 12 90 0 1 0 0 2 0.943 | 2.884 6.424 0.00 351.62 4.33 29.33
13 12 75 0 1 0 0 2 0.768 | 2.787 6.548 0.00 32831 371 25.33
14 12 75 0 1 0 0 2 1119 | 2.707 7.121 0.00 332.86 3.77 27.33
15 12 75 0 1 0 0 2 0.943 | 2.807 6.311 -0.19 352.36 4 28.33
16 12 75 0 1 0 0 2 0.943 | 2607 7.029 0.00 33142 3.76 29.33
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17 12 75 0 1 0 0 2 0.943 | 2.747 7.162 0.00 339.82 4.17 31.33
18 12 75 0 1 0 0 2 0.943 | 2.968 7.008 0.08 311.691 6.781 32.33
19 12 75 0 1 0 0 2 0.943 2.618 7.118 0.11 326.61 4 27.67
20 12 75 0 1 0 0 2 0.943 | 2.712 6.582 0.00 331.42 4.05 28.67
Autogenous TIG Experiment Done on Both Sides with best results of 1st set
Input Parameters Output Parameters
Run Gas Torch Filler Welding Flux Root Arc Heat Penetration Width Reinforcemen Tensile Strength % Elongation Avg. Rockwell
Order flow Angle Used Pass Used Gap Gap input (mm) (mm) t(mm) (MPa) Hardness
rate (Degree) (mm) (kJ/mm) (HRC)
21 10 75 0 2 0 0 2 118 6.530 5.839 0.109 481.73 23.368 28
22 14 75 0 2 0 0 2 118 5.368 5.59 0.144 434.276 12.673 28.67
23 10 75 0 2 0 0 2 118 6.000 6.066 0.121 476.82 17.562 30
24 14 75 0 2 0 0 2 1.18 5.022 5.307 0.00 416.834 11.643 31.67
25 12 75 0 2 0 0 2 0.964 | 5.174 6.64 0.177 422.754 12.843 3133
A- TIG Experiment Done on Both Sides with best results of 1st set
Input Parameters Output Parameters
Run Gas Torch Filler Welding Flux Root Arc Heat Penetration Width Reinforcemen Tensile Strength % Elongation Avg. Rockwell
Order flow Angle Used Pass Used Gap Gap input (mm) (mm) t(mm) (MPa) Hardness
rate (Degree) (mm) (kJ/mm) (HRC)
26 10 75 0 2 1 0 2 1.264 | 8.000 5.214 -0.14 648.64 26.884 34.33
27 14 75 0 2 1 0 2 1.264 | 8.000 5.642 0.00 628.94 26.224 36.33
28 10 75 0 2 1 0 2 1.264 | 8.000 5.326 -0.11 656.86 28.342 35.67
29 14 75 0 2 1 0 2 1.264 | 8.000 5.881 0.00 636.41 26.482 34
30 12 75 0 2 1 0 2 1.01 6.640 6.314 0.00 602.083 30.887 32.33
Filler TIG Experiment on Both Sides
Input Parameters Output Parameters
Run Gas Torch Filler Welding Flux Root Arc Heat Penetration Width Reinforcemen Tensile Strength % Elongation Avg. Rockwell
Order flow Angle Used Pass Used Gap Gap input (mm) (mm) t(mm) (MPa) Hardness
rate (Degree) (mm) (kJ/mm) (HRC)
31 10 75 1 2 0 12 5 1337 | 2.825 8.105 161 361.34 11.342 30.67
32 14 75 1 2 0 12 5 1.337 4.63 8.61 118 468.69 16.546 30.33
33 10 75 1 2 0 2 5 1.337 8 8.295 114 622.243 22.643 29
34 14 75 1 2 0 2 5 1.337 8 7.755 2.455 642.536 26.892 33.67
35 10 75 1 2 0 12 5 152 8 8.99 1.315 656.172 31.342 34.33
36 14 75 1 2 0 12 5 152 8 9.65 0.665 634.562 26.472 30.67
37 10 75 1 2 0 2 5 1.52 8 9.705 051 664.239 31573 27.33
38 14 75 1 2 0 2 5 152 8 9.135 0.485 676.126 34.003 32.33
39 10 75 1 2 0 16 5 1.458 8 8.32 1.16 616.362 24.346 32
40 14 75 1 2 0 16 5 1.458 8 7.564 0.621 621.643 24.63 32
41 12 75 1 2 0 12 5 1.458 3.34 9.632 0.34 416.631 16.583 30
42 12 75 1 2 0 2 5 1.458 8 9.224 0.56 616.263 23.064 26.33
43 12 75 1 2 0 16 5 1.337 8 8.19 1.045 618.472 24.664 31
44 12 75 1 2 0 16 5 152 8 8.615 -0.665 671.473 29.376 31.33
45 12 75 1 2 0 16 5 1.458 2.73 11.86 0.69 334.682 6.642 31.67
46 12 75 1 2 0 16 5 1.458 2.98 11.805 0.38 346.732 8.772 29.33
47 12 75 1 2 0 16 5 1.458 3.25 12.615 0.825 364.862 12.568 32.33
48 12 75 1 2 0 16 5 1.458 8 9.63 159 628.02 26.568 30
49 12 75 1 2 0 16 5 1.458 342 11.64 0.14 386.793 14.782 30
50 12 75 1 2 0 16 5 1.458 8 8.89 0.442 621.462 23.843 33

7.2. Optimization of Different ML Model’s Parameters

A thorough refinement of various machine learning models is carried out to achieve optimal

predictive performance. Essential hyperparameters for each model are outlined previously.

Advanced techniques such as parameter tuning and cross-validation are applied to

determine the most effective configurations for the forecasting models. During this process,

different parameter ranges are explored, and the models are run multiple times to ensure

robustness. The models include Artificial Neural Network (ANN), K-Nearest Neighbors
(KNN), Support Vector Regression (SVR), Random Forest (RF), Gradient Boosting
Machine (GBM) and Extreme Gradient Boosting (XGBoost). Among these, the most
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suitable algorithm is recommended based on overall prediction accuracy and consistency
across all response variables. Google Colab scripts are developed to implement the grid
search method, which serves as an additional optimization tool alongside the core
algorithms. By evaluating model performance across multiple parameter settings, grid
search effectively identifies the configurations that deliver the most accurate results. The

best-performing parameter sets are documented in Table 7.2.

