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ABSTRACT

Tungsten Inert Gas (TIG) welding is a form of arc welding that is utilized in a variety of
sectors such as food, pharmaceuticals, chemical plants, marine, aerospace, medical devices,
and implants. The procedure comprises various factors that the operator controls, which
affect the microstructure and mechanical qualities of the joints. In this work, three TIG
welding variables of welding current, root gap and shielding gas flow rate, were varied to
three levels and their implications on hardness, ultimate tensile strength, compressive and
bending strength were explored. Investigations were conducted out on a 2mm thick pipe of
austenitic stainless steel AISI 316 grade using TIG welding equipment and were carried
out using Taguchi-based Grey relation analysis L9 orthogonal array (OA). As a filler
material, ER308L was employed. The results were examined using the signal to noise S/N
ratio and analysis of variance. The optimum values of control variables in the AISI 316 grade
control factors were welding current (WC) level 3 used 100A, gas flow rate (GRF) level 3
used 14 lit/min, and root gap (RG) 1.5mm. Welding current was the most important
characteristic, contributing to 85.6% of Rockwell hardness, ultimate tensile strength,
compressive and bending strength enhancement. The overall R? (adj) was 97.53%. Only
97.51% of the variance was explained by specified criteria, leaving 2.47% unaccounted. As a
result, the validation experiment results demonstrated what was performed acceptable. The
use of back gas purging devices improved stainless steel's ultimate tensile strength, bending
strength, compressive strength, and Rockwell hardness substantially. Furthermore, the
maximum Rockwell hardness, ultimate tensile strength, compressive strength, and bending
strength 59.5 HRC improved by 1.7%, 912.5MPa advanced by 1.8%, 547.8MPa improved by
1.83%, and 1036MPa improved by 1.66%, respectively. The element performed has sound
quality and good mechanical properties.

Keyword: TIG, AISI 316, Stainless steel, optimization, welding parameters
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CHAPTER ONE
INTRODUCTION
1.1. Background of the Study

Welding is the permanent joining of two materials that, when pressure and heat are applied,
coalesce at their contacting surfaces. Filler material might or might not be utilized for
completing a weld connection [Khan, (2007); Jeffus., (2012)]. Welding is used in a variety of
items, including farm equipment, mining equipment, construction equipment, railroad cars,
automobiles, electronics, furnaces, boilers, and air conditioning systems. Large-scale welded
constructions are becoming more common in shipbuilding, maritime engineering, and
automobile production [Sharma et al., (2022); Xu et al., (2023)].

Nowadays, TIG welding, or tungsten inert gas welding, is a commonly used technique for
welding difficult metals like titanium, magnesium, aluminum, and stainless steel, especially
thin sections. It was needed minimum clean than other welding process, fumeless, spattering
free and requires little to no finishing or only sporadic/intermittent finishing. In TIG welding,
the stability and striking ease of the arc are enhanced by the use of a non-consumable tungsten
electrode, which can be pure or blended with oxides [Karunakaran & Balasubramanian,
(2011); Indira & Marpu, (2012)].

Fusion and solid-state welding processes are used in industrial applications, including
Tungsten Inert Gas (TIG) welding for nuclear reactors, offshore constructions, pressure
containers, and petrochemical equipment. Noble gas shielding, such as Ar, He, and
combinations of Ar and He, is used in TIG welding to protect the tungsten electrode and weld
pool from ambient gases. Welding unalloyed, low alloyed, and chrome steel material
protected with argon gas during TIG welding produces a strong, reliable weld that satisfies the
need for excellent mechanical qualities [Ye et al., (2021); Li et al., (2022); Yelamasetti et al.,
(2023)].

The TIG welding process technology uses two arc modes: constant arc mode (CA) and pulse
arc mode (PA), which maintain arc stability and are used as significant and reliable
procedures. TIG is a reliable, defect-free technology for welding joints connections. To
manage heat inputs, welded structures get continuous current, whereas pulse current pulsates

from peak to low.
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High currents heat weld metals, facilitating fusion. When the current drops, the fusion zone
cools the molten pool [Porchilamban & Amaladas, (2019); Sabzi et al., (2021); Yang et al.,
(2022)]. Constant current input throughout fusion welding causes novel phases within the
metal morphology and micro segregation of the filler wire blending ingredients, resulting in
undesirable welded structural properties. Because of the constant input of heat, the CA-TIG
process has difficulty generating coarse-grained morphologies and a high Heat Affected Zone
(HAZ) [Zhang et al., (2022); Yelamasetti et al., (2023)].

PA-TIG welding is commonly employed in Fusion Welding (FW) processes owing to its
benefits over CA-TIG welding. It lowers micro segregation, pores, and residual strains while
decreasing heat input. Elevated principal current during PC-TIG welding causes grain
boundary enlargement and substructures [Yadav et al., (2023); Wang et al., (2022);
Vemanaboina et al., (2023)]. In the fusion zones of continuous and pulsed current gas tungsten
arc welding, the study found free defects welding. When compared to continuous current
mode, pulsed current demonstrated a more refined microstructure and no micro segregation in
the weld grain boundary. Grain refinement in the fusion zone is responsible for the improved
mechanical properties observed with pulsed current as compared with continuous current
mode. This implies that the mechanical properties of welds can be improved by the parameters
of pulsed current [Srikanth & Manikandan,(2018)].

Gas tungsten arc welding (GTAW) is predominantly DCEN owing to its low-deposition
method, which produces clean, tiny, and accurate welds. DCEN welding's workpiece-focused
heat improves weld penetration and fusion, but it is rarely utilized because to the high heat
concentration on the non-consumable electrode, which increases the danger of contamination
and shortens the electrode’s lifespan. TIG welding with DCEN provides excellent cleaning
action because argon ions break up oxides on the workpiece. However, electrode oxidation is
prevented due to adequate heat in the parent metal, which prevents impurities from being
removed.This approach employs both AC and DC power sources, with the tungsten electrode
polarized negatively. With straight polarity or DC electrode negative, the electrode becomes
the cathode and the work piece becomes the anode [Norrish, (2006)]. This technique is
capable of handling all welding positions, whereas others are only capable of handling one or

two.

2|Page



Direction of

GTAW head
[

|| Power

N Shielding gas
/ N \ Contact tube
Filer rod Tungsten electrode
(nonconsumable)
Electrical arc > Weld bead

Copper shoe / \ —
(optional) Shielding gas

Figure 1.1. TIG Welding approach/method [Wahule & Wasankar,(2018)]

Figure 1.1 depicts a molten weld pool formed by an arc between a non-consumable tungsten
electrode and base metal. For protection of the hot tungsten electrode against oxygen cross-
contamination during TIG welding, an inert shielding gas is required [Jeffus & Baker, (2016)].
In the late 1930s and early 1940s, the aerospace industry developed Gas Tungsten Arc
Welding (GTAW) methodology for welding magnesium. Riveting joints is a wasteful process
that can result in stress concentrators, fractures, and fretting corrosion. Riveted plates may fail
due to shearing, tearing, or crushing, as well as single or double shear shearing [Jeffus &
Bower, (2009); Messele, (2019)].

Helium and DCEP welding currents were employed to shield a welding arc and molten weld
pool in the 1920s, presenting difficulties in the adoption of GTAW welding technology.
Understanding of gas composition and polarity increased process performance and decreased
costs [Bhavsar & Patel, (2016)]. Welders regulate welding parameters such as material type,
grinding size, filler metal type, welding joint, material size, ceramic gas cup size, torch
orientation angle, travel speed, arc distance, inert gas type, gas flow rate, welding current, and
polarity [Thakur & Chapgaon, (2016)].

Austenite stainless steel has been chosen by Ethiopia's government and business community
for agriculture processing firms, beverage industries, food industries, soft drink facilities, and
water facilities [Schmidt & Piotter, (2020); Deshwal & Panjagari, (2020)]. TIG welding was
selected because of its higher weld quality, lack of noise, lack of flux, lack of smoke or fumes,
suitability for welding very small components, and use of less filler metal. When the welding
materials, joint arrangement, welding variables, and welding parameter level settings were

incorrect, the weld bead did not achieve optimal weld strength and ductility. The
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HAZ changed the internal composition crystalline phase and morphology of the metal,
weakening it and lowering its mechanical strength [Linger & Bogale, (2023)]. Weld bead
abandonment can be triggered for a loss of strength and hardness within the weld as an
outcome of stress, friction, vibration, pressure, steam, and/or heat. Maintaining quality and
accuracy is crucial to mitigate this impact developed in the pipe line and welding joint.

The most common are austenitic stainless steels with 16-25 wt.% chromium and 7-35 wt.%
nickel. The austenitic stainless-steel grades 304, 304L, 304H, 316, and 316L have high
thermal hardness and durability. They have been utilized through a wide range of
manufacturing sectors due to their respective positions corrosion resistance, low temperature
efficiency, and oxidation resistance due to these superior properties demanded within various
application like: equipment, vessels, and pipelines in the chemical, food, power, oil, gas, pulp,
and paper industries [Campbell, (1987); Linger & Bogale, (2023)].

The previous study considered the following major welding factors alone and in two
compositions: welding current, gas flow rate, root gap, voltage, arc length, and travel speed.
Primary controllable parameters influence bead width, bead height, penetration, arc stability,
and mechanical property change during the welding process. Response surface
methodology/RSM/, Taguchi technique, artificial neural network/ANN/, Genetic Algorithm
(GA), scatter search technique, Grey Relational Analysis (GRA), and fuzzy logic method are
some methods for optimizing process variables [Lugade & Deshmukh, (2015); Bopaliya,
(2016); Ghosh et al., (2016); Wahule & Wasankar, (2018); Suraj et al., (2018); Messele,
(2019); Linger & Bogale, (2023)].

The primary goal of this study was to experiment with mechanical properties of welding joint
and optimize the settings of the TIG welding process on stainless steel 316 in order to
maximize the weldment's hardness, tensile strength, and bending strength, as well as to
investigate microstructural and mechanical characteristics.

1.2. Statement of the Problem

In Ethiopia there is agro-processing, beverage, food, and water plants used components made
of austenitic stainless steel, notably SS-304, SS-316 and SS-304L, for corrosion resistance,
low-temperature performance as well as oxidation resistance. TIG welding is subjected to
weld stainless steel 316 major pipelines transmit massive amounts of crude oil, natural gas,

and petroleum products, resulting in substantial losses in terms of individuals, financial
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resources, time and environmental damage. Internal weld discontinuities can be caused by
weld discontinuities such as inadequate penetration, fusion, gas porosities, oxides, and
fractures. New techniques have been created to increase weld quality, and current processes
have been pushed to their limits. Manufacturers are looking for low-cost welding techniques
with greater deposition rates, more comprehensive penetration, and more robust structures
[Sidhu & Chatha, (2012)].

During the reconnaissance examination for plant faults, the Asella Malt plant factory company
visited many factories and identified issues with welded seams that caused leaks and broke
down. Weld beads fail due to a lack of strength, hardness, and ductility in the weld,
particularly at Asela Malt Factory. Furthermore, poor welding material selection, joint
geometry, welding variable selection, and acceptable welding parameter level settings
contributed to weld bead failure. Because of these flaws in the welding components during
overhaul and corrective maintenance, waste of raw and manufactured goods such as malt and
input desired material for malt production such as ammonia and water easily flows and mixes
with mad and dust, that demand additional costs with consume factor profit and decreasing
factory profitability.

When the welding materials, joint configuration, welding variables, and welding parameter
level settings are not suitable and appropriate, the weld bead does not achieve optimum weld
strength and ductility, resulting in damage and breakdown of the welded joint when load or

pressure is applied, as illustrated in Figure 1.2 below.
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Figure 1.2. Weld bead specimens defect detected from the Asella Malt plant firm: (a) Weld
bead crack and Base metal HAZ crack (from the industry).

Asella Malt Factory, a prominent Ethiopian malt maker, is facing reworking difficulties due to
welding problems. The rework method costs the company extra money. To address this issue,
the research concentrated on TIG welding parameters and the fundamental source of the
problem. The use of root-cause research assisted in identifying causative variables and
improving welding performance. As the cost of rework grows, so does the cost of failure,
aggravating both malt quality, the final item product efficiency and customer satisfaction who
consumed factory goods.

The most prevalent difficulties in a corporation are porosity and lack of fusion, which account
for 75% of overall flaws. Poor welding quality reduces customer satisfaction, which leads to
higher costs and a negative influence on the company's competitive market position. Internal
failure costs have a higher impact on the organization than external failure costs since they are
found during product or service manufacturing. To overcome this constraint and provide some
insight, the TIG welding process parameters are modified on SS 316 using multi-objective
optimization of Taguchi-based grey relation analysis to study the influence of welding
variables on weld hardness values, tensile strength, and bending strength.
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1.3. Objective

1.3.1. General Objective
The main objective of this research was to study the effect of welding parameters during TIG
welding of 316 stainless steel pipes and parametric optimization of using Taguchi-based Grey
Relational Analysis (TGRA) to determine the optimal levels settings of TIG welding process

to improve mechanical properties.

1.3.2. Specific Objectives
1. Toinvestigate the effect of welding parameters such as welding current, shielding gas
flow and root gap on weld quality.
2. To optimize process parameters using Taguchi-based grey relation analysis.
3. To examine the impact of welding process parameters on mechanical properties such
as tensile strength, hardness and bending strength.
4. To validate the outcomes by running confirmatory experiments.

1.4. Significance of the Study

When a high level of weld quality or a highly precise welding technique is required, TIG
welding is essential for high-quality welds and precise welding operations. Grade 316
stainless steel is a versatile, corrosion-resistant alloy that is frequently used [Lugade and
Deshmukh, (2015); Suraj et al., (2018)]. Inadequate welding variables and level setting
selections cause weld bead failures. The thesis seeks to minimize welding flaws, reworking
processes, and production duration, allowing the company to compete in welding quality
while lowering maintenance costs. It provides welders with input data on welding defect
reduction parameters and optimal joint penetration, guaranteeing high-quality and cost-
effective repairs. The research provided beyond attempts to generate optimal TIG welding
settings for Asella Malt manufacturing, therefore assisting other firms and providing critical
information to researchers working on similar fields. The results may be a valuable resource
for optimizing parameters in any firm with the objective of producing excellent products while
minimizing quality costs such as rework and repair. This study will help researchers and
industry understand how to determine optimal welding parameters and level settings.

+ ANOVA and gray relational analysis are used as optimization approaches.

+ The techniques to get quality qualities.
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+ Understanding the impact of process factors on welding quality. - Validating
experimental results and identifying optimal parameters.

This thesis, undertaken at the Asella malt factory firm, provides welding enterprises with

useful insights into selecting optimal parameters, acquiring quality characteristics, analyzing

the influence of each parameter on welding quality, and validating findings from experiments

for optimum process variables. for decreasing cost of maintenance and providing quality malt

for customer satisfaction and enhance profitability of the company and workforce satisfaction.

