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Abstract 

Metal Inert Gas (MIG) welding is extensively employed in structural and industrial applications 

due to its efficiency and adaptability; however, improper selection of welding parameters often 

results in internal defects such as porosity, lack of fusion, and incomplete penetration, which 

significantly degrade mechanical performance and compromise structural safety. A documented 

failure of welded joints emphasized the necessity for systematic defect investigation and process 

optimization. Consequently, this study focuses on the investigation and optimization of MIG 

welding parameters to improve weld integrity and mechanical performance of low-carbon steel 

joints. An integrated experimental methodology combining non-destructive testing (NDT), 

destructive mechanical testing, and statistical optimization was employed. Ultrasonic testing (UT), 

dye penetrant testing, magnetic particle inspection, and electromagnetic yoke testing were used to 

identify surface and subsurface defects, while tensile and hardness tests quantified mechanical 

behavior across the weld zone (WZ) and heat-affected zone (HAZ). Response Surface 

Methodology (RSM) with a Design of Experiments (DOE) framework comprising 32 experimental 

runs was applied to optimize welding current, voltage, and travel speed. Desirability Function 

Analysis (DFA) was utilized to determine the optimum multi-response parameter combination. 

The optimized MIG welding parameters obtained through DFA yielded a global desirability close 

to unity, indicating simultaneous enhancement of all response variables. At the optimum condition, 

the predicted mechanical properties were a yield strength of approximately 400 MPa, ultimate 

tensile strength (UTS) of about 495 MPa, strain at fracture of approximately 22%, and hardness 

values of roughly 91 HRB in the weld zone and 86 HRB in the HAZ. Experimental verification 

tests closely matched the predicted results, with deviations within ±2%, confirming the adequacy 

and reliability of the developed models. Ultrasonic evaluation further revealed that optimized 

welds exhibited higher echo amplitudes, sharper signal responses, reduced noise levels, and 

stronger backwall reflections compared to the old welds, indicating reduced internal defects and 

improved acoustic continuity. The strong agreement between predicted and experimental results 

validates the effectiveness of RSM-DFA-based optimization. The findings confirm that ultrasonic 

testing is a robust tool for weld quality assessment and process validation, and the proposed 

optimization framework provides practical guidance for producing defect-minimized, structurally 

reliable MIG-welded joints in critical engineering applications. 

Keywords: MIG welding, Welded joints, Weld defects, Optimization, Mechanical properties 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background of the Study 

Welding remains one of the most widely applied joining techniques in structural steel fabrication 

due to its efficiency, adaptability, and ability to produce high-strength joints capable of sustaining 

complex service loads. Among fusion welding processes, Metal Inert Gas (MIG) welding, also 

known as Gas Metal Arc Welding (GMAW), is extensively used in construction, automotive 

manufacturing, pipeline fabrication, and heavy machinery production because of its high 

deposition rate, stable arc characteristics, ease of automation, and minimal post-weld finishing 

requirements (Kumar & Shahi, 2022; Zhang, Chen, & Liu, 2023). Structural steel components 

joined by MIG welding are particularly critical in load-bearing applications, where joint integrity 

directly governs operational safety, fatigue performance, structural durability, and overall service 

life (Singh & Mishra, 2021; ASTM International, 2022). Despite its widespread industrial 

adoption, MIG welding is highly sensitive to process parameters such as welding current, arc 

voltage, travel speed, shielding gas flow rate, and heat input. Improper selection or control of these 

parameters significantly influences weld pool stability, solidification behavior, and microstructural 

evolution, leading to common welding defects such as porosity, lack of fusion, incomplete 

penetration, undercut, and cracking (Chen et al., 2022; Zhao, Wang, & Li, 2023). These defects 

act as stress concentrators that reduce the effective load-bearing cross-sectional area of the joint, 

thereby degrading tensile strength, ductility, fracture toughness, and fatigue resistance (Gupta & 

Parmar, 2021; Lee et al., 2023). Even small discontinuities in critical structural applications can 

result in premature failure, unexpected service interruptions, and costly repair or replacement 

operations, posing significant risks to human safety and industrial reliability (Zhang et al., 2024). 

Porosity remains one of the most frequently reported welding defects in MIG and related arc 

welding processes and is primarily associated with gas entrapment during weld pool solidification. 

Orlando et al. (2024) reported that porosity content in GMAW joints increased from approximately 

1.7% to 5.12% with increasing welding travel speed, highlighting the strong influence of process 

parameters on defect severity. Similarly, Zhang et al. (2024) demonstrated that cracks in welded 

joints are closely associated with high thermal gradients, residual stress accumulation, and 

improper cooling rates, particularly in complex joint geometries, where they significantly reduce 

joint toughness and fatigue life. In industrial fabrication environments, welding defects account 
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for a substantial proportion of quality rejections and rework operations. Recent surveys of 

manufacturing facilities indicate that welding-related discontinuities contribute to approximately 

30–40% of structural component rejections during fabrication inspections and up to 50% of in-

service failures in welded steel structures originate from defective joints (Kumar & Shahi, 2022; 

Lee et al., 2023). These failures not only increase production and maintenance costs but also 

compromise structural safety and reliability in load-bearing applications such as building frames, 

stair structures, bridges, and heavy equipment supports (Singh & Mishra, 2021; Zhang et al., 

2023). Recent advancements in welding process optimization techniques, including Response 

Surface Methodology (RSM), regression-based statistical modeling, and desirability function 

analysis, have demonstrated strong potential for systematically improving weld quality and 

mechanical performance by identifying optimal combinations of welding parameters (Gupta et al., 

2022; Li, Wang, & Zhou, 2023). However, many existing investigations remain confined to 

laboratory-scale optimization of isolated responses and do not integrate defect assessment using 

non-destructive testing methods or validate results against real industrial failure cases. 

Furthermore, limited research has established quantitative links between welding defects, 

mechanical degradation, and optimized process parameters under realistic fabrication conditions 

(Chen et al., 2022; Zhao et al., 2023). Therefore, there exists a strong industrial and scientific need 

to develop a robust, experimentally validated framework for optimizing MIG welding parameters 

that minimizes defect formation while enhancing mechanical reliability of structural steel joints. 

Integrating non-destructive evaluation techniques, mechanical characterization, and statistical 

optimization within a unified methodology provides a comprehensive approach to improving weld 

integrity, reducing failure risk, and minimizing rework and maintenance costs in industrial 

fabrication environments. Welding defects such as porosity, cracks, incomplete fusion, and 

undercut — as illustrated in Fig. 1.1 — continue to represent dominant causes of weld rejection 

and structural performance degradation, underscoring the necessity for systematic defect–

property–parameter correlation studies (Orlando et al., 2024; Zhang et al., 2024).For instance, 

GMAW showed porosity levels increasing with travel speed, reaching up to 5.12% (Orlando et al., 

2024). Cracks are often linked to thermal stresses and improper cooling rates, which can propagate 

and lead to joint failure, particularly in complex geometries like welded joints (B. Zhang et al., 

2024). The commonly observed defects in real-time welding, as illustrated in Fig.1. 1, include 

porosity, slag inclusion, incomplete fusion and penetration, cracks, and undercut. 
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Fig.1. 1 The commonly observed defects in real-time welding (Madhvacharyula et al., 2022) 

Porosity defects can significantly decrease the maximum failure load of joints, especially when 

located in high-stress areas (Tan et al., 2024);(Gaidhane & Kolhe, 2024). Studies indicate that 

optimized welding parameters can reduce porosity and enhance mechanical properties, with tensile 

strengths reaching up to 449 MPa in optimized conditions (Tan et al., 2024). Non-destructive 

testing techniques such as 3D X-ray computed tomography and machine learning are increasingly 

used for defect detection, improving efficiency and accuracy (Widiatmika, 2015),(Orlando et al., 

2024). The Taguchi methodology has proven effective in minimizing porosity through careful 

selection of welding parameters (García-Gómez et al., 2024). The experimental phase of 

fabricating welded joints from low-carbon steel using Metal Inert Gas (MIG) welding involves 

several critical steps, including non-destructive testing (NDT) and mechanical performance 

assessment. The integration of NDT methods, such as dye penetrant and ultrasonic testing, is 

essential for identifying defects that may compromise joint integrity. The mechanical performance 

will be evaluated through tensile strength tests, providing insights into the joints' structural 

reliability. Ultrasonic testing is effective for detecting internal flaws in welded structures, ensuring 

high-quality welds (Pereira & Fernandes, 2023),(Ren, 2022). Dye penetrant testing is useful for 

identifying surface defects, complementing ultrasonic methods (Haque, 2023),(SaThierbach et al., 

2015). Tensile strength tests measure yield stress, elastic behavior, and breaking stress, revealing 

the impact of defects on joint performance. Studies indicate that defects significantly reduce the 
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tensile strength of welded joints, emphasizing the need for rigorous testing (Haque, 2023)). 

SolidWorks and ANSYS will be utilized to create models and predict defect formation, allowing 

for stress distribution analysis within the joints (G. Zhang & Xu, 2024). The research aims to 

enhance the understanding of defects in welded joints and their impact on mechanical properties, 

while also proposing optimized welding parameters. The findings from various studies indicate 

that the configuration and welding techniques significantly influence the performance and 

durability of these joints. Fatigue tests revealed that cracks often initiate at welded joints, leading 

to premature failure (Holmstrand et al., 2014), (Lewandowski et al., 2018). The configuration of 

step lap joints affects their ability to absorb energy under bending loads, with three-stepped designs 

showing superior performance (Demiral & Kadioglu, 2023). The weak link concept highlighted 

that welded joint are critical failure points, with significant reductions in residual strength observed 

after cyclic loading (Sonsino, 2009). Increased overlap lengths in step lap joints correlate with 

enhanced energy absorption, indicating a direct relationship between design and mechanical 

performance (Demiral & Mamedov, 2025). Modifications in the arrangement of weld joints have 

been shown to improve fatigue resistance, suggesting that strategic design changes can mitigate 

defect formation (Hobbacher, 2019). In industrial fabrication, failure to control welding defects 

not only compromises structural integrity but also leads to increased production costs, repair 

requirements, and safety risks in service environments. 

1.2 Statement of the problem 

In recent years, repeated structural failures and quality rejections have been reported in welded 

mild steel components used in load-bearing applications such as stair supports, frames, and 

structural brackets. According to fabrication inspection records and maintenance reports from local 

workshops and industrial facilities, approximately 35–45% of welded joints fail initial quality 

inspection, primarily due to surface cracks, porosity, incomplete fusion, and excessive undercut. 

Ultrasonic inspection reports further indicate that nearly 30% of fabricated joints contain internal 

discontinuities exceeding acceptable code limits, necessitating repair or complete rejection. Failure 

analysis of service-returned welded components revealed that crack initiation frequently occurred 

at weld toes and root regions where lack of fusion and porosity were present. These defects 

significantly reduced the effective load-bearing cross-sectional area and accelerated crack 

propagation under tensile and cyclic loading. Tensile testing of failed weld specimens showed a 
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reduction of approximately 30–40% in ultimate tensile strength and 50–60% in ductility compared 

to sound welds produced under controlled laboratory conditions. These mechanical degradations 

directly contributed to premature fracture, reduced service life, and increased maintenance cost. 

Despite the widespread occurrence of these failures, welding parameter selection in many 

fabrication environments remains largely experience-based rather than data-driven. Operators 

frequently adjust current, voltage, and travel speed without systematic optimization, resulting in 

inconsistent weld quality and unpredictable mechanical performance. Additionally, although non-

destructive testing techniques such as liquid penetrant testing, magnetic particle testing, and 

ultrasonic testing are widely available, they are rarely integrated into structured parameter 

optimization frameworks for proactive defect prevention. Previous research has primarily focused 

on isolated mechanical property optimization without incorporating real failure evidence, defect 

quantification, or comprehensive statistical validation. Consequently, there exists a critical 

knowledge gap in linking welding process parameters, defect formation mechanisms, and 

mechanical performance outcomes under realistic fabrication conditions. Therefore, this study 

addresses the urgent need to develop a scientifically validated and industrially applicable 

framework for optimizing MIG welding parameters to reduce defects, improve mechanical 

properties, and enhance the structural reliability of mild steel welded joints. By integrating 

experimental testing, non-destructive evaluation, and response surface-based statistical 

optimization, this research aims to provide a robust solution to persistent weld quality challenges 

faced in structural fabrication industries. 

1.3 Research questions 

1. What are the common welding defects that occur in MIG-welded mild steel joints, and 

how can they be identified and classified using non-destructive testing methods? 

2. How do welding defects affect the mechanical properties of mild steel joints, particularly 

yield strength, ultimate tensile strength, fracture strain, and hardness across the weld and 

heat-affected zone (HAZ)? 

3. What combination of MIG welding parameters, such as current, voltage, and travel speed, 

can be optimized to minimize defect formation and enhance the mechanical performance 

and structural integrity of mild steel joints? 
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1.4 Objectives of the Study 

1.4.1 General objectives 

To analyze and optimize the mechanical performance and defect characteristics of MIG-welded 

mild steel joints by integrating experimental testing, non-destructive evaluation, and statistical 

modeling techniques. 

1.4.2 Specific objectives 

1. To analyze and characterize common welding defects in MIG-welded mild steel joints 

using non-destructive testing techniques and relate their occurrence to welding process 

parameters. 

2. To analyze the effects of welding defects on mechanical performance, including yield 

strength, ultimate tensile strength, strain at fracture, and hardness distribution across the 

weld zone and heat-affected zone (HAZ). 

3. To analyze and optimize MIG welding parameters (current, voltage, and travel speed) to 

minimize defect formation and enhance the mechanical reliability and structural integrity 

of welded joints. 

4. To experimentally validate the developed response surface models and optimized welding 

conditions and provide practical recommendations for defect reduction and performance 

improvement in industrial MIG welding applications. 

1.5 Scope of the Study 

This study focuses on the investigation and optimization of MIG-welded mild steel joints with 

emphasis on welding defects and their influence on mechanical performance. The research is 

limited to low-carbon steel (AISI 1018) joints fabricated using Metal Inert Gas (MIG) welding 

under controlled laboratory conditions. Welding parameters considered include current, voltage, 

and travel speed, evaluated through a response surface methodology framework consisting of 32 

experimental runs. Non-destructive testing methods, including ultrasonic testing, dye penetrant 

testing, and electromagnetic yoke inspection, are employed to identify surface and subsurface 

defects. Destructive tests such as tensile and hardness testing are conducted to assess mechanical 

behavior across the weld zone and heat-affected zone (HAZ). The scope of the study is limited to 

a specific material thickness range and joint configuration, and does not extend to other welding 

processes, joint types, or material grades. Consequently, while the findings provide valuable 
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guidance for fabrication and construction industries, direct generalization to different welding 

conditions, thicker plates, or alternative joint geometries should be approached with caution. 

1.6 Significance of the Study 

This study is significant in both academic and industrial contexts as it addresses the need for 

reliable welded joints in structural applications. The welded joints' failure demonstrated the 

consequences of welding defects in load-bearing structures, underscoring the importance of 

systematic investigation and parameter optimization. By identifying and classifying common 

defects in MIG-welded joints and evaluating their influence on mechanical properties such as yield 

strength, ultimate tensile strength, strain at fracture, and hardness, the research provides critical 

insights into the root causes of failure. The optimization of welding parameters, specifically 

current, voltage, and travel speed, offers practical solutions to minimize defect formation and 

enhance the structural integrity of welded joints. These findings contribute directly to safer 

fabrication practices and improved durability of welded structures. From an industrial perspective, 

reducing weld defects leads to lower material wastage, less rework, and decreased maintenance 

costs, thereby promoting cost-effective and efficient production. Academically, this study 

advances knowledge on the interplay between welding defects, mechanical performance, and 

process optimization in complex joint geometries. It creates a foundation for future research on 

other MIG welding processes and joint configurations while offering immediate relevance to 

industries such as construction, automotive, and aerospace, where reliability and safety are 

paramount. Thus, the significance of this study lies in its dual contribution, including providing 

practical guidelines for defect-free, optimized welding of structural joints and enriching the 

scientific understanding of welding technology for complex geometries. 

1.7 Organization of the paper 

This thesis is organized into five chapters, each building upon the previous, presenting a 

comprehensive investigation into welding defects and the mechanical strength of welded joints. 

Chapter One serves as the introduction, outlining the background of the study, the problem 

statement, research objectives, and the significance and scope of the research. It also provides an 

overview of the chosen methodology and the structure of the thesis, while offering initial insights 

into the design and structural challenges posed by welding defects in welded joints. Chapter Two 

presents a detailed review of both theoretical and empirical literature relevant to the study. It 
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explores the historical context of research on welding defects and joint strength, and discusses 

previous works, including academic theses, journal articles, and books. Special attention is given 

to studies involving parametric optimization and machine learning algorithms, highlighting their 

relevance to the research focus. Chapter Three describes the materials and methods employed in 

the study. It outlines the experimental approach, including the selection of materials, the welding 

procedures, and the non-destructive testing methods used to detect defects. The chapter also 

explains the mechanical testing techniques adopted to evaluate the performance of the joints and 

discusses how these methods align with the study’s objectives. In Chapter Four, the results of the 

experimental work are presented and analyzed. This chapter discusses the nature and frequency of 

welding defects observed, their impact on mechanical performance, and how the findings compare 

with those reported in the literature. The discussion emphasizes the implications of the results for 

both theory and practice. Finally, Chapter Five provides the conclusions drawn from the study and 

offers practical recommendations based on the findings. It also suggests directions for future 

research aimed at improving welding quality and mechanical performance in complex joint 

geometries like welded configurations. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction 

This chapter presents a comprehensive review of theoretical concepts, experimental findings, and 

recent research developments related to MIG welding of structural steels. The review focuses on 

welding metallurgy, defect formation mechanisms, mechanical performance of welded joints, non-

destructive testing methods, and statistical optimization techniques applied in welding process 

control. Emphasis is placed on identifying research gaps related to defect–property relationships, 

geometric effects of weld profiles, and limited integration of non-destructive testing with response 

surface-based optimization frameworks. This literature foundation establishes the scientific basis 

and justification for the present study. 

2.2 Fundamentals of MIG Welding and Weld Metallurgy 

Metal Inert Gas (MIG) welding, also referred to as Gas Metal Arc Welding (GMAW), is a fusion 

welding process in which an electric arc forms between a continuously fed consumable wire 

electrode and the base material, producing a molten weld pool that solidifies to form the joint. The 

process is shielded by inert or semi-inert gases such as argon, helium, or argon–CO₂ mixtures to 

prevent atmospheric contamination (Kumar & Shahi, 2022). MIG welding is extensively used in 

structural steel fabrication due to its high deposition rate, suitability for automation, stable arc 

characteristics, and adaptability across a wide range of thicknesses and joint geometries (Singh & 

Mishra, 2021). Welding defects significantly impact the structural integrity and mechanical 

performance of welded joints. These defects, including porosity, cracks, incompletely fused joints, 

undercutting, and overlapping, arise from various factors such as improper techniques, 

environmental conditions, and material properties. Understanding these defects is crucial for 

improving welding processes and ensuring the reliability of welded structures. Porosity consists 

of small gas pockets formed during solidification, often due to trapped gases or inadequate 

shielding. It can reduce tensile strength and fatigue resistance, compromising the weld's overall 

performance(Di et al., 2006). Cracks can occur in the weld or heat-affected zone due to thermal 

stresses, shrinkage, or improper cooling rates. They pose a significant risk as they can propagate 

over time, leading to structural failure (Lei et al., 2024). Incompletely fused joints arise from a 

lack of fusion between the base and weld metals, resulting in weak spots that diminish joint 

strength (B. Zhang et al., 2024). Undercutting and overlapping are typically caused by improper 
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welding techniques, leading to weakened areas on joint surfaces (Sudarno et al., 2023). While 

advancements in welding technology and defect detection methods, such as machine learning and 

computer vision, have improved the identification and management of these defects, the inherent 

challenges in welding processes remain significant. Continuous research is essential to enhance 

welding quality and reliability (Kalita et al., 2024). 

2.3 Weld Geometry, Joint Profile, and Structural Integrity 

Weld bead geometry, including penetration depth, reinforcement height, bead width, toe angle, 

and weld profile curvature, plays a crucial role in determining joint strength, fatigue performance, 

and crack initiation susceptibility. Improper weld geometry increases stress concentration at the 

weld toe and root regions, accelerating crack nucleation and propagation under cyclic or tensile 

loading (Lee et al., 2023). Several studies have demonstrated that smoother weld toe transitions 

and deeper penetration profiles significantly enhance fatigue life and static strength of welded 

joints (Zhang et al., 2022; Kim & Park, 2023). Welded joints are essential in various industries 

due to their ability to manage multi-directional loads effectively. Their unique geometry, while 

advantageous, also presents specific welding challenges that necessitate careful parameter 

management to prevent defects. Welded joints are particularly useful in the aerospace and 

automotive industries, where their strength-to-weight ratio is crucial in minimizing weight for 

optimal performance. In automotive structures, these joints are valued for their ability to handle 

complex load paths, accommodating varied stress distributions during operation. However, the 

welding process for welded joints is not without its challenges. The geometry of these joints can 

lead to uneven heat distribution during welding, which increases the risk of warping or incomplete 

fusion (Suleimanov et al., 2018). To mitigate common defects, it is essential to control welding 

parameters such as speed and temperature (Thompson et al., 2023). Despite their advantages in 

specific applications, the complexity of welded joints may lead to increased manufacturing costs 

and a need for advanced welding techniques, which could limit their use in less demanding 

environments. 
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2.4 Welding Defects: Formation Mechanisms and Structural Consequences 

Welding defects are discontinuities or irregularities that compromise the structural integrity and 

service reliability of welded joints. Common defects in MIG welding include porosity, lack of 

fusion, incomplete penetration, slag inclusion, cracks, and undercut (ASTM International, 2022). 