Table 7.2. Optimization parameters for all the ML models

Model Particular parameters

ANN 1t hidden layer (8), 2™ hidden layer (8), activation="tanh', solver="lbfgs’,
max_iter=10000, random_state=42

KNN n_neighbors = 5; Weights= ‘uniform’

RF n_estimators = 100; max_features = 2, random_state=42

SVR kernel="rbf', C=100

GBR n_iestimators:100; Max depth:3; Learning rate: 0.1, random_state=42

XGBoost n_estimators: 100, learning rate: 0.1, Max depth: 4

7.3. Results and Discussion

7.3.1. Model Performance Evaluation

Performance metrics provide a numerical assessment of how well machine learning models
correspond to actual data. In supervised learning, particularly for regression problems, the
coefficient of determination (R?) is a fundamental evaluation measure. R2 reflects the
fraction of variance in the dependent variable that the model successfully explains. Its value
ranges from 0 to 1, where 0 indicates that the model fails to capture any variation, suggesting
no predictive capability. R? value less than 0.5 generally points to poor model performance.
Values between 0.70 and 0.90 suggest that the model achieves a reasonably good fit,
whereas values above 0.9 indicate excellent predictive performance. A perfect R2 score of 1
implies that the model accounts for all variability in the dataset without any error, although
this is rarely observed with experimental data. Alongside R?, error metrics like Mean
Absolute Error (MAE), Mean Squared Error (MSE), and Root Mean Squared Error (RMSE)
are also critical for assessing model performance. Lower values of these errors correspond

to higher model accuracy.
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The bar charts Figure 7.1(a)(i—v) illustrate the R2 values of six machine learning models:
ANN, SVM, RF, GBR, XGBoost, and KNN and across six output parameters: penetration,
width, reinforcement, hardness, tensile strength, and % elongation. For penetration, ANN
achieves the highest R2, nearing 0.95, while KNN shows the lowest performance around
0.65-0.70. In predicting width and reinforcement, GBR and XGBoost deliver superior
results with R? values close to 0.95, while KNN again lags behind. For hardness, RF, GBR,
and XGBoost perform notably better, with R2 values around 0.85-0.90, whereas ANN and
SVM show moderate results, and KNN remains the weakest. In tensile strength prediction,
RF outperforms others with an R2 exceeding 0.90, followed closely by GBR and XGBoost,
while ANN shows relatively lower accuracy. For % elongation, all models except KNN
demonstrate high R2 values above 0.85, with GBR and XGBoost slightly ahead. Overall,
GBR and XGBoost consistently deliver strong predictive performance across all output

parameters, while KNN shows the least effectiveness.

Figure 7.1.(b)(i-v) represents the RMSE bar graph. For all parameters, KNN consistently
shows the highest RMSE, indicating the poorest prediction accuracy. ANN and SVM exhibit
higher RMSE values for penetration, width, reinforcement, and hardness compared to RF,
GBR, and XGBoost. GBR and XGBoost models demonstrate the lowest RMSE values
across almost all outputs, highlighting their superior prediction capabilities. Particularly for
tensile strength and % elongation, GBR and XGBoost achieve significantly lower RMSE
compared to other models. Overall, the error trends confirm that GBR and XGBoost provide

more accurate predictions, while KNN performs the worst among all models.

The MAE bar graph is shown in Figure 7.1.(c)(i-v). Again, KNN shows the highest MAE
values, indicating the poorest predictive accuracy among the models. ANN and SVM also
show relatively higher MAE values compared to RF, GBR, and XGBoost, particularly for
hardness, tensile strength, and % elongation. GBR and XGBoost consistently achieve the
lowest MAE values across all parameters, confirming their superior performance in
minimizing prediction errors. Specifically, for tensile strength and % elongation, GBR and
XGBoost significantly outperform the other models, with much lower error margins.
Overall, this comparison highlights that GBR and XGBoost offer the most accurate
predictions, while KNN yields the least reliable results.

Another important performance metric is MSE which is shown in Figure 7.1.(d)(i-v). KNN

shows the highest MSE values, indicating the poorest model performance with the largest
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prediction errors. ANN and SVM also exhibit comparatively higher MSEs than RF, GBR,
and XGBoost, particularly for hardness and tensile strength. GBR and XGBoost
consistently achieve the lowest MSE values across all parameters, emphasizing their strong
prediction capabilities. Especially for tensile strength and % elongation, GBR and XGBoost
significantly outperform the others, showcasing much smaller error magnitudes. Overall,
the results demonstrate that GBR and XGBoost provide more reliable and accurate

predictions, while KNN consistently underperforms.

Based on the evaluation of R?2, RMSE, MAE, and MSE across all output parameters,
XGBoost continuously deliver the highest prediction accuracy with higher R2 values and
lower error metrics compared to other models. Both models show excellent generalization
and minimal prediction errors across penetration, width, reinforcement, hardness, tensile
strength, and % elongation. Therefore, XGBoost is identified as the best-performing models
for all cases. Table 7.3. summarizes the comparative performance of the models based on

the results obtained from the test datasets.