1.5. Scope of the Study

This investigation of pipe welding techniques focused on three TIG welding parameters, each
having three levels and one welding position. According to the selection criteria, the three key
attributes had a higher impact on welding quality than the other welding parameters, and the
single horizontal welding position was usually utilized on pipeline. The welding parameters
chosen were welding current (80,90, and 100 amps), gas flow (10,12, and 14 lit/min) and root
gap (1,1.5 and 2.5 mm). The following are the thesis scopes: The foundation metal for this
optimization process is grade 316 stainless steel pipe with dimensions of diameter, length and
thickness of SS-316 material pipe samples $40mm X 200mm X 2mm, respectively. The
Taguchi-based grey relational analysis approach is used in this experiment to investigate the
optimization process factors. MINITAB 2023 software is used for the examination.

1.6. Limitation of the Study

The study focuses on the mechanical properties of 316 grade stainless steel materials with
horizontal position and butt joint designs. Despite the fact that the research had achieved its
objectives, there were certain inescapable limitations in the company's operations. Because
this was a research investigation, each TIG welding variable had to be evaluated in order to
optimize; however, there was insufficient equipment to investigate every welding variable.
Arc length is necessary to address welding errors, and this exact gap may be monitored using
a high-speed camera, which the company does not have this critical instrument.
1.7.0rganization of the Study

The thesis is organized into five sections. The first chapter discusses the background of
study, problem of the statements, objectives of study, scope of study, limitations, and

significance of study. The next chapter is a review of the literature, which covers
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quality control tools, the purpose and consequences of each TIG welding parameter,
welding techniques, welding processes, welding shapes, optimization tools and their
applications, and welding parameter analysis tools. The third chapter discusses
research procedures such as design of experiment (DOE), data validation strategies,
and data collection methods. The third chapter addresses the data collection strategy,
research design, data analysis procedure, data analysis tools. The fourth chapter summarizes
the outcomes of the investigation as well as the experimental analysis and interpretation of the
DOE data. Based on the data acquired, recommendations for remedies and their outcomes are

also made. Finally, the conclusion and recommendations was done in fifth chapter.
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CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction

This chapter focuses on optimizing TIG welding method variables on stainless steel 316
grade, with a particular emphasis on weld bead form, mechanical features, process parameters,
the Taguchi technique, mathematical modeling, and evolutionary algorithms. Research is
examined and utilized to inspire and emulate previous findings.

2.2 Introduction to welding

The most prevalent method of connecting metals and metal alloys throughout structural
applications is welding. The two primary types of welding techniques are solid-state welding
methods and liquid-state welding techniques [Verma et al., (2023)]. Although solid-state
welding has various benefits, such as friction stir welding, fusion welding technologies
(liquid-state welding) have a wide range of usages within the manufacturing sector due to its
capability to properly repair welds [Barnes & Pashby (2000)]. GTAW and GMAW welding
are the majority of widely used fusion welding methods primarily because of their large-scale
manufacturing capability and suitability for joining larger base metals [Sonsino et al.,
(1999)].

In fusion welding, high-quality welds are critical for greater mechanical properties strength .
Weld bead shape, deposition rate, and hardness are measured using primary welding
parameters such as current, electrode stick out, torch angle, voltage, and speed. Secondary
characteristics include the torch angle, direction, nozzle distance, torch placement, free wire
length, and shielding gas flow rate [Shih et al., (2011); Verma et al., (2023)].

2.3 Tungsten Inert Gas Welding

TIG welding is a critical arc welding process that uses a non-consumable tungsten electrode
and inert gas to shield the arc. Using a noble gas shielding envelope such as argon, helium, or
a mix of the two, this approach produces high-quality welds. The shielding gas protects the
tungsten electrode and welding pool from ambient gases. Because of its high air tightness,
TIG welding is commonly used to weld nonferrous metals like aluminium and magnesium
[Huang et al., (2023)]. Throughout the welding formation process, there is good fluidity and
minimal/fewer faults, such as dislocations [Trdan & Grum, (2012); Ryl et al., (2014); Dejun &
Jinchun, (2015)].

10|Page



2.4 Tungsten Electrode Classifications

Tungsten is created through the reduction of trioxide with hydrogen, refining it to 99.95%
purity, squeezing it, and casting an ingot [Jeffus & Bower, (2009)]. The ingot is then heated to
increase ductility, and electrodes of different lengths and diameters are formed [Jeffus,
(2020)]. The aforementioned electrodes are available in sizes that range from 0.5 to 6.4 mm in
diameter and 75 to 610 mm in length. A thick black oxide coating coats the tungsten
electrode, which may be chemically cleaned or ground away [Jeffus & Bower, (2009)].
Tungsten is suitable for non-consumable electrodes due to its high melting temperature and
strong electrical conductivity. Its arc temperature is 11,000°F (6000°C), however knowing the
GTAW torch and electrode is critical [Jeffus, (2012)]. Small quantities of cerium, lanthanum,
thorium, or zirconium are used to improve arc striking capability and endurance [Bower,
(2010)]. Table 2.1 demonstrates the many types of tungsten electrodes and how to recognize

them as well.

Table 2.1: Types of tungsten electrodes and their identification [Jeffus & Baker, (2016)].

No. AWS Classification Tungsten Compositions TIP Color
1 Ewp Pure Tungsten Green
2 EWTh-1 1% thorium added yellow
3 0.25% to 0.5% zirconium Brown

EWZr added
4 EWTh-2 2% thorium added Red
5 EWG Alloy not specified Grey
6 EwcCe-2 2% cerium added Orange
7 EWLa-2 2% lanthanum added Blue
8 EWL-15 1.5% lanthanum added Gold
9 EWLa-1l 1% lanthanum added Black

Pure tungsten (EWP) electrodes are heat-resistant, erosive-resistant, and have high electron
emission capabilities [Jeffus and Baker, (2016)]. Because of their high melting points,
aluminum and magnesium are suitable for low-temperature AC welding, which may
immediately shatter the oxide surface of these metals. They provide easy arc stability as well

as balanced wave welding power. To get the highest arc stability, grind tungsten electrodes
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with the electrode axis perpendicular to the grinding wheel axis [O'Brien, (1991); Minnick,
(1996); Lancaster, (1997)].

2.5 TIG welding parameters

Welders control factors such as electrode material, grinding shape, filler type, joint
dimensions, base material, gas cup dimensions, torch orientation, travel speed, arc distance,
inert gas type, gas flow rate, welding current, and polarity in TIG welding settings were
discussed [Thakur & Chapgaon, (2016)].

2.6 TIG Welding Apparatus
TIG welding machines typically consist of a TIG torch, electrode, power supply, verious
accessories and shielding gas delivery systems.

I. TIG torch
TIG torches, which give welding current and shielding gas to the weld, are either water-cooled
or air-cooled. Figure 2.1 displays the air-cooled TIG welding torches. Air-cooled torches keep
the welder cool while limiting the welding current to 200 amps. Water-cooled torches,
represented in figure 2.2 [Minnick, (1996); O’Brien, (1991)], are designed for larger

continuous welding currents than gas-cooled torches.

Collet
\ P
Electrode ‘;/C = Handle
olle
M, Body

\‘,/\ Nozzle

Figure 2.1. TIG welding process torch diagram [Rana et al., (2017)]
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Figure 2.2. A cross-sectional image of a water-cooled torch [Minnick, (1996); O’Brien,
(1991)]

ii. Power source

TIG welding requires a 70-80V open-circuit voltage power supply, whereas direct current
welding requires a power source that rectifies alternating current from a 400V power supply
and adjusts the intensity to the welder's desired level. Figure 2.3 depicts TIG welding heat
dispersion using three distinct types of welding currents. Heat dispersion with the welding
current method. DCEN produces deep penetration, DCEP produces broad welds with shallow

penetration, and AC applies half of its heat to the work and the other half to the tungsten

[Bower et al., 2010].
EU

Figure 2.3.TIG welding Heat dispersion in the welding current method
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iii. Shielding gas

Shielding gases shield the weld pool, electrode tip, and filler metal from air contamination
during TIG welding. These are Ar, He, H, N, or mixtures of these elements. Working metals,
as well as cost, temperature, arc stability, speed, spatter, electrode life, penetration depth, and
corrosion resistance, all impact gas choices [Bhavsar & Patel, (2016); Jeffus and Baker,
(2016)]. Shielding gas is required for TIG operations to maintain ionization environment,
shield hot tungsten electrode, filler metal rod, melt pool, and electrode during cooling, and to
use a cylinder with a pressure minimizing valve and flow meter [Parmar & Nair, (2019)].
Figure 2.4. Regulators below shown as the shielding gas regular used to control and manage

the flow of shielding gas.

() Pressure reducing valve with flow meter (b) Pressure reducing valve

Figure 2.4. Regulators [Parmar & Nair, (2019)].
The pressure in steel cylinders ranges from 200 to 300 bar. Reduce the pressure of a gas
cylinder to a safe operating pressure before using shielding gas. To lower pressure, a pressure-
reducing valve can be utilized and the flowing gas can be controlled by nozzle size, weld pool
size, and air velocity. Argon shielding gas flow rates are typically 7-16 L/min and nitrogen
shielding gas flow rates are 14-24 L/min [O'Brien, (2004); Jeyaprakash et al., (2015)]. Figure
2.6 depicts pre-flow time, which happens when the gas flows for 3-5 seconds to remove air in

nozzles or weld regions before the welding current is commenced.
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Figure 2.5. Welding time vs shielding flow of gas time [Bower et al., (2010)]
Subsequent flow duration is the amount of time that gas flows after the welding current
terminates, protecting the molten weld pool, filler rod, and tungsten electrode from oxidation
and contaminating. It is governed by welding current and electrode size [Bower et al., (2010)],
as indicated in Table 2.2,

Table.2.2: Gas flow duration after welding

Electrode diameter Time for Gas Flow

within millimeters After Welding*

6 30 sec

5 25 sec

4 20 sec

3 15 sec

2.4 10 sec

2 8 sec

5 sec

0.5 5sec

0.25 5 sec

TIG machines employ control systems to modify welding current, arc start, and shielding gas.
Sophisticated boxes control shielding gas and postpone interruptions. High-frequency units
raise voltage and frequency to produce a spark between the electrode tip and the workpiece
surface by conveying an arc.
2.7 Stainless Steel Material
The American Iron and Steel Institute (AISI) classifies stainless steels into five types:

austenitic, ferritic, martensitic, duplex, and precipitation-hardening [Richard, (1999)]. The
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majority of stainless steels used are austenitic stainless steels with 16-25 wt.% chromium and
7-35 wt.% nickel. The 300 series austenitic alloys are iron-chromium-nickel alloys, while the
200 series alloys also include manganese and nitrogen to substitute some of the nickel.
Austenitic stainless steels are often utilized in the food, chemical, and petrochemical
industries due to their better corrosion, low temperature performance and oxidation resistance.
It is resistant to seawater, acids, and temperatures of up to 1100°C, assuring property
degradation and ferrite resistance [Sharifitabar et al., (2011)].

According to [Anand & Mittal, (2017); O'Brien, (1991), TIG welding process provides
advantages such as lower noise, better welds, minimal spatter or spater free, no flux addition,
smoke, and odours. However, it has constraints such as slower transit speeds, lower metal
deposition rates, harsher UV radiation, better hand-eye coordination, and higher equipment
costs.

AISI SS 304 Stainless Steel Pipe is used to transport water, chemicals, low-pressure steam
heat, waste disposal, ship plumbing, and structural elements. It is also used in high-pressure
steam, radioactive materials, Alaskan pipeline, boilers, and refinery reactor lines, making it a
valuable tool for designers and a highly demanded engineering material for applications
[Bahrami & Taheri, (2019); Dak & Pandey, (2021); Sabzi et al., (2021)].

2.8 Applications Of TIG Welding Process

TIG welding is widely utilized in the aerospace, marine, and automotive industries for high-
welding-requirement structural elements such as vehicle cylinder blocks and fuel tank welding
[Szklarska-Smialowska, (1999); Hirschorn et al., (2010); Nguyen et al., (2018); Huang et al.,
(2023)]. Material phase shift occurs in a variety of metallic constructions, including buses,
airplanes, reactors, and oil ducts. TIG welding joins workpieces by using a tungsten electrode
shielded by inert gases such as argon, helium, nitrogen, hydrogen, or mixtures and a voltaic
arc. This approach may be used to weld stainless steels and nonferrous metals [Goncalves et
al., (2010); Nagesh & Datta, (2010)].

2.9 Welding Quality

Quality is an important feature of fabrication and welding since it is determined by the
mechanical characteristics of the weld metal as well as the metallurgical qualities and

chemical composition of the weld [Connor et al., (1987); American Welding Society, (1991)].
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The investigator [Becker et al., (2002)], discovered that the dimensions of welded materials
and the number of defects impact joint performance. These problems can be caused by
deficiencies in product design, manufacturing procedures, material properties, or a
combination of these. Other elements influencing weld quality include design, weld
preparation, shielding, cleanliness, and procedure. Cracks are the most difficult defect kinds to
repair owing to metallurgical behavior and welding circumstances.

Previous research [Yamauchi et al., (1983); Abrha, (2015)] classified DOE arc welding and
other causes of welding defect as follows: unsatisfactory process conditions contribute for
45% of mistakes, human error accounts for 32%, inappropriate technique accounts for 10%,
and unsuitable consumables account for 5% of unsatisfactory weld grooves. This result was
obtained after investigating welding faults and their underlying causes.

2.10 Related research works on Welding Stainless Steel Material

2.10.1 Effect on hardness

This section's TIG welding technique with SS 316-based pipe metal-related components was
evaluated to illustrate how welding variables impact the microhardness of the weld bead.
According to [Bhavsar and Patel, (2016)], authors investigated the effect of TIG welding
process parameters on the mechanical properties of SS 316L welded joints. Researchers chose
welding currents of 120, 150, and 180 amps, groove patterns of V, U, and V&U, and filler
rods of ER304, ER308, and ER309 using a L9 orthogonal array. At 150A current U and V
groove design and ER304 filler metal, the greatest hardness of 98 HRB was attained.
Researchers from [Saha & Dhami, (2018); Saha, (2020)] investigated the effect of TIG
welding settings on 316L stainless steel pipe connections that were 4.75mm thick. In their
Taguchi approach, researchers employed the L27 orthogonal array, the Taguchi algorithm,
and four welding parameters: current, gas flow rate, welding speed, and filler rod diameter.
The hardness values of gas flow rate (12 lit/hr.), current (150 amp) and filler rod diameter (3.2
mm) were then utilized by the investigators to find the optimal welding parameter
combinations. Using the best welding conditions increased the hardness by 7.36 percent, from
92HV to 100 HV.