These defects arise primarily from unstable arc behavior, improper heat input, surface 

contamination, shielding gas turbulence, and rapid cooling conditions. Porosity is one of the most 

frequently reported defects and results from gas entrapment during weld pool solidification. 

Orlando et al. (2024) reported that porosity volume fraction in GMAW aluminum welds increased 

from approximately 1.7% to 5.12% with increasing travel speed, demonstrating the strong 

dependence of porosity formation on process parameters. Similar trends have been observed in 

steel weldments, where hydrogen entrapment and inadequate shielding gas coverage lead to pore 

formation (Chen et al., 2022). Cracking defects, including hot cracks and cold cracks, are 

associated with high thermal gradients, residual stress accumulation, hydrogen embrittlement, and 

unfavorable microstructures such as martensite (Zhang et al., 2024). These cracks severely reduce 

fracture toughness and fatigue resistance and frequently initiate catastrophic joint failure under 

service loading. Lack of fusion and incomplete penetration defects result from insufficient heat 

input or poor joint preparation and drastically reduce load-bearing cross-sectional area, 

accelerating fracture under tensile loading (Gupta & Parmar, 2021). Experimental studies 

consistently demonstrate that welded joints containing porosity, cracks, and fusion defects exhibit 

reductions of 20–50% in tensile strength and over 50% in fatigue life compared to defect-free 

welds (Lee et al., 2023; Kim & Park, 2023). These findings highlight the critical importance of 

defect prevention and detection in structural welding applications. 

2.5 Non-Destructive Testing Methods for Weld Defect Detection 

Non-destructive testing (NDT) techniques play a vital role in detecting surface and subsurface 

weld defects without damaging the component. Common NDT methods used in welding 

inspection include liquid penetrant testing (LPT), magnetic particle testing (MPT), ultrasonic 

testing (UT), and radiographic testing (RT). Each technique offers distinct advantages depending 

on defect type, material properties, and inspection requirements (ASTM International, 2022). 

Liquid penetrant testing is effective for detecting surface-breaking defects such as cracks and 

porosity in non-ferromagnetic materials. Magnetic particle testing is suitable for identifying near-

surface defects in ferromagnetic steels, while ultrasonic testing provides volumetric defect 
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detection and sizing capability for internal discontinuities such as lack of fusion and slag inclusions 

(Zhao et al., 2023). Recent studies have emphasized the importance of combining multiple NDT 

techniques to improve detection reliability and defect characterization accuracy (Gupta et al., 

2022). Despite their widespread industrial use, many welding optimization studies neglect 

systematic integration of NDT data with statistical modeling and mechanical performance 

evaluation. Most research focuses on destructive testing outcomes while overlooking defect 

distributions detected through NDT, thereby limiting comprehensive understanding of defect–

property relationships (Orlando et al., 2024). The present study addresses this gap by integrating 

LPT, MPT, and UT with mechanical testing and optimization analysis. 

2.6 Mechanical Properties of MIG-Welded Structural Steel Joints 

Mechanical performance of MIG-welded joints is governed by the microstructural and geometric 

characteristics of the weld metal, heat-affected zone, and base metal. Yield strength, ultimate 

tensile strength, strain at fracture, hardness distribution, and fatigue resistance are commonly used 

performance indicators in structural welding applications (Singh & Mishra, 2021). Numerous 

studies report that weld metal typically exhibits higher hardness and strength than the base metal 

due to rapid cooling and refined microstructures, whereas the HAZ may experience either 

softening or hardening depending on peak temperature exposure and cooling rate (Chen et al., 

2022; Zhao et al., 2023). Kim and Park (2023) demonstrated that improper heat input caused a 

28% reduction in HAZ toughness due to grain coarsening, while excessive cooling rates promoted 

brittle martensitic transformation, reducing ductility and fracture toughness. Recent experimental 

investigations confirm that welding defects significantly amplify mechanical degradation beyond 

microstructural effects alone. Lee et al. (2023) reported that tensile strength reductions exceeding 

35% were observed in MIG-welded steel joints containing lack of fusion defects, while ductility 

losses exceeding 50% were associated with clustered porosity regions. These results emphasize 

that defect control is as critical as metallurgical optimization in achieving reliable welded 

structures. Defects act as stress concentrators, leading to a decrease in tensile strength. Studies 

indicate that tensile strength diminishes with the severity and number of defects present, as seen 

in Fig.2. 1. Experimental investigations have shown that multiple defects can exacerbate this 

reduction, particularly when defects are located in critical areas of the joint (Arandjelovic et al., 

2024). 
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Fig.2. 1 Views of specimen fractures acquired during tensile testing (Szusta et al., 2023) 

Fatigue failures often initiate at defect sites due to stress concentration in the sample, example seen 

in Fig.2. 2. Research on cruciform welded joints revealed that the presence of defects significantly 

lowers fatigue limits, with stress concentration factors increasing dramatically with defect size. 

The fatigue life of welded joints is notably compromised under cyclic loading conditions, 

emphasizing the importance of defect management (Xu et al., 2023). 

 

Fig.2. 2 Fatigue Strength of welds (Steimbreger et al., 2018) 
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Welding defects can severely affect a joint's impact toughness, particularly in the heat-affected 

zone (HAZ). The loss of toughness in this region is critical for applications requiring high energy 

absorption (Tan et al., 2024). While the detrimental effects of defects on mechanical properties are 

well-documented, some studies suggest that certain welding techniques or repair methods may 

mitigate these impacts, potentially restoring some mechanical integrity to the joints (Wang et al., 

2024). 

2.7 Statistical Modeling and Optimization of Welding Parameters 

Statistical modeling techniques have gained increasing importance in welding process 

optimization due to their ability to capture nonlinear relationships between process parameters and 

output responses. Response Surface Methodology (RSM), Taguchi methods, artificial neural 

networks (ANNs), and genetic algorithms are among the most widely applied tools for predicting 

mechanical performance and identifying optimal welding conditions (Gupta et al., 2022; Li et al., 

2023).  RSM is particularly advantageous because it enables the development of quadratic 

regression models capable of representing interaction and curvature effects while requiring 

relatively few experimental runs. Several recent studies successfully applied RSM to optimize 

tensile strength, hardness, bead geometry, and penetration depth in MIG-welded steel and 

aluminum alloys (Kumar & Shahi, 2022; Zhao et al., 2023). Desirability function analysis (DFA) 

further enhances optimization by enabling simultaneous maximization of multiple conflicting 

responses such as strength and ductility (Li et al., 2023). However, most optimization studies focus 

primarily on mechanical responses without incorporating weld defect metrics or NDT-based 

quality assessment into the modeling framework. Furthermore, limited research integrates 

experimental validation with real failure evidence or industrial quality inspection data (Orlando et 

al., 2024). These limitations highlight the need for a more holistic optimization approach that 

integrates defect detection, mechanical testing, and statistical modeling as pursued in the present 

study. 

2.8 Review of Recent Empirical Studies Related to MIG Welding Optimization 

The summary of the reviewed articles, enriched with key concepts and insights, is presented 

comprehensively in Table 2. 1. This table serves as a condensed repository of pertinent information 

extracted from the literature, topic, summary, and theoretical frameworks discussed across the 

various studies with the proper citations. 
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Table 2. 1 Summary of Reviewed Literature 

Topic Summary Citations 

Welding Defects in 

Joints 

Common defects include porosity, 

cracks, incomplete fusion, 

undercutting, and overlapping, all of 

which negatively impact tensile 

strength, fatigue resistance, and 

impact toughness. 

(Kumar et al., 2023) 

(Gaidhane & Kolhe, 

2024) (Sudarno et al., 

2023) 

 

Welded Joints These joints are utilized in 

aerospace, automotive, and 

construction industries. They are 

geometrically complex and face 

specific welding challenges, such as 

uneven heat distribution. 

(Tan et al., 2024) 

(Zong et al., 

2023)(Jatavallabhula et 

al., 2025) 

Mechanical Properties 

of Welded Joints 

Welding defects significantly 

reduce tensile strength, fatigue 

resistance, and impact toughness by 

creating stress concentrators. 

Mechanical testing methods like 

tensile, fatigue, and impact tests are 

commonly used to evaluate these 

effects. 

(Odermatt et al., 

2021),(Tan et al., 2024) 

 

Simulation and 

Modeling of Welding 

Finite Element Analysis (FEA) and 

Computational Fluid Dynamics 

(CFD) are employed to simulate the 

welding process, predict defects, 

and understand thermal and 

mechanical behavior. Tools like 

SolidWorks and ANSYS are 

popular for these simulations. 

 

 

 

(Thompson et al., 

2023),(Xu et al., 

2023),(Madhvacharyula 

et al., 2022) 



INVESTIGATION AND OPTIMIZATION OF MIG WELDING PARAMETERS ON THE MECHANICAL 

PROPERTIES OF MILD STEEL USING RESPONSE SURFACE METHODOLOGY 

  BY:  DERIBE GELETA ROBELE Page 16 

Optimization of 

Welding Parameters 

Key welding parameters such as 

heat input, welding speed, shielding 

gas, and electrode choice are 

optimized to minimize defects and 

enhance the mechanical strength of 

joints. Techniques like Response 

Surface Methodology (RSM), 

Genetic Algorithms (GA), and 

Design of Experiments (DOE) are 

commonly used for optimization. 

(Jerbi et al., 2024),(Yu 

et al., 2023),(Kumar et 

al., 2023)  
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2.7 Research Gap 

Although numerous studies have investigated MIG welding of mild steel, most existing research 

focuses on the isolated effects of individual welding parameters on mechanical properties or defect 

formation. Many studies rely on trial-and-error experimentation or single-response optimization 

approaches, which do not adequately capture the interactive effects among welding current, 

voltage, and travel speed. As a result, the reported findings often lack robustness and practical 

applicability for industrial optimization. Furthermore, limited attention has been given to 

simultaneous multi-response optimization, where weld quality, mechanical performance, and 

defect minimization are considered together. The absence of a structured statistical framework in 

previous works restricts the ability to develop predictive models and optimized parameter 

combinations suitable for real manufacturing environments.  

 

Fig.2. 3 Research gap visualization of the current study 
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To address these limitations, the present study employs Response Surface Methodology (RSM) to 

systematically model the individual and interactive effects of key MIG welding parameters on 

weld quality and mechanical responses. In addition, Desirability Function Analysis (DFA) is 

integrated to achieve simultaneous optimization of multiple responses, enabling the identification 

of parameter settings that provide balanced and practical welding performance. This combined 

RSM–DFA approach directly addresses the identified research gap and provides a statistically 

robust and industry-relevant optimization strategy. 
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CHAPTER THREE 

MATERIALS AND METHODOLOGY 

3.1 Introduction 

This chapter presents the materials, experimental design, welding procedures, testing methods, and 

data analysis techniques employed to investigate the influence of MIG welding parameters on weld 

defects and the mechanical performance of mild steel joints. A structured experimental framework 

integrating non-destructive testing, destructive mechanical characterization, and statistical 

optimization is adopted to ensure systematic evaluation of process parameters and robust model 

development. 

3.2 Material selection 

3.2.1 Base Materials 

The selection of appropriate materials is critical for ensuring the structural integrity and 

performance of welded joints. For the base materials, Low Carbon Steel (AISI 1018) was selected 

due to its moderate strength, excellent weldability, and widespread industrial use in structural and 

fabrication applications (Khdir et al., 2020). Its relatively low carbon content ensures good 

ductility and minimizes susceptibility to cold cracking, making it particularly suitable for MIG 

welding processes where stable arc behavior and controlled fusion are essential (Mushthofa et al., 

2023).  

Table 3. 1 Chemical composition (wt%) of welding joint effect (Sample ID: 17290056) 

(spectroscopy results) 

Element Concentration 

(wt%) 

Element Concentration 

(wt%) 

Element Concentration 

(wt%) 

C 0.056 V 0.003 Ti <0.0002 

Si 0.014 W 0.010 As 0.001 

Mn 0.37 Pb 0.007 Zr 0.002 

P 0.006 Sn 0.0007 Bi <0.0010 

S 0.016 B 0.002 Ca 0.0004 

Cr 0.007 Zn 0.005 Ce <0.0010 

Mo 0.010 La 0.0006 Sb 0.005 

Ni 0.048 N 0.004 Se <0.002 
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Al 0.052 Fe 99.3 Te 0.005 

Co 0.029 Nb <0.0010 Ta <0.007 

Cu 0.011 
    

Furthermore, AISI 1018 exhibits uniform mechanical behavior and predictable metallurgical 

transformations during thermal cycling, which enables reliable interpretation of welding-induced 

property variations(Laukhin et al., 2020). The chemical composition of the base metal was verified 

using optical emission spectroscopy, and the results are presented in Table 3.1. These results 

confirm that the material conforms to the compositional limits of low-carbon structural steel 

suitable for arc welding applications. In addition to chemical composition, the baseline mechanical 

properties of the base metal are essential for evaluating the influence of welding thermal cycles on 

joint performance. These properties provide a reference for assessing degradation or enhancement 

in the weld metal and heat-affected zone (HAZ). The nominal mechanical properties of AISI 1018 

steel obtained from supplier datasheets and validated literature are summarized in Table 3.2(Yu et 

al., 2023). 

Table 3.2 Mechanical properties of AISI 1018 base metal 

Property Value 

Yield Strength (MPa) 370–400 

Ultimate Tensile Strength (MPa) 440–490 

Elongation (%) 20–25 

Hardness (HRB) 75–85 

 

3.2.2 Filler Material 

ER70S-6 MIG welding wire is a widely utilized filler material for low carbon steel, recognized for 

its excellent arc stability, low spatter, and favorable mechanical properties post-welding (Zong et 

al., 2023). This wire is particularly effective in various welding processes, including Gas Metal 

Arc Welding (GMAW), where it contributes to the quality and integrity of welded structures 

(Shravan et al., 2024). 

3.2.3 Shielding Gas 

The use of an argon-CO2 mixture (75% Ar, 25% CO2) as a shielding gas in welding processes is 

significant for enhancing weld quality by preventing oxidation and improving the overall welding 

characteristics (Purwaningrum et al., 2016). This mixture effectively influences the physical and 
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metallurgical processes during welding, leading to better penetration and reduced defects (Falodun 

et al., 2025). 

3.2.4 Ultrasonic testing (UT)  

As shown in Fig. 3.1, Ultrasonic Testing (UT) was conducted to evaluate the subsurface integrity 

of the MIG-welded mild steel joints without damaging the specimens. A portable digital ultrasonic 

flaw detector operating on the pulse-echo principle was employed using a single-crystal 

longitudinal wave probe with a nominal frequency of 4 MHz. Prior to inspection, all weld surfaces 

were cleaned thoroughly to remove oil, slag residues, oxide scale, and surface contaminants that 

could attenuate ultrasonic wave transmission. A glycerin-based couplant gel was applied 

uniformly to ensure efficient acoustic coupling between the transducer and the test surface. 

Before conducting measurements, the ultrasonic instrument was calibrated using a standard IIW-

V1 reference calibration block made of carbon steel. Calibration included setting the correct 

longitudinal wave velocity for steel (approximately 5,920 m/s), adjusting the time base to match 

known reflector depths, and setting reference sensitivity using the 1.5 mm side-drilled hole 

reflector on the calibration block. Distance-amplitude correction (DAC) curves were generated to 

enable consistent flaw size estimation at varying depths. The equipment gain and rejection levels 

were adjusted so that the calibration reflector produced a reference signal height of approximately 

80% of full screen height (FSH), ensuring reliable detection sensitivity. 

After calibration, the probe was scanned systematically along the weld bead and adjacent heat-

affected zone (HAZ) regions using overlapping linear and zig-zag scanning patterns while 

maintaining constant probe pressure and coupling conditions. Reflected echoes were continuously 

monitored on the A-scan display. Discontinuities such as lack of fusion, slag inclusions, porosity 

clusters, and cracks were identified based on changes in signal amplitude, time-of-flight, and signal 

morphology. The depth and approximate size of detected flaws were determined using calibrated 

sound path calculations and DAC-based amplitude comparisons. 

All detected indications were mapped relative to weld geometry and classified according to 

standard ultrasonic interpretation guidelines. The UT results were subsequently correlated with 

mechanical testing outcomes, including tensile strength, fracture location, and hardness 

distribution, to establish quantitative relationships between internal defect characteristics and 

mechanical performance. This systematic calibration and inspection procedure ensured accuracy, 

repeatability, and reliability of ultrasonic measurements throughout the experimental campaign. 
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Fig.3. 1 Ultrasonic testing 

3.2.5 Universal testing machine (tensile testing machine) 

The Universal Testing Machine (UTM), shown in Fig.3. 2 (a), is an essential tool for testing the 

mechanical properties of materials. This machine applies controlled tensile forces to a specimen 

to determine key material properties such as tensile strength, yield strength, and elongation at 

break. In the context of MIG (Metal Inert Gas) welding, the UTM is particularly valuable for 

testing the welds and base materials to assess their structural integrity after welding. MIG welding, 

due to the heat generated during the process, can alter the mechanical properties of the base 

material, especially in the heat-affected zone (HAZ) around the weld. The UTM ensures that the 

welded material maintains its required strength and durability. By subjecting the welded sample 

to tensile forces, engineers can identify the maximum load it can withstand before failure, 

providing essential data for evaluating the quality and strength of the weld. 

3.2.6 Hardness Tester 

Hardness measurements were conducted using a Rockwell hardness testing machine operating on 

the HRB scale, in accordance with ASTM E18 and ISO 6508 standards as seen in Fig.3.2. Prior to 

testing, the hardness tester was calibrated using certified reference test blocks to verify load 

accuracy, indenter condition, and measurement repeatability. Surface preparation involved light 

grinding and polishing to remove scale and ensure flat, smooth contact with the indenter. Hardness 

readings were taken across three distinct regions: base metal (BM), heat-affected zone (HAZ), and 

weld metal (WM), following a systematic grid pattern to capture hardness gradients induced by 
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welding thermal cycles. A minimum spacing of three indentation diameters was maintained 

between adjacent test points to avoid work-hardening interference. The average hardness values 

from multiple measurements were recorded and analyzed to assess metallurgical changes and their 

correlation with welding parameters and mechanical strength outcomes. 

 

Fig.3. 2 Equipment used in quality control for MIG welding 

3.2.7 Penetrant testing spray cans (dye penetrant testing) 

As shown in Fig. 3.2(c), Dye Penetrant Testing (DPT) was employed to detect surface-breaking 

defects such as cracks, laps, porosity openings, and lack of fusion in MIG-welded joints. The 

procedure was conducted in accordance with ASTM E165/E165M and ISO 3452 standards to 

ensure repeatability and inspection reliability. Before testing, all weld surfaces were cleaned using 

a solvent cleaner to remove oil, grease, and oxide films that could interfere with penetrant entry 

into surface discontinuities. 

A visible red dye penetrant was applied uniformly over the weld surface and allowed a dwell time 

of approximately 10 minutes to enable adequate penetration into any surface-breaking flaws. 

Excess penetrant was carefully removed using lint-free cloths moistened with cleaner without 

flushing the penetrant from defects. A white non-aqueous developer was then applied, which drew 

penetrant from discontinuities via capillary action, producing visible red indications against a 

white background. 

The test sensitivity was verified using standardized crack comparator panels prior to inspection to 

ensure penetrant and developer performance. Linear indications were interpreted as cracks or lack 

of fusion, while rounded indications were associated with porosity or pits. All findings were 
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recorded, photographed, and correlated with ultrasonic and mechanical test results to assess the 

influence of surface defects on weld performance. 

3.2.8 Electromagnetic yoke 

Magnetic particle testing was carried out using an electromagnetic yoke to detect surface and near-

surface discontinuities in ferromagnetic MIG-welded joints. The procedure was performed in 

accordance with ASTM E709/E709M and ISO 9934 standards. Before inspection, weld surfaces 

were cleaned of slag, oil, grease, and spatter to ensure maximum particle mobility and sensitivity. 

The electromagnetic yoke was energized using alternating current (AC) to enhance sensitivity to 

surface-breaking defects, while selected inspections employed direct current (DC) magnetization 

to improve subsurface penetration. The yoke legs were positioned across the weld bead at 

approximately 90° orientations in successive scans to ensure detection of discontinuities in 

different directions. Field adequacy was verified using a calibrated pie gauge before testing to 

confirm sufficient magnetization strength. Dry visible ferromagnetic particles were applied while 

the magnetic field was energized. Particle accumulations along linear paths were interpreted as 

cracks or lack of fusion, whereas rounded clusters were associated with porosity or slag inclusions. 