Penetration R2 Width R2 Weld Bead height R2 Hardness R2 UTS R2 % Elongation R2
10 10 10 10 10
0.8 4 0.8 0.8 0.8 0.8 0.8 4
0.6 0.6 0.6 0.6 0.6 0.6 4
0.4 4 0.4 04 0.4 0.4 0.4 4
0.2 0.2 0.2 02 0.2 0.2
0.0 0.0 0.0 0.0 00 0.0
2 £ b < 2 Z o« 4 2 [3 = 2 = 3 z 2 £ u = z 2 o 4
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Figure 7.1. (a). Performance metrics—R? (Representing R2); (b) Performance metrics—
RMSE; (c) Performance metrics—MAE; (d) Performance metrics—MSE.
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Table 7.3. Performance comparison for all outputs

Model R? RMSE MAE MSE
ANN 0.8898 0.8149 0.342 0.6640
SVR 0.7916 1.1205 0.57 1.2555
é RF 0.8603 0.9173 0.5190 0.8414
% GBR 0.8833 0.8383 0.4196 0.7027
o
= XGBoost 0.8860 0.8286 0.3901 0.6866
KNN 0.6561 1.4393 0.9668 2.0717
ANN 0.9251 0.4939 0.2593 0.2440
SVR 0.8151 0.7762 0.3813 0.6025
% RF 0.8931 0.5903 0.3928 0.3484
% GBR 0.9147 0.5272 0.3236 0.2779
D
- XGBoost 0.9269 0.4882 0.2574 0.2384
KNN 0.7057 0.9793 0.7312 0.9591
= ANN 0.8993 0.1818 0.0883 0.0330
E” SVR 0.8440 0.2262 0.1365 0.0512
§ RF 0.8539 0.2189 0.1222 0.0479
:é GBR 0.9133 0.1686 0.0753 0.0284
g XGBoost 0.9155 0.1665 0.0685 0.0277
é KNN 0.6003 0.3621 0.2087 0.1311
ANN 0.6270 1.5252 1.114 2.3261
é SVR 0.7540 1.2387 0.7454 1.5343
f RF 0.8082 1.0937 0.9188 1.1961
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GBR 0.8585 0.9395 0.6938 0.8827
XGBoost 0.8686 0.9053 0.6177 0.8195
KNN 0.4387 1.8709 1.5013 3.5004
o ANN 0.6131 93.1933 72.1541 8685.0004
e
i’ SVR 0.5954 95.2976 50.5537 9081.6278
g RF 0.8838 51.0799 31.2737 2609.1608
% GBR 0.8959 48.3396 27.7642 2336.7174
g XGBoost 0.9064 45.8487 22.6831 2102.1067
@
% KNN 0.6819 84.5030 58.432 7140.7575
ANN 0.8605 3.8112 2.3766 14.5256
SVR 0.8589 3.8330 1.91 14.6923
-% RF 0.9038 3.1646 2.1117 10.0145
§ GBR 0.9230 2.8324 1.6168 8.0223
S XGBoost 0.9261 2.7746 1.4849 7.6983
KNN 0.7292 5.3104 3.7617 28.1998

7.3.2. Feature importance and correlation matrix

The feature importance analysis highlights the extent to which each input parameter affects

prediction of the output. The input features considered for Feature Importance graphs are

gas flow rate, torch angle, filler used, welding pass, flux used, root gap, arc gap, heat input,

welding type 1 (representing Autogenous TIG on one side), welding type 2 (representing

Autogenous TIG on both sides), welding type 3 (representing A-TIG welding on both sides),

welding type 4 (representing filler-assisted TIG on both sides). According to the evaluation,

the best-performing model is found to be XGBoost regression. A detailed breakdown of the

feature’s importance is presented in Figure 7.2(a-f).
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Figure 7.2. Feature importance of all the inputs in the XGBoost model where (a)

represents Penetration, (b) represents Width, (c) represents Weld Bead height, (d)

represents Hardness, (e) represents Penetration UTS, (f) represents % Elongation.
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The feature importance analysis for predicting penetration {as shown in Figure 7.2(a)} using
the XGBoost model reveals that “Welding Pass” has maximum influence, with an im-
portance score nearing 0.9. In the present case, some experiments have been conducted with
a single pass, where penetration is much smaller than the thickness of the plate. Other
experiments have been carried out on both sides of the plate, meaning that two welding
passes have been performed. In some of these cases, full penetration has been achieved.
When single pass weld deposition is performed, the load withstanding capability of the butt-
welded specimens is naturally quite smaller than the depth of penetration and hence, the
area of the welded joint in these cases is considerably low. Expectedly, the strength of the
welded joint is high when full penetration is achieved with weld deposition made from both
sides, meaning two passes are undertaken. Considering welded butt joints, the number of
welding passes is considered a parameter of the method of welding sequence. Other factors
such as “Flux Used,” “Root Gap” and “Heat Input” show relatively less contribution in the
present case on penetration. Parameters like “Gas Flow Rate,” “Torch Angle” and different
“Welding Types” exhibit low importance scores, indicating minimal direct influence on
penetration. On the whole, only when two welding passes are employed, desired full
penetration has been achieved in most of the experimental runs indicating a high influence

of the number of weld passes which is reflected in having a high importance score.

For predicting the weld bead width {as shown in Figure 7.2(b)}, the XGBoost model
identifies “Filler Used” as the dominant factor, exhibiting a significantly higher importance
score compared to other variables. The application of filler material results in the spread of
the molten weld pool, thereby influencing the width of the weld. “Welding Pass” and “Heat
Input” contribute marginally to bead width, while parameters like “Gas Flow Rate”, “Torch
Angle,” and “Welding Type” show negligible impact, indicating that bead width is primarily

governed by the application of filler material.

In the case of predicting the bead height {as shown in Figure 7.2(c)}, the use of filler stands
out as the most critical factor within the present experimental domain, with an importance
score close to 0.9. Other factors are found to have a quite low importance score, indi-cating
their negligible influence on bead height.

For predicting hardness {as shown in Figure 7.2(d)}, the use of activating flux shows the
highest importance, with a score of approximately 0.54, making it the most influential factor

affecting the hardness of the weld. The use of filler has the next value of importance score
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at around 0.18, indicating a secondary yet notable impact. “Welding Pass”, “Root Gap”,
“Gas Flow Rate”, “Torch Angle” and “Heat Input” have minor effects, while “Welding
Type” and “Arc Gap” show minimal contribution. This highlights that the use of activating

flux influences hardness the most.