The research of [Sing et al., (2016)] investigated how welding process parameters affect the
rate of deposition and hardness of SS 316L weld beads. Three input parameters were selected:
current 110A, 120A, and 130A, gas flow rate 5lit/min, 10lit/min, and 15lit/min, and the
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number of weld passes 1, 2, and 3. The optimal parameter combination was discovered using
the gray Taguchi technique and Minitab software. The greatest hardness value was 53 HRC,
and gas flow rate was the most essential aspect parameters.

Lugade and Deshmukh (2015) examined optimizing process parameters for TIG welding SS
316L pipe with a thickness of 3mm and a filler wire thickness of 1.5mm. They calculated
result variables such as hardness, tensile strength, and yield strength using input factors such
as welding current, voltage, and gas flow rate. The experiment produced a maximum hardness
of 205.56 BHN at optimal settings, with contribution percentages of 24%, 95.65%, and
51.9%, respectively.

According to [Chaudhari et al., (2019)] the parametric optimization of a TIG-welded 150 X
150 X 6mm SS 316L and mild steel pipe was explored. They employed Taguchi's technique
with a L9 orthogonal array to achieve the highest Rockwell hardness score of 88.7HRB at an
optimal variable configuration.

2.10.2 Tensile strength

This part analyzed the technique of TIG welding procedure using SS 316 pipe, which base
metal-related articles to illustrate how welding variables impact the tensile strength of the
weld bead. Scholars [Ghosh et al., (2016); Moi et al., (2018)] investigated TIG welding
optimization by the use of welding procedure variables such as weld current, groove angle,
and filler rods. They analyze the influence of these attributes under ideal conditions using the
L9 orthogonal array-based Taguchi approach and ANOVA. The authors discovered that
groove angle, filler metals, and weld current had the greatest influence on tensile strength. The
authors investigate better tensile strength of 575.43MPa using optimal welding circumstances
of 100A, groove angle, and filler material SS316L.

As [Lugde and Deshmukh, (2015)] improved the TIG welding process variables for SS304L
pipe with a thickness of 3mm and a filler wire diameter of 1.5mm. The experiment was
carried out with the procedure parameter selected according to L9 orthogonal array DOE with
140A current, 14 volts, and a gas flow rate of 25 liters per minute. Under optimum conditions,
authors achieved 701.36 MPa ultimate tensile strength with 59% welding current, 44.5%
voltage, and 44.5% gas flow rate of contribution percentage.

Scholar [Anand et al., (2017)], investigated the mechanical properties of weld joints in mild

steel and 316L austenite steel. They used the Taguchi approach to optimize process variables,
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selecting Arc current (100,150,200A), voltage (18,22,26V), and shielding gas flow rate
(10,12,14L/min) as the three control factors, each with three levels. The best welding
configurations for current (100A), voltage (26V), and shielding gas flow rate (10L/min)
resulted in the greatest tensile strength of 560.5 MPa, with percentage contributions of
47.50%, 24.55%, and 20.96%, respectively.

According to [Muluken, (2020)] investigated how various parameters influenced the joint's
tensile strength, hardness, and percentage of elongation. They used the grey relational analysis
technique and three welding factors (welding current, welding speed, and flux type) to
optimize TIG welding parameters. The greatest tensile strength determined during testing was
542.78 KN/mm?,

According to [Saha & Dhami, (2018); Saha, (2020)], experiments were conducted to explore
the influence of TIG welding settings on the welded joints of 4.75mm thick SS 304L pipe.
The current was the only variation in the optimum factor arrangements for ultimate tensile
strength and hardness, with tensile strength increasing from 515MPa to 556MPa and hardness
increasing from 92HV to 100HV.

2.10.3 Bending Strength

The current section inspected the process of TIG welding utilizing SS 304L pipe, which base
metal-related items, to illustrate how welding variables impact the bending/flexural strength of
the weld bead. As [Singh and Mittal (2017)], investigated the effect of welding process
parameters on the mechanical and microstructural properties of dissimilar SS304-SS202
junctions welded with TIG. Using the Taguchi approach on the L9 orthogonal array, it was
discovered that optimal welding settings such as 115A, 2.5mm/sec, and 12lit/min resulted in
the maximum bending strength scores of 962.79N/mm?.

According to [Kumar et al., (2017); Singh & Mittal,2017)], used TIG welding on SS 304L
with three different thicknesses and E-308L filler metal in an experiment. The authors chose
current, voltage, root gap, and gas flow rate as input welding parameters using Taguchi's L27
orthogonal array. The greatest bending strength was 106.33N/mm? at currents of 70A,
voltages of 30V, and gas flow rates of 20lit/min.

2.11 Optimizations Techniques SS316 Pipe Welding

Primary controllable parameters influence bead width, bead height, penetration, arc stability,

and mechanical property change during the welding operation. RSM, Taguchi technique,
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ANN, GA, scatter search technique (SST), GRM and fuzzy logic method (FLM) are some
methods for optimizing process variables [Bopaliya, (2016); Ghosh et al., (2016); Wahule &
Wasankar, (2018); Messele, (2019); Linger & Bogale, (2023)]. The major goal of this study
was to optimize the welding procedure using TIG welding settings on SS 316 pipe in order to
maximize the weldment's hardness, tensile strength and bending strength, as well as to

investigate microstructural and mechanical properties.
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Table 2.3: Parameters affect the optimization method, strength, hardness, and bending strength of TIG welding joints

Process parameters

No | Author and publication year | Travel . Gas Root Arc Pulse No of Methodology
welding | flow Groove
speed Gap length | frequency | Passes
current | rate angle
1 | Nagesh & Datta, (2010) 181 | 456 65.32 Sne d”eAtﬁ@'go“thm
2 | Singh & Patel, (2014) 28.52 | 52.67 15.18 | Taguchi Method
3 | Lugade & Deshmukh, (2015) | 44.87 | 28.14 20.85 Taguchi Method
Taguchi Method
4 | Shaikh & Rao, (2015) 14 37 43 and Grey Relational
Analysis
_ Grey Relational
4 | Singetal., (2016) 7.79 79.53 11.32 Analysis
Grey Relational
5 | Bachani & Ghetiya,(2018) 13.09 | 47.81 20.61 and Principal
Component
Analysis
Taguchi Method
6 | Ahmad & Alam, (2018) 38.417 | 38.67 16.04 and Grey Relational
Analysis
Grey Relational
7 | wahule & Wasankar, (2018) 58.73 27.94 8.21 Analysis
: Taguchi and
8 | Hemnani et al., (2018). 18.1 1.65 74.56 AI\?OVA
Response Surface
9 | Voraetal., (2021). 11.09 | 47.81 20.61 Methodology
(RSM)
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To find welding factors, nine researchers evaluated their process factors, Wt.% of their

contribution, and number of frequency cycles, as shown in table 2.3.
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Figure 2.6. Correlation b/n number frequency and % contribution optimization method.

According to the Fig.2.6, this welding current has a total contribution proportion of 34.38%
and operates at 15 Hz, with fourteen frequencies used. The second percentage for the
contribution is 27% for the gas flow rate, and nine frequencies were chosen. The third
contribution fraction of the root gap is 23.29%, and 5 frequencies were used. The fourth
percent that contributes is 22% arc length, and two frequencies were used. The arc length
utilizes 10 frequencies and contributes 21.6% of the fifth percentile. From the total of eight
parameters, the first three variables (welding current, root gap, and gas flow rate) have
84.67% of the frequency ranges. As a result, the welding parameters were chosen based on
their percentage contribution as well as the number of frequencies employed. Welding
parameters or variables such as welding current, gas flow rate, travel speed, arc length, and

root gap were investigated by several scholars, as shown in Table 2.3.
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2.12 Orbital Stainless Steel AISI 316 Pipe Properties
Welding thick-walled pipes have become a critical procedure in a variety of industries,
including offshore and onshore pipelines, vessel manufacturing, and nuclear power. Coil or
pipe is used to make the majority of welded steel pipe. Choosing the right pipe for a certain
work has an impact on the entire project by reducing the possibility of defects. The first and
most important step is to choose a pipe material. Pipe wall thickness, outer diameter and
cleanliness are all factors to consider when selecting an optimum pipe for a specific purpose.
Pipe storage and handling are very vital in the welding industry, and pipes should be kept in
good weather. Furthermore, inside the tube or pipe, dust, moisture, and grime make welding
difficult and costly [Karatas, (2015)].

2.13 Stainless Steel AISI 316 Orbital Pipe TIG Welding
The term orbital pipe welding refers to an automated procedure that involves welding tubes
and pipes in a fixed position with a track-mounted weld head. To make a weld, an orbital
welding system's weld head revolves an electrode and electric arc around the weld joint. The
orbital pipe welding approach could result in significant time, experienced welder and welding
cost savings while also improving joint quality. TIG welding is commonly used to fabricate
various materials such as aluminum, mild steel and stainless steel. Stainless steel is a ductile
material that is simple to machine. Welding of Stainless-steel pipe is required to make
numerous machine components with varying structural shapes. It has high machinability, as
well as high strength, ductility and weld ability. It's most commonly utilized in a turned and
polished or cold-drawn state. It resists induction hardening and flame hardening due to its low
carbon concentration.
It will not respond to nitriding due to a lack of alloying elements. Carburization is possible to
achieve case hardness more than RC65 for smaller sections; however, this hardness decreases
as section size increases. The core strength will not change. Carbon nitriding, on the other
hand, can be done and has several advantages over normal cycling. TIG welding is the most
versatile and capable of producing high-quality welds. TIG welding delivers the high integrity
necessary at the root of the weld, as well as weld speed. TIG welding machines are available
with both high and low current ratings. TIG welding uses a current range of 150A to 350A,
which is ideal for welding thick mild steel pipe [Latifi, (2012)].
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2.13.1 Different Types of Welding Phases in Orbital Pipe Welding

Welding of pipe with a wall thickness of up to approximately larger pipe walls requires multi-
pass welding the multi-pass method is often divided into three parts: root pass (open root), fill
pass, and cap (final) pass, the number of phases is listed as four, with the hot pass counted as a
separate phase. The first process creates a fine back inside the pipe, and the subsequent phases
fill the groove. Welding processes in a sample of V grooves. The root pass weld is one of the
most important pipe welds to ensure a defect-free weld. Pipe welding rules demand high-
quality work that is fully penetrated and has a nice contour root pass. Welding parameters,
joint geometry, welding positions, gravity, arc force, and gas flow all affect root pass welding.
Precision fit-up, consistent gap throughout the entire joint, high operator expertise and tight
fit-up tolerances are essential in root pass welding with orbital GMAW. After the root pass,
the fill pass welding takes up the majority of the welding time. Fill welding normally consists
of several layers, each of which is made up of many passes. Cap welding is a method of
covering a welded junction and should be done in such a way that the joint has a good
cosmetic look [Latifi, (2012)].

2.13.2 Welding Techniques Orbital Pipe Welding Groove Types

In comparison to hand pipe welding, automated pipe welding necessitates a high level of
groove preparation and fit-up accuracy. Pipes with v girth-butt welds have also been widely
employed in a variety of industries, including oil and gas pipelines, steam piping, and boiling
water reactor piping systems. As a procedure approach, figure 2.7 depicts an orbital pipe

welding groove.

Figure 2.7. Orbital pipe welding groove (Center of Excellence for Engineers image)
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2.14 Summary of Literature Review

In the literature, welding parameters on Tungsten Inert Gas welding such as welding current,
welding voltage, welding speed, arc length, angle of welding, air gap and welding position,
stick length, shielding gas, work piece material weld-ability that affect the desired output such
as strength, hardness, and micro-structure are discussed. However, the optimization of
welding parameters and the characterization of AISI SS 316 Stainless Steel Pipe welded by
Tungsten Inert Gas welding technique were not thoroughly investigated.

Researchers have experimented with process factors such as welding current, filer rod, and
shielding gas flow rate in the gas tungsten arc welding process. Weak strength, low hardness,
and low ductility of the weld result in weld bead failure. The causes of weld bead failure were
suitable welding material selection, joint configuration, and welding parameter level settings.
Welding parameters are the most typical cause of failure. These have occurred, but they do not
explain the effect of these characteristics on weld joint strength. None of the studies have been
done on AISI SS 316 Stainless Steel Pipe ¢ 40 mm x 200 mm x 2mm orbital pipes; they have
only been done on aluminum, low carbon steel, and other stainless-steel pipes. Standard test
specimen’s materials, such as stainless-steel, were used as pipe.

As a result, research into the optimizations and characterization of welding settings for AlSI
SS 316 Stainless Steel Pipe is critical. Based on the literature review and main obstacles found
in the literature, it was determined to study experimentally the following areas of welding
process parameter optimizations in this thesis as a research gap.

Identifying the critical parameters (welding current, welding voltage, and welding speed)
influencing the surface quality of the Tungsten Inert Gas welding process for AISI SS 316
Stainless Steel Pipe ®40mm x 200mm x 2mm.The obstacles of welding AISI SS 316 Stainless
Steel Pipe on Tungsten Inert Gas welding processes, and how to overcome them by selecting
optimal welding settings.

In general, many researchers have a lot to say about the TIG welding process. Their work also
has various input and output variables, and they may be optimized using a variety of
approaches, tests, mathematical models, and other techniques. The purpose of this work is to
evaluate and optimize the TIG welding process's welding parameters in relation to the
mechanical properties of SS 316 weldments. The weld requirement's hardness and tensile
strength are determined by the welding current. For optimizations, different researchers
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employ distinct approaches, tests, mathematical models, and other processes. The most
significant challenges in welding stainless steel are: low heat conductivity and high electrical
resistance, carbide precipitation, and cracking [Bopaliya, (2016)].

Reviewing the articles comprehensively may not cover the following topics;

v’ Previous research intended to optimize TIG welding process parameters on the
mechanical characteristics of SS 316 weldments, concentrating on welding speed,
current, and gas flow rate, with more investigation envisaged.

v Due to the scarcity of bending strength as an output response in Ethiopian TIG
welding optimization studies, this research will make a substantial contribution.

v’ Ethiopia's limited research on TIG welding optimizations presents challenges in
finding literature on root gap and bead combined analysis in SS 316 TIG welding
pipes. This research aims to develop unique understanding and significantly impact
the country's TIG welding optimizations.

v' Many research investigations are limited to 100 amperes or above, as well as base
material thicknesses of 3mm or greater. The investigation was conducted on
existing base materials with a thickness is 2 mm and a working welding current
effect and contributions of less than 100 amperes.

