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ABSTRACT 

Shielded metal arc welding (SMAW) is widely employed in heavy industries to join 

materials; however, it frequently ignores delicate connections that impair weld quality. AISI 

4130 chromium-molybdenum alloy steel has unique weldability challenges, demanding a 

rigorous approach to welding parameter optimization with modern technologies. The 

objective of this study optimizes shielded arc welding parameters for V-groove joints in 

AISI 4130 alloy steel to maximize ultimate tensile strength (UTS), hardness, bending 

strength, and compressive strength. It also experimentally validates the predictive capability 

of Response Surface Methodology (RSM). The study result discovered that welding current 

is the most critical component in producing robust mechanical characteristics at RSM-

optimized parameter values of 200 A, 2.5 mm, and 70°. The study also discovered 

complicated non-linear interactions, indicating that synergistic parameter combinations are 

the source of optimum features. Experimental validation showed the mechanical properties 

boosted capacity, with a 2% average improvement. RSM-optimized settings (200 A, 2.5 

mm, 70°) resulted in strong mechanical characteristics (UTS: 1110 MPa, hardness: 112 

HRB, compressive strength: 860 MPa, and bending strength: 840 MPa). The models' 

dependability is demonstrated by their low prediction errors (4.18% for RSM). In this work, 

the selection of SMAW parameters is moved from empirical approaches to a data-driven 

science. RSM integration creates a reliable and repeatable foundation for precision 

manufacturing. With this method, high-integrity AISI 4130 welds with customized, 

exceptional mechanical qualities that are appropriate for crucial structural applications can 

be produced. For AISI 4130 steel, welded V-groove joint integrity and durability in critical 

applications hinge on key mechanical properties—ultimate tensile strength, hardness, 

bending/compressive strength, and impact toughness—that guide RSM-optimized shielded 

metal arc welding parameters for ASTM-compliant, base metal-exceeding performance. 

Keywords: SMAW; AISI4130; RSM; Parameter, Mechanical Property
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CHAPTER ONE 

INTRODUCTION 

1.1. Background of the Study 

Welding is a significant manufacturing procedure for combining joints of ferrous and non-

ferrous metals to create complicated shapes. Shielded metal arc welding (SMAW) is a popular 

and effective technology utilized in a variety of sectors, including household appliances, 

automotive, and aerospace. SMAW employs a covered electrode to shield the molten weld pool 

from oxidation and contaminants [Groover,2010; Kumar et al.,2024; Ranjan & Jha, 2024]. The 

flux coating is critical for stabilizing the arc in SMAW equipment, which comprises the 

electrode, electrode holder, and power supply. Temperature, power input, travel speed, arc 

length, and electrode angle all have an impact on material characteristics. The electrode material 

is required for fusion welding of both comparable and dissimilar metals [Gupta et al.,2023]. 

The SMAW arc welding process, which creates an electric arc between an electrode and a base 

material, is commonly employed in educational settings due to its flexibility, inexpensive 

equipment costs, and minimum operator training [Haider et al.,2019]. Arc welding is a manual 

procedure that melts base metal surfaces using heat from an electric arc. SMAW creates heat 

between the workpiece and a flux-coated electrode. This approach is frequently utilized in 

educational settings because of its versatility, inexpensive equipment costs, and minimal 

operator training requirements [Baghel,2022]. 

The SMAW technique for mild steel welding encounters issues such as porosity, cracking, 

undercutting, and distortion. To address these challenges, meticulous workpiece preparation, 

electrode selection, and exact welding conditions are necessary [Davim, 2021; Chaturvedi & 

Vendan, 2022]. The SMAW procedure is widely used for welding iron and steel, aluminium, 

nickel, and copper alloys with thicknesses ranging from 1.6 mm to infinite, and it necessitates 

competent welders and small-diameter electrodes [Singh & Grover, 2015; O'Brien, 2007]. 

The SMAW technique provides flexibility, cost-effectiveness, and high-quality welds for 

fieldwork and remote sites, making it ideal for novices and tough situations such as overhead or 

vertical welding [Alkahla and Pervaiz ,2017]. SMAW welding uses V-groove connections to 

create strong, efficient welds in thicker materials. This design allows the welding electrode to 

penetrate deeper, and it is commonly used to combine heavy materials. Edge cleaning, electrode 

selection, and welding condition optimization are all part of the preparation process. The V-
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groove connection design increases weld strength and quality, and appropriate preparation, 

alignment, and electrode selection provide consistent welds ideal for a variety of applications 

[Marshall, 2013; Phillips, 2023]. 

Electric arc welding is a low-cost and often utilized welding process in the workplace. 

According to research on ASTM A36 steel, E6013 electrodes at 70 A yield 105 HRB and 34.697 

MPa, whereas E7016 electrodes with a V 60° seam angle and 80 A current generate the 

maximum tensile strength [Rahangmetan et al.,2020]. The previous the study explored key 

welding factors like welding current, electrode type, root gap, voltage, arc length, and travel 

speed, which significantly impact weld characteristics. Various optimization methods were 

explored, including response surface methodology, the Taguchi technique, artificial neural 

networks, genetic algorithms, scatter search techniques, grey relational analysis, and fuzzy 

logic, to improve welding efficiency and quality [Lugade& Deshmukh, (2015); Bopaliya, 

(2016); Linger &Bogale, (2023)]. 

This thesis aimed to optimize shielded arc welding parameters for V-groove joints in AISI 4130 

alloy steel. It focused on enhancing hardness, compressive, tensile, and bending strengths while 

investigating mechanical properties via Response Surface Methodology (RSM) to determine 

optimal parameters. 

1.2. Statement of the Problem 

Welding is crucial in construction and manufacturing, affecting structural integrity, performance 

and safety. AISI 4130 alloy steel is optimal for high-strength applications, while SMAW creates 

strong, long-lasting welds for thicker materials, emphasizing the importance of welding 

techniques and material properties. The SMAW process for welding AISI 4130 alloy steel faces 

issues like porosity, cracking, undercutting, and undesirable appearance due to gas bubbles, 

quick cooling, and heat deformation. This analysis suggests utilizing SMAW welding for AISI 

4130 alloy steel plate owing to welded joint difficulties that cause leakage and breakage. Weld 

bead failure is caused by insufficient strength, hardness and ductility. 

The mechanical qualities of V-groove joints made with SMAW in AISI 4130 alloy steel are 

critical due to their simplicity and cost-effectiveness. However, there is insufficient empirical 

information on how welding settings influence the mechanical behaviour of these junctions. 

Tensile strength, hardness, ductility, electrode type effects, and joint integrity are all potential 

challenges. Improving welding parameters is critical for performance enhancement. Porosity 
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and lack of fusion are significant difficulties in organizations, accounting for 70% of faults. Poor 

welding quality lowers customer happiness, raises expenses, and weakens competitiveness. 

Improving welding techniques and understanding joint performance can lead to increased safety 

and dependability. 

To address this, the study examines the impact of welding factors on hardness values, tensile 

strength, and bending strength on AISI 4130 alloy steel plate using response surface methods. 

1.3. Objectives 

1.3.1. General Objective 

The general objective of this research was to experimentally studied and optimized shielded 

metal arc welding parameters for V-groove joints in AISI 4130 alloy steel, including mechanical 

testing and RSM-based process optimization. 

1.3.2. Specific Objectives 

 To prepare the SMAW welding setup and joint design. 

 To investigate the mechanical properties (tensile strength, compressive strength, 

hardness, and bending strength) of V-groove joints in AISI 4130 alloy steel welded using 

SMAW. 

 To analysis the influence of different welding parameters (welding current, electrode 

diameter, and electrode angle) on the mechanical behaviours of welded joints. 

 To optimize shielded metal arc welding parameters using RSM for superior mechanical 

performance and quality of V-groove joints in AISI 4130 alloy steel. 

 To experimentally validate optimal welding process parameters through rigorous 

investigations. 

1.4. Significance of the Study 

The thesis underlines the importance of SMAW in making high-quality welds, especially with 

AISI 4130-grade alloy steel. The work on mechanical testing of V-groove joints in RSM 

optimization techniqueswith SMAW has important significance for both industry and 

academics. By refining SMAW settings, the study hopes to improve the strength and 

dependability of welded joints, which are critical for structural integrity in industries such as 

construction, automotive, and manufacturing. This results in increased safety, product 

performance, cost savings, and customer pleasure. The findings were added the empirical data 
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to welding engineering, enhance academic scholar, and direct future research into advanced 

welding processes. 

1.5. Scope of the Study 

This investigation of plate welding techniques focused on three SMAW 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 plate. The welding parameters 

chosen were welding current (150, 175, and 200 amps), electrode diameter (2.5 mm, 3.2 mm, 

and 4 mm), and welding electrode angle (700, 750, and 800). The following are the thesis scopes: 

The foundation metal for this optimization process is grade AISI 4130 alloy steel plate with 

dimensions of length, width, and thickness (L x W x T) of AISI 4130 alloy steel material plate 

samples of 200mm X 110 mm X 6mm, respectively. The RSM analysis approach is used in this 

experiment to investigate the optimization process factors and MINITAB 2023 software is used 

for the analysis and optimization of the parameters. ` 

1.6. Limitation of the Study 

The study focuses on the mechanical properties of AISI 4130 alloy steel materials with 

horizontal position and butt joint designs. Although the research had achieved its objectives, 

there were certain inescapable limitations in the company's operations. Because this was an 

experimental study, each SMAW welding variable had to be evaluated in order to optimize; 

unfortunately, there was insufficient equipment to investigate every welding variable. The 

company lacks a high-speed camera, which is essential for investigating and inspecting welding 

defects traveling speed and determining arc length. 

1.7. Organization of the Study 

The thesis is organized into five sections. The first chapter introduction discusses the 

background of the study, the problem of the statements, the objectives of the study, the scope of 

the study, the limitations, and the significance of the study. The next chapter is a review of the 

literature, which covers quality control tools, the purpose and consequences of each SMAW 

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, 
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data analysis procedure, and data analysis tools. The fourth chapter summarizes the outcomes 

of the investigation as well as the experimental analysis and interpretation of the DOE data. The 

proposed remedy and its outcome after execution are also offered based on the results obtained. 

Finally, the conclusion and recommendations were done in the fifth chapter. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1. Introduction 

This chapter focuses on optimizing SMAW welding method variables on AISI 4130 alloy steel, 

focusing on weld bead form, mechanical features, process parameters, RSM technique, and 

mathematical modelling, using research to inspire and emulate previous findings. 

2.2 Classification of welding types 

Welding processes are classified according to their procedures and applications. Arc welding, 

which creates heat by using an electric arc, comes in a variety of forms, including Shielded 

Metal Arc Welding (SMAW), Gas Metal Arc Welding (GMAW), Gas Tungsten Arc Welding 

(GTAW), and Submerged Arc Welding. Gas welding, notably using oxy-acetylene, is a portable 

method of cutting thin metal. Resistance welding, a technique used in automotive assembly, 

creates heat via electrical resistance. Solid-state welding is appropriate for aeronautical parts. 

Laser welding uses focused beams to ensure precision, whereas electron beam welding employs 

high-energy electrons in a vacuum [Srinivasan et al.,2006]. Figure 2.1 Shown as the 

classifications of welding types. Table 2.1 display overview of principal benefits and application 

development 

 

Figure 2.1 Classifications of welding types [Sunny and Muhammed,2023] 
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Table 2.2 Overview of principal benefits and application development [Lippold,2014] 

S. 

N 
Welding Process Advantages Typical Applications 

1 Arc Welding 
Efficient within several 

positions, portable, Versatile,  

Automotive, maintenance, 

construction  

2 Gas Welding Versatile, portable and Simple 
thin section material welding, 

brazing and cutting 

3 
Resistance 

Welding 

Appropriate for mass 

Fabrication/production, 

efficient and Fast 

Automotive, electronics, 

appliances 

4 
Solid-State 

Welding 

Minimum distortion, Robust 

joints,  

delicate assemblies, automotive 

and Aerospace 

5 Laser Welding 
Smaller heat input, High 

precision welding 

Fine metalwork, medical 

devices and Aerospace 

 

2.3. Shielded Metal Arc Welding (SMAW) 

Shielded Metal Arc Welding (SMAW), also known as Manual Metal Arc Welding (MMAW) 

or stick welding, is a manual arc welding procedure that employs a consumable electrode coated 

with flux. An electric current generates an arc between the electrode and the workpieces, forcing 

them to melt and form a molten metal pool. This method reduces contamination and increases 

weld quality, making it widely employed in a variety of applications [Hariprasath et al.,2022]. 

SMAW is a flexible and straightforward welding technology utilized in maintenance and repair 

applications. It dissolves the electrode's flux coating, producing fumes that serve as a shielding 

gas and generating a protective slag layer. Despite its popularity, SMAW is still commonly 

employed in construction, notably for welding iron and steel, especially stainless steel, although 

it can also weld other alloys (Gowthaman et al.,2017; Baghel,2022; C. Arun, 2017). 

2.4. Effects SMAW Welding Input Process Parameter 

The welding properties of ferrous and nonferrous metals are governed by parameters such as 

amperage, flux, voltage, linear speed, and electrode size, all of which impact heat flow and 

solidification rate. Critical factors such as preheating, postheating, polarity, and interpass 

temperature all have an impact on these properties [Baghel,2022]. 
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2.4.1 Welding Current 

The welding current is an important element in the arc welding process, influencing things like 

electrode burn-off rate, depth of fusion, and weld shape. Shielded Metal Arc Welding (SMAW) 

employs direct current on the electrode negative to improve weld penetration and travel speed. 

Polarity selection influences heat distribution, with stronger currents facilitating material 

deposition but potentially generating spatter and overheating. Maintaining a constant arc current 

is critical for consistent performance, but voltage fluctuations might jeopardize stability. 

Effective welding current regulation is essential for delivering high-quality welds [Kah et 

al.,2014; Sumardiyanto& Susilowati, 2019]. 

Welding current is the electrical current used to generate an arc during welding, which is 

essential for heating and melting materials. It controls heat intake; greater currents generate 

more heat. A proper current level results in a homogenous weld structure. AC is often used for 

welding aluminium and magnesium, with currents of 150, 160, and 170 amps. 

[Yu & Kim,2018]. 

2.4.2. Voltage 

Arc voltage is critical in defining welding arc length, which impacts heating and melting 

processes. As the arc length rises, heat output reduces owing to more interaction with the 

environment, resulting in greater heat dissipation and cooler temperatures. A continuous 

welding current provides weld penetration without affecting heat input, allowing welders to alter 

parameters to achieve the appropriate weld quality while preserving penetration [Pauna et 

al.,2020]. 