Figure 7.2(e) shows the feature importance for predicting ultimate tensile strength (UTS)
using the XGBoost machine learning model. “Welding Pass” is found to be of the highest
importance score (~0.77), indicating its high influence on UTS, whereas “Welding Type 2”
(autogenous welding conducted on both sides) has a moderate in-fluence on UTS. Other
features like flux used and heat input show minimal impact, possibly because their effects
are either secondary or already captured through other correlated variables. Overall, this

analysis helps prioritize key welding parameters for optimizing UTS.

Figure 7.2(f) illustrates the feature importance for predicting percentage elongation using
the XGBoost model. “Welding Pass” is observed to have a high importance score of around
0.85. When the number of welding passes is one, full penetration is never obtained in this
work. On the other hand, full penetration is obtained only when welding is performed at
both sides and therefore, the welded joints with more area of weld exhibit more strength and
elongation. Other features like Flux Used and Welding Type 2 show minor contributions,
implying that although they may influence elongation, their effects are relatively less critical
compared to the welding pass. Features like gas flow rate, torch angle and heat input have
negligible importance, suggesting they have a minimal direct effect on elongation in the

present case.

Figure 7.3 illustrates the correlation heatmap matrix illustrating the relationships between
the parameters in the given dataset. The value approaching “1” signifies a strong positive
relationship, meaning that when a specific feature varies, the other typically shifts
expectedly: either rising or declining. The correlation value of “—1” reflects an ideal inverse
relationship, wherein an enhancement in one variable directly leads to a reduction in the
other. A correlation value near to “0” designates a lack of significant relationship be-tween
the variables, suggesting that variations in one do not reliably correspond to variations in
the others. This heatmap shows the correlation between various input parameters (such as
gas flow rate, torch angle, filler used, welding pass, flux used, root gap, arc gap and heat
input) and the output responses (weld bead height, penetration, width, hardness, ultimate
tensile strength and % elongation) of a welded joint. The intensity of colour and correlation
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values (spanning from —1 to 1) illustrate both the strength and direction of relationships.
Shades of red signify positive correlations, while shades of blue indicate negative
correlations. White areas, on the other hand, represent weak or negligible correlation. Depth
of penetration exhibits a strong positive correlation with welding pass (0.77), heat input
(0.69) and flux used (0.48) indicating their significant influence on depth of penetration.
More than one weld pass enables more weld deposition resulting in more area of weld joint,
thereby increasing in depth of penetration. An increase in heat input increases the melt
volume. When heat input increases up to a level, the depth of penetration increases and,
correspondingly, UTS increases due to the higher cross-sectional area of the weld. The use
of activating flux is expected to increase the depth of penetration due to the reverse Maran-
goni effect and constriction effect. In this case, an insulating TiO> flux is used to coat the
faying surfaces before TIG welding to obtain deeper penetration. Bead width shows positive
correlations with filler used (0.76). The height of the bead has a moderate positive
correlation with filler used (0.70) and heat input (0.52). Hardness is weakly correlated with
most parameters but among them, flux used (0.54) has a moderate correlation. Ultimate
tensile strength (UTS) shows strong positive relationships with welding pass (0.76),
followed by heat input (0.73) and flux used (0.55). Similarly, % elongation shows high
correlations with welding pass (0.79) and heat input (0.73).

Correlation Heatmap of Input and Output Variables
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Figure 7.3. correlation heatmap matrix for XGBoost
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Figure 7.4. Prediction and validation with actual data with different models (a)
Penetration (b) Width (c) Weld bead height (d) Hardness (e) UTS and (f) Elongation

This violin plot {in Figure 7.4 (a-f)} shows the comparison between the actual and predicted
distributions of all the outputs for various machine learning models (ANN, SVR, RF, GBR,
XGBoost and KNN). The blue distribution represents the actual measured output values,
while the other colour distributions represent the different model predictions of different
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outputs. Overall, the predicted distributions closely resemble the actual distribution in shape
and spread, indicating that the models can capture the general behaviour of the output
values. Among the models, XGBoost shows a particularly close match to the actual data,
suggesting higher prediction accuracy, while slight deviations are observed in GBR, SVR
and RF predictions at the extreme values. The plot highlights that a tree-based model like

XGBoost is better at mimicking the actual output behaviour compared to others.

7.4. Inference and Key Insights from Machine Learning-Based Predictive

Analysis

Based on the implementation of various machine learning techniques, a comprehensive
predictive analysis is carried out to estimate key welding parameters and compare them with
actual experimental data. The analysis reveals that most machine learning models are
capable of accurately forecasting the welding outcomes. From this evaluation, several
important conclusions are drawn, highlighting the effectiveness and reliability of these

models in capturing complex welding behaviour.

. XGBoost regression emerges5 as the most effective model in predicting the welding
outputs, exhibiting the highest R? values and the lowest error rates across all responses,
including penetration, width, weld bead height, hardness, ultimate tensile strength and %

elongation.

. The feature importance analysis using the XGBoost model highlights the pivotal
role of specific input parameters in influencing key weld quality characteristics. Among all
variables, the number of welding passes consistently emerges as the most influential factor,
particularly in predicting penetration, ultimate tensile strength and percentage elongation,
with importance scores nearing or exceeding 0.75. This underscores the critical role of
double-sided welding in achieving full penetration and enhanced mechanical performance.
The use of filler material significantly influences bead width and bead height, due to its
influence on spreading molten pool and material deposition. Additionally, activating flux is
identified as an impactful factor in determining weld hardness, primarily due to its role in
modifying molten pool behavior through the reverse Marangoni effect, thereby improving

penetration and weld quality.

. The filler-assisted both side TIG welding also shows satisfactory results in most of

the cases, achieving good mechanical properties due to full penetration.
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. Heatmap correlation analysis reveals that welding pass, heat input, and flux usage

have strong positive correlations with key welding properties of the SS304H-welded joints.

. Prediction and validation analyses confirm that the established machine learning
models and in particular, XGBoost, closely match the actual experimental results across all
output parameters.