The investigation of microstructural alterations in AISI 316 SS weldments has been limited,
necessitating the development of an appropriate welding parametric combination. The purpose
of this study was to close this gap by using three distinct parametric combinations from the
GTAW process to fabricate 2mm thick pipe 316 SS butt joints with the dimension of $40 X
200m X 2mm. The goal was to investigate the quantitative and qualitative effects of welding
current, gas flow rate and root gap on mechanical parameters such as tensile and impact,
microstructure, and heat affecting zone. The welding heat inputs chosen were chosen to create
a database that might benefit manufacturing operations in AISI 316 grade stainless steel
welding processing. Theoretical analyses of complicated physical processes, such as TIG
welding, sometimes adopt assumptions in order to simplify findings. Finding input-output
correlations, on the other hand, might be difficult to determine. Theoretical studies look on the
effects of variables including weld bead quality, shape, and mechanical properties. Most

welding techniques aim to generate welded and weld beads that meet the required criteria,
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resulting in improved mechanical properties and a high-quality surface. Experiments and

strategies for selecting factors that provide acceptable mechanical features are used.
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CHAPTER THREE
MATERIALS AND METHODS

3.1 Introduction

This chapter contains in-depth information on the materials and procedures used in welding
and sample analysis. It analyses a subject or situation using experimental analysis and a
relevant research technique. The study's goal is to find significant information or concepts,
pick the best design factors, and validate the improvement of robust and sound weld quality
features utilizing the best parameters. Figure 3.1 depicts the work flow diagrams utilized in

this inquiry.

Literature Review And Choosing Base Metal Choose the Welding Posifion Kind,
Identifying Research Gap and Filler Metal Current Type and Joint Type

' 4
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Figure 3.1. Workflow diagram
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3.2 Materials and Equipment

The raw material in this study is 316 grade stainless steel pipes with dimensions of ®40mm x
200mm x 2mm. The experiment is carried out using pipe welding on butt joint designs. Figure
3.2 depicts the butt weld arrangement. ER308L filler metals are indicated for the base metal of

316 stainless steel work pieces.

Figure 3.2. Welding joint design pipe welding

Design for a joint of the junction of work pieces or the edges of work pieces that are to be
linked or have been attached as illustrated in figure 3.1 above. The type of joint is determined
by the structural arrangement of the components that are joined to each other. Some welding
connections may need edge preparation in order to weld or inspect and examinations the weld
effectively.

3.2.1 Stainless Steels of AISI 316 Grade Stainless Steel Pipe Base Material

The chemical composition of austenitic stainless steels of AISI 316 grade Stainless Steel Pipe is
potentially the most critical aspect pertaining to their weldability. Weld ability is defined by the
American Welding Society (AWS) as a metal's ability to be welded under the fabrication
circumstances imposed, into a specific, adequately designed structure, and to function well in the
intended service. The chosen parent material 316 grade Stainless Steel Pipe austenitic stainless
steels have outstanding weldability and can be welded instantaneously by all standard welding
methods, with a good balance of toughness, strength, and ductility. Tables 3.1 show the chemical
composition, mechanical, thermal, and physical characteristics of the test item, respectively. The
chemical composition is the value of austenitic stainless-steel 316 grade, not the value of the test

piece.
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Table 3.1: The chemical composition of ER 308L filler material and SS 316 austenitic
stainless steels is summarized for chosen base metals and filler materials (Bachani & Ghetiya,
2018).

No Element ER 308L SS 316
1 Nickel 10 19.4
2 Chromium 18 19.7
3  Carbon 0.03 0.018
4  Copper - 0.11
5  Phosphorus 0.045 0.024
6 Manganese 2 1.75
7 Silicon 0.75 0.31
8  Sulfur 0.3 0.015
9  Molybdenum - 0.08

10  Nitrogen 0.1 -

11 Iron Balance Balance

Argon has been demonstrated to be the best gas for TIG welding stainless steel 316. It is an
inert gas that is colorless and odorless, denser than air, non-hazardous and inflammable
(Parmar & Nair, 2019). According to the company mark, argon gas with a purity of 99.99% is
utilized for this investigation. Tables 3.2 and 3.3 summarize and analyze the physical and
mechanical properties of SS 316 grade material according to ASTM and prior investigation
publication [ASM, (1992); Zhong et al., (2019); Ghumman et al., (2022)].

Table 3.2: Physical characteristics for stainless steel 316 grade

Melting Thermal Specific heat Thermal

Material point conductivity capacity expansion Dri?s::]%
cc)  WmLKY) @ KgLk? (mmmlk?l 9
AlSI
316 1375 15 490 16 8

Table 3.3: Mechanical characteristics for stainless steel 316 grade at ambient temperature

Modulus  Compress

Tensile Yield Elongation Bending of ive
Material ~ strength  strength in50mm  Hardness  Strength Elasticity ~ Strength
(MPa) (MPa) (%) (RHB) (MPa) (GPa) (MPa)
SS 316
or AISI 515 170 40 79 624 164 300
316
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3.2.2 Equipment

Many tools and equipment are used in this work, as shown in table 3.4, including a meter,
Vernier calipers, regulator, power saw, power supply, welding cable and tungsten electrodes.
Material, equipment, machinery, and workshop infrastructure are crucial for this research. As

a result, all of the necessary facilities are organized as part of the aforementioned endeavor.

Table 3.4: List of machinery, materials, and equipment

No Machines Materials TOOI.S and Safety_
Equipment materials
1  TIG welding Machine ) i
(water cooled) SS 316 stainless pipe  Regulator Goggle
2 Universal Testing Machine  Argon gas File Apron
3 Bench type grindin
machingp d g ER308L filler metal  argon gas cylinder Helmet
4 Hydraulic press
mgchine P Wire Polisher disk Back purge device Overall
5 Hacksaw Grinding disc Tong Ear mask
6  Vickers hardness testing i
machine Tungsten Electrode  Bench Vice Gloves
7  Power hacksaw
Cultter disc Adjustable wrench Mouth
mask
8  Portable grinder
9 Polisher disk Wire brush ?r?;zty

This procedure makes use of a water-cooled TIG welding equipment. PROTIG- 315Di
AC/DC welding equipment is employed in this investigation. This machine is equipped with a
water-cooled welding torch and can generate up to 300 welding current for the wide range

welding parameters and application.
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Figure 3.3. The TIG welding machine that was utilized to complete the experiment
The interior of the root pass weldment in stainless steel is exposed to air and may contaminate
the weld. The air must be purged/shielded from the interior of the weldment for root pass
welding. Backing purging gas can be used on the inside of the butt pipe weld and the adjacent
base metal surfaces to keep the root weldment from oxidizing during welding [O'Brien,
(2004)]. A backing gas is a device that performs a purpose in addition to keeping the welded

components in excellent alignment. Argon gas is used as a purging gas in this investigation.

Bulging technique prepared SS-316L sample for TIG welding

Figure 3.4. Gas purge backup mechanism
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A Rockwell hardness tester type B and C, Beijing United testing equipment, was used for the
hardness test shown in figure 3.5. The tensile test specimens were conducted using Figure 3.6,
a universal tensile testing equipment with a maximum capacity of 600 KN. Tensile tests were
performed. As indicated in Figure 3.6, the test samples were produced in accordance with the
ASTM E8-04 sample geometrical guideline at the dowel time of 15 seconds. Compressive
strength is defined as a material's capacity to withstand the direct pressure of applied

compression force. On the same UTM was tested according to ASTM E9-009.

Figure 3.5. Rockwell hardness testing machine
Tensile and compressive testing was performed using a Bairoe computer controlled electro-

hydraulic universal testing machine type HUT-600, as indicated in figure 3.5.
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Figure 3.6. Universal testing Machine

ASTM E290 and EN 910 standard specifies the standards for bend testing to assess the
ductility of metals. Bend testing provides a visual indicator of the material's ductility. The jig
and fixture are readied to undergo the bend strength examination, that is installed on the
universal testing machine. The span length of the bending jig and fixture is 54 mm and the
internal length is 34 mm. and the servo-hydraulic testing machines are intended for carrying
out tensile, compression, and bending tests on both metallic and non-metallic materials.as

indicated in Figure 3.7.
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‘ Bending jig and fixture ‘ ‘ UTM Machine \ l Control Box ’

Figure 3.7. Bending testing using computerized universal testing devices
3.3 Methodology
A reliable and thoroughly reviewed source for the researcher to select the best approach and
parameters for examining a variety of articles and papers produced by various authors for this
thesis idea and concept. Researchers frequently use a range of optimizing strategies to achieve
their goals. It may be summarized as follows: Taguchi based grey relation analysis utilizing
with MINITAB 2023 software. The specifications of the SS 316 pipe base metal sample were
¢40mm, 200mm length and 2mm thickness. Surfaces of workpieces were cleaned and
prepared for welding, resulting in excellent robust and sound welds free of corrosion, scale,
dirt, oil, and grease. A power hacksaw and grinder were used to prepare the samples edge.
The focus of the research is to look at how flat welding positions, especially butt joint and
horizontal welding positions, are used to connect samples. This Position changes the welding
position and rotation of workpieces and welders to make welding simpler, more efficient, and
more rapidly performed welding speeds achieved. After gas purging and tack welding, TIG
welding was employed to finish the initial joint arrangement. Depending on the welding
conditions, the welding settings and circumstances were chosen.
3.4 Identifying the Parameter's Range of Operation
1.Welding current
Welding current is the most important controlled TIG welding factor, and it is determined by

tungsten electrode diameter, gas type, and welding polarity. Lower current settings cause filler
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wire to stick, whereas fixed current settings change the voltage to maintain continuous arc
current [Bhavsar & Patel, (2016); Thakur & Chapgaon, (2016)].

Table 3.4: Welding current optimization for figuring out current frequency

No Author and publication Welding Material type | Optimum response
year Current & thickness obtained
HV 150A, Impact
1 | Bhavsar & Patel, (2016). | 120, 150,180A | SS304L, 6mm strength 150A
2 | Saha & Dhami, (2018) 90,150,180A | SS304,4.75mm | UTS 180A, HV 150A
Maximal penetration
3 | Prajapati & Shah, (2016) | 120,140,160A | SS304L, 6mm | depth, weld width &
distortion at 140A
Wahule & Wamankar, SS-304 and Fe- | UTS120 A &
4 | 2018) 80, 100,120A | 416 "6 mm Max. %E 120A
Shanmugasundar et al., HV 140, UTS 140 &
5 (2019) 95, 120 ,140A | SS304, 3mm YS at 140A
Optimal Bead
. penetration,
6 | Bhadauria et al., (2018) 100, 115,130A | SS304, 3.5mm height & width at
123.703 A
UTS 574.65MPA,
) SS-304 and Fe- | 214VC
7 | Avinash et al., (2019) 160, 170,180A 410, 5mm Hardness &32 8%
elongation at 120A
ultimate tensile
8 | sing et al., (2016) 100,115,120 A | 2\IS1 316L, strength = 454,23
3mm MPa
9 | Ahmad & Alam, (2018) 140 150 ,160A | S30430, 3mm Optimal UTS at 160A
TS 559.25 MPa, YS
AISI 316& MS | 382.22 MPa, %
10 | Ogbonna et al., (2023) 120,150,180A | AISI 1008, elongation 33.34 %
2.5mm and hardness of
250.63 HV
11 | Moi et al., (2018) 100, 125,150A | SS 316L, 3mm ?22372';641'44'\”% at

According to Table 3.4, the welding current ranges from 80A to 180A, with a variation of 10

to 60A throughout a material thickness range of 2.5mm to 6mm.
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Figure 3.8. Correlation b/n number frequency and % contribution welding current

The welding current employed by the 11 academics assessed ranged from 80A to 180A,
according to table 3.3. Figure 3.8 depicts the association between the frequency of b/n
numbers and the percentage contribution of welding current in the scholar replication research
publication. To identify the welding current variety, the maximum frequencies are 120A and
150A, 100A and 140A, and 160A, respectively. Because of the weld thicker base metal,
several investigators choose this quantity to provide superior mechanical characteristics for
the required engineering application. Because there have been few previous studies for 2mm
thick stainless steel sheet metal rather than pipe, this investigation currently used the
minimum welding current or 80A of the above scholar variation increments of 10 for three
level design of experiments (80,90, and 100A) chosen to examine and optimize welding
current to weld 2mm thick 316 grade stainless base metal pipe. Because changes in
microstructural formation and heat input have a substantial impact on the efficiency of
mechanical qualities of Austenite stainless steels in weldments, and it is highly strongly
associated with the valuable mechanical achievement of AISI 316 grade stainless steel
through GTAW.
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2.Gas flow rate
The gas flow rate was chosen as a testing component because it can be easily changed using a
gas flow meter. The use of a shielding gas impacts welding expenses, weld temperature, arc
stability, weld speed, spatter, electrode lifespan, porousness, durability against corrosion,

hardness, strength, and crack propagation of the weld material.

Table 3.5: Optimized gas flow rate for determining TIG welding process flow rate variation

No Author and Material type & Gas flow rate | CPHmum response
publication year thickness obtained
1|Singetal. (2016) | $S304, 5mm 2,10 & 15 Hv 15 litmin, DR 15
lit/min lit/min
5 Wahule & SS-304 and Fe- 8,12 & 16 UTS 16 lit/min &
Wasankar, (2018) 410,6mm lit/min Max. %E 16 lit/min
UTS, %E & YS
9lit/min, Hardness
3| Singh etal., (2019) | 304L ,5mm 9 & 15lit/min | WB, Hardness of
HAZ & Toughness
15lit/min
Saha & Dhami, SS304, 4.75 UTS 14,
41 (2018). mm 10,12&14 1y,
5 | Moi etal., (2018) | 316L, 3mm ?/ni & 12 UTS 8.12 lit/min
Hv 16 lit/min &
6 | Kumar et al., (2017). | 55304, 3mm 16,18& 20 | pong strength 20
lit/min .
lit/min
Ibrahim et al., , 10,12, 14 PD 8 lit/min &
| o17). 304L, smm & 16 litmin | BW 12 lit/min

The gas flow rate is mentioned from 7 various scholars in Table 3.5 to determine an average

shielding gas flow rate, which ranges from 5 lit/min to 20 lit/min. Figure 3.9 displays the

frequencies and rankings of the gas flow rate range used to determine the gas flow rate.
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Figure 3.9. Designated gas flow frequency rate
The greatest frequencies observed in figure 3.9 depend on table 3.4 analyzed pervious
research to compute the value of gas flow rate for this study are 9-10 lit/min, 15-16lit/min, 11-
12 lit/min, and 5-8lit/min, ranked 1-4, respectively. The selection of variable ranges to achieve
equal variation at each level. In this case, the fifth rank from 13-14lit/min and the sixth rank
from 17-20lit/min is between 1 and 6 ranks; As a result, the level three design of experiment
was used for the current examination of weld 2mm SS 316L pipe material using three levels
of 10,12, and 14lit/min selected to analyses and optimize the mechanical qualities.
3.Root gap

The root gap is governed by elements such as electrode diameter, location, filler metal size,
and current, which promotes weld penetration while limiting undercutting or extra material.