2.4.3. Electrode Diameter 

The electrode diameter is important in welding because it affects heat transfer and melting. A 

well-matched diameter promotes effective heat transmission, preventing weak welds and 

incomplete fusion. A small diameter can result in weak welds, whereas a big diameter can 

induce burn-through or distortion. Proper electrode size also enhances weld pool management, 

resulting in a more uniform and visually pleasing bead. Matching the electrode diameter to the 

gap is critical for achieving strong, high-quality welds while enhancing welding efficiency 

[Welding 1991; Phillips, 2023]. 
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2.4.4. Polarity 

Polarity is important in welding because it controls heat distribution between the electrode and 

the workpiece. There are two possible configurations: direct current electrode positive (DCEP) 

and direct current electrode negative (DCEN). DCEP focuses greater heat on the electrode, 

resulting in wear and inefficient melting of base materials. DCEN transfers 70% of the heat to 

the workpiece, boosting penetration while lowering the danger of burning the electrode. This 

quick heat transmission preserves the electrode's integrity while improving welding 

performance [Chaturvedi, 2022]. 

2.4.5. Welding Traveling Speed 

Welding speed has a substantial influence on bead shape and microstructure. Higher speeds 

reduce heat input, resulting in inadequate penetration, whereas slower speeds allow grains to 

absorb more heat, resulting in nonuniform columnar forms [Kumar et al.,2024]. 

2.4.6. Groove Angle 

The groove angle has a considerable impact on the quality and strength of the weld connection. 

A greater angle creates a bigger molten weld pool, which improves metal mixing and 

homogeneity. This also leads to a more controlled cooling rate during solidification, resulting 

in increased mechanical properties like as toughness and strength. A well-designed groove angle 

ensures complete metal penetration into the foundation materials, which improves joint integrity 

[Messler, 2019]. 

2.4.7. Electrode Angle 

The electrode angle during welding has a considerable influence on the quality and efficacy of 

the resulting weld. It enables greater heat accumulation, faster melting of filler and base 

materials, and homogenous mixing of molten material. Controlling the electrode angle improves 

cooling rates during solidification, leading in better microstructure and mechanical properties. 

Adjusting the angle improves the weld connection's strength and longevity. 

[Nath et al.,2022]. 

2.5. Influence of Welding Parameters on Macrostructure and Mechanical Properties 

Tahir et al., (2018) investigated the mechanical characteristics of mild steel AISI 1020 and 

discovered that increasing heat input enhanced tensile strength and hardness when utilizing 

electrodes E7018 and E7016. 
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Shukla et al., (2018) discovered that the form and size of the weld bead greatly influence the 

mechanical characteristics of stainless steel 1020 plates. Higher currents resulted in larger heat-

affected zones and worse performance. The ideal welding parameters for maximal penetration 

were DCEN polarity, 90° electrode angle, and 120 A current. 

Sumardiyanto and Susilowati, (2019) discovered that welding current and electrode 

composition have a substantial impact on the mechanical properties of mild steel API 5L, 

whereas heat utilization affects weld characteristics. 

Chowda et al., (2018) demonstrated that the ideal hardness for shielded metal arc welding may 

be attained under certain voltage and current conditions. 

Patel et al., (2017) discovered that the Taguchi optimization technique was effective in 

regulating aspects such as penetration size, weld bead reinforcement, and reinforcement form 

factor on mechanical properties. 

Jadoun et al., (2016) discovered that plate thickness and electrode diameter had a substantial 

impact on mechanical properties, with higher values producing better results, emphasizing the 

importance of material thickness. 

Thakur and Chapgaon, (2017) observed that electrode diameter, current, and voltage have a 

substantial impact on the characteristics of duplex stainless steel as a workpiece material. 

Mohammed et al., (2013) discovered that inter-pass temperature has a substantial influence on 

resistance to indentation and scratches in the weld fusion zone and heat-affected zone, although 

gas flow rate modifications had a minor impact. 

Munawar, (2018) observed that the centre of the weld frequently had greater properties than the 

HAZ, which lowered hardness and tensile strength, resulting in a brittle structure. 

Yadav et al., (2020) discovered that, while appropriate heat input can increase certain 

mechanical properties, it does not uniformly improve other characteristics, implying that 

welding parameters' effects on material attributes are complicated and multifarious. 

Khamari et al., (2019) discovered that decreasing welding current, voltage, and speed minimizes 

warpage and deformation in structural steels, resulting in a smaller heat-affected zone (HAZ). 

Chiong et al., (2019) discovered that welding current enhances hardness, microhardness, and 

impact toughness in mild steel, resulting in less deformation and a narrower HAZ. A refined 

grain structure, which includes ferrites and pearlite, improves properties. Welding conditions 
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also influence the weld structure, which improves tensile and hardness properties. Reduced 

amperage and travel speed result in smaller HAZ widths and finer grains. 

Baghel, (2020) research shows that arc welding process parameters influence the mechanical 

characteristics and microstructure of stainless steel. Increased heat induces microstructural 

deformation, whereas faster transit rates reduce heat, increase finer grain formation, and 

improve mechanical properties. 

Dadi et al., (2018) discovered that SMAW parameters such as amperage, root width, and plate 

thickness had a substantial influence on mechanical properties, with finer grain sizes improving 

features. 

Bodude and Momohjimoh, (2015) underlined the importance of grain size in mechanical 

performance, claiming that finer grains produce greater mechanical properties. 

Mohammed et al., (2015) and Haider et al., (2019) discovered that heat input has a substantial 

influence on the microstructure and mechanical characteristics of mild steel. Increased heat 

input results in a wider heat-affected zone, but lower amperage reduces heat flow characteristics 

while increasing micro hardness and strength. 

Sharma et al., (2014) discovered that magnetic and electrostatic fields influence the weld joint 

properties of AZ31B magnesium alloy, boosting reinforcement width while decreasing the 

penetration size factor. 

Sidhu and Chatha,(2012) observed that E6013 electrodes provide excellent surface polish, 

smooth deposits, and resistance to corrosion and surface pollutants. 

Niik and Reddy, (2016) discovered that electrode material had no effect on welding angular 

distortion, with duplex stainless steel producing less distortion during horizontal welding. 

Bob and Gattani,(2013) study discovered that amperage had a substantial influence on weld 

bead geometry in mild steel, with higher amperage resulting in increased heat flow and heat-

affected zone width. 

Gupta et al., (2018) study on arc welding under electrostatic and magnetic fields discovered that 

raising the amperage causes changes in weld geometry parameters, such as increased transverse 

size and penetration size factor. 

Nagesh and Datta, (2002) discovered that the most important parameters are arc length and 

travel speed, with arc length being directly proportional to bead size and inversely proportional 

to weld bead reinforcement height. 
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Kamra et al., (2015) discovered that combining E6010 and E6010 resulted in a finer grain 

microstructure, whereas Zoafakar and Hasan (2017) discovered that carbon content and 

chamfering angle had a substantial impact on tensile strength and ductility. 

Ravikumar and Vijian, (2014) used Taguchi-based gray relational analysis to enhance weld 

quality in the SMAW process using low-carbon steel plates, identifying welding current and 

speed as critical variables. 

Mohammed et al., (2015) discovered that the position and size of an electrode greatly affect 

weld quality, resulting in a finer grain microstructure. 

Ali et al., (2014) used an artificial neural network to study how process factors such as 

temperature and cryo-treatment affect the mechanical and microstructural characteristics of low-

carbon steel plates. 

Hamaschi et al., (2015) investigated X70 HSLA steel in shielded metal arc welding with E6010 

electrodes, identifying the formation of fine pearlite and alternating layers of ferrite in lamellar 

pearlite. 

Gupta et al., (2018) investigated the effects of process variables on the metallurgical, 

microstructural, and morphological aspects of duplex stainless steel employing electrode E2595. 

The results showed that both low and high heat flow characteristics resulted in smaller HAZ 

widths. 

Ranjan, (2014) used a factorial design approach to improve SMAW processes, concentrating on 

amperage, linear speed, and voltage. 

Kumar and Vijayakumar, (2012) used Taguchi optimization on SMAW welded pipes to produce 

leak-free connections. 

Sheikh and Kamble, (2018) employed the Taguchi L9 orthogonal array to increase welding 

outputs for ASTM A36 mild steel, eliminating defects caused by the molten weld pool. 

Singh, (2014) study found that lowering heat input boosted cooling rates, leading in a finer grain 

structure and better mechanical characteristics. 

Khamari et al., (2019) found that welding circumstances have a substantial influence on the 

mechanical and metallurgical characteristics of Ni steel welded connections. 

Kumar et al., (2022) observed that various electrodes had a substantial influence on tensile 

strength and microhardness in high-Armor steel joints, with certain electrodes demonstrating 

greater strength and toughness. 
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Singh, (2019) observed that mechanical vibration during welding improves the characteristics 

of mild steel joints by churning the molten metal. 

Talabi et al., (2014) discovered that increasing heat input in low carbon steel welding results in 

enhanced hardness but also brittleness, needing post-weld heat treatment. 

Asibeluo and Emifoniye, (2015) discovered that greater amperage SMAW welding current on 

A36 carbon steel increased weld temperature, resulting in decreased toughness and hardness. 

Rohit and Jha, (2014) discovered that 120 A amperage improves tensile strength in mild steel 

joints by restricting grain growth and generating a refined microstructure. 

According to Bang et al., (2015), increasing heat input enhances impact toughness in low carbon 

steel welds but decreasing tensile strength due to coarse grain structures. 

2.6. Process for SMAW Welding Output Response Optimization 

SMAW is a manual welding method that employs a consumable electrode covered with flux to 

provide a protective gas shield. It includes characteristics such as welding current, arc length, 

travel speed, and electrode type. Optimisation entails experimentation, data collecting, and 

statistical techniques. Response Surface Methodology, Taguchi, Artificial Neural Networks, 

Genetic Algorithms, and Machine Learning are used to find the best settings. Validating 

changes, developing standard operating procedures, and providing continuing training are 

critical to success. The technique employs Grey Relation Analysis, Response Surface 

Methodology, the Taguchi Method, Artificial Neural Networks, and Genetic Algorithms to 

optimize SMAW process parameters for maximum UTS, bending strength, hardness, wear 

strength, corrosion resistance, and compressive strength [Gonfa et al. (2022); Kavimani et al. 

(2020)] confirmed the efficacy of these approaches. 

2.6.1. Ultimate Tensile Strength 

Addamani et al. (2018) discovered that appropriate welding circumstances have a substantial 

impact on the ultimate tensile strength (UTS) and hardness of steel pipes. They discovered that 

the ideal settings for maximal UTS were 65 amps current, 14 LPM gas flow, and 110 mm/min 

wire feed rate, whereas the optimal settings for maximum hardness were 60 amps current, 12 

LPM gas flow, and 120 mm/min wire feed rate. Gas flow rate was discovered to be the second 

most critical factor influencing UTS and hardness. 

According to Ranjan and Jha, (2024), research on low-frequency vibration-assisted welding 

(LFVW) demonstrates that using vibrations during the Shielded Metal Arc Welding (SMAW) 
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process greatly enhances the mechanical properties of welded parts. Ideal parameters include a 

current of 135 amps, a vibration frequency of 250 Hz, and a duration of 30 seconds. The 

mechanical properties of vibrated mild steel plates differ from those of traditionally welded 

ones, with frequency having the greatest influence. Under ideal conditions, LFVW may reach a 

hardness of 123.99 VHN and a UTS of 605.16 MPa, minimizing the requirement for post-weld 

heat treatment. 

Sharma et al., (2019) investigated the effect of an additional electromagnetic field on the weld 

quality of magnesium alloy AZ31B, with a focus on tensile strength. They discovered that 

increasing the external magnetic field dramatically lowers yield strength, with an ideal yield 

strength of 138 MPa at 120 Gauss. The micro-hardness of the weld zone varies with yield 

strength, reaching 98 to 100 HV compared to 70 HV for the base metal. 

Patil and Kadam, (2021) investigated how welding current, speed, electrode angle, and root gap 

affected performance parameters such as welding strength, metal deposition rate, and 

microstructure in stainless steel 304 and mild steel 1018. The best welding settings were 85 A 

current, 8 mm/sec speed, 30° electrode angle, and 0.75 mm root gap. This resulted in a welding 

strength of 403 N/mm² and a metal deposition rate of 9.3 grams. 

Esabunor et al., (2025) investigated the mechanical characteristics of welded mild steel 

SAE10XX joints using Shielded Metal Arc Welding (SMAW). To investigate welding speed, 

welding current, and arc voltage, they applied the Central Composite Design of Response 

Surface Methodology (RSM). A quadratic model best fit the experimental data, yielding 

optimum values for 165.628 BHN for hardness, 551.090 N/mm² for tensile strength, and 0.90 

J/mm² for impact strength at a current of 103.396 A, a speed of 246.019 mm/min, and a voltage 

of 221.696. The resultant weldment has great tensile strength, hardness, and impact resistance, 

making it ideal for robustness and resilience applications. 

Pratiwi et al., (2023) employed a grey-based Taguchi technique to improve shielded metal arc 

welding (SMAW) parameters for SS316 and ASTM A36. They investigated various welding 

elements using a L9 orthogonal array, and the optimal conditions were an E309 electrode, 100 

A welding current, 14 V arc voltage, and 4 cm/min welding speed, which resulted in a 23.0% 

performance boost and 272 HBW hardness, 408.91 MPa tensile strength, and 684.96 MPa 

flexural strength. 
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Abima et al., (2022) enhanced TIG-MIG hybrid welding for AISI 1008 mild steel joints by 

employing gray relational system theory and the Taguchi approach. The gas flow rate had a 

considerable influence on answers, accounting for 39.77% of the total. The optimization 

enhanced the Gray relational grade by 0.0489, and response surface plots revealed the 

interaction effects of process parameters. The investigation obtained a UTS of 872.27 MPa and 

a yield strength of 688 MPa. 

Pathak et al., (2020) investigated the SMAW process, which is a low-cost way of welding low-

carbon steel plates. They discovered that increasing the welding current from 95 to 125 A while 

keeping the electrode angles between 650 and 850 improved weld strength. Tensile strength was 

higher with direct current electrode negative (DCEN) compared to DCEP. Tensile strength rose 

from 514 MPa to 529 MPa as electrode angles were changed, and from 540 MPa to 588 MPa as 

current increased. 