. The close alignment between predicted and experimental data highlights the
effectiveness of machine learning in forecasting welding responses and optimizing process

parameters.
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CHAPTER 8

Conclusion and Future Scope of Work

8.1. Conclusion

This work has comprehensively investigated weldability and process optimization of 8 mm
thick SS304H austenitic stainless-steel plates for high-efficiency boiler applications using
Tungsten Inert Gas (TIG)-based welding techniques. The entire work has been designed
with four distinct sets of welding experiments involving autogenous TIG welding, Activated
flux TIG (A-TIG) welding using TiO: flux, and filler-assisted TIG welding. Primary
objectives are to achieve full-depth penetration in single or double passes, enhance weld
quality and mechanical properties through controlled variation of welding parameters and
validate the experimental outcomes using machine learning techniques. Across all
experimental sets, detailed measurements of weld bead geometry are performed focusing
on bead width, height of reinforcement, and depth of penetration. In addition to bead
geometry evaluation, a comprehensive set of post-weld tests has been conducted to assess
the mechanical and metallurgical properties of the weldments. These included tensile
strength testing, percentage elongation measurement and Rockwell hardness testing.
Microstructural analysis using optical microscopy, Vickers microhardness testing and
Scanning Electron Microscopy (SEM) have been also performed on selected specimens to
gain deeper insight into weld quality, hardness distribution. Multi-Criteria Decision Making
(MCDM) tool, such as the Analytic Hierarchy Process (AHP), is used to rank the output
parameters based on their weighted priorities derived from the pairwise comparison matrix;
which in turn, helped identify the most suitable input parameters for optimal welding

performance.

To complement experimental evaluations, a data-driven predictive modelling framework is
developed using Python programming in Google Collab. Various machine learning
algorithms have been trained on the experimental dataset comprising of bead geometry,
process parameters and mechanical test results. The predicted values for tensile strength,
hardness, bead width, penetration and elongation are found to closely align with actual -
measurements in most of the cases. The most suitable algorithm in this case amongst all are

suggested for use.
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Conclusion of the complete research work is broadly divided into following parts, such as

= Conclusion based on Outcomes of Bead Geometry.
= Conclusion based on Post Welding Tests and Analysis.
= Conclusion based on Multicriteria decision making tool used.

= Conclusion based on Predictive Modelling Using Machine Learning Algorithms.

» Conclusion based on Outcomes of Bead Geometry

Bead geometry parameters, namely depth of penetration, bead width, and height of
reinforcement are critically assessed across four experimental sets to evaluate their

influence on weld quality and effectiveness.

e In Experiment Set 1, the welds are produced using an autogenous TIG welding process
on a single side with varying gas flow rates, torch angles, and heat inputs. The maximum
penetration achieved is 3.459 mm with a bead width of 9.375 mm and reinforcement of
0.11 mm, under the condition of high heat input (1.119 kJ/mm), 90° torch angle and 10
L/min gas flow rate. However, despite these optimizations, full penetration is not being
achieved, which remains a key limitation of single-sided autogenous T1G welding in this
Experiment Set 1.

e Experiment Set 2 involves double-sided autogenous TIG welding. Welds have shown
uniformity and minimal defects, but still fell short of full joint penetration. The best result
is 6.530 mm penetration for an 8 mm thick plate, confirming that autogenous TIG
welding even when applied from both sides is still insufficient for complete weld fusion
in thicker stainless-steel sections.

e By contrast, Experiment Set 3, which has employed Activated TIG (A-TIG) welding with
TiO: flux (welded from both sides), is found to significantly improve bead
characteristics. Serial numbers 26 to 29 is found to successfully achieve full penetration
(8 mm). The activating flux has enhanced arc concentration and heat transfer, resulting
in deeper and cleaner welds. Optimal results are observed with increased gas flow (14
L/min) and torch angles of 75°, which has led to balanced bead width and stable
reinforcement profiles.

e Finally Experimental Set 4 include double-sided welding with varied root gaps, heat
inputs and gas flow rate assisted with continuous supply of filler wire at constant speed.

Most specimens are found to reach full penetration, demonstrating good fusion across
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the joint. Several welds have shown excellent fusion with penetration depths of 8 mm,
widths up to 12.6 mm, and reinforcement values ranging from 0.34 mm to 1.6 mm,
further verifying the effectiveness of optimized parameters in achieving sound bead

geometry.

In summary, both Activated TIG (A-TIG) and filler-assisted TIG welding have proved
themselves effective in achieving full penetration and good bead geometry in thicker
stainless-steel sections. While A-TIG has enhanced penetration through arc concentration,
filler-assisted TIG have also delivered uniform welds with proper control of gas flow, torch
angle, root gap, and heat input. Both methods are found to offer reliable solutions depending

on specific welding needs.
» Conclusion based on Post Welding Tests and Analysis

A comprehensive series of post-weld evaluations were carried out to assess the quality,
performance of the welded joints. The key tests include Tensile testing, Rockwell and
Vickers hardness measurements, and microstructural characterization using both optical and
electron microscopy. Each of these techniques has provided critical insights into the
mechanical robustness and metallurgical features of the weldments, allowing a comparative

analysis across different experimental sets.

o Firstly, the tensile test being performed on the welded specimens is found to be pivotal
in assessing the mechanical integrity of the welded joints. The test results have exhibited
a significant variation across the four experimental sets. The first experimental set,
employing autogenous welding without any flux or filler, has showed moderate tensile
strengths ranging from approximately 206 MPa to 424 MPa. In contrast, the second set
also autogenous (welded from both sides) but being optimized for better parameters, is
found to exhibit higher strengths between 416 MPa and 481 MPa. Notably, the third set,
which has employed Activated TIG (A-TIG) welding, is found to deliver the highest
tensile strength values, with results peaking at around 656 MPa. The fourth set, where
filler-assisted TIG welding is being used, is found to display a broad range of tensile
strengths between 334 MPa and 676 MPa. These results clearly indicate that the
incorporation of flux in A-TIG and filler in conventional TIG significantly improves the
tensile properties, likely due to improved penetration, refined microstructure, and

reduced porosity. Among the four experimental sets, the filler-assisted TIG welding is
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found to exhibit the highest tensile strength, demonstrating its superior performance in
enhancing mechanical properties.