Optimizing the root gap is essential for defining the gap range.
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Table 3.6: Optimized root gap for gap ranging determination

No Author and Material type Root aa Optimum
publication year & thickness gap response obtained
1| Gite & Pawar, (2016) | SS 304 3mm |0, 1.5 &2 mm | YTSand HV at
root gap of 1.5mm
5 Wahule & Wasankar, | SS-304 and 0.1&2mm UTS 2 mm & Max.
(2018) Fe-410, 6mm ’ %E 1mm
Tensile Strength
3 Bodkhe & Dolas, SS 316L,5mm | 1 & 2mm 1mm & distortion 2
(2018).
mm
Optimal hardness
4 | Kumaretal., (2017) | SS304,3mm ?n?nl &15 and bend strength
0.5 mm root gap
Bead Width, Depth
Ahmad & Alam of
5 (2018) ’ SS 0430,3mm | 2,2.5 & 3 mm | Penetration, Depth
of HAZ &Width of
HAZ 3mm

The root gap is mentioned from 5 distinct articles to pick the average gap, which ranges from
0 to 3 mm, as shown in table 3.6. Table 3.6 provides the frequencies and rankings of the gap
range in order to select the gap between each level while taking other influencing elements

into account.

40|Page



ga
n

[ Frequency|

-
=
1

ol
tn

2]
=
1

Frequency (number)
= =R
- i = T
| | 1

=
wn
1

=
=
|

0 1 2 3
Root Gap (mm)

Figure 3.10. Designated root gap frequency rate

Table 3.5 and figure 3.10 contains the root gap values from the reviewed research study. The
highest frequencies can be recognized at 2mm, whereas the second highest frequencies can be
seen at 1mm. For this experiment, 1,1.5 and 2mm root gaps were used to test and optimize the

optimal sound weld attributes.

3.5 Selection of welding process parameters

Welding procedural factors were those that influenced the welding process and the quality of
the welds generated. There were three basic types of welding variables employed in this
experiment. These factors were fixed or preselected, primary variable, and secondary
configurable. The focus of the research is to look at how flat welding positions, especially butt
joint and horizontal welding (PA) positions, are used to connect samples. This Position
changes the welding position and rotation of workpieces and welders to make welding
simpler, more efficient, and more rapidly performed welding speeds achieved. After gas
purging and tack welding, TIG welding was employed to finish the initial joint arrangement.
Depending on the welding conditions, the welding settings and circumstances were chosen.
Throughout the welding sample preparation and joint construction process, three process
variables controlled the welding process and weld quality: fixed, primary, and secondary
adjustable variables. The data was analyzed using the MINITAB18 software created by
academics at Pennsylvania State University. Minitab and origin software executes
computations and graph construction, freeing up users' time for analysis of data and

comprehension.
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Fixed or predetermined welding factors were those that were established prior the welding
process actually started to performed the work. These included base metal type (SS 316),
tungsten electrode type (WC20) and thickness, electrode size (2.4 mm diameter), filler metal
type (ER308L), and current (DC) and polarity (DCEN), among other things. These factors
cannot be modified after the welding process has begun.

Once the fixed variables were chosen, the key adjustable variables were the principal factors
utilized to regulate the welding process. The key factors influence weld bead production by
influencing bead width, bead height, penetration, arc stability, and so forth. The following
welding factors were taken into account in this study: welding current, gas flow rate and root
gap. These are simply adjustable and measurable, allowing them to be utilized to properly
regulate the welding process. As a result, this study joins the sample by altering and adjusting
the key changeable factors. These factors had a significant impact on the mechanical
properties of the welded sample.

The minor adjustable factors utilized to manage the welding process were referred to as
secondary adjustable variables. Typically, these characteristics were more difficult to quantify.
Secondary adjustable factors explored in this work are the work angle and electrode travel
angle. The electrode angles are referred to as the travel and work angles. The electrode’s travel
angle is the angle formed in the longitudinal plane by the joint and the electrode. The work
angle is the angle formed between the electrode and the plane perpendicular to the travel
direction. Variables associated with fixed welding conditions are shown in Table 3.7.

Table 3.7: Fixed welding circumstances variables (all examinations).

No Process Parameters Details
1 Electrode material Lanthanide tungsten
2 Electrode diameter 2.4 mm
3 Electrode tip angle 45°
4 Shielding gas 99.95% Ar
5 Back purging gas 99.95% Ar
6 Back purging gas flow rate 16 lit/min
7 Post flow shielding time 5 second
1mm,1.6 mm &

8 Filler metal diameter
2.6mm
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Blue lanthanated tungsten is the most widely used and effective general-purpose electrode for
DCEN and AC welding. It offers greatly improved arc starters, outstanding stability, and a
broad amperage range. 2% lanthanated tungsten (colored blue) is at the top of the list. This is a
real all-purpose electrode, with good arc starting properties and the capacity to carry large
currents without spitting. It produces a steady arc at high and low current levels and works
well on all metals.

The technique for selecting welding parameters summary, which was explored and created for
the robust, new, and innovative welding engineering material joining, remains resilient
throughout the experimental and optimization procedures used in the current study. The
welding settings were chosen based on the most desirable conclusion from a previous
investigation, the reputation of consistent mechanical qualities in many scholars' evaluated
works, and the further enhancement of mechanical characteristics. Previous research
discovered that welding parameters improved mechanical performance in the TIG welding
process, which is consistent with the conclusions of many scholars' investigations. here were
three variables in this study (welding current, gas flow rate, and root gap) with three levels for

each according to table 3.8 selected TIG welding Parameters.

Table 3.8: displays the process parameters, as well as their levels

Process ~ Parameters Level
S/N Unit ) _
Parameters designation 1 2 3
1 Welding Current ~ Amps wC 80 90 100
2 Gas Flow Rate Lt/min GFR 10 12 14
3 Root Gap mm RG 1 1.5 2

3.6 Multi objective Response Optimization

For novel initiatives, the welding engineer chooses welding settings considering existing
experience or tests conducted experimentally. This procedure takes more time and money.
There are other approaches for calculating process variables, however the methods presented
here are suitable for optimizing TIG melting on SS 316 materials. These approaches are often
used by researchers to optimize welding settings. This overview covers optimization
methodologies in overall, with a concentration on engineering optimization applications. The

goal of optimization methods is to identify variable values that optimize a multivariate
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objective function under a set of restrictions. Constraints define a search space, commonly

referred to as a viable area, that must include the suitable response.

Table 3.9: Optimization technique paper review to determine optimum approach

No Agtho_r and Input Material Optimizing Output
publication year parameters method parameters
Current, Root | Fe-410
1 wgg;r:i;‘ 2018) gap and Gas | and SS | GRA %E and UTS
’ Flow Rate 304
. Current,
p | Martins & Voltage, Gas | SS304L | Taguchi uTsS
Friday, (2022).
flow rate
Travel  speed, HAZ width,
3 | sahaetal, 2017) | Welding (“;ert?fno Taguchi BW,
B Current & Gas GRA penetration
steel bar .
flow rate Reinforcement
. Distortion,
4 g?}%??r;' %2018) g:uerergn; ﬂ:ilr)?VEI SS304L GRA Penetration
ya, - | %P and Width
Bodkhe & Dolas, | Electrode gap, Depth of
S (2018) Travel speed S5 304L RSM penetration
Welding Tensile  test,
Avinash et al., | Current, Hv
6 (2019). Travel speed & 55304 GRA &
Flux type %Elongation
. UTS, Impact
7 Rizvi & Tewari, erlcrevﬁig ;atg sS 304 Taguchi strength &
(2018) g GRA Micro
Gas flow rate
hardness
Welding
. Current, . weld  width
8 Singh et al, Gas flow rate, | SS 304 Taguchi and weld
(2017). Method .
Travel  speed, penetration
gas flow rate
. tensile
welding strength
9 Sutar & Jadhav, | current, 938 | oo a0l Taguchi hardness  and
(2021). flow rate and Method depth of

root gap

penetration
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Welding
Current, Taguchi Hardness
Kumar et al., | Voltage, BHN
10 (2017) Root Gap & 55304 gl;t\;md & Bending
Gas Strength
flow rate,
Electrode gap,
Lugade & | Travel  speed, . .
11 | Deshmukh, Welding 304L -II\-/IagtlrJ]((;Jr(]jl ;rt(:grs]”fh
(2015) Current, & Gas g
flow rate
. UTS, Impact
- .| Wire feed rate - ’
Rizvi & Tewari, ’ Taguchi — | strength &
12 (2018). Arc voltage & | SS 304 GRA Micro
Gas flow rate
hardness
13 Gohel et al, S;iaféow ratg $S304 Taguchi Tensile  test
(2016). g€, Method Hardness test
current
Arc length, BW, DP,
14 éng)d & Alam, WeldingCurrent | 304L TaguchiMethod | Depthof HAZ,
& Travel speed Width of HAZ
Welding
Viiavan & Rao Current, RSM & | Ultimate
15 (2(1)13;3) " | Voltage, AISI 4340 | Genetic tensile
Welding Speed algorithm strength
Gas flow rate,
Welding HAZ  width,
16 Saha et al, | Current, (Iégrlgozr? Taguchi — | BW,
(2017) Travel speed, & GRA Penetration
steel bar .
Gas flow rate Reinforcement

Based on the review summary of table 3.9, Six of the articles in the reviewed articles utilized
the Taguchi method to optimally optimize their variables, four utilized a hybrid of Taguchi
and GRA, three applied GRA, and one adopted Taguchi ANOVA, RSM, GA and RSM,
Taguchi Method & RSM.
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Figure 3.11. Designated optimization technique frequency rate
Figure 3.11 depicts the defined optimization technique frequency rate used to determine what
scholars have done before and obtain consistent results that are feasible for the current
research work inquiry to construct the optimization method methodology.

The Taguchi analysis assesses the influence of factors on a single performance index, whereas
the grey relational based Taguchi analysis evaluates the influence of factors on a set of
performance index parameters. Taguchi design of experiment is an effective approach for
modelling and analyzing the impact of control elements on performance output. The decision-
making process of control variables is the most crucial stage in this strategy. Taguchi resilient
design was used to create the experimental approach, which was built on an orthogonal array
with nine experiments (L9 orthogonal array). As a result, integrating Taguchi with grey
relational analysis allows for simple and successful optimization depending on several
aspects. The GRA technique based on Taguchi is a robust strategy for optimizing the specified
welding parameters. The multi response optimization of TIG welding of SS 316 pipe base
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metal of $40 X 2000 X 2mm was carried out in accordance with the approach illustrated in
Figure 3.12.

Determine the Critical Process Variables

Determining the Process Control Variables Level Converting the Original Result Data
’ into S/N Ratio
Choosing an Experimental Designs Matrix - y
s P s Normalization of experimental
L results using linear data

Execute Experiment in Line with the Design processing for Grey Relation

Analysis
Recording Result Responses and / Fvaluation of Deviation

Calculating the Slignal-to-Noise Coefficient and GRC
Ratio
v Choosing the Best Combination of *
Analysis of Variance (ANOVA) / Optimunm Variables Compute GRGs and their Ranks

Prediction and Validation of
Optimum Set of Control Factors by
Confirmations tests

y

Comparison and Conclusion

Interpretation of experimental
Results Using ANOVA and GRG

Figure 3.12. Taguchi based grey relation analysis flow diagram

3.6.1 Design of experiment using Taguchi method

To find the most suitable combination, the Taguchi method employs a fractional factorial
Design of Experiment (DOE) technique and an orthogonal array library. It examines sample
quality parameters and using ANOVA to discover process limits and optimal restrictions. This
approach, low-cost approach compares outcomes with the least variation. This approach is
simple to construct, utilize, and is affordable [Rajesh & Sumathi, (2020)].

The design of experiments (DOE) method is an experimental method for determining the
influence of process variables on performance parameters. To maximize resource utilization, it
entails organizing experiments, collecting data, and analyzing outcomes [Qazi et al., (2021)].
A fractional factorial matrix used for balanced comparisons is an orthogonal array (OA) [Haq

et al., (2008)]. The Taguchi technique is an effective way for creating high-quality wending
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stainless steel pipe welding systems using L9 orthogonal array. This concept reduces iterations
and gets the greatest outcomes in the shortest amount of time.

This thesis use optimization approaches such as the Taguchi methodology and grey relation
analysis to examine articles using MINITAB analysis software. It specializes in welding 316
grade stainless steel with a focus on high-quality welds. The experiment includes three
variables: welding process variables, conditions, and speed.

Degree of Freedom (DoF) is defined as the number of comparisons made between process
parameters that are made to determine a better level. That is used to compute the minimum
number of experiments that will be conducted to investigate the observed factors. The DoF
value is given by equation below, and Table 3.10 shows the overall DoF of experimental
factors in this investigation.

Degree of Freedom = number of levels - 1

Table 3.10: DoF of Experimental factors

Experimental Process Sub
Parameters DoF (Level —1) Total

WC 3 2

GRF 3 2

RG 3 2

Total 6

Table 3.8 shows an L9(3"3) OA, where, L3 is the maximum number of rows (experiments), 3
is the number of levels, and 3 is the number of columns (factors). Signal to noise (S/N) is a
quality in the communication and engineering field, where is the ratio between the power of
the signal (1) and the power of the noise (c%) which expresses in decibels (dB) [Haq et al.,
(2008)]. S/N ratio has been used as the quality characteristic, which is available depending on

the type of character such as smaller the better, larger the better, or nominal is the best.
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Table 3.11: Types of problems and respective signal-to-ratio function

SIN
function S/N formula Usage when the goal
1 n
S/N =-10log _Zl‘ Maximize the response: for instance, in
2
b i=1 Yi this study, maximizing the response of
Y = the observed data > micro hardness, and
Larger the | N =the number of > Compressive, hardness, ultimate
better observations tensile and bending strength

The larger-the-better optimization strategy is employed in this research to obtain greater
ultimate tensile strength, hardness values, and bending strength. A higher S/N Ratio refers to
better quality regardless of the category of the quality parameter. Qualitative attribute. As a

result, the best process parameter values were those with the highest S/N ratios [Saha, 2020].

3.6.2 Grey Relational Analysis

This study attempts to determine and optimize mechanical parameters with the following four
goals in mind: to maximize the micro-Vickers hardness, compressive strength, bending
strength and ultimate tensile strength of a new stainless-steel grade 316 material pipe welding
through TIG. As a result, it’s an instance of multi-response optimization, as opposed to
single-performance characteristic optimization [Prakash et al., (2021)]. When one
performance feature has a greater S/N ratio, another could have a lower S/N ratio. As a result,
for the optimization of numerous performance aspects, an overall evaluation of the S/N ratio is
necessary.