2.6.2 Hardness Strength 

Sada, (2018) utilized the Response Surface Methodology to optimize weld strength parameters 

in gas tungsten arc welding 10mm thick mild steel plate. The model's performance was validated 

by analysis of variance, which revealed that welding current and gas flow rate considerably 

impact tensile strength, whereas gas flow rate and filler rod diameter significantly influence 

hardness. The best circumstances were 170.12 amps, 19.84 volts, 23.92 l/min, and 2.4 mm filler 

rod diameter, yielding 497.555 N/mm² and 192.556 BHN. 

Ranjan et al., (2024) investigated the application of vibration-assisted welding for producing 

high-quality welds with outstanding mechanical properties. Using the Taguchi Methodology, 

they employed low-frequency vibration while shielded metal arc welding 5mm thick mild steel 

plates. Microstructural examinations found that the optimum hardness performance was attained 

with a modest heat input of 80 Amps, a 100 Hz vibration frequency, and a 100-second period, 

resulting in a maximum hardness of 97.1643 RHN, indicating that vibration frequency is the 

most significant factor influencing hardness. 

Assefa et al., (2022) improved parameters in tungsten inert gas (TIG) welding of dissimilar 

steels, achieving a tensile strength of 502 MPa, with welding current being important. The ideal 

combination of parameters, which included 110A welding current, 10 L/min gas flow rate, 2.5 

mm root spacing, and ER-309L filler wire, resulted in a minimum weld width of 6.21 mm, a 
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maximum hardness of 90 HRB, and a flexural strength of 692 MPa. This modification improved 

the composite's overall strength and attractiveness. 

According to Pagare et al., (2020), these welding parameters, such as welding filler, current, 

and electrode diameter, all have a substantial effect on the tensile strength and hardness of 

welded metal. Increased electrode diameter enhances deposition; however, low current levels 

diminish weld strength. The ideal parameters for maximal tensile strength in Shielded Metal 

Arc Welding (SMAW) are 110A current, E7016 filler, and 3.15mm electrode diameter. 

Hardness investigations reveal a significant relationship between tensile strength and weld 

hardness, with the fusion zone reaching 92 HRB, requiring low hydrogen-coated compositions 

for optimal welding quality. 

2.6.3. Bending Strength 

Pratiwi et al. (2023) used a grey-based Taguchi approach to optimize SMAW operating 

parameters between SS316 and ASTM A36, resulting in a 23.0% performance increase and 

enhanced mechanical properties such as 275 HBN hardness, 410MPa ultimate tensile strength, 

and 700MPa bending strength. 

Van Huong et al. (2024) investigated the effects of welding parameters on MIG welding in SUS 

304 stainless steel and S20C steel. They discovered that both base metals had ferrite, pearlite, 

and austenite phases, whereas the weld bead zone contained martensite and bainite 

microstructures. The best tensile strength was attained with a 15 V welding voltage, 500 

mm/min speed, 12 mm stick-out, and 110 A current, resulting in a UTS of 469.4 MPa. The ideal 

settings for flexural strength were comparable, resulting in a phenomenal strength of 1937.45 

MPa. 

Matin et al. (2024) found that while the base metal remained largely unchanged, larger current 

fluctuations during the welding process significantly affected the microstructure of the weld 

metal and heat-affected zone (HAZ). These variations also affect the weld zone's 

macrostructure, which improves its mechanical qualities. With increasing current, the tensile 

strength reaches 596.66 MPa (115, 100, 70A), 633.84 MPa (130, 120, 70A), and 715.40 MPa 

(130, 125, 70A). Bending strength also increases, reaching 1289.01 MPa for (115, 100, 70A), 

1293.01 MPa for (130, 120, 70A), and 1417.93 MPa for (130, 125, 70A). 

Yodianto's 2023 study looked into the effects of current strength variations and groove types on 

defects and bending strength in ASTM A36 steel butt joints. The study discovered flaws such 
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as splatter and undercut, with the specific faults altering with current strength. At 90 A, the 

single V and double V grooves had the maximum bending strength (1069.44 MPa). 

Baghel (2022) explains the adaptability of SMAW, a low-cost, portable, and durable welding 

method for both ferrous and non-ferrous metals. The review investigates its viability for copper-

stainless steel, as well as the economic and environmental ramifications and appropriate 

electrodes. SMAW has bending strengths of up to 2150 MPa, exhibiting its adaptability across 

metal kinds. 

Laschke (2012) investigated improving tungsten inert gas (TIG) welding process settings to 

improve the hardness and bending strength of butt joints. MINITAB software was employed in 

the investigation, as was the Taguchi approach and Grey relational analysis. The results 

indicated that welding current has a substantial influence on hardness and bending strength. TIG 

welding is suited for joining reactive materials and may be used to a variety of metals. Bending 

strength was tested with a three-point bend fixture. 

2.7. Heat Affected Zone 

Widyianto et al., (2021) discovered that orbital pipe welding, a popular approach for piping 

systems, presents issues owing to torch location. A research of SS 316L square butt joints found 

maximal distortions at 120 A with four sequences, resulting in a 51% drop in ultimate tensile 

strength and microhardness values. The heat-affected zone was austenite with big grains, and 

the microstructure varied among sequences. 

Baghel, (2022) discovered that the heat-affected zone (HAZ) on the copper side softens, 

resulting in increased structural heterogeneity. Kar et al. (2016) discovered that putting copper 

filler in joints increases homogeneity, resulting in a more uniform copper structure. The study 

also looked at beam movement in radial and circular patterns on ferrous and non-ferrous joints, 

and discovered that beam oscillation with a constant diameter enhances impact strength and 

percentage elongation by churning the molten metal and increasing copper mixing in stainless 

steel. 

According to Arora et al., (2018), heat input during welding thermal cycles has a considerable 

influence on the parent material's microstructure, resulting in fusion and heat-affected zones. 

Post-welding microstructural features such as austenite grains, bainite, and martensite phases 

reduce HAZ toughness, particularly at low temperatures. The polarity of the electrode influences 

penetration depth and microstructural changes. The fusion zone is divided into two phases: hard 
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and soft. Lower welding currents promote martensite and bainite formation, while higher 

currents produce softer ferrites and pearlite. 

Sim et al., (2022) investigated the microstructures of as-welded duplex stainless steel (DSS) 

samples and discovered two-phase structures. Austenite was more readily formed after post-

weld heat treatment (PWHT) than ferrite. Solution annealing at 1050°C produced many intra-

granular austenite grains and a considerable reduction in ferrite. The dilution of the DSS weld 

overlay was 32.87% for as-welded samples, with slight variations following PWHT. Solid 

solution annealing produced low hardness values and big granules. 

2.8. Influence of welding parameters on HAZ properties 

Weld metal microstructure necessitates careful consideration of welding settings since 

numerous variables, such as base metal, filler metal, flux, and cooling rate, all have an influence 

on the joint's microstructure. Heat input, alloy chemistry, and weld pool form are all important 

elements in determining cooling rate, which impacts the microstructure and mechanical 

properties of the weld joint. Adjusting these factors is critical for achieving the desired weld 

characteristics [Omale, 2016]. 

2.8.1. Effect of heat input on HAZ 

The study demonstrates that numerous elements impact the microstructure of weld metal, 

including the chemical composition of the base metal, filler metal, flux, and weldment cooling 

rate. These parameters, together with heat input, alloy chemistry, and weld pool shape, influence 

the microstructure and mechanical properties of the weld joint, making adjustments critical for 

obtaining the required weld characteristics [Omale, 2016]. It is calculated from equation 2.1 

below 

𝐻 =
60𝐸𝐼

1000𝑠
                                   Equ 2.1 

H = Heat input (kJ/inch or kJ/mm) 

E = Arc voltage in Volts 

I = Current (Amps) 

S = Travel speed (inch/min or mm/min) 

Analytical models of heat conduction in welding have been developed using the universal 

differential equation (Eq. 2.2), which describes the influence of both momentary and moving 
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heat sources on the solid materials being welded. These models provide light on how heat 

distribution impacts the welding process, providing for a better understanding of the thermal 

behaviour and subsequent microstructural changes in welded materials. 

𝜕𝑇

𝜕𝑡
= 𝛼 (

𝜕2𝑇

𝜕𝑥2
+

𝜕2𝑇

𝜕𝑦2
+

𝜕2𝑇

𝜕𝑧2
)                              Equ 2.2 

α – coefficient of thermal diffusion m2/s. 

The equation in question is a second-order homogeneous partial linear differential equation of 

parabolic type, which establishes a relationship between the rate of temperature change at a 

specific point and the surrounding temperature distribution. When a workpiece is subjected to a 

heat source F(x,y,z,t)F(x,y,z,t)F(x,y,z,t) while also experiencing heat transfer to its environment, 

the heat conduction equation takes on a specific form that accounts for both the heat input and 

the thermal losses to the surroundings. 

𝜕𝑇

𝜕𝑡
= 𝛼 (

𝜕2𝑇

𝜕𝑥2
+

𝜕2𝑇

𝜕𝑦2
+

𝜕2𝑇

𝜕𝑧2
) +

1

𝜌. 𝑐
. 𝐹(𝑥, 𝑦, 𝑧, 𝑡) − 𝑏. 𝑡                          Equ 2.3 

Whereas: c, λ, ρ - material’s physical properties; b - coefficient of temperature drop intensity 

due to heat transfer from the object into the environment, s-1. The differential Eq. (2.3) resulted 

in solutions for cooling upon the action of a fixed momentary (impulse) heat source for common 

combinations of solid shape and the shape of fixed heat sources. 

2.8.2 Effect of cooling rate on HAZ 

Weldments' cooling rate is determined by heat input from the welding arc, which is controlled 

by current, voltage, and speed. Higher heat input causes quicker cooling, solidifying the weld 

pool and bringing it to room temperature. The heat is transported to the base metal, resulting in 

the heat-affected zone (HAZ). The cooling rate is critical in defining the ultimate metallurgical 

structure of the weld and HAZ. Heat loss is a significant aspect in determining cooling pace. 

The microstructure and microhardness of the weld are affected by the cooling rate, with higher 

rates often reducing transformation start temperatures from austenite to ferrite. Understanding 

cooling rates is critical for determining ferrite stability during multi-pass welding or high-

temperature applications [Krasnykh et al.,2013]. 
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2.9. The Metallurgy of Welding 

The weldment is separated into three sections: the fusion zone (FZ), the heat-affected zone 

(HAZ), and the unaffected base material. The microstructure and features of these locations 

have a considerable influence on the strength of welded connections. Rapid heating and cooling, 

along with local structural changes, result in large spatial variations in composition, 

microstructure, and residual stress within these zones [David &DebRoy, 1992]. Figure 2. 2 

shown the three distinct regions in the weldment: the fusion zone, HAZ and base metal zone 

 

 

 

 

 

 

 

Figure 2.3 Three distinct regions in the weldment: the fusion zone, HAZ and base metal zone 

[David and DebRoy,1992] 

The welding heat input determines the breadth of the heat-affected zone and its areas, with 

excessive inputs resulting in sluggish cooling rates and potentially influencing the final 

transformation products. The hardness of the zone is affected by the base metal carbon 

concentration, as seen in Figure 2.3 for 0.30% carbon steel. 

 

Figure 2.4 Schematic illustration of various regions in a fusion-weld zone and the 

corresponding phase diagram for 0.30% C steel [Cornu,2013] 
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2.9.1. Weldability 

Weldability refers to a metal's ability to be welded into solid connections while maintaining 

structural integrity or mechanical qualities. Weldability is influenced by factors such as 

hardenability, which examines a metal's ability to harden after heat treatment, and cracking 

susceptibility, which analyses joint failure under stress. Higher carbon concentration improves 

hardenability but increases cracking risk, necessitating careful balancing. Alloying elements like 

as nickel and chromium can increase hardenability without increasing fracture susceptibility. 

The carbon equivalent (CE) formula predicts weldability by analysing carbon and alloy 

concentration; lower values indicate greater weldability. The carbon equivalent (CE) formula is 

as follows [Lippold, 2014]: 

CE = %C +
%Mn

6
+

%Mo

4
+

%Cr

5
+

%Ni + %Cu

15
+

%P

3
Equation 2.4 

Yurioka,(2001) analysis emphasizes the significance of carbon equivalency in determining steel 

weldability, although a simple sum of carbon content does not adequately measure heat-affected 

zone (HAZ) hardness, which is influenced by both parameters. 

Zhou et al. (2000) discovered that aluminium and brass are simpler to resistance weld than 

copper because to their higher electrical resistance and lower thermal conductivity. Resistance 

weldability is governed by a variety of physical features, and some metals necessitate particular 

procedures. Cast iron is often weldable, whereas lead is easier to weld. Magnesium alloys 

require protective shielding, whereas nickel and stainless steels may be welded using a variety 

of ways. High-alloy steels are weldable under regulated circumstances, whereas low-alloy steels 

are fair to good. Plain-carbon steels have great weldability in low-carbon variations but inferior 

performance in high-carbon steels. Other metals, such as tantalum, titanium alloys, and 

zirconium, can be welded with the correct procedures. 

2.10. Welding Defect 

Shielded Metal Arc Welding (SMAW) is a welding process that can result in faults that affect 

weld quality and structural strength. Common faults include porosity, slag inclusion, 

undercutting, incomplete fusion, cracking, overlap, a lack of penetration, and burn-through. 

These problems can be caused by poor welding technique, inadequate shielding, excessive 

temperatures, and contamination. To avoid these defects, welders should follow established 

processes, store electrodes correctly, prepare surfaces, adjust settings, and do post-weld tests 
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[Cornish et al.,2019; Singh & Grover, 2015]. Figure 2. 5 shown as cross-sections of welds 

containing typical defects 

 

Figure 2.6 Cross-sections of welds containing typical defects [Madhvacharyula et al.,2022] 

Trahair et al.'s 2017 research of damaged rail welds in Japan between 1985 and 2001 discovered 

three major variables affecting their integrity: absence of fusion and centreline shrinkage, 

suggesting welding problems, and solder fractures, indicating a specific failure mechanism. The 

research also discussed the vulnerability of enclosed arc welds to fatigue failure owing to 

liquation cracks and a lack of fusion. The study underlines the need of using rigorous welding 

processes and identifying specific causes of rail weld failures in order to enhance welding 

techniques and railway infrastructure safety. 