Secondly. Rockwell hardness testing (HRC scale) is carried out to determine the surface
hardness of the weldments. For Set 1 (Samples 1-20), which involve autogenous TIG
welding, the average hardness values ranged from approximately 25.33 HRC to 34.33
HRC, with a general average around 29.43 HRC. The hardness indicate moderate
strengthening, with no filler material contributing to enhanced alloying or fusion
characteristics. Set 2 (Samples 21-25), also using autogenous TIG but with improved
thermal control on both sides, has demonstrated slightly better hardness, with an average
hardness range of 28.0 to 31.67 HRC, and a mean of approximately 29.93 HRC. This
improvement is likely due to better heat input balance and refinement of the weld pool
during dual-sided welding. In Set 3 (Samples 26-30), the A-TIG welded specimens has
exhibited the highest Rockwell hardness, ranging from 32.33 HRC to 36.33 HRC, with
an average of approximately 34.13 HRC. This significant increase is attributed to grain
refinement, deeper penetration, and improved weld metal properties induced by the
activation flux. Set 4 (Samples 31-50), which use filler-assisted TIG welding on both
sides, is found to show a wide distribution of hardness values ranging from 26.33 HRC
to 34.33 HRC, with an average of approximately 30.89 HRC. While not exceeding the
hardness levels of the A-TIG samples, the presence of filler material has helped to
maintain consistent hardness and better metallurgical bonding. The peak hardness
recorded in this set is 34.33 HRC, suggesting localized improvements due to enhanced
heat distribution and filler-induced alloying effects.

To evaluate localized hardness variations across the weldment, Vickers microhardness
measurements are taken for some typical welded samples from all Experimental sets at
various distances from the weld center line. The profiles reveal a symmetric distribution
of hardness with distinct peaks near the heat-affected zone (HAZ). For autogenous welds
(Set 1 and Set 2), peak hardness values near the HAZ ranged between 260-270 HV, while
the weld center typically showed slightly lower values around 240-260 HV. A-TIG welds
(Set 3) is found to have a higher hardness profile across all measured points, with peak
values reaching up to 378 HV at the weld center, and consistently high values across the
HAZ, signifying substantial grain refinement and thermal gradient control. In the fourth
set (filler-assisted TIG), hardness values are also significantly elevated compared to

autogenous welds, with the HAZ and weld center frequently exceeding 340 HV. These
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findings show that both A-T1G and filler-assisted TIG welding improve the weld quality
by enhancing metal mixing and creating more favourable solidification conditions.

e Microstructural studies using optical microscopy and Scanning Electron Microscopy
(SEM) are performed on representative specimens from each set. These analyses provide
visual and quantitative confirmation of grain boundary morphology, phase
transformations, and segregation behaviour. In autogenous welds, the microstructure
exhibit coarse dendritic growth in the weld metal with partial grain coarsening in the
HAZ. A-TIG welds reveal refined dendritic and cellular microstructures with narrower
grain boundaries, suggesting accelerated cooling rates and reduced residual stress. The
filler-assisted TIG welds has exhibited columnar grains transitioning into equiaxed
structures at the fusion boundary, indicative of favourable thermal gradients and
enhanced metallurgical bonding. SEM imaging has further highlighted the absence of
significant porosity and minimal inclusion formation in the A-TIG and filler-assisted
welds, underscoring their superior structural integrity.

» Conclusion based on Multicriteria decision making tool used

e Inthe first experimental set involving autogenous TIG welding, the Analytical Hierarchy
Process (AHP) is applied to determine the most suitable process parameters that would
ensure adequate penetration while maintaining overall weld quality and productivity. The
alternatives are evaluated based on three critical factors: penetration depth, bead width,
and reinforcement. In autogenous TIG welding from one side, alternative 7 has emerged
as the best choice with the highest global weight of 0.177, in autogenous TIG welding
from both sides, alternative 1 has emerged as the best choice with the highest global
weight of 0.348, also in A-TIG welding from both sides, alternative 1 has emerged as the
best choice with the highest global weight of 0.236.

e Similarly, for the fourth experimental set, which has utilized filler-assisted TIG welding,
the AHP method is used to analyze and rank multiple welding alternatives under the same
evaluation criteria. After computing the global weights, Alternative 4 (A4) has achieved
the highest score of 0.144, identifying it as the optimal welding setup in this set. This
outcome further validate the capability of AHP to effectively guide multi-criteria

decision-making in welding parameter optimization.

Overall, the AHP has proved to be a reliable and systematic tool in this research for

evaluating diverse TIG welding conditions by effectively balancing multiple performance
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parameters such as penetration depth, bead width, and reinforcement, thereby aiding in the

identification of the most suitable input welding parameters.

» Conclusion based on Predictive Modelling Using Machine Learning Algorithms

This section emphasizes the successful implementation of Machine Learning (ML)

techniques to develop robust predictive models for estimating various welding output

responses. The analysis is performed using four complete sets of experimental data, where

each set include essential process input variables and corresponding output responses such

as weld bead height, penetration, width, hardness, ultimate tensile strength (UTS), and

percentage elongation. An 80:20 train-test split along with 5-fold cross-validation has

ensured the reliability and generalization of the models developed.

Six different ML algorithms, Artificial Neural Networks (ANN), K-Nearest Neighbour
(KNN), Support Vector Regression (SVR), Random Forest (RF), Gradient Boosting
Regression (GBR), and Extreme Gradient Boosting (XGBoost) are employed. Among
them, XGBoost regression has emerged as the most accurate and reliable model,
demonstrating the highest R2 values and the lowest prediction errors across all output
responses. This signifies its strong capability to capture nonlinear relationships and
complex patterns in welding behaviour.

The feature importance analysis using the XGBoost model highlights the pivotal role of
specific input parameters in influencing key weld quality characteristics. Among all
variables, the number of welding passes consistently emerges as the most influential
factor, particularly in predicting penetration, ultimate tensile strength and percentage
elongation, with importance scores nearing or exceeding 0.75. This underscores the
critical role of double-sided welding in achieving full penetration and enhanced
mechanical performance. The use of filler material significantly influences bead width
and bead height, due to its influence on spreading molten pool and material deposition.
Additionally, activating flux is identified as an impactful factor in determining weld
hardness, primarily due to its role in modifying molten pool behaviorbehaviour through
the reverse Marangoni effect, thereby improving penetration and weld quality.