After inspection, the weldments were demagnetized to prevent residual magnetism from affecting 

service performance or subsequent machining operations. All indications were documented and 

cross-referenced with ultrasonic and mechanical testing results. 

3.3. Methodology 

Fig. 3.3 Sequential process of failure identification and defect characterization in MIG-welded 

joints: (a) initial visual inspection of failed structural joint showing macroscopic fracture regions 

and corrosion damage, (b) surface defect localization using dye penetrant testing, highlighting 

cracks and surface-breaking discontinuities, (c) subsurface defect detection using ultrasonic 

testing, revealing lack of fusion, internal porosity clusters, and incomplete penetration, and (d) 

extraction and preparation of representative samples from defect zones for mechanical testing and 

microstructural correlation. This integrated inspection workflow ensures comprehensive 

identification of both surface and internal defects prior to experimental optimization and 

mechanical performance evaluation.  

3.3.1 Investigation and identification of welded joints failure 

The investigation and identification of welded joint failure were conducted through a systematic 

methodology integrating visual inspection, non-destructive testing (NDT), and microstructural 
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analysis to elucidate the failure mechanisms of Metal Inert Gas (MIG) welded mild steel joints. 

Fig.3. 3 presents a comparative view of the failed welded joint, illustrating both the original 

condition and the identified defect regions highlighted using standardized nomenclature. The 

investigation commenced with a detailed visual examination of the failed structural joint, as shown 

in Fig.3. 3. The welded assembly exhibited severe corrosion and clear signs of long-term 

environmental exposure, indicating progressive material degradation before failure. The dominant 

failure mode was characterized by catastrophic separation between the tread-supporting beam and 

the stringer, suggesting insufficient load transfer capacity at the welded interface. As indicated in 

the annotated figure, multiple surface and subsurface welding defects were identified at critical 

load-bearing locations. Prominent defects included lack of fusion at the weld toe, incomplete 

penetration, cold lap (overlap defect), root porosity clusters, and evidence of heat-affected zone 

(HAZ) cracking and embrittlement. These defects were concentrated in regions subjected to high 

stress concentration, as marked by arrows and bounding boxes in the figure. The lack of fusion 

defect observed at the weld toe indicates inadequate metallurgical bonding between the weld metal 

and the base material, likely caused by insufficient heat input, improper torch angle, or excessive 

travel speed during welding. Incomplete penetration and cold lap defects observed at the root and 

sidewall regions further suggest improper welding parameters and joint preparation, resulting in 

reduced effective weld throat thickness and compromised structural continuity. Additionally, the 

presence of root porosity clusters points to shielding gas instability or surface contamination during 

welding, which significantly reduced the load-carrying capacity of the joint. Microstructural 

degradation within the HAZ, including cracking and embrittlement, was evident near the fusion 

boundary. These features indicate excessive thermal gradients and poor thermal management 

during welding, which promoted localized hardness variations and increased susceptibility to crack 

initiation and propagation under service loading. The failed structure incorporated three primary 

weld types: fillet welds, groove welds, and spot welds. Fillet welds joining perpendicular members 

showed progressive failure attributed to cyclic shear and fatigue loading. Groove welds along 

beam edges exhibited incomplete penetration and internal discontinuities, while spot welds 

displayed severe corrosion-induced deterioration, reducing their effectiveness as secondary load-

transfer elements. To further identify the root causes of failure, representative samples were 

extracted from the defective weld regions using controlled grinding techniques to avoid 

introducing additional damage. These samples were subjected to liquid penetrant testing to identify 
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surface-breaking defects, followed by ultrasonic testing to detect internal flaws such as lack of 

fusion, porosity, and voids. The NDT results correlated strongly with the visually observed defect 

locations. The research methodology involves a comprehensive investigation into the failure 

mechanisms of welded joints fabricated using Metal Inert Gas (MIG) welding, combining visual 

inspection, non-destructive testing, and microstructural analysis to identify and understand 

welding defects and their impact on structural integrity. Thus, the overall methodology of the study 

is presented in the following flowchart, shown in Fig.3. 4. 

 

Fig.3. 3 The process of identification of the welded joints failure 

3.3.2 Flow Procedure During MIG Welding 

Fig.3. 4 illustrates the complete flow procedure adopted during MIG welding optimization and 

verification. The process begins with the visual inspection of failed welded joints to identify 

surface-level defects such as cracks, porosity, undercut, or lack of fusion. This is followed by the 

identification of weld types, including fillet, groove, and spot welds, as weld geometry 

significantly influences heat input and defect formation. Representative samples are then extracted 

from the welded joints for further evaluation. An experimental investigation involving 32 samples 

is subsequently carried out on newly designed MIG welded joints, where key welding parameters 

such as current, voltage, wire feed speed, and travel speed are systematically varied. Response 

Surface Methodology (RSM) is employed to analyze the interaction between these parameters and 

to determine their optimal combinations for improving weld quality and performance. The research 

adopted an experimental and analytical design supported by statistical modeling and optimization. 
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Welding current, voltage, and travel speed were selected as independent process variables, while 

yield strength, ultimate tensile strength, strain at fracture, weld zone hardness, and heat-affected 

zone hardness were considered as response variables. 

A structured workflow was employed, consisting of: 

1. Material selection and specimen preparation 

2. Welding under controlled parameter combinations 

3. Non-destructive defect characterization 

4. Mechanical testing 

5. Statistical modeling using Response Surface Methodology (RSM) 

6. Multi-objective optimization using desirability function analysis 

7. Experimental verification 
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Fig.3. 4 Schematic representation of the overall methodology adopted in this study 
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After optimization, non-destructive testing is conducted on both old and newly welded joints using 

techniques such as liquid or dye penetrant testing, magnetic particle testing, ultrasonic testing, and 

electromagnetic yoke testing to detect surface and internal defects without damaging the joints. 

The identified defects are then correlated with failure characteristics to understand the influence 

of welding parameters on weld integrity. A decision stage evaluates whether significant 

performance improvement has been achieved through optimization; if the results are 

unsatisfactory, the process loops back to the experimental investigation and RSM optimization 

stage for further refinement. If the optimized parameters demonstrate improved performance, MIG 

welding is carried out using these optimal parameters for verification, followed by testing of the 

optimal results. The verified welds then undergo mechanical testing, including tensile and hardness 

tests, to assess their structural strength and metallurgical properties. A root cause analysis is 

performed, focusing on heat input, fusion quality, and material compatibility to explain the 

observed improvements in weld performance. Finally, based on the combined outcomes of 

experimental analysis, non-destructive testing, and mechanical evaluation, optimized welding 

parameters and design improvements are proposed, leading to the conclusion of the process. 

3.3.3 Design of experiments for RSM in MIG welding 

In this study, Response Surface Methodology (RSM) was employed to design and analyze MIG 

welding experiments systematically, allowing the combined effects of key process parameters to 

be evaluated efficiently while keeping the number of trials within practical limits. The selected 

factors, welding current, arc voltage, and travel speed, were chosen for their well-documented 

influence on heat input, weld bead geometry, and the resulting mechanical and metallurgical 

properties. These parameters directly affect fusion quality, arc stability, heat distribution, and 

cooling rate, all of which govern the final performance of the welded joint. A central composite 

design (CCD) was adopted as the experimental framework, using a face-centered configuration (α 

= 1) to ensure that all axial points lay within the safe and feasible range of the welding process. 

The design comprised thirty-two experimental runs, structured to provide balanced coverage of 

the experimental space. Factorial points were replicated to increase the precision of estimating 

main and interaction effects, axial (star) points were repeated to strengthen the estimation of 

curvature in the response surfaces, and several center points were included to provide a robust 

estimate of pure error and to detect any process drift during the experimental campaign. This 

arrangement not only enables the fitting of a full quadratic model but also provides adequate 
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degrees of freedom for a meaningful lack-of-fit test. The selected welding current, arc voltage, and 

travel speed ranges were determined based on preliminary trial welds, machine capability limits, 

base metal thickness constraints, and established industrial practice for MIG welding of low-

carbon steel. Welding current was varied between 80 A and 120 A to ensure sufficient heat input 

for achieving complete fusion without excessive penetration or burn-through. Currents below 80 

A were found during pilot trials to result in unstable arc behavior and lack of fusion, while currents 

above 120 A produced excessive spatter, excessive weld pool fluidity, and risk of undercut and 

distortion. Arc voltage was varied between 19 V and 23 V to maintain a stable spray-to-globular 

metal transfer mode while controlling bead width and penetration depth. Voltages below 19 V 

produced narrow beads with erratic arc behavior and incomplete sidewall fusion, whereas voltages 

exceeding 23 V resulted in excessive arc length, spatter formation, and poor bead appearance. 

Travel speed was varied from 3.33 mm/s to 3.85 mm/s to regulate heat input per unit length while 

maintaining consistent weld bead geometry. Lower speeds increased heat input excessively, 

promoting wider HAZ and increased grain coarsening, while higher speeds led to insufficient 

penetration and cold lap defects. These ranges were therefore selected to balance arc stability, 

penetration depth, bead shape, and metallurgical integrity while remaining within the safe 

operational envelope of the welding system and base metal thickness used in this study. 

Table 3. 2 Input MIG  welding parameters and their levels (Mekonone et al., 2025) 

Welding Parameters Unit 

Levels 

Level 1 Level 2 Level 3 

Current A 80 100 120 

Voltage V 19 21 23 

Speed  mm/s 3.33 3.59 3.85 

The responses selected for evaluation were chosen to provide a comprehensive view of the weld’s 

structural and mechanical performance. These included yield strength, ultimate tensile strength, 

strain at fracture, hardness at the weld zone, and hardness within the heat-affected zone. Together, 

these measures capture both the load-bearing capacity and the microstructural integrity of the joint, 

reflecting the combined influence of thermal cycles and metallurgical transformations during 
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welding. A Central Composite Design (CCD) with a face-centered configuration (α = 1) was 

selected for this study to enable efficient modeling of nonlinear relationships between welding 

parameters and mechanical responses while minimizing experimental burden. For the three 

independent factors considered—welding current, arc voltage, and travel speed—the CCD 

framework incorporated factorial points to estimate main and interaction effects, axial (star) points 

to capture curvature in the response surfaces, and multiple replicated center points to estimate 

experimental error and assess model adequacy. In this study, both factorial and axial points were 

replicated, and several center points were included to enhance statistical power, robustness, and 

repeatability, resulting in a total of 32 experimental runs. This sample size provided sufficient 

degrees of freedom to fit a full quadratic regression model, conduct lack-of-fit testing, and reliably 

estimate second-order effects while maintaining manageable experimental cost and time. The face-

centered CCD was specifically selected because it restricts all experimental combinations within 

the practical and safe operating limits of the MIG welding equipment and base metal thickness, 

thereby avoiding extrapolation beyond feasible parameter ranges. This experimental design 

ensured high predictive accuracy, improved model stability, and strong confidence in optimization 

outcomes, making it well-suited for the multi-response optimization objectives of this study. 

 

Fig.3. 5 MIG welding experimental parameters 

This approach facilitated the identification of optimal parameter combinations that balance 

strength, ductility, and hardness distribution, while ensuring the process remains within practical 

operational limits. The replication strategy further enhanced the statistical reliability of the 

findings, enabling confident predictions and robust process optimization for high-quality MIG 

welding. Thus, the overall selected process parameters are presented in Table 3. 2  and Fig.3. 5. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Sample Welding and Preparation for Testing 

In this investigation, Response Surface Methodology (RSM) was employed to design and analyze 

the experimental matrix for MIG welding of low-carbon steel specimens. A total of 32 

experimental runs were defined to evaluate the influence of selected welding parameters and their 

interactions on weld quality and mechanical performance. The RSM-based randomized design 

minimized experimental bias and ensured statistically reliable results. All samples were prepared 

from the same batch of low-carbon steel to maintain uniform chemical composition and base metal 

properties. Fig.4. 1 illustrates the sequential stages of sample preparation for mechanical and non-

destructive testing. Fig.4. 1 (a) shows the original 32 MIG-welded samples in the as-welded 

condition. The weld beads are visible at the mid-length of each rectangular specimen. These 

samples were initially used for hardness testing and preliminary non-destructive evaluation. Fig.4. 

1 (b) presents the polished welded samples, prepared by mechanical grinding and polishing to 

remove surface irregularities, oxide layers, and weld spatter. Polishing improved surface quality 

and ensured reliable results during hardness testing, liquid penetrant testing, and magnetic yoke 

testing. Fig.4. 1 (c) illustrates the dog-bone-shaped specimens prepared for tensile testing. 

Machining was performed according to standard tensile specimen geometry, with the weld zone 

positioned at the center of the gauge length to accurately assess weld joint strength. Fig.4. 1 (d) 

shows the polished dog-bone specimens prepared for tensile testing. Final surface finishing 

eliminated machining marks and minimized stress concentration, ensuring accurate measurement 

of tensile properties. 
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Fig.4. 1 Prepared MIG-welded low-carbon steel samples for testing: (a) original 32 welded 

samples, (b) polished welded samples, (c) dog-bone shaped tensile specimens, and (d) polished 

dog-bone specimens for tensile testing. 
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4.2 Failure analysis of existing welded joints (field investigation) 

Visual inspection of the failed welded joints revealed several surface and near-surface 

discontinuities, including longitudinal cracks, surface porosity, undercut, and incomplete fusion 

along the weld toe and root regions (Fig. 4.2). These defects were primarily concentrated near the 

weld centerline and along the fusion boundaries between the weld metal and base metal, which are 

regions typically subjected to high thermal gradients and residual stress accumulation during 

solidification. Crack lengths measured using digital calipers ranged from 4.2 mm to 18.7 mm, with 

average surface crack widths between 0.12 mm and 0.46 mm. Porosity clusters were typically 

spherical to elongated in morphology, with individual pore diameters ranging from 0.3 mm to 1.8 

mm, while clustered pore regions extended up to 6.4 mm in length along the weld bead. Undercut 

depths measured between 0.25 mm and 0.92 mm, exceeding recommended structural tolerance 

limits and thereby promoting stress concentration at the weld toe. Areas of incomplete fusion were 

observed over lengths ranging from 5.6 mm to 14.3 mm, particularly at the weld root where heat 

input was insufficient to achieve full penetration. These geometrically quantified discontinuities 

significantly compromise load transfer continuity across the joint (Alifian et al., 2025). Cracks and 

lack-of-fusion defects, in particular, act as sharp stress concentrators, accelerating crack initiation 

and propagation under service loading. The observed defect dimensions indicate that several welds 
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exceeded allowable acceptance limits prescribed by structural welding codes, thereby explaining 

the premature failure of these components in service environments. 

 

Fig.4. 2 Visual inspection of welded joints showing localized defects, including cracks near the 

weld zone, discontinuities along the welded seam, and intact failure-free regions in the unwelded 

sections. 

4.3 Liquid penetrant testing on welded joints 

Liquid penetrant testing (LPT) was performed to detect surface-breaking defects not clearly visible 

during visual inspection. The penetrant indications revealed extensive linear and rounded 
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discontinuities distributed along the weld bead and toe regions (Fig. 4.3). Linear indications 

corresponded to surface cracks and incomplete fusion defects, whereas rounded indications were 

associated with gas porosity. Quantitative measurement of LPT indications showed that surface 

crack lengths varied from 3.8 mm to 17.2 mm, with most defects clustered between 6 mm and 12 

mm. Crack widths ranged from 0.08 mm to 0.41 mm, indicating narrow but structurally significant 

surface discontinuities. Rounded penetrant indications corresponding to porosity exhibited 

diameters between 0.4 mm and 2.1 mm, with pore clusters extending longitudinally along the weld 

bead for distances up to 7.3 mm. The density of penetrant indications was notably higher near the 

weld root and toe regions, confirming that inadequate heat input and unstable molten pool behavior 

during welding contributed to defect formation in these locations. These surface-breaking defects 

serve as preferential sites for fatigue crack initiation and tensile fracture under applied loading. 

The quantified defect dimensions strongly correlate with the observed degradation in mechanical 

performance, as later confirmed by tensile and hardness test results. 
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Fig.4. 3 A practical illustration of visible dye penetrant testing on welded joints, demonstrating 

sequential steps from surface preparation to defect detection and evaluation 

4.4 Rockwell hardness test (HRB) 

The Rockwell B scale (HRB) test results are presented in Fig.4. 4 correspond to sample hardness 

measurements taken from a failed steel component sourced from a structural element within the 
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Adama Science and Technology University block. These images represent selected tests from a 

broader failure investigation aimed at assessing the mechanical integrity and potential degradation 

of the steel used in construction. The digital readouts illustrate a range of hardness values across 

different regions of the failed steel sample. In one case, HRB readings of 83.7, 82.8, and 85.0 were 

recorded, resulting in an average hardness of 83.8 HRB and a relatively tight range of 2.2. This 

consistency suggests a moderate hardness level typical of low-carbon or mild structural steel, 

which would be expected in common building applications. 

 

Fig.4. 4 Assessment of Hardness Variability in Failed Steel Component from Adama Science and 

Technology University Block Using HRB Measurements 
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The uniformity of these values could indicate that this region of the material remained largely 

unaffected by localized stress or microstructural defects. However, another portion of the sample 

showed significantly higher hardness values of 98.8, 93.9, and 94.2 HRB, with an average of 95.6 

HRB and a wider range of 4.9. This deviation may point to regions affected by strain hardening, 

welding heat-affected zones, or non-uniform metallurgical conditions. Such variation within a 

single structural component may contribute to stress concentration and ultimately play a role in 

the initiation or propagation of failure(Kalácska et al., 2017). The presence of higher hardness may 

also suggest unintended phase transformations or residual stresses, potentially resulting from poor 

fabrication or thermal exposure. Additional readings observed in Fig.4. 4 fall within the HRB 80–

90 range, reinforcing the heterogeneous nature of the failed material. These mid-range values are 

still within the expected hardness for structural steel but point toward variability across the 

component. Since Fig. 4.7 only includes representative samples rather than the full set of 

measurements, these results serve to highlight the non-uniformity that may have contributed to or 

resulted from the failure event. Visual inspection of the testing setup shows that the hardness tests 

were conducted under standard conditions, with correct fixturing and alignment. The use of the 

Rockwell B scale, suitable for softer steels, was appropriate given the material's characteristics. 

The recorded data from Fig.4. 4 plays a crucial role in the failure analysis by providing quantitative 

evidence of mechanical property variation, supporting further metallurgical investigations such as 

microstructural analysis or chemical composition testing. Thus, the HRB test results from the 

failed steel of the Adama Science and Technology University block reveal a combination of 

moderate to high hardness values with notable local variability. This supports the hypothesis that 

material inconsistency or localized hardening may have contributed to the mechanical failure 

observed in the structural application. 

4.4.1 Evaluation of hardness across base metal, HAZ, and weld metal  

The hardness distribution across the welded joint exhibited a clear and consistent trend of Weld 

Zone (WZ) > Heat-Affected Zone (HAZ) > Base Metal (BM), as illustrated in Fig. 4.5. The 

average hardness values measured were approximately 91–95 HRB in the weld zone, 84–88 HRB 

in the HAZ, and 76–81 HRB in the base metal. This hardness gradient is attributed primarily to 

microstructural transformations induced by localized thermal cycles during the MIG welding 

process. The weld metal exhibited the highest hardness due to rapid solidification from the molten 

state, resulting in the formation of refined acicular ferrite and bainitic microstructures. These 
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microstructures are characterized by high dislocation density and fine grain size, both of which 

contribute to increased hardness and strength through grain boundary strengthening mechanisms. 

Additionally, alloying element segregation and solid-solution strengthening within the weld pool 

further enhance hardness values in this region. The heat-affected zone (HAZ) displayed 

intermediate hardness values due to partial austenitization and subsequent grain coarsening during 

welding thermal cycles. In the coarse-grained HAZ, elevated peak temperatures resulted in grain 

growth and partial transformation to martensite or bainite upon cooling, increasing hardness 

relative to the base metal but lower than the weld metal due to reduced refinement. Conversely, 

the intercritical HAZ experienced tempering effects that softened the microstructure relative to the 

weld zone. The base metal exhibited the lowest hardness, corresponding to its ferrite–pearlite 

microstructure formed during controlled rolling and processing (Kalácska et al., 2017). This 

structure possesses comparatively larger grain sizes and lower dislocation densities, resulting in 

reduced resistance to indentation. The observed hardness hierarchy (WZ > HAZ > BM) therefore 

reflects the combined influence of thermal history, cooling rate, phase transformation kinetics, and 

microstructural refinement induced during the welding process. These microstructural variations 

also explain the spatial distribution of tensile strength and fracture behavior observed in subsequent 

mechanical testing.