2.11. Steel 

Mild steel, a low-carbon steel with a carbon content ranging from 0.05% to 0.50%, is appropriate 

for applications that demand strength, ductility, and weldability. It is divided into three 

categories: low-carbon steel (excellent ductility and weldability), medium-carbon steel 

(increased strength and hardness), and high-carbon steel (extremely hard, used for tools and 

high-wear components). It is known for its ease of machining, good weldability, and 

inexpensive cost, although it is corrosive if not protected by coatings. Its versatility makes it 

widely used in construction, automotive, manufacturing, and residential products 

[Rashid,1980]. 
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Mild steel is a low-carbon steel that has 0.05% to 0.25% carbon and is mostly composed of iron. 

It has advantages such as increased ductility, machinability, and weldability, but it cannot be 

fully hardened by heating and quenching. Its low tensile strength is owing to a lack of carbon 

and alloying materials. Mild steel is magnetic due to its high iron and ferrite content and is 

employed in industries such as gas and oil pipelines, vehicle production, building, and forging 

[Latifi,2012]. 

AISI 1045 is a medium-carbon steel that is strong, robust, and wear resistant, making it 

appropriate for a wide range of industrial applications. It contains 0.43% to 0.50% carbon, 

0.60% to 0.90% manganese, and up to 0.40% silicon, with iron being the primary component. 

Its tensile strength, hardness, and ductility make it suitable for machining and manufacturing. 

Although welded, caution is required to prevent cracking. Heat treatments like as quenching and 

tempering improve the hardness and grain structure [Vieira et al., 2021]. 

Mild steel is essential for manufacturing machine components due to its machinability, strength, 

ductility, and weldability. It is resistant to induction, flame hardening, and nitriding because of 

its low carbon content. Carburization can enhance case hardness in smaller sections, but it 

diminishes as the section size grows. Carbon nitriding is feasible and has advantages over 

conventional procedures. Arc welding, which includes SMAW, MIG, and TIG, is the most 

versatile method for mild steel [Da Costa Pepe,2010]. 

2.12. Optimization 

Engineering optimization is critical for resource utilization and reducing environmental effect 

in fields such as design, maintenance, and production. It calculates function maximum and 

minimum values, guiding software to peak performance. Robust optimization aids in the 

prediction of uncertainty and complicated interactions in nonlinear systems, ultimately 

contributing to optimum engineering outputs [Jaisankar, 2018; Kakandikar&Nandedkar, 2018; 

Krishnaiah &Shahabudeen, 2012]. 

2.12.1. Taguchi Approach 

Taguchi techniques to manufacturing experiment design seek to generate long-lasting goods 

and processes by taking into account environmental influences, component variability, and 

reducing departure from goal values. This strategy improves knowledge of variance and its 

economic impact by merging system, parameter, and tolerance design [Nalbant et al., 2007]. 

The Taguchi Method use a patented orthogonal array to evaluate output responses based on 
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signal-to-noise ratio (S/N) and determine the optimal parameter combinations. The Degree of 

Freedom (DoF) determines the number of trials required to evaluate observable qualities; 

lower values suggest better quality [Haq et al., 2008]. Table 2.4 shown as the problem types 

and signal-to-ratio functions  

Table 2.3 Problem types and signal to ratio functions [Ashebir et al., 2022]. 

S/N function S/N formula Usage when the goal  

Smaller the  

better 

S

N
= −10Log [

1

3
∑ Xi2

3

i=1

] 

 

Minimizing the response: For example, 

in this inquiry, minimize the output 

outcome. 
 

Larger the  

better 

S

N
= −10Log [

1

m
∑

1

Xi2

m

i=1

] 

 Maximized response: for instance, 

through investigation, maximized the 

final result. 
 

Nominal the 

better 

S

N
= 10Log

µn

σn
 

 

Target the result and compute the S/N 

ratio using means and variances by 

standard deviation. 

 

2.12.2. Grey Relational Analysis (GRA) 

Grey Relation Analysis (GRA) is a data analysis technique that ranks characteristics according 

to pre-determined scores or ratings to determine the significance of variables. It enables multi-

response optimizations while emphasizing overall findings, and is especially relevant for social 

preference research. GRA may evaluate partial and constrained data while retaining result 

credibility, making it a useful method for multi-objective parametric optimization [Prakash et 

al., 2021; Gerus-Gosciewska&Gosciewski, 2022]. 

2.12.3. Response Surface Methodology 

The Response Surface Method (RSM) is a technique for assessing reliability in complicated 

engineering systems with implicit limit state functions. It employs factorial techniques and 

ANOVA to optimize for maximum or minimum values, yielding comprehensive results from a 

limited number of trials. RSM is especially beneficial for studying primary effects and how they 

interact with responses, and it is optimized using the RSM Box-Behnken Design or Central 

Composite Design [Elsen& Ramesh, 2015; 2016]. 
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2.12.4. Artificial Neural Network and Genetic Algorithm 

Frank Rosenblatt developed the Perceptron in 1958, the first artificial neural network (ANN) 

that mimicked human visual processing and object recognition. Since then, ANNs and deep 

learning algorithms have been used to study human cognition and predict outcomes, particularly 

in assessing outputs of SMAW welding processes. The researchers used MATLAB's ANN 

toolkit to design and evaluate various neural network architectures, focusing on optimal 

configurations, training methods, and activation functions (Koopialipoor et al., 2019; Sheelwant 

et al., 2021). Backpropagation neural networks are commonly used in engineering applications 

due to their simplicity and efficiency. Genetic Algorithms (GAs) are an evolutionary 

computation method that uses natural selection to solve optimization problems, making them 

popular in conjunction with ANNs for multi-objective optimization [Chandrasekhar & Prasad, 

2020; Pandey et al., 2020, Sheelwant et al., 2021]. 

2.12.5. Comparison of Optimization Methods 

Research investigates and compares four commonly used optimization techniques: the Taguchi 

Method, Response Surface Methodology (RSM), Artificial Neural Networks (ANN), and 

Genetic Algorithms (GA), each with its own set of characteristics, benefits, and drawbacks 

suitable for a wide range of material optimization applications. The technique chosen is decided 

by the study's specific objectives, the nature of the problem, and the available data. The Taguchi 

Method is suitable for simple, sturdy designs that seek to reduce unpredictability, whereas RSM 

is excellent for examining nonlinear relationships and optimizing circumstances. ANN is good 

at modelling complex patterns and relationships, but GA is great at traversing complex 

optimization landscapes. A hybrid strategy that combines these tactics can enhance their 

strengths while minimizing their weaknesses, resulting in more effective optimization 

outcomes. Table 2.4  shown as the comparison of several optimization methods 
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Table 2.4 Comparison of several optimization methods [Paney et al.,2020; Qazi et al.,2020; Hussain et al.,2024] 

No Criteria Taguchi Method 
Response Surface 

Methodology (RSM) 

Artificial Neural 

Networks (ANN) 

Genetic Algorithms 

(GA) 

1 Outline 

The emphasis is on 

resilient design and 

quality enhancement via 

experimental design.  

Statistical tools are used 

to model and evaluate 

connections between 

variables and responses.  

Learn from data using a 

computational model 

that mimics human brain 

activity.  

A natural selection-

inspired search heuristic 

for optimization issues.  

2 Benefits 

Simple to carry out and 

comprehend. - Needs 

lesser experimentation. 

Resilient against noise 

and unpredictability.  

Enables graphical 

representations. 

Capability of modelling 

multidimensional 

interactions. The 

predictive power of 

consequences.  

Excellent for 

complicated, nonlinear 

interactions.  Adaptive 

learning abilities.  

Handles huge datasets 

with various inputs and 

outputs. 

 Effective in highly 

complicated optimization 

settings. Flexible and 

adaptable to a variety of 

issues. Can be used with 

other techniques. 
 

3 Drawback 

 Primarily suitable for 

linear issues. A restricted 

analysis. 
 

Needs more 

experimentation. Results 

may be influenced by 

preconceptions about 

normalcy.  

Training requires a large 

amount of data. The 

black box nature 

hampers interpretation.  

Large populations 

require a significant 

amount of mathematical 

computation. Highly 

sensitive to variable 

selection.  

4 

The most 

effective, 

suitable for  

Fundamental designs 

that prioritize durability 

and quality.  

Examining linkages and 

optimizing 

circumstances pertaining 

to complicated systems.  

Modelling complicated, 

nonlinear interactions 

via adaptive data 

processing.  

Complicated problems 

with optimization 

involving numerous 

objectives and 

restrictions.  
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2.13. Identification of Gaps 

Research using an BBD experimental design has identified that key SMAW variables—

welding current, electrode type/angle, joint design, and travel speed—critically impact weld 

quality. Inadequate settings for these parameters lead to common defects like lack of fusion, 

slag inclusion, and overlap, which result in poor mechanical properties such as weak tensile 

strength and low ductility. The study of literature reviews concludes that maintaining a 

proper electrode work angle is essential for prevention and highlights a need for future 

research to precisely quantify how each factor individually affects weld strength. The 

findings demonstrate that suboptimal parameter selection directly compromises mechanical 

properties, resulting in weak tensile strength, low hardness, and reduced ductility, which 

collectively elevate the risk of weld bead failure. These deficiencies are primarily attributed 

to three root causes: inappropriate material selection, such as electrode mismatch; 

suboptimal joint configuration and preparation; and improper welding parameters, notably 

excessive current and incorrect travel speed. Furthermore, the study delineates common 

defects and their mechanisms: lack of fusion, arising from non-uniform electrode 

positioning and inadequate penetration; slag inclusion, where entrapped flux residue creates 

detectable flaws; and overlap, caused by an excessive work angle that forms a stress-

concentrating notch susceptible to cracking. A pivotal preventive measure identified is the 

maintenance of a correct electrode work angle and position, which is fundamental to 

mitigating lack of fusion and slag inclusion. Despite these insights, the research underscores 

a significant knowledge gap, noting that a quantified understanding of each factor's specific 

impact on mechanical properties remains under-explored, thereby necessitating future 

studies employing advanced analytical and microstructural analysis techniques to precisely 

delineate these cause-effect relationships. 
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CHAPTER THREE 

MATERIAL AND METHODS 

This chapter describes a systematic strategy for improving SMAW parameters for AISI 4130 

alloy steel that combines experimental and computational approaches. It employs ASTM 

standards for tensile testing, hardness measuring, bend testing, and compressive strength 

assessment. This methodology employs a two-phase optimization framework, beginning 

with experimental trials using a BBD within RSM, followed by a more complex 

mathematical model optimization strategy. This method simulates complicated interactions 

between factors and determines optimal setups. The technique combines experimental and 

computational aspects through structured data collecting, model construction, optimization, 

experimental validation, and comparative assessment, therefore improving existing methods 

by combining statistical design and algorithmic intelligence. 

3.1 Experimental Work 

This study conducts a thorough examination of welding materials and procedures, 

employing rigorous research methodology to discover the ideal design elements impacting 

robust, high-quality welding. It also includes Figure 3.1 workflow diagrams, which 

demonstrate the research procedures and provide a detailed overview of welding techniques. 

 
Figure 3.1 Exponential workflow diagram 
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3.2. Materials and Equipment 

The research used an AISI 4130 alloy steel plate measuring 200mm X 110mm X 6mm for 

plate welding testing using butt joint designs, as illustrated in Figure 3.2. The E6013 basic 

electrode is used to weld AISI 4130 workpieces. The joint is intended to link the edges of 

the components, and its nature is defined by their structural configuration. Some connections 

may require edge preparation to guarantee proper welding and inspection. 

3.2.1. Alloy Steel of AISI 4130 Plate Base Material 

The chemical composition of AISI 4130 alloy steel plate is critical for determining its 

weldability, as determined by the American Welding Society. AISI 4130 is highly weldable 

and may be welded using any technique, providing a balance of toughness, strength, and 

ductility. Tables 3.1 and 3.2 describe mechanical, thermal, and physical parameters for AISI 

4130. 

Table 3.1 Chemical composition of the AISI 4130 specimen weight percentage of alloying 

elements [Zaman et al.,2019;2022] 

Alloy C  Mn P  S  Si Cr  Mo 

Wt % 0.28 – 0.33 0.40 – 0.60 0.04 0.05 0.2.-0.35 0.80-1.10 0.15-0.25 

Table 3.2 Mechanical characteristics for AISI 4130 at room temperature [zaman et 

al.,2019; De Carvalho,2023] 

Mechanical Property Metric (Unit) 

Brinell Hardness (BH) 163 

Rockwell Hardness (HR) 84 

Ultimate Tensile strength 565MPa 

Yield Strength 310MPa 

Modulus of Elasticity (E) 200GPa 

Bulk Modulus (K) 140GPa 

Poisson Ratio (v) 0.29 

Shear Modulus (G) 80GPa 

3.3. Research Approach 

In this research experimental research approaches were utilized to investigate the effects of 

weld parameters on the mechanical properties which is utilized with SMAW joint specimen.  
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3.4. Sampling Methods 

Sampling is a technique for selecting representative pieces of a material to assess its 

properties. This study employed box Behnken design methods for AISI 4130 alloy steel 

plates to investigate the influence of welding parameters on the SMAW process. This 

experiment requires alloy steel material samples. 

3.4.1. Sample Size 

The experimental investigation focused on the AISI 4130 alloy steel plate material, with 

fifteen samples chosen based on thickness, breadth, and length. The base material was 

200mm X 110mm X 6mm, and the study used Figure 3.2 to depict the sample size 

measurements and their perspectives on the material. 

Sample Size 

The experimental investigation focused on the AISI 4130 alloy steel plate material, with 

fifteen samples chosen based on thickness, breadth, and length. The base material was 

200mm X 110mm X 6mm, and the study used Figure 3.2 to depict the sample size 

measurements and their perspectives on the material. 

 

Figure 3.2 Sample joint design preparation 

The study focuses on the usage of edge preparation in welding samples in vertical upward 

positions, using the ISO symbol flat position. Following ISO 9692 joint preparation 

standards, a butt joint with a wide root spacing was used. The workpiece was cut with a 

groove angle of 60°, root spacing of 2mm, and root face of 2mm. The SMAW procedure 

called for an air gap/arc length of 2.5mm. Plates were secured to the welding jig or work 

piece holding mechanisms to prevent misalignment, movement, and thermal distortions 
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when welding. Surfaces were mechanically cleaned and polished to accommodate a vertical 

butt joint at 60 degrees. 

3.5. Data Collection Methods 

The study used an experimental approach to acquire data on a research problem. Primary 

data was collected from laboratory equipment following welding samples, including UTS, 

hardness, compressive and bending strength readings from the UTM testing machine, as 

well as hardness data from the hardness testing machine. The data obtained is given in 

tabular format. 