The filler-assisted both side TIG welding also shows satisfactory results in most of the
cases, giving achieving good mechanical properties due to full penetration.

Heatmap correlation analysis reveals that welding pass, heat input, and flux usage have

strong positive correlations with key welding properties of the SS304H-welded joints.
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Prediction and validation analyses confirm that the established machine learning models,
and in particular, XGBoost, closely match the actual experimental results across all

output parameters.

Thus, the close alignment between predicted and experimental data highlights the
effectiveness of machine learning in forecasting welding responses and optimizing process

parameters.
8.2. Future Scope of Work

The future scope of work may include the following key areas for further exploration and

optimization:

o Key welding parameters such as arc gap, root gap, shielding gas flow rate, heat input,
and welding speed can be systematically varied and optimized to identify the best
possible combination for producing defect-free, structurally sound welds of SS 304H
specimens.

o Dissimilar filler wires may be used to explore their effect on weld strength and quality;
the outcomes may be verified through post-weld mechanical testing and microstructural
analysis.

e Though the Analytical Hierarchy Process (AHP) is used as a decision-making tool in this
work, advanced multi-layer AHP may be used in future to explore additional welding
parameters and joint types for better weld quality improvement.

e Advanced machine learning algorithms may be applied in the future to develop stronger
correlations between experimental results and predictions, improving the accuracy and
reliability of weld quality assessment. While six standard ML algorithms are used in this

work, exploring additional or more advanced models may further enhance the outcomes.
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Abstract

Despite continuous efforts to enhance the operational efficiency of power plants dependent on these fuels, fossil fuels are expected to
remain a significant global energy source in the coming decades. India has initiated a mission program to establish Advanced Ultra
Super Critical (AUSC) power plants operating at temperature and pressure exceeding 720°C and 30.4kPa respectively. These plants
are anticipated to utilize specialized materials with high resistance to corrosion and deformation at elevated temperatures. Among the
materials considered, Nickel-base alloys, Creep Strength Enhanced Ferritic (CSEF) Steels and Austenitic Stainless Steels have
emerged as the primary candidates. The prime emphasis of this paper is directed towards examining the weldability of Austenitic
Stainless Steels utilized in AUSC power plants. It encompasses various aspects such as the choice of filler materials, welding
techniques, and the attributes of welds involving both similar and dissimilar metals. The paper provides a comprehensive review of
weldability challenges encountered in Austenitic Stainless Steels, including issues like liquation cracking in the heat-affected zone
(HAZ), hot cracking, and stress relaxation cracking induced by tramp elements. Additionally, it investigates the performance of
different filler wires, namely ER304HCu, ERNiCrCoMo-1, and ERNiCrMo-3, in weld joints involving 304HCu SS tubes, as well as
ERNiCrCoMo-1 in dissimilar tube weld joints between 304HCu Stainless Steel and Alloy 617M.

Keywords: Weldability, Austenitic Stainless Steel, AUSC, Advanced Ultra-Supercritical Power Plant.
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Abstract

Austenitic stainless steels, such as SS304H, find areas of applications in high-temperature power plants, chemical as well as
aerospace industries. They have good corrosion resistance and hot strength. However, welding such material using conventional
Tungsten Inert Gas (TIG) welding often presents challenges, such as limited penetration, susceptibility to hot cracking and potential
solidification defects. This work investigates the effect of autogenous TIG welding and Activated-flux TIG (A-TIG) welding on
penetration of SS304H stainless steel flats. The primary objective is to achieve full penetration while maintaining weld quality and
integrity. In the first set of experiments, autogenous TIG welding is performed on both sides of the specimens, revealing that
complete penetration was not attained under the selected parameters. To enhance penetration, a second set of experiments
incorporates a coating of titanium dioxide (TiO,) flux on SS304H flats to do A-TIG welding. The flux has facilitated a constricted arc and
concentrated heat input to give improved penetration with smooth, uniform weld deposition. Key experimental parameters, including
gasflow rate, torchangle, current, voltage and heat input have been analyzed to explore their influence on bead geometry and overall
weld quality. The findings highlight the significant role of flux in optimizing penetration depth and structural integrity, making A-TIG a
viable approach for welding austenitic stainless steel components in critical applications.

Keywords: Welding, TIG, A-TIG, SS304H, TiO,, Weld penetration.

1. Introduction In applications requiring superior mechanical properties and
corrosion resistance at an elevated temperature, austenitic
stainless steels such as SS304H are extensively employed in
various industrial applications such as industrial boilers.
However, the weldability of these steels presents challenges
due to their susceptibility to solidification cracking, segregation
and residual stress development during welding [4].

Welding is an essential fabrication process practised in power
plants, aerospace and automotive manufacturing installations.
Among different welding techniques, Tungsten Inert Gas (TIG)
welding finds its preference in the application areas needing
high-quality welds with minimal defects. Weldability of such
welding is influenced by multiple factors, including the
composition properties, microstructure, process parameters Austenitic stainless steels have been recognized for their
and other relevant considerations. Extensive research and ~ Superior performance at elevated temperatures exceeding
analysis led to the development of several weldability 650°C, making them suitable to employ in an Advanced Ultra-