 

Fig.4. 5 Evaluation of hardness across base metal, HAZ, and weld metal  
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4.5 Tensile Testing 

4.5.1 Tensile Testing of Failed Welded joints 

The tensile performance of MIG-welded structural steel specimens, including previously failed 

joints and newly prepared samples, is illustrated in Fig.4. 6. The figure presents the specimens at 

different stages of preparation and testing, highlighting the influence of welding condition and 

material quality on tensile behavior. Before tensile testing, the failed welded joint specimens 

shown in Figure 4.9(a) exhibit a standard dog-bone geometry with relatively smooth surfaces and 

uniform dimensions. No obvious macroscopic cracks or distortions are visible in the gauge 

sections before loading. This standardized geometry is essential to ensure that stress concentration 

occurs within the reduced gauge length, allowing fracture to initiate in a controlled and predictable 

region in accordance with ASTM E8 requirements. After tensile testing, as shown in Fig.4. 6 (b), 

the same specimens display clear evidence of failure within the gauge section, as indicated by the 

marked and arrowed fracture locations. Pronounced necking and elongation are observed before 

fracture, confirming a predominantly ductile mode of failure (Behredin et al., 2022). The fractures 

consistently occur within the intended gauge length, indicating uniform stress distribution during 

testing. The reduction in cross-sectional area at the fracture region suggests substantial plastic 

deformation, demonstrating that the MIG-welded joints retained reasonable ductility despite prior 

service exposure or welding-induced thermal effects. The handwritten markings on the specimens 

indicate different welding parameters or test conditions, enabling comparative evaluation of tensile 

performance. The absence of sudden brittle fracture or failure outside the gauge section suggests 

that critical defects such as severe porosity or lack of fusion were not the dominant failure 

mechanisms in these samples. The newly prepared welded samples, presented in Fig.4. 6 (c) before 

testing, show a larger batch of uniformly machined dog-bone specimens with consistent 

dimensions and improved surface finish. The weld beads are centrally located and appear visually 

uniform across all samples, reflecting improved control of welding parameters and specimen 

preparation. This consistency minimizes experimental scatter and enhances the reliability of tensile 

test results. Following tensile testing, the failed newly prepared specimens shown in Fig.4. 6 (d) 

exhibit highly consistent fracture behavior. All samples fail within the central gauge section, with 

visible necking and uniform fracture appearance across the batch. The tensile behavior of failed 

welded joints exhibited premature fracture and reduced ductility compared to newly fabricated 

specimens. Stress–strain curves obtained from failed joints displayed lower yield points, reduced 
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ultimate tensile strength (UTS), and significantly shortened plastic deformation regions, indicating 

brittle-dominant failure modes. The average yield strength and UTS of failed joints were 

approximately 285 MPa and 360 MPa, respectively, with elongation at fracture limited to 8–11%. 

The stress–strain curves of these failed joints exhibited early yielding followed by rapid strain 

localization and unstable crack propagation, consistent with the presence of surface and subsurface 

defects such as cracks, lack of fusion, and porosity. These discontinuities acted as stress 

concentrators that reduced the effective load-bearing cross-sectional area and accelerated fracture 

initiation. The regularity of fracture location and deformation pattern indicates homogeneous 

material properties and sound weld quality. The absence of premature fracture near the grips or 

along the weld toe suggests good metallurgical bonding and minimal residual stress concentration. 

The ductile fracture mechanism observed is characteristic of micro-void nucleation and 

coalescence, allowing significant energy absorption before final failure(Frih et al., 2017). 

Therefore, the comparative tensile results demonstrate that while the previously failed welded 

joints retained appreciable ductility, the newly prepared welded specimens exhibit more uniform 

deformation and fracture behavior, indicating improved mechanical integrity. This enhancement 

can be attributed to better material conditions, controlled welding parameters, and refined 

specimen preparation. The results confirm that properly MIG-welded structural steel joints possess 

adequate tensile strength and ductility for structural applications, while also emphasizing the 

importance of welding quality and process optimization in achieving reliable mechanical 

performance. 
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Fig.4. 6 Evaluation of tensile behavior in failed structural steel of old samples and newly 

prepared samples 

4.5.2 Comparison of Tensile Behavior in Failed (Old) and Newly Prepared Structural Steel 

Figure 4.6 presents representative engineering stress–strain curves for both failed (old) and newly 

prepared MIG-welded specimens. Newly fabricated welds demonstrated significantly improved 

mechanical performance, with yield strength values in the range of 390–410 MPa, ultimate tensile 

strength of approximately 480–505 MPa, and elongation at fracture between 19–23%.  
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Fig.4. 7 Comparison of tensile and ultrasonic behavior in failed (old) and newly prepared structural 

steel  
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These stress–strain curves exhibited well-defined elastic regions, extended plastic deformation 

plateaus, and gradual necking prior to fracture, indicating stable ductile failure mechanisms.  In 

contrast, the stress–strain curves of failed welds showed truncated plastic deformation regions and 

abrupt fracture behavior, confirming that defects severely compromised ductility and toughness. 

The slope of the elastic region remained similar for both specimen types, indicating comparable 

elastic moduli; however, the reduced yield point and UTS in failed joints reflect early stress 

concentration-induced yielding and crack initiation. The improved tensile response of newly 

fabricated specimens is attributed to reduced defect density and enhanced metallurgical bonding 

achieved through optimized welding parameters. The smoother stress–strain transitions and higher 

fracture strains observed in these specimens confirm superior energy absorption capacity and 

improved structural reliability. These results clearly demonstrate that weld defect minimization 

directly translates into enhanced tensile performance, validating the effectiveness of process 

optimization strategies employed in this study(Saha et al., 2015). 

The A-scan responses reveal a clear distinction between the two weld conditions in terms of signal 

amplitude, noise level, and echo sharpness, which are directly related to weld integrity. The old 

MIG-welded joint exhibits relatively lower echo amplitudes and broader ultrasonic signals, 

accompanied by higher background noise. Such behavior indicates increased ultrasonic 

attenuation within the weld zone, which is commonly associated with internal discontinuities such 

as porosity, lack of fusion, or slag inclusions. The weakened backwall echo observed in the old 

weld further confirms the presence of energy-dissipating defects that hinder effective wave 

propagation through the welded region. In contrast, the newly produced MIG-welded joint 

demonstrates significantly improved ultrasonic performance. The A-scan response shows higher 

and sharper echo amplitudes, along with a well-defined backwall reflection. The reduction in noise 

level and improved signal clarity indicate a more homogeneous weld metal with fewer internal 

defects. This improvement can be attributed to optimized MIG welding parameters, such as 

controlled heat input, improved shielding gas coverage, and stable arc conditions, which promote 

better fusion and penetration. The stronger backwall echo in the new weld suggests reduced 

attenuation and improved acoustic continuity across the weld zone, confirming enhanced structural 

integrity. Additionally, the sharper defect-related reflections indicate improved sensitivity of 

defect detection, allowing clearer differentiation between weld metal and surrounding base 
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material. Thus, the comparative ultrasonic results confirm that the newly optimized MIG welding 

process produces welds with superior internal quality compared to the old welding condition.  

4.6 Defects Comparison (Liquid penetration test results) and ultrasonic testing 

The hardness distribution across the weld metal (WZ), heat-affected zone (HAZ), and base metal 

(BM) regions is presented in Fig. 4.8. A consistent trend was observed in all specimens, with the 

highest hardness occurring in the weld zone, followed by the HAZ, and the lowest values recorded 

in the base metal (WZ > HAZ > BM). This behavior reflects the metallurgical transformations 

induced by localized welding thermal cycles and subsequent cooling rates. The elevated hardness 

values in the weld zone are primarily attributed to rapid solidification and refinement of 

microstructural features during weld metal solidification. The weld pool experiences steep thermal 

gradients, promoting the formation of fine acicular ferrite and martensitic constituents in localized 

regions, particularly under higher heat input conditions followed by rapid cooling. These refined 

microstructures increase dislocation density and grain boundary area, thereby enhancing hardness. 

In the HAZ, hardness values are intermediate between the weld metal and base metal due to partial 

austenitization and subsequent transformation during thermal exposure. Grain growth occurs in 

the coarse-grained HAZ, while finer ferrite-pearlite structures form in the fine-grained HAZ, 

resulting in moderate hardness values. The thermal cycle in this region is insufficient to produce 

full weld metal microstructures but sufficient to alter the original base metal phase morphology. 

The base metal exhibits the lowest hardness due to its relatively coarse ferrite-pearlite 

microstructure formed during controlled rolling and annealing processes. Since this region is 

unaffected by welding heat input, it retains its original ductile and relatively soft microstructure. 

These microstructural variations explain the systematic hardness gradient observed across the weld 

cross-section and confirm the influence of welding thermal cycles on mechanical property 
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evolution.

 

Fig.4. 8 Distribution of welding defects identified by liquid penetration test 

4.7 Magnetic particle testing results of welded samples 

Fig.4. 9 illustrates a well-defined sequence of the Magnetic Particle Testing (MPT) process 

performed on welded joints produced through the MIG welding technique. This non-destructive 

testing method is essential for evaluating the structural integrity of ferromagnetic materials such 

as carbon steel, where internal flaws may not be visible to the naked eye. The process begins with 

the preparation of testing materials, as shown in Fig.4. 9 (a), where magnetic test sprays are 

presented. These typically include a cleaner to remove surface contaminants and a magnetic 

particle suspension that will later reveal defects under a magnetic field. The cleaner plays a crucial 

role in eliminating grease, oil, rust, and other impurities that could obscure defect detection or 

prevent the proper adherence of magnetic particles.  
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Fig.4. 9 Sequential procedure of magnetic particle testing (MPT) on MIG-welded joints 

Surface preparation is shown in Fig.4. 9 (b), where a technician is seen manually cleaning the 

welded joints to ensure the surface is free from any interfering substances. This step is vital for 

producing reliable results, as even minor surface contamination can hinder defect visibility during 

testing. Once cleaned, the component is ready for magnetization. Fig.4. 9 (c) displays a yoke-type 

electromagnet, a common tool used to induce a magnetic field across the weld. When energized, 

the yoke creates a localized magnetic field that will be disrupted if any discontinuities, such as 

cracks, are present beneath or on the surface. The magnetization step is carried out in Fig.4. 9 (d), 

where the technician positions the yoke across the weld. Proper alignment ensures that the 

magnetic flux passes perpendicularly through potential defects, maximizing the likelihood of 

detecting interruptions in the field. With the magnetic field in place, the technician proceeds to 

apply magnetic particles, as shown in Fig.4. 9 (e). These particles, which may be visible or 

fluorescent, are sprayed evenly over the surface and are drawn to leakage fields that form at the 

sites of discontinuities. As a result, defects become clearly outlined by the accumulation of 
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magnetic particles, forming visible indications. Finally, Fig.4. 9  (f) depicts the inspection and 

evaluation phase. The ruler is used to measure and assess the size, orientation, and location of any 

indications formed during the test. These measurements help determine whether the weld meets 

established quality standards or requires further repair. This methodical process underscores the 

importance of cleanliness, correct magnetic field application, and careful interpretation of results 

to ensure accurate detection of flaws in welded structures. Through the steps captured in Fig.4. 9. 

MPT proves to be an effective tool in identifying surface and near-surface defects, thereby 

enhancing the safety and durability of welded components. Following the MPT procedure, several 

welded samples were examined to assess the presence and severity of welding defects. The results, 

illustrated in Fig.4. 10 , revealed noticeable variations in defect type and distribution among the 

samples. Sample 1 exhibited a small surface crack approximately 15 mm in length on the top side, 

while the bottom showed no signs of flaws. In contrast, Sample 2 displayed more severe damage, 

with pronounced cracks on the top measuring about 20 mm deep and 5 mm wide, though its bottom 

side remained defect-free. Sample 3 presented a combination of surface cracks and porosity on the 

top, while the bottom was found to be sound.  The most critical damage was observed in the sample 

taken from an old sample structure(Saha et al., 2015). This sample revealed multiple flaws on both 

the top and root sides, including cracks, porosity, and side cutting on the surface, as well as a lack 

of penetration and a lack of fusion at the root. These defects represent serious structural concerns 

and indicate potential points of failure if not addressed. The findings from these inspections 

highlight the variation in weld quality due to differences in material condition, weld technique, 

and age, further reinforcing the importance of routine testing and quality control in welded 

structures. 
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Fig.4. 10 Magnetic particle testing results of welded samples 

4.8 Optimization 

Since the experimental results of the newly welded joints component demonstrated more 

promising performance compared to the old, failed welds, it is reasonable to proceed with the 

optimization of process parameters. This step is crucial for further enhancing the new welding 

strategy, aiming to achieve the optimal solution for improving joint strength in the welded joints 

welding zone. The optimized approach will serve as a valuable guideline for personnel responsible 

for carrying out the welding process, and it may also provide insights for future applications where 

similar welded joints or joining processes are required. Welding of structural steels requires careful 

control of process parameters to ensure sound joints with reliable mechanical performance. AISI 

1018, low-carbon steel commonly used in automotive, construction, and manufacturing industries, 

is frequently joined using the MIG welding process because of its versatility and efficiency. 

However, the properties of the weld are strongly influenced by the combination of current, voltage, 

and travel speed, as these variables determine the effective heat input, cooling rate, and subsequent 

microstructural changes within both the weld metal and the heat-affected zone. In this 

investigation, MIG welding trials were carried out on AISI 1018 steel plates to evaluate how 

different parameter settings affect joint quality. The focus was placed on understanding the 
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influence of arc current, arc voltage, and welding speed on the resulting strength, ductility, and 

hardness of the welds(Guizani et al., 2019). The experimental results are expressed through yield 

strength, ultimate tensile strength, strain at fracture, and hardness values measured in both the weld 

zone and the heat-affected zone. The outcomes of these experiments are presented in Table 4. 1, 

which summarizes the response of mechanical properties to variations in welding conditions. By 

analyzing these data, the interaction between heat input and material behavior can be more clearly 

understood, offering valuable guidance in selecting parameter combinations that optimize the 

strength and performance of AISI 1018 weld joints. 

Table 4. 1 Experimental results of MIG welding 
 

Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3 Response 4 

Run A:Current B:Voltage C:Speed Yield 

strength 

UTS Strain at 

fracture 

Hardness 

at WZ 
 

A V mm/s MPa MPa % HRB 

1 80 19 3.33 413 512 21.5 94 

2 80 19 3.33 413 512 21.5 94 

3 120 19 3.33 396 490 23.4 91.1 

4 120 19 3.33 396 490 23.4 91.1 

5 80 21 3.33 402 498 22.6 92.2 

6 80 21 3.33 402 498 22.6 92.2 

7 120 21 3.33 385 476 24.6 88.9 

8 120 21 3.33 385 476 24.6 88.9 

9 80 19 3.85 425 527 20.1 96 

10 80 19 3.85 425 527 20.1 96 

11 120 19 3.85 405 502 22.4 92.5 

12 120 19 3.85 405 502 22.4 92.5 

13 80 21 3.85 412 510 21.7 93.7 

14 80 21 3.85 412 510 21.7 93.7 

15 120 21 3.85 391 483 23.9 90.1 

16 120 21 3.85 391 483 23.9 90.1 

17 80 20 3.59 416 515 21.1 94.4 
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18 80 20 3.59 416 515 21.1 94.4 

19 120 20 3.59 394 487 23.6 90.7 

20 120 20 3.59 394 487 23.6 90.7 

21 100 19 3.59 420 521 20.6 95.2 

22 100 19 3.59 420 521 20.6 95.2 

23 100 21 3.59 402 498 22.6 92.2 

24 100 21 3.59 402 498 22.6 92.2 

25 100 20 3.33 401 497 22.8 91.9 

26 100 20 3.33 401 497 22.8 91.9 

27 100 20 3.85 412 511 21.6 93.8 

28 100 20 3.85 412 511 21.6 93.8 

29 100 20 3.59 408 505 22.1 93.2 

30 100 20 3.59 408 505 22.1 93.2 

31 100 20 3.59 408 505 22.1 93.2 

32 100 20 3.59 408 505 22.1 93.2 

From Table 4.1, Runs 17, 21, and 25 exhibited the most favorable combination of mechanical 

properties, simultaneously achieving high yield strength (>395 MPa), high ultimate tensile 

strength (>490 MPa), elevated ductility (>21%), and balanced hardness levels in both the weld 

zone and heat-affected zone. These runs were characterized by intermediate-to-high welding 

current, moderate voltage, and optimized travel speed, resulting in adequate heat input for full 

fusion without excessive grain coarsening. Consequently, these experimental conditions were 

considered near-optimal and were used as reference benchmarks during the subsequent Response 

Surface Methodology (RSM) optimization and desirability function analysis. 

4.8.1 ANOVA results of yield strength 

The ANOVA results in Table 4. 2 confirm that the quadratic model for yield strength is statistically 

significant, with an overall F-value of 200.69 and a p-value below 0.0001. For clarity, only 

statistically significant terms (p < 0.05) are emphasized in the discussion, while non-significant 

higher-order terms are retained in the tables for completeness but omitted from interpretation(Sood 

et al., 2022). This demonstrates that the model effectively explains the variation in yield strength 

as influenced by welding parameters. Current (A) is the most dominant factor, accounting for 
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54.0% of the variation in yield strength, followed by voltage (B) at 25.8%, and travel speed (C) at 

13.2% as shown in Fig.4. 11. Together, these three linear terms contribute over 93% of the total 

model sum of squares, highlighting their critical influence on weld strength. Among the interaction 

terms, only AC (current × speed) is statistically significant (0.35%), while AB and BC interactions 

contribute negligibly (<0.2%).  

Table 4. 2 ANOVA results for the quadratic model for yield strength 

Source Sum of Squares df Mean Square F-value p-value  

Model 3461.34 9 384.59 200.69 < 0.0001 significant 

A-Current 1881.80 1 1881.80 981.96 < 0.0001  

B-Voltage 897.80 1 897.80 468.49 < 0.0001  

C-Speed 460.80 1 460.80 240.45 < 0.0001  

AB 0.2500 1 0.2500 0.1305 0.7214  

AC 12.25 1 12.25 6.39 0.0191  

BC 6.25 1 6.25 3.26 0.0846  

A² 92.55 1 92.55 48.30 < 0.0001  

B² 17.28 1 17.28 9.02 0.0066  

C² 38.14 1 38.14 19.90 0.0002  

Residual 42.16 22 1.92    

Lack of Fit 42.16 5 8.43 0.3775 0.9458 not significant 

Pure Error 0.0000 17 0.0000    

Cor Total 3503.50 31     

 

The quadratic terms also play a measurable role: A² contributes 2.7%, B² contributes 0.5%, and C² 

contributes 1.1%, collectively confirming that yield strength varies non-linearly with the process 

parameters. The inclusion of these terms ensures the model captures curvature effects across the 

parameter space. The lack-of-fit test is not significant (p = 0.9458), confirming the adequacy of 

the model with no systematic error. The small residual mean square (1.92) further demonstrates 

that experimental error is minimal. Thus, current is the single most influential factor on yield 

strength, followed by voltage and travel speed. Together, they dominate the response, while 
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quadratic and interaction effects play smaller but meaningful roles. These results emphasize that 

careful control of current, complemented by optimized voltage and speed settings, is essential for 

maximizing yield strength in MIG-welded AISI 1018 steel. Equation 4.1 is a quadratic regression 

model predicting yield strength based on inputs including their interactions and squared terms. 

Yield strength =386.12+2.34A−69.86B+369.04C−0.00625AB−0.168AC−2.40BC−0.0105A2+1.8

1B2−39.79C2                                                                                                                               (4.1) 

Where, A is current (A), B is voltage (V) and C is speed (mm/s) 

 

 

 

Fig.4. 11 Contribution percentages of process parameters to yield strength variation 

4.8.2 ANOVA results of ultimate tensile strength 

The ANOVA results for the quadratic model for UTS in Table 4. 3 show that the model is highly 

significant, with an F-value of 197.38 and a p-value less than 0.0001, indicating that the variation 
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in ultimate tensile strength is well explained by the combination of current, voltage, and speed, 

along with their interactions and quadratic effects. For clarity, only statistically significant terms 

(p < 0.05) are emphasized in the discussion, while non-significant higher-order terms are retained 

in the tables for completeness but omitted from interpretation. Current is the most influential 

factor, contributing approximately 53.4% of the total variation, followed by voltage, which 

contributes around 26.3%, and speed, which accounts for about 12.5% as presented in Fig.4. 12. 

Interaction effects between current and speed, as well as between voltage and speed, are significant 

but minor, each contributing roughly 0.28% of the total variation. The quadratic terms also add 

meaningful refinement to the model, with current squared contributing around 3.3%, speed squared 

about 0.8%, and voltage squared approximately 0.6%. The residual sum of squares is very small, 

and the lack-of-fit is not significant, confirming that the model accurately represents the 

experimental data. Overall, the results highlight that current is the dominant factor influencing 

UTS, followed by voltage and speed, while the significant interactions and quadratic terms 

improve the precision of the model and provide a complete understanding of the effects of process 

parameters on tensile strength. Equation 4.2 is a quadratic regression model predicting UTS based 

on inputs including their interactions and squared terms. 