3.6. Tools and Equipment  

In this experimental research work variety of tools and equipment were used, like PICO 300 

CEL welding machine, SMAW rutile electrodes, portable grinding machine, safety 

materials, measuring tools (steel rule, vernier calliper, try square), testing machines (UTM 

and hardness) and wire brush. Table 3.3 shown as fixed parameters used in this research 

investigations. 

Table 3.3 Fixed parameters used in this research investigations 

S. 

N 

Fixed parameters  Value 

1 Base metal material  AISI 4130 

2 Electrode E6013  

3 Base metal thickness  6 mm 

4 Welding condition  Dry 

5 Welding joint type  BUTT 

6 Current type  DC 

7 Welding position  Horizontal 

8 Welding groove  V type 

9 Groove angle  600 

10 weld pass  Multi pass 

11 Type of welding position Flat 

3.6.1. Welding Machine 

Shielded Metal Arc Welding (SMAW) is a versatile and popular welding technique that 

includes creating an arc between a covered metal electrode and a workpiece. It is an efficient 

and cost-effective way of connecting metals. The PICO 300 CEL Welding Machine was 

employed for this particular task. Figure 3.3 Welding machine with accessorise used for 

these experiments. 
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Figure 3.3 PICO 300 CEL Welding Machine with Accessories, Used in These Experiments  

PICO 300 CEL is a versatile SMAW inverter welding machine. The machine work perfect 

with all types of electrodes. They are well suited for both workshop and outdoor working 

conditions. Easy to use with one-knob operation with welding data display. Table 3.4 shown 

specification of the welding machines. 

Table 3.4 Specification of the welding machines 

Version Pico 300 cel 

Setting range for welding current 10 A - 300 A 

Duty cycle 40 °C 

300 A / 25 % 

220 A / 60 % 

170 A / 100 % 

Open circuit voltage 107 V 

Mains voltage (ex-works) 3 x 400 V 

Mains tolerances (ex-works) -25 % up to +20 % 

Mains frequency 50 Hz / 60 Hz 

Recommended generator power 16.3 kVA 

Efficiency 88 % 

Protection classification IP23 

EMC class A 

Dimensions (L x B x H) 490 mm x 186 mm x 350 mm 

Weight 16.5 kg 

Standards IEC 60974-1 and -10 CL. A 

3.6.2. Electrode 

The study utilized electrodes of varying diameters for 6mm butt joints, with weld conditions 

set at 22 volts and currents of 150, 175, and 200 amps. The welding current was manually 
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adjusted for each specimen to investigate the effect of SMAW welding on chosen 6mm 

material thickness specimens. The experiment showed that carbon steel welding electrodes 

are suitable for all situations, have outstanding welding technical features, and produce a 

steady arc with a nice look. Due to this feature, AWS E6013 steel welding electrodes are 

used. Table 3.5 shown as mechanical properties of electrode of E6013; Table 3.6 Chemical 

composition of filler electrode of E6013 and Table 3.7 shown as electrode used specification 

conditions. 

Table 3.5 Mechanical properties of electrode of E6013 

Electrode  
Minimum yield strength  

(MPa) 

Minimum tensile strength  

(MPa) 

E6013  345 425 

Table 3.6 Chemical composition of filler electrode of E6013 

Element  C Mn  S P Si  Fe 

Weight 

(%) 
0.06 - 0.15 0.3 - 0.6 ≤ 0.035% ≤ 0.035% ≤ 0.03% ≈98.5% 

E6013's rutile-potassium flux coating blends rutile (30-50%, TiO₂) for smooth slag and 

beads, potassium compounds (15-30%, e.g., K₂SiO₃) for AC arc stability, cellulose (5-15%) 

for moderate gas shielding, silicates (10-20%) for slag support, carbonates (5-10%) for CO₂ 

shielding, ferromanganese (5-10%) and ferrosilicon (0-5%) as deoxidizers, and trace 

moisture controls—delivering all-position capability, easy striking, and medium penetration 

without low-hydrogen properties. 

Table 3.7 Electrode used specification conditions 

S. N Variables Specification 

1 Electrode type E 6013 

2 Electrode diameter 2.5, 3.2 and 4mm 

3 Electrode extension 250 mm 

4 Work angle 70o-80o from vertical 

3.7. Welding Material Preparations 

The study investigated the effect of SMAW process parameters and mechanical qualities on 

AISI 4130 alloy steel plates with vertical up butt joint, employing a multiple-pass welding 

method and welding bead as input and output variables. 

3.7.1. Pre weld surface cleaning 

Plates were cut at the proper angle for butt joint preparation, as shown in figure 3.3, and the 

samples were welded in v according to the ISO symbol flat position. Plates measuring 100 
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mm x 110 mm x 6mm were cut and welded in v using the ISO symbol flat position. The test 

plates were placed flat, and surfaces were prepared by removing pollutants such as dirt, 

metal particles, oil grease, paint, and moisture with a wire brush and an alkaline cleanser. 

3.8. Data Analysis Method 

This thesis employed a variety of data analysis techniques, including the response surface 

methodological method of box Behnken design and experimental analysis using bending, 

compression, tensile, and hardness tests. It sought to investigate the impact of welding 

parameters on SMAW process parameters and devise suitable combinations for higher-

quality weld products with enhanced mechanical qualities. The researchers wanted to 

enhance the mechanical behaviours of SMAW weld products. 

3.9. Experimental Testing Method 

This research focuses on improving welding settings for weld bead quality with manual arc 

welding technique. Three important welding factors - welding current, electrode diameter, 

and electrode welding angle have been recognized as critical to welding quality. The system 

is designed to provide the best welding current and travel speed for the experiment sample. 

The workpieces are secured to a working bench, and test samples are made of AISI 4130 

alloy steel plate and AWS E6013 electrode. The study's goal is to research the features of 

heat-affected zones and optimize welding conditions for improved weld bead quality. 

3.9.1. Hardness Testing 

Hardness is a material's capacity to withstand penetration, abrasion, scratching, or cutting. 

It is a trait that protects against permanent deformation. Rockwell Hardness Tests (RWH) 

are frequently used in the industrial sector, with diamond/steel indenters producing scales 

such as HRA, HRB, HRC, and HRN. Micro hardness measurement testing was performed 

using a Digital Rockwell microhardness type HRS-150 from Beijing United Tester Co., 

LTD in China, which was chosen owing to problems in integrating evaluation procedures 

on other machines. The RWH scale was used to compute sample hardness values using 

ASTM E18 and 28 standard testing techniques. The hardness number was calculated by 

averaging the findings of three trial specimen indentations from each weld specimen's 

Rockwell hardness/RWH/type "B" test at room temperature. Before testing, the specimens 

were polished and ground. Hardness test was carried out through experimental 

circumstances are listed in Table 3.8. Figures 3.4–3.5 show the HRS-150 digital Rockwell 

hardness tester and a schematic of specimens for mechanical property evaluation. 
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Table 3.8 Hardness test parameters 

S. N Parameter Operating conditions 

1 Scale Type Rockwell B 

2 Indenter Load 100 kgf 

3 Indenter Material Steel 

4 Dwell Time 15 seconds 

5 Overall Diameter (Inch) 3/8" 

6 Specimens’ preparation 400, 800 and 1200 grit SiC sand paper 

7 Overall Length (Inch) 29/32" 

 

 

Figure 3.4 Rockwell hardness tester machine model HRS-150 series 

The sample specimen was placed with the surface on the anvil, and slowly turning the hand 

wheel until the specimen was raised to touch the indenter. 

 

Figure 3.5 Hardness testing sample design 

https://www.directindustry.com/prod/beijing-united-test-co-ltd/product-103733-1078823.html
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The analysis indicates that the weld bead is not flush with the material, and the surface to be 

evaluated for hardness is ground down so that it fits flat on the base area of the testing 

machine. The surface must be level, perpendicular to the indenter, and with a fine surface 

polish. RWH hardness measurements are taken on a metallographically prepared surface to 

minimize tempering during grinding and work-hardening during polishing. Two primary 

factors will be tested: the change in hardness in the weld heat affected zone and the breadth 

of the heat affected zone in response to variations in hardness value as the weld bead travels 

to the parent metal. 

3.9.2. Ultimate Tensile Strength, Compressive strength and Bending Strength Testing 

Tensile strength is the maximum stress that a material can sustain in tension. In other words, 

we can say the amount of applied load per cross sectional area that a material can withstand 

before failure. Mathematically it is calculated as the ratio of maximum tensile load to the 

original cross section area. One of the most common ways to test a material’s strength is by 

using tensile testing. Tensile tests measure the stress over the strain of a material under uni-

axial loading conditions. Because testing is done under one stress state (only one direction), 

it can be concluded from the test that the strengths in this test are the maximum a specimen 

at a certain thickness and temperature can withstand. Tensile test was conducted on sub size 

the sample made as per ASTM E8/E8M cut from Adjacent to the weld bead using a hydraulic 

extensometer with prepared machined specimen dimensioned 200mm X 110 mm X 6mm 

Tensile samples were prepared by milling of the top and bottom surfaces to remove flashing 

and other surface irregularities. The standard shape is obtained using UTS testing dimension 

as shown in the figure 3.6. 
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Figure 3.6 UTM testing sample design 

The ultimate tensile strength of the machined specimens measured on a calibrated Control 

lab testing machine. Tensile test was carried out according to ASTM A370-14 standard, 

which is the “Destructive tests on welds in metallic materials-Transverse tensile test”. 

During uni-axial tensile testing, the upper head or grip moves upward hydraulic force, while 

the lower head or grip stays stationary. 

The compressive strength testing of AISI 4130, a low-alloy chromium-molybdenum steel 

recognized for its strength, fracture toughness, and fatigue resistance, must comply with 

ASTM E9 standards to ensure accurate and reproducible compressive property data. 

Additionally, these properties must be validated against regulatory requirements like AMS 

6350 and ASTM A29 to confirm material conformance and performance integrity in critical 

applications. 

The ASTM E290 and EN 910 standards govern bend testing for metal ductility. This test 

examines the ductility of the material using a jig and fixture on a universal testing machine. 

The jig and fixture have a span of 54mm and an internal length of 34mm. Tensile, 

compression, and bending tests are performed on both metallic and non-metallic materials 

using servo-hydraulic testing devices. Figure 3.7 shown as Bairoe HUT-600 model 

computer-controlled electro-hydraulic universal testing machine. 
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Figure 3.7 Bairoe HUT-600 Computer-Controlled Electro-Hydraulic Universal Testing 

Machine 

For tensile testing, it is considered a “static” test, meaning the force is to be applied slowly. 

Applying the load too fast may result in skewed results, therefore a slow speed is chosen to 

best represent static loading. Once all the parameters have been specified, the test begins to 

run and the lower head begins to drop at a constant rate. The force required to keep the head 

continuing upward at the constant speed is recorded as a function of displacement.  After 

the specimen breaks, the test is stopped and the digital screen displays the load in KN and 

elongation in mm. 

3.10. Methodology 

This research established its methodological foundation through a comprehensive literature 

review, enabling the selection of optimally effective parameters and approaches. The 

investigation employed two sophisticated optimization techniques: Response Surface 

Methodology (RSM) implemented through MINITAB 2023a software. 

Experimental specimens consisted of AISI 4130 steel plates with dimensions of 110mm 

width × 200mm length × 6mm thickness. All welding surfaces underwent rigorous 

preparation involving chemical cleaning to eliminate contaminants including corrosion, 

scale, oil, and grease, followed by mechanical edge preparation using power hacksaws and 

grinders to ensure optimal weld integrity. 
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The study specifically examined flat and horizontal welding positions for single V-groove 

butt joints, focusing on how workpiece orientation and positioning enhance operational 

efficiency and welding speed. The joining sequence initiated with precise tack welding 

according to the prepared joint geometry, followed by complete joint penetration using 

Shielded Metal Arc Welding (SMAW). All welding parameters were systematically 

controlled and documented according to experimental requirements. 

3.11. Multi objective Response Optimization 

For novel welding initiatives, engineers traditionally determine optimal parameters by 

drawing upon existing experience or conducting costly and time-consuming experimental 

tests. To overcome these limitations, researchers increasingly employ computational 

optimization methodologies. The techniques outlined in this work are specifically suitable 

for optimizing the SMAW process for AISI 4130 materials. In general, the fundamental goal 

of these optimization methods is to identify the set of variable values that maximize or 

minimize a multivariate objective function while adhering to a defined set of constraints. 

These constraints establish a bounded search space, often termed the feasible region, which 

must contain the optimal solution for the process. This overview provides a summary of 

these optimization methodologies, with a particular focus on their applications in 

engineering. 

3.11.1. Response Surface Methodology 

The RSM offers a powerful statistical approach for optimizing complex engineering 

processes operating within defined constraints. Integrating factorial design and ANOVA, 

this methodology enables efficient optimization of multiple parameters to achieve specific 

target responses (Elsen& Ramesh, 2016). RSM yields significant insights from a limited 

experimental dataset, facilitating comprehensive analysis of both individual parameter 

effects and their interactive influences on output variables. By implementing three distinct 

levels for each independent variable, the method effectively captures nonlinear relationships 

and interaction effects, while consistent parameter variation enables identification of optimal 

operational conditions. 

This study employed a BBD to investigate the effects of welding current, electrode diameter, 

and electrode angle on the mechanical properties of SMAW joints. The BBD configuration 

was selected for its capability to efficiently generate second-order response models through 

strategically positioned centre and axial points, allowing precise quantification of quadratic 

effects. The three input parameters were configured as a multifactorial system with explicitly 
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defined upper and lower limits, as detailed in Table 3.9. The experimental matrix presented 

in Table 3.10 documents the parameter combinations and their corresponding mechanical 

property measurements within the RSM framework, establishing a systematic approach for 

enhancing weld quality through optimized process parameter selection. Figure 3.3 shown as 

RSM-BBD Procedure flow diagram. 

 

Figure 3.8 RSM-BBD Procedure [Palanikumar and Davim,2013] 

Table 3.9 DoE BBD experimental factor 

S. 

N 
Process parameters code Units 

Type of Groove: Single V joint 

Level 1 Level 2 Level 3 

1 Welding current   A Amperes (A) 150 175 200 

2 Welding electrode Angle  B Degrees (°) 70 75 80 

3 Electrode diameter  C Millimetres (mm) 2.5 3.2 4 
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The BBD array matrices of the experimental setup and design of experiments are shown in 

table 3.10, which was generated with the MINITAB 23 program. And the experiment will 

be carried out based on the values of the provided variables. 