Grey Relational Analysis (GRA) is an efficient tool for such multi-response analysis. GRA is
a measurement of the absolute value of the data difference between sequences, and it could be
used to measure the approximate correlation between sequences. The GRA is a method of
determining the absolute value of a data difference between two sequences, as well as an
estimated correlation between them. It's a good way to look at the relationship between
sequences with a small amount of data and it can look at a lot of different things.
Taguchi-based Grey relational analysis (TGRA) is familiar for treating problems having inter-

functional relationships among multiple input parameters and response variables. The present
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investigation, which is further optimized using GRA, considers many input factors, including
current, gas flow, and root gap, over nine separate sets of tests.

The responses considered during this study are bending strength, tensile strength, hardness,
and compressive strength. These physic mechanical property performances were transformed
into a single common dataset by estimating Grey Relational Grade (GRG). The highest value
of GRG is assumed to be the most influential combination and is assigned with rank
accordingly. GRG was estimated for all sets of data values and it is used to identify the most
significant levels of input parameters at which improved results are obtained. The GRG is an
average sum of the grey relational coefficient. The following diagram shows the major steps
of GRA. Details of the GRA have been discussed in the result and discussion section by
applying the response during optimization.

The experimental data, i.e., the measured aspects of quality attributes, are first normalized
ranging from 0 to 1 in Grey relational analysis. The grey relational coefficient, based on
normalized experimental data, is then produced to indicate the correlation between the desired
and actual experimental data. The grey relational grade is then calculated by averaging the
Grey relational coefficients for the selected replies.

The multiple answer procedure is evaluated overall using a grey relational grade. As a result,
optimization of the intricate numerous process responses may be turned into optimization of a
single grey relational grade using this technique. The optimal parametric combination with the
greatest Grey relational grade is next assessed [Shaikh & Rao, (2015)]. The following stages
are provided by GRA to analyze the system or process [Rudrapati et al., (2016)].

The Taguchi experimental design optimizes parameters using a L9 orthogonal array with 9
experiments, assuring trustworthy findings, considerable savings in experimental labor, and
straightforward analysis. It takes into account the factors, levels, and constraints faced
throughout the experiment. Table 3.12 describes the experimental combinations in full,
including orthogonal array matrices designed with the MINITAB 23 software, as well as how
the experiment was carried out using the specified variables. The Taguchi technique is a
prominent quality optimization strategy that seeks to eliminate variance and flaws in a product
or process. It is founded on the notion of resilient design, which involves creating a product or
process that can operate effectively in a variety of environments while minimizing the

influence of external factors.

50|Page



Table 3.12: list of experiments

No Welding Current Gas Flow Root Gap
1 80 10 1

2 80 12 1.5

3 80 14 2

4 90 10 15

5 90 12 2

6 90 14 1

7 100 10 2

8 100 12 1

9 100 14 15

The entire investigation was carried out in accordance with the specifications and mechanical
parameters such as tensile strength, weld hardness, and bending strength were tested by
obtaining a sample from the weld products. An orthogonal array is a set of variables (input
parameters) over the parameters of the output that provides the best configuration of process

control variables.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Experimental Works

All pipe was cleaned with a polisher disc before to welding to remove any pollutants such as
rust, dust, or oil, and the edge was prepared according to the design using a stainless-steel
grinding disc. The welding experiment was carried out with the orthogonal array shown in

Table 3.12. Figure 4.1 shown Welding experimentation of welded specimen according DOE

of orthogonal array experiment list.

T IRITER

IM

Figure 4.1. Welding experimentation of welded specimen

4.2 Visual inspection of TIG-welded samples

Based on EN 970 standard visual inspection, the weld surface is observed with the naked eye
throughout to detect surface flaws of the weldment. Table 4.1 shows the visual inspection
findings; specimens 4 through 9 exhibit no defects. Other welding flaws observed included no
spatter due to TIG welding's spatter-free nature, an uneven weld bead, and excessive
deposition. The aforementioned welding defects have the following causes: An uneven
welding bead seen after visual examination in sample 2 might be caused by a poorly held
electrode/filler rod and a faster arc transit speed, During visual inspection, the overwhelming
deposition seen in samples 1 and 3 might be produced by additional weld metal on the back
side of the joint, excessive filler metal addition, and low arc travel speed, all due to a very
narrow root gap.

In general, the impact of welding specimen of weld root observed deep penetration
observed due to this reason significantly enhanced sound penetration during this assessment,
thereby improving the mechanical properties of the weld joint.
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Table 4.1: Detected visual examination of weld samples

No \évue:cri;l% IEI;c?:v g(;(;[ Result of Visual Inspection

1 80 10 1 Incessant deposition with no spatter
2 80 12 15 Uneven bead and no spatter

3 80 14 2 Overwhelming deposition with no

spatter

4 90 10 1.5 No defects

5 90 12 2 No Spatter and uneven weld bead
6 90 14 1 No defects

7 100 10 2 No Spatter and uneven weld bead

8 100 12 1 No defects

9 100 14 15 no flaws or spattering

4.3 Validation of the SS 316 Base Metal Composition

Spectroscopy is a fundamental analytical tool in chemistry for detecting, determining, or
quantifying a specimen's molecular and structural composition. It examines how light of a
given wavelength interactions in a specimen, thereby enabling for the precise determination of

elements in materials with undetermined chemical composition or position.

Figure 4.2. Composition analysis of SS 316 through spectroscopy
The AISI 316 stainless steel composition was validated by burning it in an argon atmosphere

to determine the major element of the welded work piece in the spectroscopic testing
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equipment for verification of the ingredient in the welded base material. The composition of
the selected base metal AISI 316, as shown in Figure 4.3, agrees with the laboratory
composition analysis of the spectroscopic examination result.

Specimen

=

Figure 4.3. Result of the chemical composition of weld base metal of AISI 316 stainless steel
4.4 Micro hardness Analysis

The term "hardness” is used within a variety of sectors, including the metals sector,
metallurgist, lubrication engineer, design, mineralogist, and machining method. Durability to
deformations, penetration of the body, wear, stress from flow, scratching, and machining are
numerous instances of it (Parthasarathyl, Ganesh, & Chellamuthu, 2018). Brinell, Rockwell,
and Vickers scales are typically used in welding examinations for hardness assessment, with
direct reading equipment used for differential depth determination measurement (Committee,
2000). Rockwell Hardness is a widely employed and independent determination of hardness
technique that measures the permanent depth of impression generated by a force/load on an
indenter [Saha, (2020)]. It employs steel ball and diamond cone indenters, with the B scale
employing hardened steel balls with a main load of 90kg. Hardened steel ball indenters with
1/16 diameters are used to test softer materials such as completely annealed steels, cast irons,
and nonferrous metals.

A ball indenter is used to provide a preliminary test force to a sample, lowering surface polish.

To achieve the complete test load, a substantial load is applied, and the ultimate position is
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measured. The difference in distance between before and after the load is turned into a
hardness number. The specimen is prepared with a 25mm width and polished using 400,800,
and 1200 grade sandpaper to eliminate impurities. Figure 4.4 displays a Hardness specimen
for testing in accordance with the ASTM E8-04 standard manufactured samples. Table 4.2

displays the experimental weld bead Rockwell hardness result value.

Figure 4.4. Hardness specimen for testing prepared before testing and after testing

¥
:

Table 4.2: The experimental Rockwell hardness value

Weld Bead Hardness Type "B" in HRB Average

S.N value Hardness in

trial-1 trial-2 trial-3 HRE value
1 99.6 98.5 98.8 98.9
2 99.5 100.6 99.3 99.8
3 100.3 99.5 100.2 100
4 101.3 103.6 101.4 102.1
5 103 102.5 102 102.5
6 101.2 99.8 118.6 106.5
7 103.2 112.7 120.3 112.1
8 113.8 120 109.2 114.3
9 115.8 107 127.9 116.9
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Figure 4.5. Graph hardness specimen for testing

The hardness test was repeated three times on each experiment's weld bead. The greatest
hardness value was 116.9 HRB with a 100A welding current, 14 lit/min flow of gas rate, and
1.5mm root spacing. Similarly, the lowest hardness value for 80A welding current, 10 lit/min
gas flow rate, and 1mm root spacing was 98.9HRB. HRB Indenter US 100kgf hardness test
result based on ASTM Rockwell testing experiment. Maximum hardness is recorded in the
graph of figure 4.5 with greater gas flow rate and higher welding current. Because the quantity
of heat generated during welding affects the hardness value of the weld bead. This
experimental investigation coincided and agreed with the findings of previously published
studies [Bhavsar and Patel, (2016); Sing et al., (2016); Chaudhari et al., (2019), Linger &
Bogale, (2023)]. As a result, the micro hardness at 100A welding current achieved 116.9
HRB, an improvement of 1.48% over the Rockwell hardness type "B" of ASTM data for AlSI
316.

4.5 Tensile Strength

Tensile tests are critical for assessing the behavior and design parameters of engineered
materials. They quantify Young's stress and offer data concerning strength and ductility under
uniaxial loads, which aids in material examinations, alloy growth and development, control of

quality, and design [Joseph et al., (2016)]. Tensile samples were manufactured utilizing an
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ASTM-compliant band saw and grinder. The geometric design for ASTM E8-04 standards is
shown in Figure 4.6.

—50—1?
G

Figure 4.6. Drawing of tensile test sample manufactured in compliance with ASTM-E8-04
Figure 4.6 depicts a tensile examination sample with larger grasping ends. Deformation and

failures need a smaller section with a small cross-sectional region.

BEFORE TESTING

AFTER TESTING

Figure 4.7. Tensile examination samples prepared before testing and after testing

Tensile testing involves inserting a sample into a machine and applying tension to it. As the
gauge length rises, so does the force. As shown in figure 4.7, two specimens were fabricated
transverse to the weld bead, and the tests were performed twice. As shown in table 4.3, the
average result is attained.
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Table 4.3: Tensile examination outcomes

SN" T_rial dirLglr?s?cl)ns Fm  UTS Trial-2 dir:wrc]eﬁls?clms Fm  UTS A\(f;z;ge
W T L KN MPa W T L KN MPa MPa
1 1 12 5 200 446 7428 1 12 5 200 469 733.8 738.3
2 2 12 5 200 39.2 746.4 2 12 5 200 47.1 7451 745.8
3 3 12 5 200 482 769.8 3 12 5 200 432 7854 777.6
4 4 12 5 200 54.7 810 4 12 5 200 508 789 799.5
5 5 12 5 200 551 815 5 12 5 200 398 796.8 805.9
6 6 12 5 200 503 811.2 6 12 5 200 512 8028 807
7 7 12 5 200 523 836.4 7 12 5 200 504 806.4 821.4
8 8 12 5 200 476 828.6 8 12 5 200 488 813 820.8
9 9 12 5 200 47.7 885 9 12 5 200 532 850.8 867.9

Figure 4.8. Graph Average Tensile Strength specimen for testing

900 - ‘- Avarage UTM

Samples

A single experiment yielded two tensile inspection specimens, as shown in figure 4.8, with

average results. The ultimate strength of a material is the maximum stress that it can withstand

when subjected to pulling or stretching before fracture or breakdown. The experiment was

carried out at room temperature. After 9 experiments with an ultimate welding current of 100
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A, a gas flow rate of 14lit/min, and a root spacing of 1.5mm, the maximum attainable tensile
strength was 885 MPa.

Conversely, the lowest tensile strength measured at 742.8MPa was reached in first attempt
experiments with a lowest welding current of 80A, a highest gas flow rate of 10lit/min, and a
root gap of Imm. The outcomes reveal that when welding current and gas flow rate rise, so
does the tensile strength. The tensile strength of a material is determined by its chemical
composition, structure, and manufacturing background. This study of experimentation
coincided with the conclusions of earlier scholars [Ghosh et al., (2016); Moi et al., (2018);
Lugde and Deshmukh, (2015); Anand et al., (2017); Muluken, (2020); Linger & Bogale,
(2023)]. Furthermore, the highest ultimate tensile strength was obtained for the sample that
was welded with the highest current. Throughout the electrical current range used in this
study, tensile strength is linked to welding current. As a result, with greater current, desirable
optimum ultimate tensile strength was obtained [Ramakrishnan et al., (2021)]. As a
consequence, the tensile strength was 885MPa at 100A welding current and 14lit/min
shielding gas flow rate, an enhancement of 1.72% higher than the tensile strength of ASTM
data for AISI 316.

4.5.1 Bending Strength

Bend testing determines the ductility and strength of a material by bending it over a radius. It
assesses weld plastic deformation as well as flaws such as sidewall fusion, root fusion, and
joint penetration. Bend testing is an important method for evaluating the modulus of elasticity
and bending strength of a material. Two face bend samples have been bent 180° in welding
investigations using a 20 mm (4T) mandrel diameter ASME section IX mandrel [Joseph et al.,
(2016)] as shown in figure 4.10. The samples are gently and gradually bent from the center in
a circle of a given radius as shown in figure 4.9. Due to strain during bending, certain samples
develop exterior surface cracks, rendering them undesirable for use in technical applications.
High bend strength is permitted if there are no apparent cracks on the exterior surface [Kumar
etal., (2017)].
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Figure 4.10. Mandrel diameter vs length of span
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Table 4.4: Bending examination outcomes

Average

Trial W T L F BS Trial W T L F BS Bending
1 (mm) (mm) (mm) (KN) (MPa) 2  (mm) (mm) (mm) (KN) (MPa) Strength
(MPa)

1 194 44 539 419 889 1 214 45 539 472 889.79 889.5
2 204 46 539 47 8918 2 212 44 539 45 897.78 894.79
3 205 45 539 468 90185 3 217 45 539 494 904.9 903.5
4 202 44 539 439 91265 4 194 43 539 424 9124 91252
5 194 47 539 424 9124 5 184 44 539 398 91328 912.84
6 184 44 539 399 091478 6 184 45 539 398 91428 914.53
7 195 43 539 414 934 7 202 44 539 433 93284 93342
8 203 43 539 433 936.7 8 212 44 539 456 961.25 948.98
9 216 45 539 471 96999 9 19.7 45 539 454 1000.76 985.5
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Figure 4.11. Graph Average bending strength specimen for testing

Bending strength is the ability of a material to withstand bending under force. It is critical in

the design of structures and components because as deformation rises, the material's

crystalline structure strengthens and slippage decreases, resulting in increased bending

strength. Bend testing determines a material's ductility and strength by bending it around a

circle of radius as shown in figure 4.9. Two examination specimens were prepared from each
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experiment workpiece item and the result outcome reaction was averaged as shown table 4.4.
and figure 4.11.