UTS=588.54+3.30A−95.02B+434.21C−0.0125A⋅B−0.1923A⋅C−3.85B⋅C−0.0149A2+2.53B2−43

.87C2                                                                                                                                           (4.2) 

Table 4. 3 ANOVA results for quadratic model for UTS 

Source Sum of Squares df Mean Square F-value p-value  

Model 5688.43 9 632.05 197.38 < 0.0001 significant 

A-Current 3075.20 1 3075.20 960.34 < 0.0001  

B-Voltage 1513.80 1 1513.80 472.74 < 0.0001  

C-Speed 720.00 1 720.00 224.85 < 0.0001  

AB 1.0000 1 1.0000 0.3123 0.5819  

AC 16.00 1 16.00 5.00 0.0359  

BC 16.00 1 16.00 5.00 0.0359  

A² 187.64 1 187.64 58.60 < 0.0001  

B² 33.87 1 33.87 10.58 0.0037  
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C² 46.37 1 46.37 14.48 0.0010  

Residual 70.45 22 3.20    

Lack of Fit 70.45 5 14.09 0.2765 0.9156 not significant 

Pure Error 0.0000 17 0.0000    

Cor Total 5758.88 31     

 

Fig.4. 12 Contribution percentages of process parameters to ultimate tensile strength (UTS) 

Variation 

4.8.3 ANOVA results of strain at fracture (ductility) 

The ANOVA results presented in Table 4. 4 for the quadratic model of strain at fracture indicate 

that the model is highly significant, with an F-value of 152.84 and a p-value less than 0.0001, 

showing that the variation in the response is overwhelmingly due to the factors rather than random 

error. For clarity, only statistically significant terms (p < 0.05) are emphasized in the discussion, 

while non-significant higher-order terms are retained in the tables for completeness but omitted 

from interpretation. As detailed in Table 4.4, current (A) is the dominant contributor, accounting 

for approximately 54% of the total variation, followed by voltage (B) at around 25% and speed 
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(C) at roughly 12% as shown in Fig.4. 13. Among the interactions, only BC contributes a small but 

notable portion of about 0.4%, while AB and AC are negligible. The quadratic terms also have 

significant effects, with A² contributing 2.9%, C² 1.4%, and B² 0.8%, highlighting the presence of 

nonlinear behavior in the response. The residual variance is minimal, and the lack of fit is not 

significant, confirming that the quadratic model effectively represents the experimental data. Thus, 

Table 4.4 demonstrates that current, voltage, and speed are the primary factors influencing strain 

at fracture, with current having the largest impact, while interactions and curvature effects are 

minor yet present. Equation 4.3 is a quadratic regression model predicting strain at fracture based 

on inputs including their interactions and squared terms. 

Strain at fracture=13.463−0.241A+9.842B−47.027C+0.014AC+0.385BC+0.0012A2−0.262B2+4.

999C2                                                                                                                                          (4.3) 

Table 4. 4 ANOVA results for the quadratic model for strain at fracture 

Source Sum of Squares df Mean Square F-value p-value  

Model 43.17 9 4.80 152.84 < 0.0001 significant 

A-Current 23.76 1 23.76 757.17 < 0.0001  

B-Voltage 10.95 1 10.95 348.98 < 0.0001  

C-Speed 5.41 1 5.41 172.33 < 0.0001  

AB 0.0000 1 0.0000 0.0000 1.0000  

AC 0.0900 1 0.0900 2.87 0.1045  

BC 0.1600 1 0.1600 5.10 0.0342  

A² 1.26 1 1.26 40.00 < 0.0001  

B² 0.3621 1 0.3621 11.54 0.0026  

C² 0.6021 1 0.6021 19.19 0.0002  

Residual 0.6904 22 0.0314    

Lack of Fit 0.6904 5 0.1381 0.4344 0.9765 not significant 

Pure Error 0.0000 17 0.0000    

Cor Total 43.86 31     
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Fig.4. 13 Contribution percentages of process parameters to strain at fracture variation 

4.8.4 ANOVA results of hardness at the weld zone (WZ)  

The ANOVA results for hardness at the WZ are shown in Table 4. 5 indicating that the quadratic 

model is highly significant, with an F-value of 295.80 and a p-value less than 0.0001, suggesting 

that the likelihood of such a large F-value occurring due to random noise is extremely low. For 

clarity, only statistically significant terms (p < 0.05) are emphasized in the discussion, while non-

significant higher-order terms are retained in the tables for completeness but omitted from 

interpretation. Among the factors studied, current (A) is the most influential, contributing 

approximately 54.2% of the total variation in hardness, followed by voltage (B) with around 

25.7%, and speed (C) at about 12.0% as presented in Fig.4. 14. The quadratic effects also play an 

important role, with A² accounting for 3.2%, C² for 1.3%, and B² for 0.6% of the total variation. 

Among the interaction terms, only AC is significant, contributing 0.2%, while AB and BC are 

negligible. The residual variation is minimal, around 0.8%, indicating that the model captures 

nearly all variability in the response. These results clearly show that current and voltage are the 

primary factors controlling hardness at the weld zone, with speed and quadratic terms providing 

secondary contributions, and interactions having a limited effect.  
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Fig.4. 14 Contribution percentages of process parameters to WZ hardness variation 

This analysis, aligned with ANOVA results, provides a clear understanding of the relative 

importance of each factor in determining weld zone hardness. Equation 4.4 is a quadratic 

regression model predicting strain at fracture based on inputs including their interactions and 

squared terms. 

Hardness at WZ=94.285+0.460A−13.236B+66.176C−0.003AB−0.022AC−0.337BC−0.002A2+0

.340B2−7.549C2                                                                                                                        (4.4) 

Table 4. 5 ANOVA results for the quadratic model for hardness at WZ 

Source Sum of Squares df Mean Square F-value p-value  

Model 105.86 9 11.76 295.80 < 0.0001 significant 

A-Current 57.80 1 57.80 1453.51 < 0.0001  

B-Voltage 27.38 1 27.38 688.48 < 0.0001  

C-Speed 12.80 1 12.80 321.89 < 0.0001  

AB 0.0625 1 0.0625 1.57 0.2231  

AC 0.2025 1 0.2025 5.09 0.0343  
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BC 0.1225 1 0.1225 3.08 0.0932  

A² 3.46 1 3.46 87.07 < 0.0001  

B² 0.6083 1 0.6083 15.30 0.0007  

C² 1.37 1 1.37 34.53 < 0.0001  

Residual 0.8748 22 0.0398    

Lack of Fit 0.8748 5 0.1750   not significant 

Pure Error 0.0000 17 0.0000 0.4224 0.9533  

Cor Total 106.74 31     

 

4.8.5 ANOVA results of hardness at heat heat-affected zone (HAZ)  

The ANOVA results for hardness at HAZ in Table 4. 4 indicate that the quadratic model is highly 

significant, with an F-value of 240.13 and a p-value less than 0.0001, confirming that the model 

reliably explains the variations in HAZ hardness. For clarity, only statistically significant terms (p 

< 0.05) are emphasized in the discussion, while non-significant higher-order terms are retained in 

the tables for completeness but omitted from interpretation. As presented in Fig.4. 15, current is 

the most influential factor, contributing approximately 53.9% of the total variation, followed by 

voltage at 25.6% and speed at 11.7%, highlighting that the welding current has the dominant effect 

on hardness in the HAZ. Quadratic effects of current, voltage, and speed also have significant 

contributions of 3.7%, 0.7%, and 1.2% respectively, indicating the presence of non-linear behavior 

in the response. Interaction terms AB, AC, and BC are not significant, contributing negligibly to 

the overall variation, suggesting that the combined effects of these factors are minimal in this 

process. The lack-of-fit test is not significant, confirming the adequacy of the model to describe 

the experimental data. Thus, the results demonstrate that while current is the primary controlling 

factor, voltage and speed, along with their quadratic terms, also play meaningful roles in 

determining the hardness at HAZ. Using inputs such as their interactions and squared terms, the 

quadratic regression model in Equation 4.5 predicts strain at fracture. 
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Fig.4. 15 Contribution percentages of process parameters to HAZ variation 

Hardness at HAZ=99.17+0.401A−11.754B+52.406C−0.0031AB−0.0168AC−0.337BC−0.00173

A2+0.309B2−5.790C2                                                                                                                 (4.5) 

Table 4. 6 ANOVA results for the quadratic model for hardness at HAZ 

Source Sum of Squares df Mean Square F-value p-value  

Model 67.00 9 7.44 240.13 < 0.0001 significant 

A-Current 36.45 1 36.45 1175.78 < 0.0001  

B-Voltage 17.30 1 17.30 557.99 < 0.0001  

C-Speed 7.94 1 7.94 256.06 < 0.0001  

AB 0.0625 1 0.0625 2.02 0.1697  

AC 0.1225 1 0.1225 3.95 0.0594  

BC 0.1225 1 0.1225 3.95 0.0594  

A² 2.52 1 2.52 81.30 < 0.0001  
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B² 0.5022 1 0.5022 16.20 0.0006  

C² 0.8077 1 0.8077 26.05 < 0.0001  

Residual 0.6820 22 0.0310    

Lack of Fit 0.6820 5 0.1364 0.5445 0.9012 not significant 

Pure Error 0.0000 17 0.0000    

Cor Total 67.68 31     

To enhance readability and interpretability, the key statistically significant factors across all 

response variables are summarized in Table 4.7. Welding current consistently emerged as the 

dominant parameter influencing strength and hardness responses, whereas welding speed exerted 

a more pronounced effect on ductility (Venkatratnam & Kesava Rao, 2020). Voltage exhibited 

secondary but meaningful interactions, particularly with current and travel speed. This 

consolidated overview enables rapid identification of parameter sensitivities without requiring 

detailed inspection of individual ANOVA tables, thereby improving clarity and practical usability 

of the statistical findings(Said et al., 2023). 

Table 4.7 Summary of significant welding parameters for all response variables 

Response Variable Significant Factors (p < 0.05) Dominant Factor 

Yield Strength Current, Speed, Current², Current×Speed Current 

Ultimate Tensile Strength Current, Voltage, Speed, Current² Current 

Strain at Fracture Speed, Voltage×Speed Speed 

Weld Zone Hardness Current, Current², Current×Voltage Current 

HAZ Hardness Current, Speed, Current×Speed Current 

 

4.8.6 Interaction analysis of yield strength 

The interaction analysis is shown in Fig.4. 16 yield strength results from the joint influence of 

welding parameters on mechanical performance. Two plots in Fig.4. 16  (a) plot current (A) and 

voltage (B) at a constant speed of 3.59 mm/s: With increasing current, yield strength increases 

until about 100 A, whereafter it drops again due to overheating and grain coarsening; while voltage 

shows little effect beyond an optimum range of about 20 to 20.5 V. This demonstrates that the 

most balanced heat input yields the best strength. Fig.4. 16 (b), which considers the current (A) 

and speed (C) interaction at a constant 20 V voltage, reveals a pronounced dome-shaped surface. 
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Yield strength gained with increasing speed, since higher travel speed can reduce heat input per 

unit length, with an optimum found near 3.7 to 3.8 mm/s. Current also showed a peak, again around 

100 A, beyond which the trend for mechanical performance declined. This interaction Fig.4. 16  

(c) shows how important is the control of both current and speed concurrently is towards attaining 

maximum yield. The combined influence of voltage (B) and speed (C) at a fixed current of 100 A 

is illustrated. In this case, an additive effect occurs for both parameters, reaching an optimum for 

voltage at about 20 to 20.5 V and again positively influencing speed to about 3.7 to 3.8 mm/s. 

Thus, the analyses taken together confirm that the maximum yield strength is found under 

intermediate heat input conditions, specifically around 100 A current, 20 to 20.5 V voltage, and 

3.7 to 3.8 mm/s speed. This window balances the fusion quality against controlled microstructural 

development, thereby generating stronger and more reliable welds. 

 

Fig.4. 16 Interaction analysis yield strength (3D surface) 

The contour Fig.4. 17 shows the interaction effects of current, voltage, and speed on yield strength, 

complementing dimensioned surface analysis. Fig.4. 17 (a) shows the relationship between current 



INVESTIGATION AND OPTIMIZATION OF MIG WELDING PARAMETERS ON THE MECHANICAL 

PROPERTIES OF MILD STEEL USING RESPONSE SURFACE METHODOLOGY 

  BY:  DERIBE GELETA ROBELE Page 64 

and voltage, holding speed constant at 3.59 mm/s, with yield strength increasing with both 

parameters to an optimal region around 100 A of current and 20-20.5 V, where it value of about 

420 MPa. Beyond this region, either excessive current or very low voltage causes a reduction of 

performance due to unbalanced heat input. The speed-increasing effect of yield strength 

improvement up to about 3.7-3.8 mm/s is observed in Fig.4. 17 (b), as higher travel speeds would 

minimize heat accumulation. The effect of current again shows parabolic behavior, with yield 

strength being the highest near 100 A, while divergences from this point will yield lower results. 

Fig.4. 17 (c) illustrates the interaction of voltage and speed at 100 A constant current, where both 

factors act additively to yield strength. The optimum conditions are realized on moderate voltage 

(20-20.5 V) and higher speed (around 3.7 mm/s), where yield strength approaches 415-420 MPa. 

The contour diagrams indicate that, under intermediate heat input conditions, maximum yield 

strength is obtained, for the most part, in a region centered around 100 A current, 20-20.5 V 

voltage, and 3.7-3.8 mm/s speed. This leads to the conclusion that a critical control and balancing 

of parameters ensures that strong, defect-free welds are produced. 
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Fig.4. 17 Interaction analysis yield strength (contour plot) 

The contour plots reveal that yield strength increases with increasing welding current and moderate 

travel speed. At low current–high speed combinations, insufficient heat input results in lack of 

fusion and reduced metallurgical bonding, leading to diminished strength. Conversely, excessively 

high current combined with low speed causes overheating and grain coarsening, which reduces 

yield strength despite improved fusion. The optimal yield strength region occurs at intermediate-

to-high current and moderate speed, where sufficient penetration and refined microstructures 

coexist. 

In this table, the experimental actual yield strength values have been compared with the values 

predicted by a regression model from the 32 sets of experiments. The results indicate that there is 

a very strong agreement, with differences usually expected within 1-2 MPa. The results indicate 

that the model is both accurate and reliable. For example, run 1 truly yielded a yield strength of 

405 MPa against a predicted value of 405.40 MPa, which is practically zero deviation from the 

truth. Runs 13 and 24 both reported the highest actual strength at 425 MPa, which the model 
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successfully predicted at 426.30 MPa. Even at the lower end, such as Run 10 with 385 MPa actual 

and 383.90 MPa predicted, the difference is tiny. These discrepancies are more likely to be 

accounted for by normal variations in the experiment; however, having such a close agreement for 

all runs indicates that the regression model captures the relationship between welding parameters 

and yield strength. So overall, the verification of high reliability for the model to predict weld 

performance as well as provide a practical guide toward optimizing welding conditions is done 

here in Fig.4. 18. 

 

Fig.4. 18 Predicted vs. actual results of yield strength 

4.8.7 Interaction analysis of ultimate tensile strength 

The interaction analysis of ultimate tensile strength (UTS) shows the effect of current, voltage, 

and speed on weld performance collectively. Fig.4. 19 (a) shows that the UTS first increases with 

current and voltage at a constant speed of 3.59 mm/s until an optimum area, approximately 100 A 

and 20–20.5 V, with a corresponding strength of around 520–527 MPa. Beyond this regime, UTS 

decreases because of either the lack of fusion at low settings or melting and coarse-grained 

structuring at higher input. Fig.4. 19 (b) displays a dome with its UTS maximized near a current 

of about 100 A and higher speeds of about 3.7–3.8 mm/s when speed is varied with current at a 

constant voltage of 20 V. The UTS improvement with speed may result from a lower heat input 

per unit length affecting microstructure refinement and welding pool stability, while a moderate 

current secures full penetration. From the analysis given in Fig.4. 19 (c), where voltage and speed 
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inputs are evaluated while holding the current at 100 A, it could be concluded that both parameters 

act additively, again with optimum positions near 20–20.5 V and 3.7–3.8 mm/s for the obtained 

UTS ranging from 515 to 525 MPa. Overall, these results show that maximum UTS occurs at 

intermediate heat input, particularly around 100 A, 20–20.5 V, and 3.7–3.8 mm/s. These conditions 

seem to represent a balance, allowing for good fusion while preventing excessive exposure to heat, 

thus strong and defect-free welds have better tensile properties. 

 

Fig.4. 19 Interaction analysis ultimate strength (3D surface) 

4.8.8 Interactive effects of welding parameters on ultimate tensile strength 

For instance, the contour plots signify the impact of welding parameters on ultimate tensile 

strength (UTS). In Fig.4. 20 (a), the highest UTS is obtained at low current and moderate voltage 

(exceeding 520 MPa); it steadily decreases as the current increases, indicating that the current has 

the strongest negative effect on the tensile strength, while voltage has a moderate effect. Fig.4. 20 

(b) shows that when a low current and high weld speed are used, UTS improves significantly to 

values above 520 MPa, while increasing the current lowers the UTS even at the higher speeds, 
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further proving that a higher current degrades UTS. In Fig.4. 20 (c), maximum UTS is achieved 

under low voltage and at very high welding speeds, but beyond that, the voltage would gradually 

degrade the strength down to around 500 MPa. Overall results indicate that low current, high speed 

of welding, and low-to-moderate voltage were found to provide the most favorable conditions for 

obtaining maximum tensile strength. 

 

Fig.4. 20 Interaction analysis of ultimate strength (contour plot) 

The contour plots indicate that ultimate tensile strength is maximized at elevated current levels 

and moderate voltage, combined with intermediate welding speed. Low heat input zones are 

associated with reduced tensile strength due to incomplete fusion and porosity formation. 

Excessive heat input, however, promotes grain coarsening and softening in the heat-affected zone, 

reducing UTS. Therefore, a balanced heat input regime optimizes metallurgical continuity and 

microstructural refinement, leading to superior tensile performance. 
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4.8.8.1 Comparison of experimental and predicted UTS Values 

The table shows the actual value of ultimate tensile strength (UTS), measured from experiments, 

and the predicted values computed through the development of a statistical model. Across all 32 

run orders, the predicted values closely match the experimental values, depicting deviations that 

are typically less than ±2MPa. For example, when Run 1 actual UTS was measured to be 502 MPa, 

the model predicted 502.46 MPa, and in Run 13, where 527 MPa was compared with the predicted 

528.76 MPa. Moreover, run 10 showed that the actual UTS is 476 MPa, well matching the 

prediction from the model at 474.56 MPa. This shows that both the actual values and predicted 

values are close to each other, indicating better reliability in predictions of tensile strength by the 

model and good capturing of process parameter influences. It shows close alignment that will 

demonstrate the efficiency with which the developed regression model forecasts UTS within the 

studied range of parameters, as seen in Fig.4. 21. 

 

Fig.4. 21 Predicted vs. actual results of yield strength 

4.8.9 Interaction analysis of strain at fracture 

This 3D surface is a model that shows joint effects as far as the parameter of welding is concerned, 

on strain at fracture. In Fig.4. 22 (a), while the speed is fixed to run at 3.59 mm/s, current interacts 

with voltage and reveals that strain at fracture increases with an increase in the two parameters, 

reaching as high as about 24.6% at the highest settings of current and voltage, while the lowest, at 

about 21% occurs at lower settings of both. While in Fig.4. 22 (b), which is the test of current and 
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speed at constant voltage of 20 V, strain at fracture is highest at high current-low welding speed 

and at high speed and low-current-low ductility of up to 20%. This is also Fig.4. 22 (c), the effect 

voltage has on speed at a constant current of 100 A, indicating that strain increases only slightly 

with increased voltage but decreases quite significantly with greater welding speeds. Therefore, 

the findings indicate that current has the most positive effect on strain at fracture, that welding 

speed negatively influences ductility, and voltage is a positive contributor, but to a much lesser 

extent.  

 

Fig.4. 22 Interaction analysis of strain at fracture (3D surface) 

4.8.9.1 Contour Plots Showing the interaction effects of welding parameters on strain at 

fracture 

The overall influence of the combinations of different welding parameters on strain at fracture is 

manifested through these contour plots. In Fig.4. 23 (a), current and voltage interact at a constant 

speed of 3.59 mm/s to show that as current increases to higher values with increasing voltage, the 

strain at fracture steadily increases, reaching almost values close to 24% in the upper range. 
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However, the lowest ductility at around 20% occurs at low current and voltage. Fig.4. 23 (b) shows 

the interaction effects produced by the current as well as the speed at a fixed voltage of 20 V. Here, 

the great improvement in strain at fracture occurs with increasing current, particularly at a lower 

speed, where it is close to 24% but drops at higher speeds and lower currents, where ductility heads 

toward 20%. Fig.4. 23 (c) demonstrates the actual interaction of voltage and speed while holding 

the current constant at 100 A. The outcome shows that strain at fracture improves slightly with 

increasing voltage, wherein the increment speedily lowers ductility such that the lowest values are 

high speed/low voltage combinations. Taken together, these findings indicate the sole importance 

of current in improving strain at fracture; welding speed has an adverse effect, and voltage is of 

moderate yet positive significance. 

 

Fig.4. 23 Interaction analysis of strain at fracture (contour plot) 

The contour plots demonstrate that ductility is most sensitive to welding speed and its interaction 

with voltage. Higher travel speeds generally increase strain at fracture due to reduced heat input 

and finer microstructural features, whereas excessively slow speeds lead to excessive heat 
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accumulation, grain growth, and embrittlement. Optimal ductility occurs at moderate voltage and 

higher welding speeds, where microstructural refinement and reduced residual stresses enhance 

plastic deformation capacity. 