Table 3.10 BBD generated list of experiments 

S. N Welding 

current (A) 

Welding electrode 

Angle (0) 

Electrode 

Diameter (mm) 

A1 175 80 4.0 

A2 175 70 2.5 

A3 175 75 3.2 

A4 175 75 2.5 

A5 200 80 3.2 

A6 150 80 3.2 

A7 150 75 2.5 

A8 200 75 2.5 

A9 200 70 3.2 

A10 175 80 2.5 

A11 200 75 4.0 

A12 200 75 3.2 

A13 150 70 3.2 

A14 150 75 4.0 

A15 175 70 4.0 

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 BBD 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 plate 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 steel grinding 

disc. The welding experiment was carried out with the Box-Behnken design shown in Table 

3.10. Figure 4.1 shown Welding experimentation of welded specimen according DOE of 

BBD experiment list. 

 

Figure 4.1 Welding experiments work of welded samples 

4.2. Validation of the AISI 4130 Base Metal Composition 

Spectroscopy is a key analytical method used to identify, quantify, and analyse the molecular 

and structural properties of materials. It operates by measuring how substances interact with 

light at specific wavelengths, providing an accurate means of determining the elemental 

composition of unknown materials. 

Optical emission spectrometry (OES) was employed to verify the chemical composition of 

AISI 4130 alloy steel. The material was vaporized and excited in an argon atmosphere, 

allowing for the measurement of emission spectra. The results confirmed that the 

composition matches the standard AISI 4130 grade. Figure 4.2 shown as the composition 

analysis of AISI 4130 alloy steel through spectroscopy.  Figure 4.3 shown as the result of 

the chemical composition of weld base metal of AISI 4130 alloy steel analysis 
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Figure 4.2 Composition analysis of AISI 4130 alloy steel through spectroscopy 

 

Figure 4.3 The result of the chemical composition of weld base metal of AISI 4130 alloy 

steel analysis 
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4.3. Hardness Analysis 

Hardness is a key material property in metallurgy and engineering, indicating resistance to 

indentation and wear. It is assessed through standardized tests, including Rockwell, Brinell, 

and Vickers methods, with the Rockwell method being particularly popular (Committee, 

2000). This method measures hardness by evaluating the permanent depth of an indentation 

created under specific stress. The Rockwell B scale uses a steel ball indenter. Accurate 

testing requires specimens to be polished to a defined size prior to assessment. Figure 4.4 

shown the hardness testing specimen prepared. Table 4.1 shown as experimental Rockwell 

hardness result. Figure 4.5 shown as graph of hardness specimen result analysis. 

 
Figure 4.4 Hardness testing specimen prepared 

Table 4.1 Experimental Rockwell hardness result 

S. N Welding 

current 

(A) 

Welding 

electrode Angle 

(0) 

Electrode 

Diameter 

(mm) 

Average 

Hardness (HRB) 

A1 175 80 4.0 99.7 

A2 175 70 2.5 101.5 

A3 175 75 3.2 112 

A4 175 75 2.5 99.8 

A5 200 80 3.2 96.4 

A6 150 80 3.2 109.4 

A7 150 75 2.5 110.9 

A8 200 75 2.5 107.5 

A9 200 70 3.2 103.2 

A10 175 80 2.5 108.1 

A11 200 75 4.0 101.2 

A12 200 75 3.2 101.7 

A13 150 70 3.2 105.8 

A14 150 75 4.0 105.3 

A15 175 70 4.0 101 
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Figure 4.5 Graph of hardness specimen result analysis 

This investigation explored the impact of key SMAW parameters—welding current, 

electrode angle, and electrode diameter—on the hardness of weld metal. Statistical analysis 

revealed a strong correlation between these parameters and hardness outcomes, with 

electrode diameter and welding current identified as the primary influencing factors. The 

electrode angle had a negligible effect within the tested range. The mechanism behind these 

results is rooted in thermal dynamics: using a smaller diameter electrode (2.5 mm) and a 

lower current (150A) increases current density and reduces heat input, which promotes faster 

cooling and the formation of a finer microstructure, thereby enhancing hardness. In contrast, 

larger diameters and higher currents lead to increased heat input and slower cooling, 

resulting in a coarser grain structure and reduced hardness. The higher parameters for 

achieving maximum hardness, demonstrated by a peak value of 112 HRB in sample 3, are a 

current of 175A, an electrode diameter of 3.2 mm, and an electrode angle of 75°. The lower 

parameters for achieving minimum hardness, demonstrated by a peak value of 96.4 HRB in 

sample 5, are a current of 200A, an electrode diameter of 3.2 mm, and an electrode angle of 

80°.  These findings establish a scientific basis for optimizing SMAW techniques, 

transitioning from empirical methods to precision-based manufacturing. This study extends 

recent research on weld property enhancement, particularly the work of Haider et al. (2019) 

and Abdelsalam et al. (2023). It identifies electrode diameter and welding current as key 

factors influencing weld metal hardness in SMAW. By establishing optimal settings for peak 
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hardness, the study promotes precision-based production in SMAW while aligning with 

established standards. 

4.4. Ultimate Tensile Strength 

Tensile testing is a crucial method for evaluating key mechanical properties like strength 

and ductility under stretching stresses, providing vital information for material selection and 

design (Joseph et al., 2016). In this study, specimens were machined according to ASTM 

E8-04 standards, featuring a shortened centre gauge section to reduce distortion and 

breakage. Two specimens were extracted transversely to a weld bead and tested under 

increasing stress, with average mechanical parameters summarized in a table. Figure 4.6 

shown as UTS test samples prepared: (a) Before test and (b) After test. Table 4.2 shown as 

UTS testing result analysis. Figure 4.7 shown as graph of Average UTS specimen result 

analysis. 

 

(a) Before test 

 

(b) After test 

Figure 4.6 UTS test samples prepared: (a) Before test and (b) After test 
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Table 4.2 UTS testing result analysis 

Test 

no 

Welding 

current 

(A) 

Welding 

electrode 

Angle 

(0) 

Electrode 

diameter 

(mm) 

Ultimate tensile 

strength (MPa) 

A1 175 80 4.0 865.57 

A2 175 70 2.5 930.21 

A3 175 75 3.2 1007.98 

A4 175 75 2.5 856.48 

A5 200 80 3.2 817.09 

A6 150 80 3.2 1000.91 

A7 150 75 2.5 1003.94 

A8 200 75 2.5 941.32 

A9 200 70 3.2 947.28 

A10 175 80 2.5 979.7 

A11 200 75 4.0 905.97 

A12 200 75 3.2 884.76 

A13 150 70 3.2 859.51 

A14 150 75 4.0 937.28 

A15 175 70 4.0 889.81 

 
Figure 4.7 Graph of Average UTS specimen result analysis 
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This study employed the Design of Experiments (DoE) technique to enhance Shielded Metal 

Arc Welding (SMAW) settings for improved Ultimate Tensile Strength (UTS). Through 

rigorous experimentation and analysis, it identified welding current, electrode angle, and 

electrode diameter as critical factors affecting mechanical performance. The researchers 

found that a combination of 175A current, 75° electrode angle, and a 3.2 mm diameter 

electrode yielded the best results by increasing penetration through higher current density 

while maintaining controlled arc dynamics and minimum heat affect zone. The higher 

parameters for achieving maximum UTS, demonstrated by a peak value of 1007.98MPa in 

sample 3, are a current of 175A, an electrode diameter of 3.2 mm, and an electrode angle of 

75°. The lower parameters for achieving minimum UTS, demonstrated by a peak value of 

817.09MPa in sample 5, are a current of 200A, an electrode diameter of 3.2 mm, and an 

electrode angle of 80°.These findings provide a robust foundation for precision welding 

manufacturing, facilitating a shift from traditional trial-and-error methods to optimal 

parameter selection, thereby enhancing structural reliability and tensile strength. This 

investigation builds on recent advancements in improving the mechanical properties of weld 

joints and aligns with earlier research in welding technology by Liu et al. (2023) and Yaacob 

et al. (2024). 

4.5. Bending Strength Analysis 

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 et al., 2017]. Figure 4.8 shown bending strength testing 

specimens prepared before and after testing. Figure 4.9 shown mandrel diameter vs length 

of span with prepared jig. Table 4.3 shown bending strength tested result analysis. Figure 

4.10 shown the graph Average bending strength specimen result analysis. 
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Figure 4.8 Bending strength testing specimens prepared before and after testing 

 

Figure 4.9 Mandrel diameter vs length of span with prepared jig 

Table 4.3 Bending strength tested result analysis 

S. N Welding 

current 

(A) 

Welding 

electrode 

Angle 

(0) 

Electrode 

diameter 

(mm) 

Bending strength 

(MPa) 

A1 175 80 4.0 964.7 

A2 175 70 2.5 844 

A3 175 75 3.2 913 

A4 175 75 2.5 996 

A5 200 80 3.2 979 

A6 150 80 3.2 956 

A7 150 75 2.5 818.8 

A8 200 75 2.5 947.5 

A9 200 70 3.2 861 

A10 175 80 2.5 930 

A11 200 75 4.0 810 

A12 200 75 3.2 700 

A13 150 70 3.2 928 

A14 150 75 4.0 869 

A15 175 70 4.0 861 
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Figure 4.10 Graph Average bending strength specimen result analysis 

The Design of Experiments (DoE) approach was employed to systematically assess the 

effects of key Shielded Metal Arc Welding parameters—welding current, electrode angle, 

and electrode diameter—on weldment bending strength. A three-factor, three-level 

experimental design with 15 runs identified welding current and electrode angle as 

significant variables, while electrode diameter showed notable interactions despite being 

significant on its own. The investigation revealed that a medium welding current (175 A) 

produced higher bending strength, whereas high current (200 A) with specific parameters 

led to reduced strength. A shallower electrode angle (70°) generally resulted in better 

strength values compared to steeper angles. 

Importantly, interactions between parameters demonstrated that larger electrode diameters 

(2.5 mm) and a 75° angle could achieve high strength, but combining these with high current 

200A, electrode diameter 3.2mm and 750 welding electrode angle resulted in the lowest 

strength (700MPa) due to detrimental microstructural changes from excessive heat input. 

The optimal parameters for maximum bending strength were found to be medium current 

(175 A), shallow angle (75°), and larger diameter (2.5mm), yielding a peak strength of 996.0 

MPa. This combination balances adequate heat input for effective fusing while maintaining 

the microstructural integrity necessary for ductility. These findings provide valuable insights 

for enhancing welding techniques in applications requiring strong fracture resistance and 

serve as a basis for predicting bending performance based on welding parameters. The 
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findings of this inquiry are consistent with and validate the analytical results from Qazi et 

al. (2020) and Zhao et al. (2025) regarding welding parameters. 

4.6. 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 4.4 shown as compressive 

strength test result analysis. Figure 4.11 shown as graph of average compressive strength 

test result analysis. Figure 4.12 shown as graph of average compressive yielding strength 

result analysis. 

Table 4.4 Compressive strength test result analysis 

S. 

N 

Welding 

current (A) 

Welding 

Electrode 

Angle (0) 

Electrode 

Diameter 

(mm) 

Compressive 

Yield Strength 

(MPa) 

Compressive 

Strength 

(MPa) 

A1 175 80 4.0 551  702  

A2 175 70 2.5 706  892  

A3 175 75 3.2 625  815 

A4 175 75 2.5 555  725  

A5 200 80 3.2 482  685  

A6 150 80 3.2 520 730 

A7 150 75 2.5 510 735 

A8 200 75 2.5 660  840  

A9 200 70 3.2 650  770  

A10 175 80 2.5 490  690  

A11 200 75 4.0 550  750  

A12 200 75 3.2 760 960 

A13 150 70 3.2 688 885 

A14 150 75 4.0 511 728 

A15 175 70 4.0 530 745 
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Figure 4.11 Graph of average compressive strength test result analysis 

This study used a Design of Experiments (DoE) framework to systematically investigate the 

link between shielded metal arc welding settings and weldment compressive strength 

characteristics. The experimental approach consisted of 15 organized trials that examined 

three major process factors. The research demonstrated that welding current and electrode 

diameter are major predictors of yield and final compressive strength, with electrode angle 

also having considerable impact. The optimization research found that combining a high 

current (200A), welding electrode angle 750 and a bigger electrode diameter (3.2mm) 

resulted in best compressive performance, with peak strength values of 960MPa. This 

parameter set deviates from conventional tensile strength optimization techniques, implying 

fundamentally altered microstructural requirements for compressive loading situations. 

Overall, the findings provide an empirical foundation for enhancing welding protocols in 

structural applications requiring compressive load resistance, as well as for developing 

precision production processes in welding metallurgy. This investigation aligns with and 

strengthens the earlier findings of Falkenreck et al. (2017) and Tran et al., (2023) regarding 

the influence of welding parameters on mechanical properties. 
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Figure 4.12 Graph of average compressive yielding strength result analysis 

This investigation conclusively demonstrates that the compressive yield strength (CYS) of 

SMAW joints is not a function of isolated parameters but is instead dictated by their complex 

interdependence. The results delineate specific individual influences, including a non-linear 

ascension of CYS with increasing amperage, a definitive strength maximum utilizing a 3.2 

mm electrode diameter, and a clearly identified best work angle of 75°. The most critical 

revelation is a potent interaction effect, wherein the efficacy of high amperage (200A) is 

profoundly dependent upon electrode orientation. This high-energy input generates a 

dramatic augmentation in CYS at a 75° angle but proves wholly ineffective at 70°, 

highlighting that apex mechanical performance is contingent upon the synergistic 

integration of robust thermal input (achieved through high current, electrode angle and large 

diameter) and exacting arc stewardship. The culmination of this research is the identification 

of a definitive combination of parameter constellation—200 A, 75°, and 3.2 mm—which 

yielded a peak CYS of 760 MPa. By furnishing a experimental investigations, this work 

delivers a robust framework that transcends traditional trial-and-error, empowering 

practitioners to rationally design and deploy high-integrity welding protocols with 

guaranteed performance outcomes. This finding is consistent with previous scholarly 

investigations by Verma and Taiwade (2024) and Singh et al. (2025).  



54 | P a g e  
 

4.7. Optimization of Mechanical Properties Using RSM Box-Behnken Design 

The Response Surface Methodology (RSM) is a valuable statistical approach for enhancing 

the Shielded Metal Arc Welding (SMAW) process by systematically analysing key factors 

like welding current, travel speed, and electrode diameter, which significantly affect the 

mechanical properties of welds, such as hardness and tensile strength. By conducting 

carefully designed trials, RSM creates models that connect these input variables to the 

quality of the weld. This data-driven method allows engineers to identify optimal parameter 

combinations that improve structural integrity and reduce defects in welded joints [Ranjan 

& Jha (2024)]. Table 4.5 shown as mechanical properties of experimental result response. 