The highest achievable bending strength reached 1000.76MPa ninth experiments parameters
with a maximum welding current of 100A, a gas flow rate of 14lit/min, and a root gap of 1.5
mm. Similarly, a minimal bending strength measured to be 889MPa was observed using the
first trial settings parameters of 80A welding current, 10 lit/min gas flow rate, and 1mm root
gap. This experimental inquiry aligned with the findings of prior scholar investigations
[Kumar et al., (2017); Singh & Mittal,2017); Linger & Bogale, (2023)]. As a result, the
bending strength was 1000.76MPa at 100A welding current and 14 lit/min shielding gas flow
rate, an improvement of 1.6% greater than the ASTM values for AISI 316.

4.5.2 Compressive Strength Analysis

The compressive strength of the specimens under investigation was evaluated using a
universal testing machine (UTM) model Bairo electro computer-controlled -hydraulic
universal testing machine type HUT-600 from Beijing United Tester Co., LTD, Beijing, China
with a load capacity of 600KN was applied to the specimen. Due to the considerably elevated
hardness of the weld joint, all samples were squeezed uniformly with 100KN to obtain the

desired result and optimal parameter assessment.

Table 4.5: Compressive strength of examination outcomes

. . Average
_ Compressive _ Compressive Compressive

Trial -1 Strength Trial-2 Strength Strength

MPa MPa MPa
1 1 371.4 1 440.8 443

2 2 447.8 2 447.7 447.5
3 3 461.9 3 471.4 466.6
4 4 486 4 473.4 479.7
5 5 489 5 478.8 483.5
6 6 486.7 6 487.7 484.2
7 7 501.8 7 483.8 492.8
8 8 497.6 8 487.8 492.5
9 9 531 9 510.9 520.7
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Figure 4.12. Graph Average compressive strength specimen for testing
Two examination specimens were prepared from each experiment workpiece item and the
result outcome reaction was averaged as shown Table 4.5 and Figure 4.12. The highest
achievable bending strength reached 531MPa nineth experiments parameters with a maximum
welding current of 100A, a gas flow rate of 14lit/min, and a root gap of 1.5 mm. Similarly, a
minimal bending strength measured to be 371.4MPa was observed using the first trial settings
parameters of 80A welding current, 10 lit/min gas flow rate, and 1mm root gap.
As a consequence, the compressive strength at 100A welding current reached 531MPa, an
improvement with 1.77% when compared to the maximum compressive strength of ASTM of
AISI 316 data.
4.6 Taguchi-based Grey Relational Analysis (TGRA)
Grey Relational Analysis (GRA) is used in this work to measure the S/N ratio of attributes of
performance and examine links across sequences with minimal data. The Taguchi-based GRA
deals with problems that include multiple input variables and response factors. A single
dataset contains nine sets of testing, including hardness, compressive strength, bending
strength, and ultimate tensile strength. An arrangement with the greatest GRG value is
regarded as powerful. For better results, GRG is calculated for every collection of data. The
TGRA was applied to coincide the principles of the multi-response optimized performance
technique [Ashebir et al., (2022)].
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4.5.1. Comparison of Experimental Results

Throughout multi-response optimization process, Taguchi-based Grey Relational Analysis
(TGRA) has utilized for discover known as most effective combinations occurring into
process variables [Kasman, (2013), Jayaraman, (2014), Joshi et al., (2019)]. Taguchi was
utilized for the design of the experiment and execution, whereas GRA was performed to
analyses matrix outcomes of the experiment [Jayaraman , (2014)]. The Taguchi technique was
used to collect information on responses for each and every one of the SS 316 material welded
by TIG welding examined with the approach developed by Taguchi. Table 4.6 displays the
results of observed responses statistics with larger better-quality characteristics, which include
Ultimate tensile strength, bending strength, compressive strength and Rockwell hardness
respectively, where the desirable quality features must be increased in order to improve
advancement and the S/N must increase in order to improve performance. This strategy was
utilized to enhance the design of the product, the method of production process and the

mechanism/system effectiveness performances.

Table 4.6: Data from Measured Experimental Results Larger is the higher-quality

distinguishing characteristic

Ultimate Tensile Compressive Bending
Microhardness (RH) Strength (UTS) Strength (CS) Strength (BS)
S. (HRB) (MPa) (MPa) (MPa)

N H-1 H-2 H-3 UTS-1 UTS-2 CS-1 CS-2 BS-1 BS-2

99.6 98.5 98.8 7428 7338 3714 44038 889  889.8
99.5 100.6 99.3 746.4 7451 4478 4477 8918 8978
100.3 99.5 1002 769.8 7854 4619 4714 901.85 904.9
101.3 1036 101.4 810 789 486 473.4 912.65 9124
103 102.5 102 815 796.8 489 4788 9124 9133
101.2 99.8 1186  811.2 8028 486.7 487.7 914./8 9143
103.2 1127 1203 8364 8064 5018 483.8 934 932.8
113.8 120 109.2  828.6 813 4976  487.8 936.7 961.3
9 1158 107 127.9 885 850.8 531 5109 969.99 1001

0O N O O DN P

Whereas, Microhardness: H-1, H-2, H-3; Ultimate Tensile Strength: UTS -1, UTS -2;
Compressive Strength: CS-1, CS-2; Bending Strength: BS-1, BS-2
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4.6.1 Analysis based on the Taguchi technique

The Taguchi methodology was considered to be one of the absolute most potent and efficient
methods for generating high-quality AISI 316 materials welded by TIG welding methods
employing L9 OAs [Ghumman et al., (2022)]. L9 (or 373) orthogonal arrays confirm that
there currently are three variables which include welding current, shielding gas flow rate, and
root gap, in addition to there are three levels for each of the three components, which produces
9 trials (table 3.12). Taguchi's method of experimentation concentrates on reducing the total
amount of repetitions. It also provides for the best outcomes in the shortest amount of period.
This sophisticated tool analyses were carried out utilizing the Minitab Statistical Software
(version 2023) to replicate trials of experimentation.

The Degree of Freedom (DoF) determines the minimum number of contrasts between
parameters associated with the process by measuring the total number of experimentations
required to study the variables that were observed. The study computes signal-to-noise ratios
for RH, UTS, CS, and BS, which is used to determine improved welding performance. For
calculating the S/N ratio, utilize Equation (4.1). TIG welding process factor and mechanical
Properties bending strength, Hardness, Compressive strength, and Ultimate tensile strength
relationship are evaluated. NOISE symbolizes detrimental scores, whereas SIGNAL

represents favorable ones.

4.6.2 Multi-Response Optimized Performance within GRA

Taguchi's method is used to determine the best process parameter configurations for a
particular answer characteristic. For several replies with varying quality aspects, multi-
response optimization using GRA is recommended [Achuthamenon et al., (2018)]. GRG
combines many goals into a single goal [Jayaraman, (2014)]. The study sought to identify the
optimal process parameter combination for reducing wear rate, porosity, and increasing
Rockwell microhardness type "C" and compressive strength experimental result obtained.
This approach generates a GRG for analyzing the association degree of numerous replies
[Jailan et al., (2009)]. In this study, multiple performance criteria are combined into a single
grey relationship grade [Haq et al., 2008]. The following stages are investigated for GRA.
Stage 1: The conversion of results from experiments into S/N ratios (n) using quality

characteristics formulae, with bigger ratios indicating higher quality. For this inquiry,
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reproduce compression strength, ultimate tensile strength, and bending strength twice, and

Rockwell hardness type "B" tests three times.

Sy = — 1NV
S () =—10Log [Zziﬂwz 4.1)

whereas z is the number of replication test was performed and Yi had a response that was
values that were measured.
Table 4.7: The ratio S/N (1)) for the determined values

Larger is better

S Ratio of S/N of Ratio of S/N of Ratio of S/N of Ratio of S/N of
N (H) (UTS) (CS) (BS)
1 39.91 57.36 50.08 58.98
2 39.98 57.45 51.26 59.03
3 39.99 57.81 51.59 59.12
4 40.18 58.05 51.89 59.2
5 40.21 58.12 51.96 59.21
6 40.47 58.13 51.99 59.22
7 40.94 58.27 52.14 59.4
8 41.14 58.28 52.12 59.54
9 41.29 58.76 52.63 59.87

Stage 2: Using equations (4.1) and (4.2), normalize ij as Zij (0 Zij 1) to decrease variation and
prevent using different units. Taguchi's technique generates normalized S/N ratios between 0
and 1 using a grey relational generating mechanism [Jailani et al., (2009); Meignanamoorthy
et al., (2022)]. Greater values maximize compression strength, ultimate tensile strength, and
bending strength of normalization of the S/N ratio, with larger being preferable.

Normalization of the S/N ratio is accomplished using equation (4.2), with bigger being better.

nij—Min(nij)

Zl] - Max(nij)—Min(nij)

(4.2)
where Zij is the normalized value for the i™ experiment for the j" dependent factor/response,
nij is the S/N ratio to be normalized, and max (nij) and min(nij) are the maximum and
minimum values of nij, correspondingly. Based on [Julong, (1989)], larger normalized results
equate to higher achievement, and the optimal normalized outcome should equal one. The
GRC isthen calculated to indicate the relationship between ideal (best) and actual
examination outcomes. Table 6 figured out normalized S/N ratios of determined results

computed from table 6, calculated data utilized the above-mentioned formulae (4.2).
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Table 4.8: Computed Normalized S/N ratios of determined results

S/N ratios normalized (n) for higher is better

SN' Ratio of S/N of  Ratio of S/N of Ratio of S/N of Ratio of S/N of
(H) (UTS) (CS) (BS)

1 0 0 0 0

2 0.050724638 0.022838215 0.462745098 0.056179775
3 0.057971014 0.321428571 0.592156863 0.157303371
4 0.195652174 0.492857143 0.709803922 0.247191011
5 0.217391304 0.542857143 0.737254902 0.258426966
6 0.405797101 0.55 0.749019608 0.269662921
7 0.746376812 0.65 0.65 0.471910112
8 0.891304348 0.657142857 0.8 0.629213483
9 1 1 1 1

Stage 3. The computation of the deviation sequences ((Ai) in both quality characteristics is
identical, and the equation is as follows; A= absolute difference between Zij® and Zij, which is
a variation from the desired level and may be considered a quality loss. Table 4.9 shows the

Deviation sequence for the various normalized S/N ratios ().

Aij =Zif°- Zij (4.3)
whereas Aij denotes the deviation series and Zij° is typically equal to one (Zij° = 1).
Stage 4: Computation of GRCs calculation: The following equation is used to calculate the

GRC for normalized S/N ratio data.

Zii = AMin+ AAMax i= 1,2,3 .27
)= Aij+ AAMax j,=1,2,3,4

(4.4)

A is the distinguishing coefficient, specified in the range 0 <A <1 (its value can be adjusted
based on the system's real requirements). is also known as the identification coefficient, and it
ranges between 0 and 1. According to [Naqiuddin et al., (2018);Ikubanni et al., (2021); Acir et
al., (2017)], A= 0.5 is typically used since choosing 0 or 1 has no influence on the value of the
parameter rankings sequence. The GRC values derived from equation (4.4) are shown in
Table 912. Stage 5: Determine the GRGi: After determining the GRCij, the GRGI may be

calculated as follows;
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GRGi = —3.GRCij

(4.5)

whereas m denotes the total number of responses (or achievement attributes) and equals 4 due
to the four responses (H, UTS, CS, and BS). Table 8 shows the GRCs and GRGs for

all experimentations that were calculated in the similar way.

Table 4.9: Deviation Series progression for normalized S/N ratios (1)

Deviation Series (Aij have the exact same equation expression)

S.

N AH AUTS ACS ABS

1 1 1 1 1

2 0.949275362 0.977161785 0.537254902 0.943820225
3 0.942028986 0.678571429 0.407843137 0.842696629
4 0.804347826 0.507142857 0.290196078 0.752808989
5 0.782608696 0.457142857 0.262745098 0.741573034
6 0594202899 0.45 0.250980392 0.730337079
7 0.253623188 0.35 0.35 0.528089888
8  0.108695652 0.342857143 0.2 0.370786517
9 0 0 0 0
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Table 4.10: Grey relational grades (GRGs) and Grey relational coefficients (GRCs)

Grey Relational Coefficients (GRCs)

S. Grey Relational
N H UTS cs BS Grades (GRGs)
1 1 1 1 1 1

2 0.513011152 0.505775505 0.650510204 0.514450867 0.545936932
3 0514925373 0.595744681 0.710306407 0.542682927 0.590914847
4 0.554216867 0.663507109 0.775075988 0.570512821 0.640828196
5 0.56097561  0.68627451  0.791925466 0.574193548 0.653342283
6  0.627272727 0.689655172 0.799373041 0.577922078 0.673555755
7 0.797687861 0.740740741 0.740740741 0.654411765 0.733395277
8 0.901960784 0.744680851 0.833333333 0.729508197 0.802370791
9 1 1 1 1 1

0.737816

Average mean of GRG

Stage 6: Select the most optimally suited variable and level configurations. The higher the
grey relationship grade, the higher the product degree of excellence attribute; hence, the
variable influence may be investigated, and the optimal amount level satisfies every single one
may be determined.

The GRG was stated according to [Haq et al., 2008] can be used to identify controllable
components. This may be accomplished in two methods: (1) utilizing Minitab software to
determine the ideal parameter configurations, or (2) manually calculating the average of the
GRG scores. The procedure for finding the average GRG [Bodunrin et al., (2015)] is as
follows:(1) The GRGs are grouped by variable level for each of the columns in the OA;(2)
Taking the average of GRGs;(3) Computation of grade scores for every single L9 OA
examination according to DOE.
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For the purpose of quantifying the influence of variable i, for instance, an overall mean of
grade ratings (AvgG) for each level j is found, which is written as AGVij, and its impact, Ei,

may be defined as follows:
Ei = Max (AGVij)- Min (AGVij) (4.6)
If the variable i can be controlled, the optimal level j* is calculated by (4.6)

Table 4.11: Average GRG response table

S. Factor of GRG Averages by Parameter Levels Max-Min
X Rank
N Control (Ei)
L1 L2 L3
1 \(’\\,’\‘;g'”g CUTTeNt 1 977652407 2.186765128 2.673555755 0.695003347 1
2 gﬁgo"v RAle 5136851779 1.967726234 2535766068 0568039834 2

3 RootGap (RG)  2.199279216 2.374223473 2.264470601 0.174944258 3
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Figure 4.13. Main Effect graph for S/N Ratios
The results of the GRA of GRGs and the Taguchi S/N ratios analysis are similar and agree in
this particular investigation, as shown in Figure 4.13 and Table 4.11.According to the response
table in table 8 and the response graph in figure 4.13 of the GRG in table 9, the optimal levels'

settings of TIG welding control parameters in the synthesis of AISI 316 control factors were
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welding current (WC) level 3 used 100A, gas flow rate (GRF) level 3 used 14 lit/min, and root
gap (RG) 1.5mm. It can also be generated as WC3, GFR3 and RG2.