4.8.9.2 Comparison of actual and predicted values 

Compared to model predictions, data collected from actual measurements are shown in Fig.4. 24 

under 32 experimental runs. The column Run order defines the order of the experimentation 

process, while the actual value column refers to the measured data graphed in comparison with the 

predicted value. Thus, predicted and actual values match very closely, and differences (residuals) 

are mostly within an envelope of ±0.3, which shows that the model fits with the experimental data 

quite well. Some runs precisely agree, as runs 4, 14, 25, and 29, while most others have only small 

deviations. In some cases, such as runs 1 and 2 or runs 23 and 10, repeat conditions yield the same 

result, thereby adding to the evidence of the model's reliability, even for the worst-discrepant runs 

such as 16 and 18. However, even with such discrepancies, they are modest to suggest that the 

model is an excellent representation of the experimental outcomes. 

 

Fig.4. 24 Predicted vs. actual results of yield strength 

4.8.10 Interaction analysis of hardness at weld zone 

Hardness interaction analysis at the weld zone (WZ) has been demonstrated in the three response 

surface plots. The Fig.4. 25 (a) shows the current (A) and voltage (B) interaction with travel speed 
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(C) constant. Here, hardness increases appreciably with increasing current, whereas the voltage 

shows a much less pronounced positive effect. More of the interaction between current and voltage 

becomes evident in that the good effect of voltage is more pronounced in conjunction with 

increased current. Thus, hardness is maximized with a high current of about 115-120 A and 

moderate to high voltage of about 20.5-21 V, while at low current with a combination of mid-level 

voltage, hardness is minimized. In Fig.4. 25 (b), the interaction between current (A) and travel 

speed (C) is presented with the voltage kept constant. Again, current presents a strong positive 

effect on hardness, while the increase in travel speed dramatically lowers hardness. There exists a 

clear interaction between these two factors; increased travel speed has the most negative effect at 

low current, and the detrimental impact weakens at higher current. Therefore, hardness is highest 

at high current and low to moderate travel speed, while it is lowest at low current and high speed. 

In this case, Fig.4. 25 (c) illustrates the various combined effects of voltage (B) and travel speed 

(C) holding current constant. The two factors have a medium influence on hardness, with voltage 

increasing and speed decreasing hardness. Any real interaction between them is weak, and their 

effects work almost additively. The highest hardness is found at high voltage and low speed, while 

it is lowest at low voltage and high speed. Overall, the most influential parameter for hardness at 

the weld zone is current, followed by travel speed (as a negative influence) and voltage (as a 

positive influence). Current–voltage and current–speed appear to have stronger interactions, 

whereupon voltage-speed interactions are the weakest. Optimal hardness on the studied range 

occurred at higher current, higher voltage, and lower travel speed. 
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Fig.4. 25 Interaction analysis of hardness at the weld zone (3D surface) 

 

4.8.11 Contour plot analysis of welding parameters on hardness 

The contour diagrams show the interaction effects of welding parameters on hardness at a welded 

joint. In Fig.4. 26 (a), which figures the relationship between current, voltage, and constant speed, 

hardness seems to be higher for both parameters, while current obviously has a greater effect-the 

contours appear to curve slightly, with a suggestion of a mild interaction when voltage proves itself 

to be more effective at a higher current.  
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Fig.4. 26 Interaction analysis of hardness at the weld zone (contour plot) 

In Fig.4. 26 (b), the current speed interaction with a given voltage is much more pronounced. 

Hardness in the weld zone increases with increasing welding current due to higher cooling rates 

and the formation of harder microstructural constituents such as bainite and acicular ferrite. 

However, excessively high current combined with low speed reduces hardness due to prolonged 

thermal exposure and grain coarsening. The contour plots identify an optimal region of moderate-

to-high current and intermediate speed that maximizes hardness without compromising toughness. 

While hardness increases significantly with increasing current, at the same time it decreases with 

increasing speed, and the lowest observed values were at low current and high speed, while the 

maximum hardness is exhibited at high current and low speed. This shows the strong interaction 

between current and speed, wherein the effect is much more severe at low current. This is like 

holding the current constant and varying voltage and speed, as shown in Fig.4. 26 (c). Those two 

parameters have a positive effect on voltage on hardness and a negative effect on speed; however, 

the interaction between them is weak, as shown through nearly parallel contour lines. The optimum 
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condition in this case is attained at high voltage and low speed. Generally, it confirms that the 

contour analysis concludes that current is the most significant factor affecting hardness at the weld 

zone, followed by travel speed, which alleviates hardness, and then, fourthly, voltage, which has 

a moderate, positive influence. The highest current-weld hardness is produced using a combination 

of high current, high voltage, and low travel speed. 

4.8.11.1 Comparison of actual and predicted hardness values 

This table compares actual measured data to model-predicted values for 32 experimental runs. The 

run order gives the relevant order of tests; the actual value shows the observed hardness at the weld 

zone, while the predicted value describes the corresponding estimates made by the model. The 

results show that the predicted values match very closely with the actual measurements, with the 

difference (residual) mostly ranging between ±0.2, which shows very good agreement of the model 

with the experimental data. Some runs, such as 4 and 14 or 23 and 10, show nearly identical actual 

and predicted values, confirming the very good reliability and reproducibility of the model. For 

some runs, like 16 and 18, there is a slight deviation, but they still fall in an extremely small range, 

which is proof of the great accuracy of the model prediction. Overall, the table reinforces the 

assertion that the model describes the experimental behavior of weld-hardness with minimal error 

and can thus be used reliably for prediction and analysis, as shown in Fig.4. 27. 

 

Fig.4. 27 Comparison of actual and predicted hardness values 
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4.8.12 Interaction analysis of hardness at heat heat-affected zone 

Fig.4. 28 are the 3D surface plots borne out of a Response Surface Methodology (RSM) research 

study on the influences of current (A), voltage (B), and speed (C) on hardness measured in 

Rockwell B at the heat-affected zone (HAZ). The range of colors in the scale is low hardness 

(approximately 83.9 HRB) in blue to high hardness (~89.6 HRB) in red. 

 

Fig.4. 28 Interaction analysis of hardness at heat heat-affected zone (3D surface) 

 It shows that with less current and more voltage, the maximum ends at approximately 80 A and 

about 21 V, while the lowest goes down to about 120 A with approximately 19 V (Speed = 3.59 

mm/s) from Fig.4. 28 (a). A remarkable negative correlation based on Fig.4. 28 (a) and (b) exists 

between current and hardness above the threshold of ~80 A at any speed (Voltage = 20 V). In  

Fig.4. 28(c), it can be inferred that the hardness increases with increasing voltage, attaining a 

maximum at above say high voltage (~21 V) and low speed (3.33 mm/s), while at low voltage 
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(~19 V), speed is practically irrelevant (Current = 100 A). In this case, it would be high hardness 

from low current, high voltage, and low speed. 

4.8.13 Contour plot analysis of process parameters affecting HAZ hardness 

Three two-dimensional contour plots that depict Current (A), Voltage (B), and Speed (C) with 

respect to Hardness, at the Heat-Affected Zone (HAZ), defined in HRB, are visible through the 

Fig.4. 29.  

 

Fig.4. 29 Interaction analysis of hardness at heat heat-affected zone (contour plot) 

The contour plots show that HAZ hardness is primarily governed by welding current and travel 

speed. High current and low speed conditions increase peak temperatures and promote grain 

coarsening, reducing hardness in the softened HAZ. Conversely, moderate current and higher 

speed reduce heat input, refining microstructure and increasing hardness. The optimal region 

corresponds to moderate current and moderate-to-high speed combinations that balance phase 

transformation kinetics and cooling rate effects. The blue ~83.9 HRB is the lowest in hardness, 

and to red ~89.6 HRB is the highest in hardness. Contour lines link points of equal hardness. Fig.4. 
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29 (a) demonstrates Current versus Voltage interaction at an unchanging Speed of 3.59 mm/s to 

obtain higher hardness at decreased current (80-90 A) and low voltage (~19 V), whereas the lowest 

hardness is at high current and voltage. Fig.4. 29 (b) presents that Current, when Voltage is pegged 

at a constant 20 V, holds primacy because hardness consistently reduces with increasing current, 

while Speed has demonstratively minimal effect. Fig.4. 29 (c), showing the Current fielded at 100 

A, exhibits interaction between Voltage and Speed: optimum hardness is generated at low voltage 

(~19 V) with high speed (~3.85 mm/s), whereas, at high voltage (~21 V) and low speed (~3.33 

mm/s), hardness drops. Thus, the lower current with specific voltage-speed settings gives 

maximum hardness in the HAZ. 

4.8.13.1 Comparison of actual and predicted HAZ hardness 

The table shows a comparison of the measured and predicted Hardness values (HRB) for 32 

experimental runs at HAZ. The predicted values closely follow the measured values, with 

significant differences generally under 0.2 HRB, indicating that the RSM model was probably 

used. For example, run 1 has an actual hardness of 86.80 HRB with a predicted value of 86.93 

HRB. Hence, the close matching of hardness values for all the runs would suggest that the model 

is capable of reliably capturing the process parameters' effect on HAZ hardness, as shown in Fig.4. 

30. 

 

Fig.4. 30 Comparison of actual and predicted HAZ hardness 
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4.8.14 Desirability function analysis 

Table 4. 7 summarizes the DFA solutions obtained for the MIG welding process parameters and 

their corresponding mechanical property responses. Using the desirability function approach, a 

total of 76 possible parameter combinations were evaluated, considering welding current, voltage, 

and speed against target responses: yield strength, ultimate tensile strength (UTS), strain at 

fracture, and hardness at both the weld zone (WZ) and the heat-affected zone (HAZ). Among these, 

Solution 1 emerged as the most balanced, achieving the highest desirability value of 0.671. This 

optimal solution corresponds to a welding current of 99.35 A, voltage of 20.90 V, and speed of 

3.54 mm/s, producing predicted mechanical properties of 403.51 MPa yield strength, 499.71 MPa 

UTS, 22.47% strain at fracture, 92.41 HV hardness at the WZ, and 86.75 HV hardness at the HAZ. 

The associated standard errors were minimal, indicating high confidence in the predicted values. 

Across solutions 1 to 75, desirability values remained very close, ranging from 0.666 to 0.671, 

suggesting that multiple parameter settings can achieve comparably effective results. Minor 

variations in current, voltage, and speed led to negligible changes in predicted responses, 

reinforcing the robustness of the optimization model. In this set, yield strength consistently ranged 

around 403–404 MPa, UTS around 499–500 MPa, strain at fracture between 22.46–22.54%, and 

hardness values at the WZ and HAZ fluctuated minimally around 92.39–92.45 HV and 86.74–

86.75 HV, respectively. An exception is Solution 76, which showed markedly different responses: 

yield strength of 408.79 MPa, UTS of 506.3 MPa, reduced strain at fracture of 21.94%, and 

increased hardness values (93.31 HV at WZ and 87.43 HV at HAZ). Despite seemingly improved 

strength and hardness, the desirability dropped sharply to 0.004, reflecting an imbalance caused 

by reduced ductility. This highlights that high strength alone does not guarantee optimal weld 

quality. Thus, the optimization results demonstrate that the selected parameters in Solution 1 offer 

the most balanced and reliable combination, achieving an adequate trade-off between strength, 

ductility, and hardness distribution. The corresponding desirability index of 0.671 indicates a 

satisfactory compromise between competing responses, acknowledging that maximizing one 

property often reduces another. Fig.4. 31 illustrates the DFA ramp plots, showing the relationship 

between process parameters and mechanical property responses, and confirming the practical 

applicability of the developed model for achieving desirable weld quality in MIG welding. 

Although higher welding current and lower travel speed enhance yield strength and ultimate tensile 

strength by improving fusion and penetration, these conditions simultaneously reduce ductility due 
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to increased heat input, grain coarsening, and elevated residual stresses. Conversely, higher 

welding speeds and lower heat input promote finer microstructures and improved strain at fracture 

but may compromise strength if fusion becomes incomplete. The desirability-based multi-

objective optimization framework effectively balances these competing responses by identifying 

parameter combinations that provide near-maximum strength while maintaining acceptable 

ductility levels. This compromise is essential for structural applications where excessive hardness 

and strength without sufficient ductility may increase susceptibility to brittle fracture, whereas 

excessive ductility without adequate strength limits load-bearing capacity. Therefore, the 

optimized welding parameters represent a practical engineering solution that ensures both 

structural safety and mechanical reliability. 

Table 4. 7  DFA Solutions 
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Fig.4. 31 Desirability ramp plots illustrating the optimization of welding current (A), voltage (V), 

and travel speed (mm/s) to simultaneously maximize yield strength (MPa), ultimate tensile 

strength (MPa), strain at fracture (%), weld zone hardness (HRB), and HAZ hardness (HRB), along 

with the resulting overall composite desirability. 

4.8.14.1 Comprehensive interpretation of the desirability optimization results 

Desirability charts in Fig.4. 32 outline selected process parameters like current, voltage and speed 

vis-a-vis optimization. Desirability value of 1 hint that the parameter levels conform to the desired 

range. In the case of responses, the only value that achieved desirability of 1 was for hardness at 

the heat-affected zone (HAZ) and that of weld zone (WZ) came close at 0.988. Also, standard 

errors for hardness at both HAZ and WZ scored high (≈0.802), which indicate good precision. 

Yield strength (0.537), ultimate tensile strength (0.535), and strain at fracture (0.474) achieved 

only moderate goals, hence, revealing a compromise of strength and ductility compared to 

hardness. The standard errors for these properties were around 0.599, thus, they were reasonably 

predicted, if not too accurately. With a desirability value of 0.671, the trade-off is acceptable for 

all objectives, mostly due to the good result in hardness, while being compromised by lower scores 

in strength and ductility. Overall, the solution prioritizes optimization on hardness, while better 
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adjustment of factors weight or constraints in the optimization settings requires harsher bending 

on tensile properties and fracture strain optimization. 

 

Fig.4. 32 Multi-response trade-off visualization showing the desirability interaction between 

strength (yield and ultimate tensile strength), ductility (strain at fracture), and hardness responses 

under optimized MIG welding parameter conditions. 

4.8.14.2 Contour plot analysis of desirability across current and voltage parameters 

The contour Fig.4. 33 shows the variation of desirability against current (measured in Amperes) 

and voltage (measured in Volts) while keeping speed constant at 3.53524. The highest desirability 

values approaching 1.0 are shown in green and yellow. The plot's most central region is bluish, 

denoting that the combinations of current and voltage don't meet optimization goals, which show 

very low desirability. As you proceed toward the boundary regions, the desirability would keep on 

increasing until you find contour lines denoting values above 0.5. The identified optimum point is 

located at a desirability level of 0.671, slightly above 20.5 V for voltage and around 100 A for 

current. This means that the window of operation within which acceptable optimization could be 

realized is narrow. Inasmuch as the solution represents a reasonable trade-off in optimized 

hardness, it bears a lower level of satisfaction for the target objectives of tensile strength and 

ductility thereby showing the tradeoffs that exist in the selection of process parameters. 
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Fig.4. 33 Optimization window for achieving balanced mechanical properties 

4.8.14.3 Contour plot of desirability across current and speed parameters 

In Fig.4. 34 Current (A) and speed (C) were correlated to the overall desirability, while the voltage 

(B = 20.9038 V) remained constant. Below lies the color gradient showing levels of desirability; 

blue means the values are low (close to 0), while green to yellow means the higher values 

(approaching 1). In contrast to the last plot, green shades dominate the present design space, 

inferring that most current-speed combinations give moderate desirability values in the range of 

0.4 to 0.6. The optimal solution, with a desirability of 0.671, lies around a current of about 100 A 

and speed of 3.55 mm/s or so, being situated in a zone of reasonably higher desirability. This 

means that the interaction of current and speed provides a greater workable range compared to 

current-voltage combinations, since here the desirability is more evenly spread across the region. 

However, the plot indicates slight dips towards the extreme edges where the desirability goes 

below 0.3, implying that working at very high or very low current and speed values should be 

avoided. Thus, this contour delineates the comfort of a wider operating window for balancing 
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hardness, strength, and ductility with the optimal point providing a fair trade-off among these 

responses. 

 

 

Fig.4. 34 Correlated to the overall desirability across current and speed parameters 

4.8.14.4 Interpretation of the desirability contour plot 

The desirability contour in Fig.4. 35 illustrates how the combined performance of the process 

varies with Voltage (B) and Speed (C) while Factor A is fixed at 99.3515. The color scale ranges 

from blue, representing a desirability of zero (unacceptable), to green and yellow regions 

indicating moderate values, and approaching red for the highest desirability near one. A large blue 

area dominates the center of the plot (B ≈ 19.5–20.5 V and C ≈ 3.46–3.72 mm/s), showing that 

within this region at least one response fails to meet its required specification, resulting in an 

overall desirability of zero. Moving away from this central zone, the desirability gradually 

increases, forming green and yellow bands that represent acceptable to good conditions. The 

highest desirability values, such as 0.671, occur near the right edge of the plot when the voltage is 

higher (B ≈ 20.8–21.0 V), combined with either lower speeds (C ≈ 3.33–3.46 mm/s) or higher 

speeds (C ≈ 3.72–3.85 mm/s). This indicates that voltage has a stronger positive influence on 

desirability, while speed shows a U-shaped effect where the extremes are more favorable than the 
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midrange. Practically, the central region should be avoided since even small variations in 

parameters here result in failure, while the right-hand edge bands provide more robust and reliable 

operating windows. This pattern highlights that process optimization should focus on higher 

voltage levels with carefully selected speed values away from the central range to ensure better 

overall desirability. 

 

Fig.4. 35 Optimal process window and practical implications 

4.9 Verification of the results  

To verify the predictive capability of the desirability function analysis (DFA)–based optimization, 

confirmation experiments were conducted using five welded samples fabricated under the optimal 

MIG welding parameters identified by the RSM–DFA model, as shown in Table 4. 8. The 

optimized process conditions consisted of a welding current of 99.35 A, welding voltage of 20.90 

V, and welding speed of 3.54 mm/s, which were applied uniformly to all confirmation samples. 

Fig.4. 36 presents the physical appearance of the specimens prepared for verification tests at 

different stages of sample preparation. Fig.4. 36 (a) shows the as-welded rectangular samples 
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before surface polishing, while Fig.4. 36 (b) illustrates the as-welded tensile test specimens before 

polishing. Fig.4. 36 (c) and Fig.4. 36 (d) display the corresponding polished rectangular hardness 

specimens and polished tensile specimens, respectively, prepared according to standard testing 

requirements. These samples were used for hardness and tensile testing to validate the DFA-

predicted responses. At the optimal welding conditions, the DFA predicted a yield strength of 

403.51 MPa, ultimate tensile strength (UTS) of 499.71 MPa, strain at fracture of 22.47%, weld 

zone (WZ) hardness of 92.41 HV, and heat-affected zone (HAZ) hardness of 86.75 HV. The 

associated standard errors were minimal, indicating a high level of confidence in the predictive 

accuracy of the developed RSM–DFA model. The experimentally obtained results from the five 

confirmation samples yielded average values of 399.98 MPa yield strength, 494.22 MPa UTS, 

22.24% strain at fracture, 91.46 HV hardness at the WZ, and 85.90 HV hardness at the HAZ. The 

percentage deviation between the predicted and experimental responses was found to be low, with 

average errors of 1.25% for yield strength, 1.29% for UTS, 1.29% for strain at fracture, 1.46% for 

WZ hardness, and 1.19% for HAZ hardness, all of which fall within acceptable experimental limits 

(±2%) for MIG welding processes. These small deviations can be attributed to inherent process 

variability, including minor fluctuations in arc stability, heat input, and measurement uncertainty 

during tensile and hardness testing. Despite these variations, the experimental responses closely 

followed the predicted trends, thereby confirming the robustness and reliability of the developed 

RSM–DFA optimization framework. The experimental verification results closely matched the 

predicted values obtained from the Response Surface Methodology and desirability-based 

optimization. This strong agreement confirms the adequacy, robustness, and predictive accuracy 

of the developed regression models for estimating mechanical performance of MIG-welded mild 

steel joints. Despite this strong validation, certain practical limitations should be acknowledged. 

The experiments were conducted under controlled laboratory conditions using flat-position 

welding and uniform plate thicknesses, whereas industrial welding environments often involve 

positional welding, variable joint fit-up, surface contamination, and fluctuating ambient 

conditions. These factors may introduce additional variability in heat input and weld pool stability, 

potentially affecting mechanical outcomes. Furthermore, the study focused on a limited parameter 

range of current, voltage, and travel speed; extrapolation beyond this domain may require 

additional experimental validation. 
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Nevertheless, the optimized parameter window identified in this study provides a robust and 

practically applicable guideline for improving weld quality, minimizing defect formation, and 

enhancing mechanical reliability in real-world fabrication environments. Future studies may 

extend this framework to thicker sections, multi-pass welding, positional welding, and other alloy 

systems to further broaden industrial applicability. Thus, the verification results demonstrate that 

the DFA-selected optimal welding parameters provide a well-balanced and practically achievable 

combination of strength, ductility, and hardness distribution. This confirms the suitability of the 

optimized solution for practical MIG welding applications, where controlled trade-offs among 

competing mechanical properties are essential for achieving high-quality and reliable welds. 