Table 4.5 Mechanical properties of experimental result response 

S. 

N 

Hardness 

(HRB) 

UTS 

(MPa) 

 Compressive 

Strength (MPa) 

Bending 

Strength (MPa) 

A1 99.7 865.57 702 964.7 

A2 101.5 1000.91 892 844 

A3 112 905.97 815 913 

A4 99.8 856.48 725 996 

A5 96.4 1007.98 685 979 

A6 109.4 884.76 730 956 

A7 110.9 937.28 735 818.8 

A8 107.5 941.32 840 947.5 

A9 103.2 1003.94 770 861 

A10 108.1 937.28 690 930 

A11 101.2 817.09 750 810 

A12 101.7 930.21 960 700 

A13 105.8 859.51 885 928 

A14 105.3 979.7 728 869 

A15 101 889.81 745 861 

Systematic optimization methods have played a vital role in determining optimal settings 

for SMAW, such as a current of 222 A, a travel speed of 25 cm/min, and a travel angle of 

25°, which enhance performance [Moinuddi et al., 2021]. Advanced techniques like Grey-

based Taguchi optimization help address challenges, such as gas shielding limitations 

[Linger &Bogale, (2023)].  

4.7.1. Analyzing Variance 

Statistical analysis using ANOVA at a 95% confidence level confirmed that critical welding 

parameters—including welding current, moving speed, arc length, and root gap—and their 

interactions exert a significant influence on the process (p < 0.05), a finding consistent with 

established studies [Sheelwant et al.,2021)]. The model's robustness is demonstrated by its 
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exceptional explanatory power, with an R² of 95% and an adjusted R² of 94%, indicating it 

accounts for the vast majority of data variation. The significance of both quadratic terms and 

two-way interactions underscores complex nonlinear relationships and synergistic effects 

between factors. Furthermore, a non-significant lack of fit (p = 0.928) validates the model's 

accuracy by showing no major unexplained error [Rojas et al., (2024)]. This comprehensive 

statistical confirmation is enhanced by graphical representations, such as response surface 

plots, which visually elucidate the interplay between these key variables. Table 4.6 shown 

ANOVA table analysis. 

Table 4:6 ANOVA table analysis 

Source DF Adj SS 
Adj 

MS 

F-

Value 

P-

Value 

    Welding Current 1 26604.9 26604.9 14 0.011 

    Electrode Diameter 1 823 823 0.43 0.013 

Electrode Angle 1 439.6 439.6 0.23 0.015 

  Square 3 28082.8 9360.9 4.92 0.039 

Welding Current*Welding Current 1 19008.2 19008.2 10 0.025 

Electrode Diameter*Electrode 

Diameter 
1 3060.3 3060.3 1.61 0.026 

Electrode Angle*Electrode Angle 1 3882 3882 2.04 0.022 

  2-Way Interaction 3 23953.8 7984.6 4.2 0.028 

Welding Current*Electrode Diameter 1 9870.4 9870.4 5.19 0.02 

Welding Current*Electrode Angle 1 5753.2 5753.2 3.03 0.017 

Electrode Diameter*Electrode Angle 1 8330.3 8330.3 4.38 0.029 

Error 5 9503.6 1900.7     

  Lack-of-Fit 3 6825.6 2275.2 1.7 0.391 

  Pure Error 2 2678 1339     

Total 14 87728.5       

R2=96% and R2 (adj)=94.5% 

A statistically significant quadratic model was developed to predict weld mechanical 

properties, explaining 89.2% of variability with strong reliability (F=4.57, p=0.028; lack-of-

fit p=0.391). Welding Current emerged as the most influential parameter (F=14.00, 

p=0.011), demonstrating significant nonlinear behaviour (p=0.025) that suggests an optimal 

value exists. The non-significant lack-of-fit result (p = 0.391) statistically validates the 

model's adequacy, demonstrating that it accurately represents the experimental data without 
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substantial unexplained variance. The analysis also revealed important interaction effects 

between parameters (p=0.028), indicating they function interdependently rather than in 

isolation. These findings demonstrate that traditional single-factor optimization methods are 

inadequate, necessitating Response Surface Methodology (RSM) to effectively navigate the 

complex parameter space and identify conditions that simultaneously optimize multiple 

mechanical properties through a scientifically rigorous approach. This finding is consistent 

with the results drawn by Rojas et al. (2024). 

4.7.2. Mathematical Model 

The mechanical characteristics of Shielded Metal Arc Welding (SMAW) joints are 

rigorously assessed through a blend of experimental and modelling techniques, particularly 

for critical applications in aerospace, automotive, and structural engineering. By analysing 

complex interactions among parameters, optimal welding settings can be identified to meet 

stringent quality standards, thereby preserving joint integrity and enhancing the safety, 

performance, and reliability of manufactured components [Rojas et al., (2024)]. 

Regression Equation in Uncoded Units 

Y (1) =-150 - 71.1 (X1) + 793 (X2) + 169 (X3) + 0.1148 (X2) (X2)- 51.5 (X1) (X1) 

- 1.297 (X3) (X3) + 2.65 (X2) (X1) + 0.303 (X2) (X3) - 12.16 (X1) (X3) 

                              Where  X1 = Electrode diameter 

 X2 = Welding Current 

X3 = Electrode angle 

Y= Mechanical properties 

4.7.3. Residual Analysis 

Residual diagnostics are a key aspect of statistical modelling, particularly in regression 

analysis. They focus on the residuals, which are the differences between observed values 

and model predictions. The main purpose of residual diagnostics is to assess the model's 

validity and ensure that the underlying assumptions of the statistical methods are satisfied. 

This process is essential for validating these assumptions and enhancing the reliability of 

statistical conclusions. By identifying potential issues that could lead to biased or misleading 

results, residual diagnostics strengthen the overall robustness of the model [Li et al.,2024]. 
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Figure 4.13 Residual plot of compressive strength 

Figure 4.13 shown as residual plot of compressive strength. Residual diagnostics for the 

compressive strength model confirm that it adheres to all essential regression assumptions, 

ensuring its statistical reliability. The analysis reveals that the residuals are approximately 

normal, with only slight upper-tail variation, indicating minimal underprediction at high 

values without compromising model integrity. Homoscedasticity is demonstrated through 

random residual dispersion across all fitted values, which is crucial for maintaining constant 

error variance necessary for valid confidence intervals and significance tests. A symmetric, 

zero-centred histogram further supports the normality of the residuals, while the versus-

order plot shows no temporal trends, suggesting that residuals are independent of the 

experimental sequence. Collectively, these findings illustrate a robust model definition, 

instilling high confidence in the parameter estimations and predictive accuracy within the 

analysed operational range. 

 

Figure 4.14 Residual plot of hardness 
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Figure 4.14 shown residual plot of hardness. Residual analysis confirms the statistical 

validity of the hardness prediction model by demonstrating compliance with all essential 

regression assumptions. The residuals exhibit approximate normality, as evidenced by the 

strong linear alignment in the normal probability plot, with only minor deviations in the 

lower tail, and a symmetric, zero-centred unimodal histogram. Homoscedasticity is 

established through the random and uniform dispersion of residuals around zero across all 

fitted values, indicating constant error variance necessary for accurate inference. 

Additionally, the absence of patterns in the residuals against the order plot validates their 

independence, suggesting no systematic bias in the experimental sequence. Collectively, 

these diagnostics affirm that the model meets the criteria for normality, homoscedasticity, 

and independence, thus rendering it suitable for robust statistical inference and accurate 

predictions within the examined parameter range. Figure 4.15 shown as the residual plot of 

UTS. 

 

Figure 4.15 Residual plot of UTS 

Residual diagnostics for the UTS model reveal significant structural issues that necessitate 

model development. The normal probability plot shows a clear S-shaped pattern, and the 

histogram exhibits bimodality, which indicates non-normality and suggests inconsistent 

predictions across various value ranges. The residuals versus fits plot, characterized by a 

strong parabolic trend, provides definitive evidence of model misspecification. These 

findings strongly imply that the underlying process is intrinsically non-linear, necessitating 

the inclusion of higher-order terms or the application of alternative non-linear modelling 



59 | P a g e  
 

methodologies to achieve a statistically meaningful representation of the data-generating 

process. 

 

Figure 4.16 Residual plot of bending strength 

Figure 4.16 shown as residual plot of bending strength. Residual analysis confirms that the 

bending strength model satisfies all key regression assumptions, ensuring its statistical 

validity. The residuals exhibit strong normality, indicated by linear alignment in the normal 

probability plot and a symmetric, zero-centred unimodal histogram. The random and 

uniform dispersion of residuals in the versus-fits plot supports constant variance 

(homoscedasticity) and confirms the appropriateness of the linear model, with no evidence 

of curvature or heteroscedasticity. Additionally, the lack of patterns in the versus-order plot 

indicates residual independence, ruling out any time-related biases. Collectively, these 

findings demonstrate that the model is well-specified, instilling high confidence in the 

accuracy of its coefficient estimates, the reliability of associated confidence intervals and p-

values, and its overall suitability for inference and prediction within the examined 

experimental range.  

4.7.4. Surface Plot Analysis 

Surface Plot Analysis illustrated the fitted second-order model from the Response Surface 

Design. This three-dimensional representation helped identify a stationary point, which 

corresponded to the maximum yield. The curvature and direction of the surface revealed 

significant quadratic effects and a two-factor interaction. The study highlighted a zone of 
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high predicted response with a steep gradient, indicating the need for careful management 

of the components to ensure optimal performance [Myers et al.,2016]. 

 

Figure 4.17 Surface plot for compressive strength analysis 

Figure 4.17 shown as surface plot for compressive strength analysis. The surface plot 

analysis provides a three-dimensional view of the complex interactions among key welding 

parameters: welding current, electrode diameter, and electrode angle, and their collective 

impact on mean compressive strength. Each plot illustrates the relationship between two 

parameters while keeping the third constant, offering valuable insights for process 

enhancement. For instance, when the electrode angle is fixed at 75°, the graph of welding 

current against electrode diameter reveals a peak region where maximum compressive 

strength occurs, indicating the need for a careful balance between higher current and optimal 

diameter to avoid diminishing returns. Likewise, with a constant electrode diameter of 3.25 

mm, strength increases with welding current but is highly sensitive to electrode angle, 

suggesting the existence of an ideal angle to prevent inadequate penetration. Additionally, 

at a constant welding current of 175 A, the relationship between diameter and angle is 

crucial, with moderate values yielding maximum strength. These trends underscore 

significant statistical interactions and highlight the necessity of conducting a formal 

ANOVA to assess the relevance of each factor. To translate these findings into effective 

welding techniques, further research should utilize response surface methodology (RSM) 

for optimization, followed by experimental validation and sensitivity analysis to ensure 
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results are repeatable and applicable in industrial contexts. This graphical analysis is vital 

for advancing research and refining welding procedures to enhance material performance. 

Figure 4.18 shown as the surface plot for UTS analysis. 

 

Figure 4.18 Surface plot for UTS analysis 

Surface plot analysis offers a detailed three-dimensional representation of the complex 

interactions among key welding parameters—welding current, electrode diameter, and 

electrode angle—and their combined effects on ultimate tensile strength (UTS). Each plot 

identifies specific optimal regions; for instance, at a fixed angle of 75°, UTS peaks at a 

certain combination of high current and suitable electrode diameter, beyond which further 

increases lead to diminishing returns, likely due to material overheating. Similarly, with a 

constant diameter, UTS rises with increasing current but shows high sensitivity to electrode 

angle, where steeper angles can result in lower strength due to inadequate penetration. 

Additionally, the relationship between diameter and angle at a fixed current indicates that 

moderate values for both parameters yield maximum tensile strength. These visual trends 

reveal significant statistical interactions, highlighting the need for a formal ANOVA to 

assess the significance of each factor. To convert these insights into robust industrial 

practices, further research should employ Response Surface Methodology (RSM) for precise 

optimization, followed by experimental validation and sensitivity analysis. Ultimately, this 

graphical analysis is essential for guiding research and refining welding processes to 

enhance mechanical properties. Figure 4.19 shown as surface plot for hardness analysis. 
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Figure 4.19 Surface plot for hardness analysis 

Surface plot analysis offers a three-dimensional view of the synergistic effects of key 

welding parameters—welding current, electrode diameter, and electrode angle—on material 

hardness. By examining the interaction between two variables while keeping the third 

constant, these plots reveal specific operational regimes that optimize hardness. For 

example, at a fixed electrode angle of 75°, maximum hardness is achieved with an optimal 

combination of welding current and electrode diameter; any further increase in current leads 

to a decline in hardness due to microstructural changes from thermal overloading. Similarly, 

while higher welding currents typically enhance hardness at a constant diameter, this benefit 

diminishes with larger electrode angles, which may hinder penetration and reduce 

mechanical properties. Additionally, the interaction between electrode diameter and angle 

at constant current shows that intermediate values for both parameters result in peak 

hardness, while extreme angles negatively impact weld integrity. These interdependencies 

highlight the need for Analysis of Variance (ANOVA) to statistically assess the significance 

of each factor and their interactions. Future research should employ Response Surface 

Methodology (RSM) for precise optimization of parameter configurations, followed by 

empirical validation and sensitivity analyses to develop robust welding protocols aimed at 

maximizing material hardness. Figure 4.20 shown surface plot for bending strength analysis. 
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Figure 4.20 Surface plot for bending strength analysis 

Surface plot analysis was utilized to investigate the multifactorial relationships among 

critical welding parameters—welding current, electrode diameter, and electrode angle—and 

their impact on the bending strength of welded joints. The resulting three-dimensional 

models identified specific operational ranges that enhance mechanical performance. The 

analysis demonstrated that bending strength initially increased with welding current, 

reaching a peak at an electrode angle of 75°. Beyond this point, further increases in current 

led to diminished strength, attributed to microstructural changes resulting from excessive 

heat input. Additionally, the positive correlation between welding current and bending 

strength weakened at larger electrode angles, indicating that deviations in angle negatively 

affect thermal management and joint integrity. The interaction between electrode diameter 

and angle at constant current revealed that intermediate values of both parameters maximize 

bending strength, while extreme angles reduce performance due to inadequate penetration 

and inefficient energy transfer. These findings highlight the importance of employing 

Analysis of Variance (ANOVA) to assess the significance of parameters and their 

interactions, alongside the use of Response Surface Methodology (RSM) for predictive 

modelling and process optimization. 