4.7 Perform Analysis of Variance (ANOVA)

ANOVA is used to determine the importance and contribution of every procedure variable to
the grey relational grade value. The goal of the ANOVA is to determine which process factors
have a substantial impact on performance metrics [Naik & Reddy, (2018)]. To execute an
ANOVA utilizing investigation [Sanjay Kumara, (2020)] shown in table 19.

Table 4.12: ANOVA Analysis of Variables

D = p % of
Source o AdjSS Adj MS contributio Remark
= calculated value N
Welding 2 04247208 0.1415736  88.36  0.0001 85.6 Significance
current (WC)
?géé')o"" A€ 5 00500997 00167003 1042  0.0003 9.2 Significance
?Fg’g;gap 2 0.0272685 0.0272685  17.02  0.0001 5.2 Significance
Error 2 0.0026093 0.0013041
Error pooled 2 0.0128205 0.0016023
Total 10 0.5149085 100

To establish the relevance of each variable, it is required to know the crucial P-value and
compare it to the estimated P-value. If the estimated P-value is less than or equal to the 0.05
crucial P-value, the variable is significant. According to this study analysis ANOVA table 19,
all three characteristics (Welding Current (WC), Gas Flow rate (GFR), and Root gap (GR))

are significant.
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B Welding Current
B Gas Flow Rate

I Root Gap

Figure 4.14. Contribution percentage input process factor
According to the ANOVA outcomes, three variables, namely Welding Current (WC) with
85.6% contribution, Gas Flow Rate (GFR) with 9.2% contribution and Root Gap with 5.2%
contribution as shown figure 4.14 Contribution percentage, constitute significant factors
considering their determined P-values are less than the threshold for significance (P<0.05).
4.8 Interval Confidence and Prediction of Mean Values
4.8.1 Prediction of Mean Values

Table 9 and Figure 4.13 depict the best and most important variables, which include WC3,
GFR3, and RG2. The best potential grey relational grade (GRG) is predicted at the optimal
configuration of the process variables. According to (Surinder Kumar, 2019) determines the
response value characteristic's predicted mean. The Taguchi MINITAB software computed
and determined the Prediction Mean (ULGRG) to be 0.624209 or uGRG= 0.624209.
Whereas TGRG is the comprehensive mean of grey relationship grade =0.737816

MGRG= 0.624209. The projected mean of the grey relational grade is 0.624209, which is
utilized for comparison and determine on the confirmation test's ultimate outcome. Whether or
not it fits inside the ideal condition of the confidence interval of expected mean values.
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4.8.2 Confidence Interval
A range of confidence is a set of values whereby a population-unknown variable (e.g., mean,
variance, etc.) may be found. The anticipated mean of GRG on confirmatory examination is
determined applying the subsequent formula (Surinder Kumar, 2019).

+ 1)
neff R

Cl = \/Foc (1, f.) * Ve(
Where Fa (1, fe) = P 0.05(1,2) = 2.92
a =risk=0.05
fe = error pooled of DF= 2 (P-Table in the Appendices 1)
Ve =variance= pooled Error for adjacent mean square =0.0016023
R= the number of confirmation tests = 3
Nesf = 0.818
The no of effective number of replications (neff) is calculated

neff
Te _ 9 _
Meff = Tors ~1e10 0010
Where

Ness IS expressed mathematically
Te= total number of experiments
Ts = the sum of the DF used to estimate the factor of average value= DF of pooled error =2

Therefore the calculated ClI

1

Cl = J2.92*0.0016023( 0818

+3) =0.085
Comparing pGRG with CI
UWGRG—CI<uGRG <uGRG +CI

0.709209-0.085 < uG R G < 0.709209+0.085

0.624209< uG R G < 0.794209
The verification experimental work of GRG value must be between 0.624209 and 0.794209 at a

level of confidence of 95%.
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4.9 Verification Experimentation

Confirmation experiments validate findings by validating the validity of the optimization
approach and performance enhancement with projected maximum desired setting, assuring the
highest level of or optimum performance. Validation experiments are performed with 100A
welding current, 14 lit/min gas flow rate, and 1.5mm root gap at the optimal level of process
factors. WC level 3, GFR3, and RG2 are the best TIG welding parameters for controlling for
welding AISI 316 base metal control variables with three replications. As a result of the
confirmation experiment, every variability is reduced, and the optimum results obtained are
acceptable, as shown in Table 4.13.

Table 4.13 Validation outcomes tests of three samples replication for all outcomes using the

best parameters

Ultimate Tensile

Microhardness (H) Compressive Bending Strength
S, (HRC) Stre?ﬁ;ggﬁs) Strength (CS) (MPa) (BS) (MPa)
N
Trial- Trial- Trial- Trial- Trial- Trial- Trial- Trial- Trial-
1 5 3 Avg. 1 5 Avg. 1 2 Avg. 1 5 Avg.
1 67.1 35.8 67.7 56.9 866 957 9115 519 574 546.5 983 1087 1035
2 44 66.8 63.8 58.2 867 959 913 520 575 547.5 984 1088 1036
3 67.8 67.9 544 63.4 868 960 914 522 577 549.5 986 1090 1038

74|Page



1050
1000
my ] I
200
850
800 4
750 4
700
650
600
550
500 4
450
400 -

<
S

Il Ultimate Tensile Strength (UTS)
] Rockwell Hardness Type "C" :

2 a3

wn
an
1

.
o
L

™
?
Ultimate Tensile Strength (UTS) (MPa)

Rockwell Hardness Type "C" (HRC)
2

w
n
1

w
=
I

1 2 3 1 2 3
(a) Replication Samples . (b) Replication Samples
[ ] Bending Strength (BS)
600 - 1100 )
- Compressive Strength (CS) _ I I
=510 £ 1050
= El I
Z Z 1000 I I
5 ~
2 £ 950+
: 510 = 9004
H 2
£ 480 o 850+
£ &
@ 4
S 450 ~ 800
z g
= £ 750
g 420 b
E. 5 700
é 390 650+
360 600 T _ .
1 2 3
© 1 2 3 o
Replication Samples (d) Replication Samples

Figure 4.15. Result of the Optimized Validation Analysis: (a) Rockwell hardness type “C”, (b)

UTM, (c) Compressive strength and (d) Bending strength
Low welding currents prevent the welded joint from properly fusing together due to an
inadequate heat input. On the other hand, sufficient heat input is provided as welding current
rises, resulting in correct fusion developed in the weldment. The proper fusion that results
from the current increase promotes deep penetration between joined specimens and increases
the microhardness, Ultimate Tensile Strength, Compressive Strength and Bending Strength
characteristics of the specimens. Extremely high principal current during TIG welding results
in substructures and grain boundary enlargement, which do not meet the World Welding
Society's ISO welding position guidelines for material thickness. This result was consistent
and in agreement with the earlier investigation. [Srikanth & Manikandan, (2018);
Porchilamban & Amaladas, (2019); Sabzi et al., (2021); Wang et al., (2022); Yang et al.,
(2022); Zhang et al., (2022); Yelamasetti et al., (2023);Yadav et al., (2023); Vemanaboina et
al., (2023)].
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Table 4.14: Validation results are evaluated using average Mean GRG parameters

Dat_a 'I'_ransforme_ltlon Normall_zatlon of S/N A Absolute Difference Values GRC
S. within S/N Ratios Figures
N
RH [ UTS [ CS BS RH UTS | CS BS ARH | AUTS | ACS | ABS RH UTS CS BS
11339(59.11(54.72|60.26| O 0 0 0 1 1 1 1 0.5 0.5 0.5 0.5
2 |34.8 159.17|54.73|60.27 | 0.4510.8571| 0.2 | 0.3333| 0.55 | 0.1429 | 0.8 | 0.6667 | 0.6452 | 0.875 | 0.5556 | 0.6
3] 359 |59.18 | 54.77 | 60.29 1 1 1 1 0 0 0 0 1 1 1 1

Average Mean of GRG
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The validation examination outcome's mean GRG of 0.7229 falls between 0.624209 and
0.794209. The efficacy of the optimal situation may be ensured if the expected values of the
various performance factors are close to each other. The grey relationship grade for the
experiment outcome is 0.7229, which is in the middle of the confidence range. As a result, the
validation experiment assessment results show that the experiment is compressively
acceptable.

The confirmation experiment yielded a hardness of 59.5 HRC, an ultimate tensile strength of
912.5MPa, a compressive strength of 547.8MPa, and a bending strength of 1036MPa, as
shown in table 4.15 and figure 15. This conclusion was confirmed by the experiment [Linger
& Bogale, (2023)], which claimed that when current was increased, mechanical characteristics
improved significantly.

Table 4.15: Validation examination conclusion

Optimal Parameters

Prediction Experiment

: WC3, GFR3
Setting Levels and RG?2 WC3, GFR3 and RG2
Hardness 59.5 HRC
Ultimate Tensile
Strength 912.5MPa
Compressive
Strength 547.8MPa
Bend Strength 1036MPa
GRG 0.6242 0.7229

According to the inquiry of this research, substantially increased mechanical characteristics of
SS 316L pipe welded by TIG welding procedure and past scholar agree with these results.
Minimal heat input joints have good tensile strength and ductility, but extremely large heat
input joints have low ductility and strength, hence the researcher chose a lower welding
current from the evaluated paper's used parameters this conclusion agree with the
investigation prior publication [Mohammed et al. (2017); Kumar & Shahi, (2014)].
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATION

5.1. Conclusion

The stainless-steel weldment failure owing to incorrect variable level setup and the lack of
backup purge gas in the process of TIG welding. The current research used a grey-based
Taguchi optimization technique to optimize the method of TIG welding on 316 stainless steel
material. The investigation included nine trials in which back weld bead contamination was
controlled using gas purging devices attached to the workpiece and welding torch. The
researchers investigated the implications of welding current, gas flow rate, and root gap on
Rockwell hardness, ultimate tensile strength, compressive and bending strength on SS 316
materials using a grey-coupled-with-Taguchi technique of butt joint weldment.

The optimum values of TIG welding control variables in the AISI 316 control factors were
welding current (WC) level 3 used 100A, gas flow rate (GRF) level 3 used 14 lit/min, and root
gap (RG) 1.5mm. ANOVA revealed that the F-values of welding current, gas flow rate, and
root gap were more than the crucial F values. Furthermore, their P-values were less than 0.05,
indicating that they were significant for all input parameters. Welding current was the most
important characteristic, contributing to 85.6% of Rockwell hardness, ultimate tensile
strength, compressive and bending strength enhancement. The overall R2 (adj) is 97.53%.
Only 97.51% of the variance is explained by specified criteria, leaving 2.47% unaccounted
for. This component of the measurement error was minor and acceptable at the 95%
confidence level.

The validation investigation was carried out with the optimal variable level values. According
to validation, the average GRG of 0.7229 was discovered between the 95% confidence range
of 0.7229 falls between 0.624209 and 0.794209. As a result, the validation experiment
examination results demonstrated that what was performed was acceptable. The ultimate
tensile strength, bending strength, compressive strength, and Rockwell hardness of stainless
steel were increased by employing well-prepared back gas purging devices. Furthermore, the

maximum Rockwell hardness, ultimate tensile strength, compressive strength, and bending
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strength were 59.5 HRC with 1.7% improvement, 912.5MPa with 1.8% advancement,
547.8MPa with 1.83% enhanced effectiveness, and 1036MPa with 1.66% enhanced
efficiency, respectively. In the manual TIG welding procedure, the weldment also performed
its specified tasks for a predetermined amount of time.

410 Recommendation

The goal of this research is to optimize TIG welding process parameters such as
welding current, gas flow rate, and root gap. Other welding aspects, such as filler metal
type, filler metal thickness, filler metal deposition rate, joint design, electrode angle,
and so on, require more investigation. This thesis is limited to the usage of 316
stainless steel tubing as a basic material; however, the study may be broadened to
incorporate other types of materials. On the specimen, only the mechanical properties
of the weld on hardness, tensile strength, compressive strength, and bending strength
are tested and inspected; it can also be studied for other non-destructive test methods
such as impact strength, radiographic testing, and ultrasonic testing for better joint

analysis.
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24768

24001

23119

2308

2341

2155

21141

20112

20264

19795

19302

1878

43512

34928

30984

2.8661

27109

2599

2514

24411

23928

23419

22176

22033

214

20825

20301

19938

19464

18963

18432

4348

3.4668

30125

28401

26848

2511

24876

24205

2366

2301

20504

2175

20%

2054

20102

1.9645

19165

18657

18117

43009

34434

30491

28167

26613

25491

24638

23969

23419

22967

258

21508

20001

20283

19842

1938

1.88%4

1838

17831

42193

31

3028

21955

264

2320

2440

23748

23001

20041

2036

21282

20476

2005

1,9605

19139

1.8648

18128

1757

42597

34028

30088

27163

26001

25082

24026

23531

23002

20541

21834

21077

20067

19838

1939

1892

18424

1.78%

1733

42417

33852

29912

21587

2603

24904

24047

233N

280

22365

21649

20889

20075

1.9643

1919

18718

18217

17684

111

42050

3369

29152

21426

2.3868

24741

23883

23205

22655

219

21479

20116

19898

1.9464

1901

18533

18027

17488

16906

421

33541

2.9604

2118

25719

24591

2313

23053

22501

22043

2133

20558

19736

19299

18842

18361

17851

17306

16717

419

3.3404

29467

2114

2551

24453

23593

2913

2236

219

21179

20411

19586

19147

1.8687

18203

17689

17138

16541

4183

330

2934

21014

25454

24304

2.3463

22183

2009

21768

21045

20015

19446

1.9005

18543

18059

17531

16981

16376

30| 41709
40| 40847
60] 40012

120

33158

293

2689

25336

24205

23343

22662

22107

21646

2001

20148

19317

18874

1.8409

17918

1739

16835

16223

331

28387

2606

24495

23359

2249

21802

214

20m

20035

19245

18389

17929

17444

16928

16373

15766

15089

31504

21581

15252

2.3683

22541

2.1665

2097

20401

19926

19174

18364

1748

17001

16491

15943

15343

14673

13893

39201

30718

26802

2441

2899

2175

20868

20164

19588

19105

18337

17505

16587

16084

15543

14952

1429

13519

12539

38415

29957

26049

23119

22141

20986

2009

19384

18799

18307

1752

16664

15705

13173

14591

1.3%

1318

1014

1
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Appendix -11  P-Table Value

P-value- definition, formula, table, finding p-value, significance
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Appendix -111  Experimental Result for SS 316 Workpiece

Sample Tested
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Appendix IV Experimental Result for ER308L Filler Metal

Ninisos Average Maxin emont

gor

s : @ ' ' Sample Tested

Grade 304 H
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Appendix V  Preparation of Row Material According to ASTM Standard
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