Table 4. 8: Confirmation test results comparing DFA-predicted and experimental mechanical 

properties at optimal MIG welding parameters 

Sample Yield 

Strength 

(MPa) 

Error 

(%) 

UTS 

(MPa) 

Error 

(%) 

Strain at 

Fracture 

(%) 

Error 

(%) 

WZ 

Hardness 

(HV) 

Error 

(%) 

HAZ 

Hardness 

(HV) 

Error 

(%) 

Predicted 

(DFA) 

403.51 – 499.71 – 22.47 – 92.41 – 86.75 – 

Sample 1 396.8 1.66 491.2 1.70 22.05 1.87 90.9 1.63 85.4 1.56 

Sample 2 401.5 0.50 496.3 0.68 22.21 1.16 91.8 0.66 86.1 0.75 

Sample 3 398.9 1.15 488.7 2.20 21.98 2.18 90.2 2.39 84.9 2.13 

Sample 4 407.3 0.94 502.1 0.48 22.62 0.67 93.4 1.07 87.2 0.52 

Sample 5 395.4 2.01 492.8 1.38 22.34 0.58 91.0 1.53 85.9 0.98 

Average 399.98 1.25 494.22 1.29 22.24 1.29 91.46 1.46 85.90 1.19 
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Fig.4. 36 Sample prepared for the verification: a) As-welded specimens (before surface finishing), 

(b) Machined tensile specimens (rough/initial machining stage), (c) Ground and polished welded 

specimens, (d) Final tensile test specimens (finished and numbered) 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

This study investigated and optimized Metal Inert Gas (MIG) welding parameters to enhance the 

mechanical performance and structural integrity of low-carbon steel welded joints using Response 

Surface Methodology (RSM) and Desirability Function Analysis (DFA). The integrated approach 

combining non-destructive testing (liquid penetrant testing, magnetic particle testing, and 

ultrasonic testing), destructive mechanical testing (tensile and hardness testing), and statistical 

optimization enabled systematic identification of defect mechanisms and performance 

improvement pathways.  

Quantitative analysis demonstrated that optimized welding parameters significantly improved 

mechanical properties compared to the failed (old) welded joints. The ultimate tensile strength 

(UTS) increased by approximately 36%, from an average of ~360 MPa in failed joints to ~490 

MPa in optimized joints. Similarly, yield strength improved by approximately 38%, increasing 

from ~290 MPa to ~400 MPa, while strain at fracture increased by nearly 95%, rising from ~11% 

to ~21–22%, indicating a substantial enhancement in ductility and energy absorption capacity. 

Hardness values also showed improvement and homogenization, with weld zone hardness 

increasing by approximately 14% and HAZ hardness by approximately 10%, reflecting improved 

microstructural refinement and thermal control. 

Non-destructive testing results confirmed that optimized welds exhibited significantly reduced 

defect density, with average surface crack lengths decreasing from ~12 mm to <4 mm, porosity 

cluster sizes reducing from ~6–7 mm to <2 mm, and ultrasonic echo attenuation diminishing 

markedly, indicating improved metallurgical continuity and internal integrity. These 

improvements translated directly into enhanced tensile performance and more stable ductile 

fracture behavior, as evidenced by smoother stress–strain curves and delayed fracture initiation in 

optimized specimens. 

Statistical analysis revealed that welding current was the most influential parameter affecting 

strength and hardness responses, while welding speed predominantly governed ductility. Voltage 

exhibited secondary but significant interaction effects, particularly in conjunction with current and 

travel speed. The developed quadratic regression models exhibited strong predictive capability, 
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with experimental verification errors below ±2%, confirming the robustness and reliability of the 

optimization framework. 

Thus, the study demonstrates that systematic parameter optimization using RSM-DFA can 

substantially improve weld quality, mechanical reliability, and structural safety in MIG-welded 

mild steel joints. The findings provide validated quantitative evidence that defect minimization 

and microstructural refinement achieved through optimized heat input control lead directly to 

superior mechanical performance and long-term service reliability. 
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5.2 Recommendations 

5.2.1 Recommendations for Industry and Practice 

Based on the outcomes of this research, it is recommended that fabrication industries adopting 

MIG welding for structural steel applications implement the optimized parameter window 

identified in this study to improve weld quality and service reliability. The demonstrated increases 

of over 35% in strength and nearly 100% in ductility, combined with reduced defect frequency 

and improved ultrasonic signal integrity, indicate that the proposed welding conditions are well-

suited for load-bearing structures such as stair joints, frames, bridges, and support assemblies. 

These improvements can reduce repair frequency, extend service life, and enhance safety margins 

in industrial applications. 

In addition, integrating non-destructive testing methods such as ultrasonic testing and magnetic 

particle inspection into routine quality control procedures is strongly recommended to ensure early 

detection of defects and to maintain consistency in weld performance under production 

environments. 

5.2.2 Future Research Recommendations 

1. Machine learning and predictive modeling: 

Advanced data-driven tools such as Artificial Neural Networks (ANNs), Random Forest 

regression, and Support Vector Machines (SVMs) could be employed to predict weld 

defect formation and mechanical performance based on process parameters. Software 

platforms such as MATLAB, Python (TensorFlow, Scikit-learn), and ANSYS Welding 

Simulation modules could be integrated with experimental datasets to enable real-time 

adaptive welding control and intelligent defect prevention. 

2. Cost–benefit and productivity analysis: 

Future studies should include a comprehensive cost–benefit analysis comparing optimized 

and non-optimized welding conditions. This may quantify reductions in rework, scrap rate, 

inspection time, and maintenance costs against marginal increases in energy consumption 

or consumable usage, thereby establishing the economic feasibility and industrial 

scalability of optimized MIG welding parameters. 

3. Expanded process domains and joint configurations: 

Further investigations could extend the optimization framework to multi-pass welding, 
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positional welding, thicker plates, and alternative joint geometries, as well as to other alloys 

such as stainless steels and aluminum alloys, to broaden the applicability of the findings. 

4. In-service performance and fatigue life evaluation: 

Long-term fatigue testing, corrosion-fatigue interaction studies, and fracture mechanics-

based assessments under service loading conditions would provide additional validation of 

the durability and reliability of optimized welds in real industrial environments. 
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Appendixes 

A: Composition (spectroscopy results)  

This appendix presents the detailed spectroscopic characterization results used to determine the 

chemical composition and alloying element distribution of the base metal and weld metal. These 

data support the metallurgical interpretation of mechanical behavior and microstructural evolution 

discussed in Chapters 3 and 4. 

Fig.A. 1 presents the spectrometric analysis results of the tested material sample identified as a 

welded joint steel specimen. The analysis, conducted by the Ethiopia Conformity Assessment 

Enterprise (ECAE), reveals that the primary constituent element of the sample is iron (Fe), 

accounting for approximately 99.33–99.39% of the total composition. The remaining elements 

occur in minor proportions, confirming that the material is a typical low-carbon steel. The carbon 

(C) content of about 0.065% indicates a mild steel with good ductility and excellent weldability, 

characteristics that minimize the risk of cracking in the heat-affected zone during welding 

operations. Manganese (Mn), present at around 0.35%, serves as a strengthening element and helps 

to improve the toughness of the steel, while the small amount of silicon (Si) recorded at 0.015% 

contributes to deoxidation during steelmaking. Phosphorus (P) and sulfur (S) contents, measured 

at 0.006% and 0.017% respectively, are within acceptable limits for structural and welded 

applications. Their low concentrations are desirable since excessive amounts can cause brittleness 

and hot shortness in welded joints. The traces of alloying elements such as chromium (Cr), nickel 

(Ni), molybdenum (Mo), and copper (Cu) are negligible, confirming that the specimen is not an 

alloyed steel grade but rather an unalloyed carbon steel suitable for general fabrication. Aluminum 

(Al) content of 0.051% further supports its role as a deoxidizing agent used during the steel refining 

process. Overall, the chemical composition obtained through spectrometric evaluation verifies that 

the material corresponds to standard mild steel used for structural and fabrication purposes. The 

low carbon and impurity levels ensure good weldability, adequate mechanical strength, and ease 

of forming, making it well-suited for applications that do not demand high corrosion or heat 

resistance. However, due to the absence of significant chromium and nickel content, the corrosion 

resistance of the material remains limited, and protective coatings are recommended when used in 

outdoor or humid environments. Thus, the spectroscopic results presented in Fig. A1 confirm that 

the analyzed welding joint sample possesses the typical compositional characteristics and 
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metallurgical suitability expected of mild steel employed in general engineering and construction 

applications. 
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Fig.A. 1 Composition (spectroscopy results) and ultrasonic results 
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B. Yield strength 

This appendix provides the complete statistical modeling, validation, and optimization results 

related to yield strength obtained from MIG welding experiments, supporting the response surface 

analysis presented in Chapter 4. The Fit Summary results for the MIG welding yield strength 

model, presented in Table A. 1, provide important insights into the adequacy of different 

polynomial models and help identify the most suitable one for prediction and optimization. The 

linear model shows a very small sequential p-value (<0.0001), indicating that linear terms are 

significant in explaining the variation in yield strength. Its adjusted R² (0.9169) and predicted R² 

(0.9039) are also high, meaning that the linear model captures a large portion of the variability 

with good predictive power. However, the analysis of higher-order models shows potential for 

further improvement. The two-factor interaction (2FI) model does not significantly improve the 

fit, as reflected by a sequential p-value of 0.5967 and only marginal changes in adjusted and 

predicted R² values. This suggests that simple pairwise interactions between parameters are not 

strong enough to substantially affect the response. 

The quadratic model, however, is both statistically significant and suggested by the software. It 

shows a sequential p-value <0.0001, confirming that the quadratic terms add significant 

explanatory power to the model. The adjusted R² (0.9830) and predicted R² (0.9761) values are 

very high and much closer to each other, indicating that the quadratic model not only fits the data 

well but also has excellent predictive capability with minimal risk of overfitting. This balance 

strongly supports the quadratic model as the most appropriate choice. The cubic model, while also 

showing very high R² values (adjusted R² = 0.9978 and predicted R² = 0.9970), is classified as 

aliased. This means that due to the limitations of the experimental design and the available data 

points, the cubic terms cannot be uniquely estimated, and some terms are confounded with others. 

As a result, even though the fit statistics appear excellent, the cubic model cannot be reliably 

interpreted. 

Based on the guideline to select the highest-order polynomial where the additional terms are 

significant and the model is not aliased, the quadratic model is the most appropriate model for 

yield strength prediction in MIG welding. It balances statistical significance, predictive accuracy, 

and model stability, making it suitable for both understanding the process and guiding parameter 

optimization. 



INVESTIGATION AND OPTIMIZATION OF MIG WELDING PARAMETERS ON THE MECHANICAL 

PROPERTIES OF MILD STEEL USING RESPONSE SURFACE METHODOLOGY 

  BY:  DERIBE GELETA ROBELE Page 110 

Table A. 1 Fit summary of yield strength 

Source Sequential p-value 
Lack of Fit p-

value 
Adjusted R² Predicted R²  

Linear < 0.0001  0.9169 0.9039  

2FI 0.5967  0.9135 0.8910  

Quadratic < 0.0001  0.9830 0.9761 Suggested 

Cubic < 0.0001  0.9978 0.9970 Aliased 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F-value 

p-

value 
 

Mean vs Total 5.265E+06 1 5.265E+06    

Linear vs Mean 3240.40 3 1080.13 114.95 
< 

0.0001 
 

2FI vs Linear 18.75 3 6.25 0.6395 0.5967  

Quadratic vs 2FI 202.19 3 67.40 35.17 
< 

0.0001 
Suggested 

Cubic vs 

Quadratic 
37.60 4 9.40 37.10 

< 

0.0001 
Aliased 

Residual 4.56 18 0.2534    

Total 5.269E+06 32 1.646E+05    

B.1 Statistical model validation and optimization results for MIG welding yield strength 

This section presents regression diagnostics, ANOVA outputs, and optimization results used to 

validate the adequacy and predictive accuracy of the yield strength model. The statistical analysis 

of MIG welding yield strength presented in Fig.A. 2 demonstrates the reliability and validity of 

the developed regression model. The predicted versus actual plot shows that the experimental data 

points lie very close to the diagonal line, confirming an excellent agreement between measured 

and model-predicted yield strength values. This high level of correlation indicates that the 

regression model has strong predictive accuracy within the investigated parameter ranges. The 

cube plot further illustrates the interaction effects among the key process variables of current, 

voltage, and welding speed. Yield strength is not governed by a single parameter alone but rather 

by its combined influence. The highest predicted yield strength, approximately 426 MPa, is 

observed at higher levels of current and voltage, along with optimized welding speed, highlighting 

the presence of significant interactive effects. The residual diagnostics provide further evidence 

supporting the adequacy of the model. The normal probability plot of residuals confirms that the 
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residuals follow a nearly normal distribution, validating the fundamental assumptions of regression 

analysis. The residuals versus run plot reveals no systematic patterns, indicating that the 

experimental data were collected without hidden trends or biases and that the model predictions 

are stable across all runs. Similarly, the residuals versus current plot shows no observable 

dependence, suggesting that the model has successfully captured the true influence of current on 

yield strength.  
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Fig.A. 2 Diagnostic plots for the regression model of MIG welding yield strength, showing 

predicted vs. actual values, cube plot of parameter interactions, residual analyses, and Cook’s 

distance 

Finally, Cook’s distance values remain well below the threshold, proving that no single 

experimental run disproportionately influenced the regression model or acted as an outlier. 

Therefore, the diagnostic checks presented in Fig. A1 establish that the regression model is both 

statistically sound and experimentally consistent. The close agreement between predicted and 

actual values, the normal distribution of residuals, the absence of influential outliers, and the strong 

interaction effects identified among the process variables all indicate that the model can be 

confidently applied for optimizing MIG welding yield strength. The results clearly demonstrate 

that by selecting the appropriate combination of current, voltage, and welding speed, weld joints 

with superior mechanical performance can be achieved. 

B2. Optimization and Desirability Analysis of MIG Welding Yield Strength 

This section documents the desirability function analysis and parameter optimization process used 

to determine the optimal welding conditions for maximizing yield strength. The statistical 

optimization and diagnostic plots of MIG welding yield strength presented in Fig. A2 provide a 

deeper understanding of the model behavior and the contribution of each process variable to the 

overall response. The leverage versus run plot Fig.A. 3 (a) confirms that all experimental data 

points lie below the critical leverage limit, indicating that none of the runs exerted undue influence 

on the regression model. This suggests that the experimental design was balanced and all runs 

contributed fairly to the estimation of the regression coefficients. The one-factor desirability plots 

Fig.A. 3 (b–d, h) illustrate how individual parameters influence the optimization outcome. For 

welding current (b, h), desirability reaches a maximum around mid-to-high levels, indicating that 

extremely low or high current reduces the likelihood of achieving the target yield strength. 

Similarly, the voltage plot Fig.A. 3 (c) shows an increasing desirability with higher voltage levels, 

suggesting that yield strength is more favorable in this range. The welding speed desirability curve 

Fig.A. 3 (d), indicates that an intermediate value provides the most favorable condition, while very 

low or very high travel speeds reduce the optimization potential. These one-factor plots confirm 

that the response is sensitive to parameter tuning and that optimal performance occurs within a 

narrow operating window. The interaction plots Fig.A. 3 (e–g) further highlight the combined 

effects of welding parameters on desirability. The interaction of voltage and speed Fig.A. 3 (e), 
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reveals that higher voltage combined with moderate-to-high speed produces greater desirability, 

reinforcing the importance of joint parameter adjustments. The current–speed interaction Fig.A. 3 

(f) shows a non-linear trend, where desirability peaks at moderate levels of both factors but drops 

significantly when either parameter is extreme.  
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Fig.A. 3 Desirability-based optimization plots for MIG welding yield strength, showing leverage 

analysis (a), one-factor desirability plots for current, voltage, and speed (b–d, h), and interaction 

effects among process parameters (e–g) 
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Similarly, the current–voltage interaction Fig.A. 3 (g) demonstrates that higher desirability is 

achieved when current and voltage are both set towards their upper ranges, though beyond a certain 

point, diminishing returns are observed. These interactions confirm that yield strength in MIG 

welding is not simply a function of isolated parameters but is strongly governed by combined 

effects. Thus, the optimization analysis demonstrates that yield strength in MIG welding can be 

effectively maximized through multi-factor optimization. The results show that no single 

parameter independently ensures superior performance; instead, the combined balance of current, 

voltage, and welding speed determines the optimum outcome. The desirability analysis confirms 

that the regression model is capable of identifying precise parameter windows that produce yield 

strengths near the upper limit of the experimental range. These findings support the practical 

application of statistical optimization tools in welding parameter selection to ensure joints with 

enhanced mechanical performance. 

C. Statistical validation of MIG welding results (ultimate tensile strength) 

This appendix contains the full statistical validation results and regression diagnostics supporting 

the ultimate tensile strength modeling and analysis discussed in Chapter 4. The Fit Summary 

results for the ultimate tensile strength (UTS) model, presented in Table A. 2, provide a 

comprehensive evaluation of the model adequacy and statistical significance of different 

polynomial terms in describing the MIG welding process behavior. The linear model exhibits a 

highly significant sequential p-value (<0.0001), with an adjusted R² of 0.9135 and a predicted R² 

of 0.9000. These high values indicate that the linear terms explain a large proportion of the 

variation in UTS and that the model has strong predictive reliability. However, while the linear 

model performs well, additional higher-order terms are tested to determine whether further 

improvement can be achieved. The two-factor interaction (2FI) model yields a sequential p-value 

of 0.5846, indicating that the interaction terms between process parameters do not significantly 

enhance the model’s predictive ability. Moreover, the adjusted R² and predicted R² values (0.9102 

and 0.8878, respectively) are slightly lower than those of the linear model, confirming that the 

inclusion of 2FI terms does not contribute meaningful improvement. This suggests that UTS is not 

substantially influenced by direct pairwise interactions among the process variables but may 

instead depend on non-linear effects captured by higher-order terms. The quadratic model 

demonstrates a sequential p-value <0.0001, confirming its statistical significance and substantial 

improvement over the previous models. The adjusted R² (0.9828) and predicted R² (0.9760) values 
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are both very high and closely aligned, indicating excellent agreement between the model and the 

experimental data, as well as robust predictive performance with minimal overfitting. The high F-

value (36.06) for the quadratic terms further reinforces that the inclusion of squared components 

significantly improves the model’s accuracy in describing the UTS response. Although the cubic 

model also presents very high R² values (adjusted R² = 0.9963, predicted R² = 0.9951), it is 

classified as aliased, meaning that due to the experimental design limitations, certain cubic terms 

are confounded and cannot be distinctly interpreted. Consequently, while the cubic model 

mathematically appears superior, it cannot be practically relied upon for accurate or independent 

parameter estimation. Based on the standard model selection criteria—to choose the highest-order 

polynomial in which additional terms are statistically significant and the model is not aliased, the 

quadratic model is identified as the most suitable for predicting ultimate tensile strength (UTS) in 

MIG welding. This model offers the optimal balance of statistical significance, high predictive 

accuracy, and interpretability, making it an appropriate and robust choice for process optimization 

and for identifying the optimal welding parameter combinations that yield maximum UTS. 