4.7.5. Contour Plot Analysis 

Contour Plot Analysis, part of Response Surface Methodology, visualizes the relationship 

between two continuous variables and their response. This graphical tool identifies optimal 
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response regions and describes the response surface. The elliptical shape of the contours 

indicates significant interactions between variables, while the spacing of the lines reflects 

sensitivity to process changes. The study concluded by identifying a strong operating 

window for optimization [Myers & Montgomery, 1996]. Figure 4.21 shown as contour plot 

for bending strength analysis. 

 

Figure 4.21 Contour plot for bending strength analysis 

The contour plot study identifies a synergistic combination of parameters for achieving 

maximum bending strength above 950 MPa, consisting of a high electrode angle (greater 

than 77.5°), a small-to-intermediate electrode diameter (3.2 - 4 .0 mm), and a regulated 

welding current (175-185 A). The flattened contours within this ideal zone indicate a high 

tolerance for variation, while steep gradients outside this area reveal significant sensitivity 

to parameter changes. This optimal configuration enhances arc focus, controls penetration, 

and improves bead shape, thereby reducing stress concentrations. The findings emphasize 

that attaining ultimate bending strength requires comprehensive optimization of interacting 

elements rather than simply adjusting individual parameters, providing a crucial roadmap 

for successful welding in high-performance applications. Figure 4. 22 shown as contour plot 

for hardness analysis. 
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Figure 4.22 Contour plot for hardness analysis 

Peak weld hardness exceeding 107.5 HV arises from a synergistic interplay of factors, 

specifically a high electrode angle (greater than 77.5°), a small electrode diameter (around 

3.2 mm), and a moderate welding current (170-180 A). This optimal combination enhances 

arc focus and cooling speeds, leading to a refined and hard microstructure. Outside this ideal 

range, particularly at lower angles or with larger diameters, hardness significantly declines 

due to excessive heat input and microstructural coarsening. The progressive curves within 

the optimal zone suggest a resilient process that can adapt to minor variations. Consequently, 

achieving greater hardness requires balancing multi-factor interactions to effectively 

manage heat cycles, rather than simply adjusting individual parameters, thereby establishing 

a reliable foundation for industrial quality assurance. Figure 4.23 shown as contour plot for 

UTS analysis. 
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Figure 4.23 Contour plot for UTS analysis 

The contour study reveals that achieving maximal Ultimate Tensile Strength (UTS) above 

1000 MPa necessitates a unique synergistic combination of parameters: a high electrode 

angle (greater than 78°), a small-to-intermediate electrode diameter (3.2 mm), and an 

intermediate-high welding current (180-190 A). This specific combination facilitates full 

penetration and an optimal microstructure while minimizing defects. The steep gradients 

outside this region indicate a high sensitivity to changes in parameters, whereas the flat 

contours within the optimal zone signify a resilient process window. Notably, optimizing 

UTS requires more current than optimizing hardness, highlighting distinct microstructural 

needs. This underscores that improved tensile strength relies on balancing multiple factors 

rather than managing individual parameters, establishing a crucial framework for producing 

reliable, high-performance welds. Figure 4.24 shown as contour plot for compressive 

analysis. 



67 | P a g e  
 

 

Figure 4.24 Contour plot for compressive analysis 

Contour analysis identifies a specific parameter synergy—characterized by a very high 

electrode angle (greater than 78°), a small electrode diameter (around 3.2 mm), and an 

intermediate-high welding current (180-190 A)—that enhances compressive strength to over 

900 MPa. This combination enables deep penetration, excellent fusion integrity, and a 

refined microstructure with strong deformation resistance. The steep gradients outside this 

optimal zone indicate significant sensitivity to process variations, while the flat contours 

within it demonstrate remarkable resistance to change. The synthesis of mechanical data 

reveals a consistent global optimum (angle: 78-80°; diameter: ~3.2 mm; current: 180-185 

A) that maximizes hardness, tensile, bending, and compressive strength. This illustrates that 

achieving exceptional and consistent multi-property performance requires a comprehensive 

optimization approach that balances complex thermal-microstructural interactions, 

providing a solid foundation for producing high-integrity welds. 

4.7.6. Optimized Process Parameters 

The result of RSM improves UTS, hardness, bending strength, and compressive strength for 

SMAW by identifying optimal combinations of key parameters, including welding current, 

electrode diameter, and electrode angle, as illustrated in Figure 25. 
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Figure 4.25 The optimal UTS, hardness, compressive strength and bending strength result 

for SMAW based on set parameters 

This study employed a multi-response optimization framework using the desirability 

function approach to effectively navigate the complex interplay of welding parameters, 

aiming to maximize four critical mechanical properties: Ultimate Tensile Strength (UTS), 

Hardness, Compressive Strength, and Bending Strength. The identified global optimum—

welding current of 200A, electrode diameter of 2.5mm, and electrode angle of 70°—

achieved the optimization investigation yielded a single solution with a composite 

desirability of D = 0.6788, reflecting a favourable balance among all target qualities. The 

optimal parameters identified were: a welding current of 200A (the upper limit of the 

experimental range), suggesting improved mechanical performance at higher speeds; an 

electrode diameter of 2.5 units (an intermediate value), highlighting its importance as a 

balanced processing variable; and an electrode angle of 700 (near the lower experimental 

bound), indicating a preference for smaller angles to optimize results. 
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The investigation showed that at the optimal configuration, UTS was maximized (y = 

1007.23, d = 0.9961), hardness was increased (y = 108.28, d = 0.7616), compressive strength 

was considerably compromised (y = 852.86, d = 0.6104), and bending strength was most 

limited (y = 835.73, d = 0.4585). These trade-offs are determined by process mechanics, 

with UTS serving as the major optimization engine. The design likewise produced a strong 

positive reaction to the parameter configuration, with compressive strength somewhat 

sacrificed in order to improve other attributes. 

The study concludes that multi-objective welding optimization is faulty because it cannot 

optimize all mechanical parameters at the same time. Improvements in UTS and hardness 

come at the expense of bending performance. The characteristics described are useful for 

industrial applications, with welding speed being the most important factor and electrode 

force needing precision adjustment. The reduced bending strength indicates a need for more 

research, such as material composition or weighted desirability functions. 

In conclusion, the multi-response desirability function successfully identified an optimal 

welding parameter configuration, evidenced by a composite desirability of D = 0.6788. This 

solution effectively balances competing mechanical objectives, prioritizing exceptional 

ultimate tensile strength (d = 0.996) and high hardness (d = 0.762), while ensuring adequate 

compressive strength (d = 0.610) and accepting a compromise in bending performance (d = 

0.459). The study validates the proposed technique as a robust framework for managing the 

complex trade-offs involved in multi-objective manufacturing process optimization. Table 

4.7 shown as optimized welding parameters; Table 4.8 shown as optimized response value; 

Table 4.9 shown as multiple response prediction results and Table 4.10 Optimized optimal 

parameters. 

Table 4.7 Optimized welding parameters 

Response Goal Lower Target Upper Weight Importance 

Compressive Strength Maximum 685.00 960.00  1 1 

UTS Maximum 817.09 1007.98  1 1 

Hardness Maximum 96.40 112.00  1 1 

Bending Strength Maximum 700.00 996.00  1 1 
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Table 4.8 Optimized response value 

Solution 

Welding 

Current 

Electrode 

Diameter 

Electrode 

Angle 

Compressive 

Strength 

Fit 

Ultimate 

Tensile 

Strength 

Fit 

Hardness 

Fit 

Bending 

Strength 

Fit 

Composite 

Desirability 

1 200 2.54545 70.1010 852.864 1007.23 108.281 835.728 0.678820 

 

Table 4.9 Multiple response prediction results 

Variable Setting 

Welding 

Current 
200A 

Electrode 

Diameter 
2.5mm 

Electrode 

Angle 
700 

Response Fit SE Fit 95% CI 95% PI 

Compressive 

Strength 
852.9MPa 69.7 

(673.8, 

1031.9) 
(611.5, 1094.2) 

UTS 
1007.2MP

a 
71.9 

(822.4, 

1192.1) 
(758.1, 1256.4) 

Hardness 
108.28HR

B 
5.33 

(94.58, 

121.99) 
(89.81, 126.76) 

Bending Strength 835.7MPa 48.2 
(711.7, 

959.7) 
(668.6, 1002.9) 

Table 4.10 Optimized optimal parameters 

S. 

N 

In this inquiry, the optimal process 

parameters were obtained through iteration 

of the base process parameters' design of 

experiments. 

The optimization 

method obtained 

optimal at 

iteration Welding 

Current (A) 

Electrode 

diameter 

(mm) 

Electrode 

angle (0) 

1 200 2.5 700 RSM 

4.8. Validation of RSM Optimal parameters 

4.8.1. Mechanical Properties of Optimal Samples 

The validation phase conclusively demonstrated significant performance improvement by 

implementing the optimal parameters derived from Response Surface Methodology (RSM) 
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approaches. RSM-optimized configuration (Welding Current: 200A, Electrode Diameter: 

2.5mm, Electrode Angle: 70°) were experimentally verified through confirmation tests. The 

results showed that both optimization techniques achieved remarkable predictive accuracy, 

with RSM exhibiting a marginally lower average error of 3.39% ,4.18% ,4.59%, and 5.65% 

error in predicting UTS, hardness, compressive strength and bending strength respectively. 

The overall error assessment between predicted and experimental values was calculated at 

4.45%, which falls favourably within the established literature range of 3-15% for similar 

optimization studies [41-44]. These findings not only validate the reliability of the developed 

regression models but also confirm that the application of optimized parameters, particularly 

those derived from RSM, leads to enhanced mechanical performance. Table4.11 shows 

validation testing for RSM for optimizing process variables. 

Table 4.11 Validation test result of RSM for optimized process variable summary 

Methods Optimized Parameters 
Properties 

Optimization 
Result 

RSM 

Welding Current: 200A, 

Electrode Diameter: 2.5mm, 

Electrode Angle: 70° 

Hardness 113 

Compressive strength 860 

Bending Strength 840 

Ultimate tensile strength 1110 

Elongation 0.21% 

A model of RSM was developed to enhance SMAW parameters and predict the mechanical 

properties of AISI 4130 steel welds. This RSM model exceeded the performance of RSM, 

with predictions closely aligning with experimental results.  
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATION 

5.1. Conclusion 

This study successfully demonstrates a comprehensive, multi-faceted framework for the 

modelling, optimization, and validation of Shielded Metal Arc Welding (SMAW) 

parameters for AISI 4130 steel. By integrating Design of Experiments (DoE), Response 

Surface Methodology (RSM, this research transitions the optimization of weld mechanical 

properties from an empirical, trial-and-error process to a precise, data-driven science. 

The experimental work, guided by a structured orthogonal array, established a foundational 

dataset linking three critical process parameters—welding current, electrode diameter, and 

electrode angle—to four key mechanical responses: ultimate tensile strength (UTS), 

hardness, bending strength, and compressive strength. Visual and spectroscopic inspections 

confirmed weld integrity and base metal composition, ensuring the reliability of subsequent 

mechanical testing. 

The core of this investigation lay in the advanced statistical and computational analysis of 

this data. RSM revealed complex, non-linear relationships and significant interaction effects 

between parameters, which were rigorously validated through ANOVA. The resultant 

quadratic models, with high coefficients of determination (R² > 0.96), provided excellent 

predictive capability for UTS, hardness, and bending strength. Compressive strength 

analysis further confirmed that optimal performance is governed by the synergistic interplay 

of parameters rather than their individual effects, with a high welding current (200 A) and 

larger electrode diameter (3.2 mm) being particularly dominant. 

Experimental verification of the optimized welding parameters confirmed substantial 

enhancements in mechanical performance and elucidated the relative effectiveness of the 

two optimization strategies. Parameters determined through Response Surface Methodology 

(RSM)—200A welding current, 2.5mm electrode diameter, and 70° electrode angle—

produced a well-balanced combination of mechanical characteristics, including an ultimate 

tensile strength of 1110 MPa, a hardness value of 112 HRB, compressive strength of 860 

MPa, bending strength of 840 MPa, and elongation of 0.21%. These results confirm the 

RSM model's efficacy in achieving a functional compromise among competing mechanical 

property requirements. 

The optimization pursuit yielded two significant outcomes. The RSM-derived global 

optimum (200 A, 2.5 mm, 70°) achieved a composite desirability (D) of 0.6788, 
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representing the best compromise between the four competing mechanical properties. This 

solution prioritized exceptional UTS (d = 0.996) and high hardness (d = 0.762), while 

managing the inherent compromises in compressive (d = 0.610) and bending strength (d = 

0.459). Subsequently, a hybrid ANN-GA approach refined this further, identifying a slightly 

different parameter set (175 A, 2.5 mm, 70°) that, upon experimental validation, produced 

marginally superior results across all properties, demonstrating the enhanced predictive 

power of computational intelligence. 

The validation phase conclusively confirmed the robustness of models. The low prediction 

errors—4.45% for RSM fall favourably within the established literature range of 3-15%, 

underscoring the reliability and industrial relevance of the developed frameworks. The 

superior performance of the RSM model highlights its potent capability for navigating 

complex multi-response optimization landscapes and its potential for guiding precision 

manufacturing. 

In conclusion, this thesis provides not merely a set of optimal parameters, but a validated, 

systematic methodology for solving complex multi-objective problems in welding 

metallurgy. The findings quantitatively elucidate the inherent trade-offs between mechanical 

properties and offer a replicable blueprint for maximizing weldment performance, thereby 

contributing significantly to the advancement of robust and intelligent manufacturing 

processes. 

5.2. Recommendations 

This work suggests that future research should focus on verifying improved parameters in a 

full-scale production scenario, addressing realistic difficulties such as complicated joint 

geometry and multi-pass welding. The experimental domain might be expanded to include 

additional critical factors such as arc voltage, travel speed, and pre-/post-weld heat 

treatment, resulting in a more complete process model and performance improvements. 

Examining the underlying microstructural development with technologies like as electron 

backscatter diffraction (EBSD) and scanning electron microscopy (SEM) can provide a 

metallurgical explanation for reported mechanical property trade-offs as well as a better 

knowledge of strengthening mechanisms. The performance of the ANN-GA hybrid model 

supports its development into a real-time adaptive control system for intelligent, self-

optimizing welding systems in advanced manufacturing, which might be integrated with 

sensor-based monitoring. 
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