indicators that help characterize the behaviour of different ~ Supercritical (AUSC) power plant. However, their weldability is
welding techniques [1-3]. influenced by factors such as solidification behaviour,
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Abstract: This investigation explores the application of supervised machine learning re-
gression approaches to predict various responses, including penetration, bead width, bead
height, hardness, ultimate tensile strength, and percentage elongation in autogenous TIG-,
A-TIG-, and TIG-welded joints of SS304H, which is considered as an advanced high-
temperature resistant material. The machine learning (ML) models were constructed based
on the data gathered from 50 experimental runs, considering eight key input variables:
gas flow rate, torch angle, filler material, welding pass, flux application, root gap, arc gap,
and heat input. A total of 80% of the collected dataset was used for training the models,
while the remaining 20% was reserved for testing their performance. Six ML algorithms—
Artificial Neural Network (ANN), K-Nearest Neighbors (KNN), Support Vector Regression
(SVR), Random Forest (RF), Gradient Boosting Regression (GBR), and Extreme Gradient
Boosting (XGBoost)—were implemented to assess their predictive accuracy. Among these,
the XGBoost model has demonstrated the highest predictive capability, achieving R? scores
of 0.886 for penetration, 0.926 for width, 0.915 for weld bead height, 0.868 for hardness,
0.906 for ultimate tensile strength, and 0.926 for percentage elongation, along with the
lowest values of RMSE, MAE, and MSE across all responses. The outcomes establish that
machine learning models, particularly XGBoost, can accurately predict welding characteris-
tics, marking a significant advancement in the optimization of TIG welding parameters.
Consequently, integrating such predictive models can substantially enhance the precision,
reliability, and overall efficiency of welding processes.

Keywords: A-TIG; autogenous TIG; supervised machine learning; process parameter
optimization

1. Introduction

TIG welding is a widely adopted welding method across multiple industries, as
it is efficient for welding a wide range of metals and alloys, including steels, magne-
sium, aluminum, titanium, and their alloys, super-alloys, bi-metals, etc., with high-quality
welds [1,2]. This process utilizes an inert shielding gas, commonly argon, He, or a mixture
of these, along with a non-consumable tungsten electrode to establish a highly stable arc

Crystals 2025, 15, 529

https://doi.org /10.3390 / cryst15060529

177



The AHP-Based Evaluation of Welding Parameters
for Optimized TIG Weld Bead Geometry of SS
304H Flats

Subhodwip Saha
Department of Mechanical
Engineering, Techno Main Salt Lake,
Department of Power Engineering,
Jadavpur University
Kolkata, West Bengal, India
subhodwipsaha@ gmail.com

Abstract— Austenitic stainless steels are extensively used in
high-temperature and corrosive environments, such as in
power plants, aerospace, and marine industries. Their superior
mechanical properties, oxidation resistance, and weldability
make them a preferred material for critical applications.
Tungsten Inert Gas (TIG) welding finds wide application to
join austenitic stainless steels because of its precise heat control
and ability to produce high-quality welds. However, optimizing
process parameters to achieve full penetration remains a
challenge due to the material’s susceptibility to solidification
cracking and distortion. The Analytic Hierarchy Process
(AHP) is applied to rank various welding runs to find out
appropriate TIG welding parameters to have maximum
penetration in 8mm thick SS 304H specimens. Process
parameters considered include flow rate of gas, weld torch
angle as well as heat input, which are varied during the
experimental trials. The AHP is utilized to develop a 5x§
pairwise comparison matrix, assigning relative weights to the
parameters to determine their significance in achieving optimal
welding conditions. The results indicate that penetration is the
most critical factor influencing weld integrity, with variations
in gas flow rate and heat input playing a significant role in
determining the final weld quality. The findings of this
investigation provide a structured decision-making approach
for selecting appropriate welding parameters, offering valuable
insights for producing sound welding in industrial applications.

Keywords— TIG, welding, AHP, SS 304H, Austenitic
stainless steel.

I. INTRODUCTION

The Analytic Hierarchy Process (AHP) has been reported
to be a less complicated multi-criteria decision-making
technique which is prevalent all over the world as it is
designed to simplify complex decision making problems.
This method breaks down intricate problems into
hierarchical components, allowing for systematic evaluation
through pairwise comparisons [1,2,3]. By assigning relative
importance to each criterion, the AHP facilitates informed
decision-making, particularly in optimizing process
parameters. In welding applications, selecting optimal
parameters is crucial to ensuring high-quality welds. The
AHP method proves particularly useful in addressing
challenges related to weld strength, efficiency, and cost-
effectiveness. By evaluating multiple influencing factors
such as process parameters, environmental impact, and
mechanical properties, the AHP enables an objective and
structured selection process for welding optimization [1,3].
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Application of the AHP was made to optimize TIG
welding parameters for joining mild steel specimens
successfully to enhance the quality of the welded joints [4].
Similarly, the AHP was utilised to compare welding
processes for dissimilar materials, highlighting its
effectiveness in evaluating weld strength, distortion, and cost
[5]. Researchers integrated the AHP with the Taguchi
method to optimize welding parameters for mild steel and
stainless-steel joints [6]. In another research the AHP was
utilised to assess the environmental sustainability of welding
techniques, considering factors like energy consumption,
emissions, and waste reduction [7]. The utility of the AHP in
welding was also found to be applied to optimize parameters
for MIG welding process where demonstration of multi-
criteria decision-making resulting in enhancement of weld
efficiency and quality was shown [8]. The AHP was
effectively utilised to select suitable weld parameters in
welding of aluminium and steel weldments [9,10].

The AHP was also employed to differentiate between
judgment-based and  quantitative  decision-making
approaches, as demonstrated by Saaty, thereby reinforcing its
adaptability and robustness across diverse industrial and
engineering applications [11]. The AHP was employed for
selection of best suitable weld parameters in resistance spot
welding [12]. It was also applied for selecting appropriate
edge preparations aimed at improving the fatigue life of
welded joints [13].

A hybrid approach integrating the AHP with the TOPSIS
method was employed to optimize welding parameters for
carbon steel storage tanks [14]. The AHP was further utilised
to determine optimal welding conditions for high-carbon
steel joints using the Gas Metal Arc Welding (GMAW)
process by evaluating criteria such as penetration, deposition
rate, and crack resistance [15]. In another work, the AHP was
employed to optimize key input welding parameters such as
penetration, reinforcement and bead width in GMAW
process of austenitic stainless steel [16]. The AHP was also
effectively applied to validate optimized A-TIG welding
parameters, thereby confirming its practical relevance in
welding process optimization [17].

Recent advancements in predictive analytics have further
strengthened parameter optimization frameworks in welding.
Supervised machine learning models have been employed to
predict weld bead geometry, hardness and tensile strength for
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