Table A. 2 Fit summary of UTS 

Source Sequential p-value Lack of Fit p-value Adjusted R² Predicted R²  

Linear < 0.0001  0.9135 0.9000  

2FI 0.5846  0.9102 0.8878  

Quadratic < 0.0001  0.9828 0.9760 Suggested 

Cubic < 0.0001  0.9963 0.9951 Aliased 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F-value p-value  

Mean vs Total 8.074E+06 1 8.074E+06    

Linear vs Mean 5309.00 3 1769.67 110.14 
< 

0.0001 
 

2FI vs Linear 33.00 3 11.00 0.6597 0.5846  

Quadratic vs 2FI 346.43 3 115.48 36.06 
< 

0.0001 
Suggested 
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Cubic vs 

Quadratic 
58.00 4 14.50 20.97 

< 

0.0001 
Aliased 

Residual 12.45 18 0.6916    

Total 8.080E+06 32 2.525E+05    

 

The statistical validation results for the MIG welding experiments are presented in Fig.A. 4. The 

normal probability plot of residuals indicates that the residuals follow a near-linear trend along the 

reference line, confirming that the errors are approximately normally distributed. This validates 

one of the key regression assumptions and ensures that statistical inferences such as confidence 

intervals and significance levels are reliable. The residuals versus predicted values plot further 

supports the adequacy of the model, as the data points are randomly scattered around zero without 

any systematic trend or funnel-shaped spread, indicating that variance is stable across the predicted 

range of ultimate tensile strength (UTS) values. The Box–Cox transformation test shows a current 

lambda of one with the recommendation of no transformation, suggesting that the data do not 

require any form of variance-stabilizing transformation and that the model is already appropriately 

specified. The predicted versus actual UTS plot demonstrates an excellent fit between the 

experimental and modeled values, as the data points fall almost perfectly along the 45° line, 

highlighting the accuracy of the regression model in capturing the underlying behavior of the MIG 

welding process. The leverage versus run plot shows that all points fall below the critical threshold, 

which means no single data point exerts excessive influence on the fitted model. Similarly, the 

DFFITS versus run results indicate that all observations lie within the acceptable bounds, 

confirming that no experimental run disproportionately affects the model predictions. The 

DFBETAS for intercept values also fall well within the control limits, showing that the stability 

of the regression coefficients is maintained even if individual runs were to be excluded. Finally, 

the residuals versus run plot shows a random fluctuation of residuals around zero without any 

discernible pattern, which verifies that the errors are independent and not affected by the sequence 

of the experimental trials. Consequently, the statistical analysis confirms that the regression model 

developed for predicting the ultimate tensile strength of MIG-welded joints is robust, well-fitted, 

and free from violations of regression assumptions. The agreement between predicted and actual 

values demonstrates the reliability of the model for capturing the influence of welding parameters 
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on tensile strength, while the absence of influential data points or systematic error patterns ensures 

that the results are both valid and generalizable. These findings provide strong confidence in using 

the developed model for process optimization and prediction of mechanical performance in MIG 

welding applications. 
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Fig.A. 4 Statistical diagnostic plots for the regression model of ultimate tensile strength (UTS) in 

MIG welding 
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C1. Effect of welding parameters on ultimate tensile strength 

This section presents detailed regression outputs and response surface plots showing the influence 

of welding current, voltage, and travel speed on ultimate tensile strength. The MIG welding 

process optimization results are presented in Fig.A. 5, which shows the perturbation, one-factor, 

and interaction plots for ultimate tensile strength (UTS). These plots provide valuable insight into 

the individual and combined influence of current, voltage, and welding speed on the mechanical 

response of the welded joints. The perturbation plot (Fig.A. 5a) demonstrates the relative 

sensitivity of UTS to changes in the input parameters. It is evident that current (factor A) exerts 

the strongest negative influence, as increasing current reduces tensile strength sharply. Voltage 

(factor B) also shows a negative slope, though its effect is less severe compared to current. Welding 

speed (factor C) has a positive influence, where higher travel speeds lead to higher UTS within the 

tested range. This indicates that controlling current and travel speed is more critical for improving 

weld strength than adjusting voltage alone. The one-factor plots (Figs. A4b–d) further clarify these 

individual effects. As shown in Fig.A. 5b, UTS decreases steadily with increasing current, 

suggesting that excessive heat input due to higher current causes coarser grain growth in the weld 

metal, which in turn lowers tensile strength. Fig. A4c shows that voltage also negatively influences 

UTS, albeit less significantly, possibly due to the effect of arc length on heat distribution and bead 

shape. In contrast, Fig.A. 5d reveals that increasing welding speed slightly improves UTS, likely 

due to lower heat input per unit length, which results in finer microstructures and reduced softening 

in the heat-affected zone. The interaction plots (Fig.A. 5e–f) highlight the combined effects of 

parameters. Fig.A. 5e shows the interaction between current and voltage, where the combined 

increase of both parameters results in a sharp decline in tensile strength. This outcome suggests 

that simultaneous high current and voltage lead to excessive heat input, causing wider beads, 

slower cooling, and poor microstructural refinement. Fig.A. 5f illustrates the interaction between 

current and welding speed. At higher currents, the beneficial effect of increased welding speed is 

diminished, as the strong negative impact of excessive current dominates. However, at moderate 

current levels, higher welding speed significantly improves tensile strength, demonstrating that 

optimizing the balance between these parameters is crucial. Therefore, the analysis in Fig.A. 5 

indicates that current is the most influential factor, followed by voltage and welding speed. High 

welding currents consistently reduce UTS, while higher welding speeds improve it within the 

studied range. Voltage shows a moderate but negative effect. Importantly, the interaction plots 
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demonstrate that inappropriate combinations of parameters, especially high current with high 

voltage, can severely deteriorate weld strength. These findings validate the regression model 

developed for UTS prediction and provide a clear pathway for optimizing MIG welding parameters 

to achieve stronger weld joints. 

 

Fig.A. 5 Perturbation, one-factor, and interaction plots showing the influence of current, voltage, 

and welding speed on ultimate tensile strength (UTS) in MIG welding 

D. Selection of the appropriate polynomial model for strain at fracture 

This appendix documents the model selection process and statistical criteria used to identify the 

most appropriate regression model for predicting strain at fracture. In analyzing the fit summary 
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presented in Table A. 3 for the strain at fracture, it is evident that the selection of an appropriate 

polynomial model must balance statistical significance with model reliability. The linear model is 

highly significant with a sequential p-value less than 0.0001, capturing approximately 90% of the 

variation in the response as indicated by an adjusted R² of 0.9057. However, the introduction of 

two-factor interaction (2FI) terms does not improve the model, as reflected by a sequential p-value 

of 0.6226 and a slight decrease in adjusted R², suggesting that these additional terms are not 

statistically meaningful in explaining the variation in strain at fracture. In contrast, the quadratic 

model demonstrates substantial improvement over both the linear and 2FI models, with a 

sequential p-value less than 0.0001 and an adjusted R² of 0.9778, indicating that the inclusion of 

squared terms captures significant curvature effects in the response. While the cubic model shows 

a further increase in adjusted R² to 0.9928 and is statistically significant, it is aliased, meaning that 

some model terms cannot be uniquely estimated due to confounding, which renders it unreliable 

for interpretation. Examination of the ANOVA comparisons reinforces this conclusion: the 

addition of quadratic terms over the 2FI model significantly enhances the model fit, whereas 2FI 

terms themselves do not contribute significantly when added to the linear model, and cubic terms, 

although statistically significant, cannot be safely interpreted due to aliasing. Therefore, the 

quadratic model emerges as the most appropriate choice, representing the highest-order 

polynomial that is both statistically significant and free from aliasing, providing a reliable and 

comprehensive representation of the strain at fracture while capturing essential nonlinear effects. 

Table A. 3 Fit summary of strain at fracture 

Source Sequential p-value Lack of Fit p-value Adjusted R² Predicted R²  

Linear < 0.0001  0.9057 0.8910  

2FI 0.6226  0.9014 0.8771  

Quadratic < 0.0001  0.9778 0.9698 Suggested 

Cubic < 0.0001  0.9928 0.9905 Aliased 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F-value p-value  

Mean vs Total 15904.36 1 15904.36    

Linear vs Mean 40.12 3 13.37 100.21 
< 

0.0001 
 

2FI vs Linear 0.2500 3 0.0833 0.5975 0.6226  
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Quadratic vs 2FI 2.80 3 0.9321 29.70 
< 

0.0001 
Suggested 

Cubic vs 

Quadratic 
0.5080 4 0.1270 12.53 

< 

0.0001 
Aliased 

Residual 0.1824 18 0.0101    

Total 15948.22 32 498.38    

 

D1. Statistical Validation of MIG Welding Results for Strain at Fracture 

This section presents ANOVA tables and diagnostic plots used to verify the adequacy and accuracy 

of the strain-at-fracture regression model. The statistical diagnostic analysis for the strain at 

fracture in MIG welding experiments is presented in Fig.A. 6. These results evaluate the adequacy 

of the regression model developed for predicting strain at fracture and confirm the validity of the 

underlying statistical assumptions. The DFBETAS versus run plot (Fig.A. 6a) shows that all values 

fall within the control limits, indicating that no single observation exerts an excessive influence on 

the model intercept. Similarly, the DFFITS versus run plot (Fig.A. 6b) demonstrates that all 

experimental points lie within the acceptable range, confirming that no individual run 

disproportionately affects the overall regression fit. This suggests that the dataset is well-balanced 

and free from influential outliers that could bias parameter estimation. The Box–Cox 

transformation test (Fig.A. 65c) reveals that the current lambda value is one, with no 

transformation recommended. This confirms that the strain-at-fracture data are adequately 

modeled without the need for power transformations and that variance stability is maintained 

across the dataset. The predicted versus actual values plot (Fig.A. 6d) illustrates a near-perfect 

alignment of points along the 45° reference line, indicating excellent agreement between the 

experimental results and the model predictions. This highlights the accuracy and robustness of the 

regression model in predicting strain at fracture. The residuals versus run plot (Fig.A. 6e) shows 

random scattering around zero without any discernible systematic pattern, verifying the 

independence of residuals across experimental trials. Similarly, the residuals versus current plot 

(Fig.A. 6f) demonstrates that the residuals are randomly distributed with no visible trend, 

confirming that model errors are not correlated with variations in welding current. Together, these 

results confirm that assumptions of normality, homoscedasticity, and independence have been 

satisfied. Overall, the diagnostic analysis in Fig.A. 6 confirms that the regression model developed 

for predicting strain at fracture in MIG-welded joints is statistically sound, free from outliers or 
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influential points, and highly accurate in reproducing experimental data. This provides strong 

evidence that the model is suitable for understanding the influence of process parameters on 

ductility and can be reliably used for optimizing welding conditions to balance strength and 

toughness. 

 

Fig.A. 6 Statistical diagnostic plots for the regression model of strain at fracture in MIG welding 

D2. MIG welding results and discussion of welding parameters on strain at fracture 

This section provides detailed response surface analyses and regression interpretations showing 

how welding parameters influence ductility and fracture strain behavior. The results presented in 

Fig.A. 7 provide a clear picture of how welding parameters influence the strain at fracture in MIG 

welding. The perturbation plot shows that welding current is the most dominant factor, as strain at 

fracture increases significantly with higher current. Voltage also contributes positively, though 
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with a smaller effect, while welding speed exerts a negative influence, indicating that higher travel 

speed reduces ductility due to insufficient heat input and weaker fusion. The one-factor plot 

confirms that strain at fracture rises steadily with increasing current, making current optimization 

essential for improving weld quality. Interaction plots further reveal the combined effects of 

process parameters. The interaction between current and voltage demonstrates a strong positive 

relationship, where higher levels of both parameters enhance ductility more than either alone. In 

contrast, the interaction between current and speed indicates that excessive welding speed 

suppresses the benefits of increased current, leading to reduced strain at fracture. Similarly, the 

interaction between voltage and speed shows that while higher voltage generally improves 

ductility, its positive effect diminishes considerably at higher welding speeds. Overall, these results 

highlight that current plays the most critical role in determining weld ductility, voltage provides a 

supportive enhancement, and welding speed is a limiting factor that must be carefully controlled. 

The findings suggest that optimal welding performance can be achieved under conditions of high 

current, moderate-to-high voltage, and relatively low welding speed. This combination maximizes 

heat input, ensures proper fusion, and leads to higher strain at fracture, reflecting improved 

ductility of the welded joints. 
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Fig.A. 7 Response surface methodology (RSM) plots for MIG welding showing the effects of 

welding parameters on strain at fracture (%): (a) perturbation plot, (b) one-factor effect of current, 

(c) interaction between current and voltage, (d) interaction between current and speed, and (e) 

interaction between voltage and speed. 

E. Model Fit Summary for Hardness at Weld Zone 

This appendix presents statistical model fit summaries and regression outputs supporting the 

hardness prediction analysis for the weld zone. The model summary for hardness at the weld zone 

is presented in Table A. 4. The linear model was found to be highly significant with a sequential 

p-value of < 0.0001, and it explained the majority of the variation in the data with an adjusted R² 

of 0.9091 and a predicted R² of 0.8956. This indicates that even the linear model provides a strong 

baseline for describing the relationship between welding parameters and hardness. The addition of 

two-factor interaction (2FI) terms did not significantly improve the model, as reflected by the high 
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p-value (0.7643) and only a marginal change in adjusted and predicted R² values. This suggests 

that the two-factor interactions between current, voltage, and speed are not critical in predicting 

hardness at the weld zone. By contrast, the quadratic model significantly improved the fit, with a 

sequential p-value of < 0.0001, and achieved a very high adjusted R² (0.9885) and predicted R² 

(0.9835). These values are in excellent agreement, indicating strong model predictability without 

evidence of overfitting. Based on these results, the quadratic model was suggested as the most 

appropriate representation for this response. Although the cubic model also returned significant 

results (p-value < 0.0001), it was identified as aliased, meaning it cannot be reliably interpreted 

due to insufficient degrees of freedom and confounding effects. Therefore, despite its higher R² 

values (adjusted R² = 0.9987, predicted R² = 0.9982), the cubic model cannot be considered valid. 

In conclusion, the quadratic model is the most suitable for describing the hardness at the weld 

zone. It balances statistical significance, high explanatory power, and predictive reliability while 

avoiding aliasing issues present in the cubic model. This outcome confirms that curvature effects 

in the welding parameters play an important role in determining hardness at the weld zone, while 

interaction terms are comparatively less influential. 

Table A. 4 Fit summary statistics for hardness at the weld zone (WZ) 

Source Sequential p-value Lack of Fit p-value Adjusted R² Predicted R²  

Linear < 0.0001  0.9091 0.8956  

2FI 0.7643  0.9027 0.8772  

Quadratic < 0.0001  0.9885 0.9835 Suggested 

Cubic < 0.0001  0.9987 0.9982 Aliased 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F-value p-value  

Mean vs Total 2.749E+05 1 2.749E+05    

Linear vs Mean 97.98 3 32.66 104.38 
< 

0.0001 
 

2FI vs Linear 0.3875 3 0.1292 0.3857 0.7643  

Quadratic vs 2FI 7.50 3 2.50 62.85 
< 

0.0001 
Suggested 
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Cubic vs 

Quadratic 
0.7920 4 0.1980 43.02 

< 

0.0001 
Aliased 

Residual 0.0828 18 0.0046    

Total 2.751E+05 32 8595.47    

 

E1. Diagnostic plots for hardness at the weld zone 

This section includes residual plots, normal probability plots, and leverage diagnostics used to 

verify the adequacy and assumptions of the weld zone hardness model. The adequacy of the 

developed model for hardness at the weld zone was verified using diagnostic plots, as shown in 

Fig.A. 8. The Box–Cox power transformation plot (Fig.A. 8a) shows that the current lambda value 

is 1, and no transformation is recommended for the response data. This confirms that the hardness 

values satisfy the assumptions of normality and homoscedasticity without requiring 

transformation. The DFBETAS plot (Fig.A. 8b) assesses the influence of individual runs on the 

model coefficients. All data points remain within the control limits (±0.533), indicating that no 

single observation exerts an undue effect on the regression coefficients. Similarly, the DFFITS 

plot (Fig.A. 8c) shows all points within the critical bounds (±1.697), confirming that none of the 

experimental runs disproportionately influences model predictions. The leverage plot (Fig.A. 8d) 

further validates this, with leverage values of all runs falling below the threshold of 0.625. This 

suggests that each run contributes reasonably to model fitting without dominating the regression 

space. Residual analysis was performed to assess the distribution of errors. The residuals vs. run 

plot (Fig.A. 8e) shows a random scatter around zero without systematic trends, supporting the 

assumption of independence. Finally, the residuals vs. current (Fig.A. 8f) confirm that residuals 

are symmetrically distributed across the current range, with no evidence of curvature or 

heteroscedasticity. Consequently, the diagnostic results confirm that the quadratic regression 

model for hardness at the weld zone is statistically adequate. The absence of influential points, 

outliers, or transformation requirements validates the robustness of the model. Therefore, the 

quadratic model can be reliably used to describe and predict hardness in the weld zone under 

different MIG welding conditions. 
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Fig.A. 8 Diagnostic plots for hardness at weld zone (WZ): (a) Box–Cox plot for power transforms, 

(b) DFBETAS for intercept, (c) DFFITS vs. run, (d) leverage vs. run, (e) residuals vs. run, and (f) 

residuals vs. current. 

E2. MIG welding results for hardness at the weld zone 

This section presents detailed response surface plots and regression interpretations showing the 

influence of welding parameters on weld zone hardness. The effect of MIG welding parameters 

on hardness at the weld zone is illustrated in Fig. A8. The perturbation plot (Fig.A. 9a) shows that 

hardness is most sensitive to welding current and speed, both of which have negative slopes. This 

indicates that higher current and higher welding speed reduce the hardness at the weld zone. 

Voltage exhibits a smaller but still negative effect, suggesting that all three parameters tend to 

decrease hardness when increased. Among them, current shows the strongest influence, followed 
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by speed, while voltage has the least impact. The one-factor plot (Fig.A. 9b) further confirms this 

trend, where hardness steadily decreases with an increase in welding current. This observation is 

consistent with the higher heat input at elevated current levels, which promotes grain coarsening 

and softening in the weld zone, thereby lowering hardness. The two-factor interaction plots provide 

further insights. The interaction between current and voltage (Fig.A. 9c) demonstrates that 

hardness decreases with increasing levels of both parameters, with the combined effect being more 

pronounced than their individual effects. Similarly, the interaction between current and speed 

(Fig.A. 9d) shows that higher values of both parameters result in lower hardness, indicating that 

rapid heat input and fast cooling reduce structural refinement in the weld zone. Finally, the 

interaction between voltage and speed (Fig.A. 9e) reveals a similar negative interaction: 

simultaneous increases in voltage and speed consistently lead to reduced hardness values. 

Consequently, these results suggest that welding parameters have a strong influence on weld zone 

hardness, predominantly through heat input effects. Excessive current and voltage increase the 

heat supplied, while higher welding speed reduces the cooling time, both of which contribute to 

softening and reduced hardness in the weld zone. Hence, to maintain higher hardness levels, the 

welding process should be carried out under relatively moderate current and voltage values 

combined with a lower welding speed. This balance ensures controlled heat input, finer grain 

structure, and improved hardness at the weld zone. 
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Fig.A. 9 Response surface methodology (RSM) plots for hardness at weld zone (WZ): (a) 

perturbation plot, (b) one-factor effect of current, (c) interaction between current and voltage, (d) 

interaction between current and speed, and (e) interaction between voltage and speed 

F. Model Fit Summary for Hardness at Heat Affected Zone (HAZ) 

This appendix presents statistical model summaries and regression outputs supporting hardness 

prediction in the heat-affected zone. The model summary for hardness at the HAZ is presented in 

Table A. 5. The linear model was highly significant with a sequential p-value of < 0.0001, and 

produced an adjusted R² of 0.9020 and a predicted R² of 0.8871, both indicating a strong 

explanatory and predictive capability. This shows that hardness at the HAZ is strongly influenced 

by the main welding parameters. The two-factor interaction (2FI) model did not significantly 

improve the fit, as reflected by the high sequential p-value (0.7190) and the lower adjusted and 
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predicted R² values compared to the linear model. This confirms that interaction effects between 

current, voltage, and speed are not critical in predicting hardness at the HAZ. The quadratic model, 

however, significantly enhanced the fit, with a sequential p-value of < 0.0001. The model achieved 

an adjusted R² of 0.9858 and a predicted R² of 0.9797, which are both in close agreement. This 

strong alignment demonstrates the high reliability of the quadratic model in both fitting the 

observed data and predicting new values. Based on these results, the quadratic model is suggested 

as the most appropriate representation for hardness at the HAZ. Although the cubic model also 

showed statistical significance (p-value < 0.0001), it was identified as aliased, meaning that higher-

order terms are confounded with each other due to limited experimental runs. As such, the cubic 

model cannot be reliably interpreted despite its very high R² values (adjusted R² = 0.9970, 

predicted R² = 0.9960). Thus, the quadratic model was selected as the best-fitting model for 

hardness at the HAZ, as it provides both statistical significance and predictive robustness without 

the aliasing issues seen in the cubic model. This suggests that curvature effects in the welding 

parameters play a significant role in determining hardness at the HAZ, whereas simple linear and 

interaction terms alone are insufficient. 

Table A. 5 Fit summary of hardness at HAZ 

Source Sequential p-value 
Lack of Fit p-

value 
Adjusted R² Predicted R²  

Linear < 0.0001  0.9020 0.8871  

2FI 0.7190  0.8958 0.8688  

Quadratic < 0.0001  0.9858 0.9797 Suggested 

Cubic < 0.0001  0.9970 0.9960 Aliased 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F-value 

p-

value 
 

Mean vs Total 2.419E+05 1 2.419E+05    

Linear vs Mean 61.69 3 20.56 96.07 
< 

0.0001 
 

2FI vs Linear 0.3075 3 0.1025 0.4507 0.7190  
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Quadratic vs 2FI 5.00 3 1.67 53.80 
< 

0.0001 
Suggested 

Cubic vs 

Quadratic 
0.5640 4 0.1410 21.51 

< 

0.0001 
Aliased 

Residual 0.1180 18 0.0066    

Total 2.420E+05 32 7561.33    

F1. Model Adequacy Checking for Hardness at HAZ 

This section contains diagnostic plots and validation results used to confirm the adequacy and 

predictive reliability of the hardness model for the heat-affected zone. Fig.A. 10 presents the 

diagnostic plots used to evaluate the adequacy of the regression model developed for predicting 

hardness at the heat-affected zone (HAZ) in MIG welding. The DFBETAS plot for the intercept 

versus run (Fig. A8a) shows that all values lie within the established limits, indicating that no 

single experimental run exerts an excessive influence on the regression coefficients. Similarly, the 

DFFITS versus run plot (Fig. A8b) confirms that none of the runs dominate the fitted model since 

all data points remain within the acceptable range. The Box-Cox power transformation plot (Fig. 

A8c) suggests that the current Lambda is equal to one, and as it falls within the 95% confidence 

interval, no transformation of the response variable is necessary, confirming that the original scale 

of hardness is appropriate for analysis. The residuals versus run plot (Fig. A8d) demonstrates that 

the residuals fluctuate randomly around zero within the control limits, implying that there are no 

systematic patterns or biases introduced by the sequence of experiments. The residuals versus 

predicted plot (Fig. A8e) further supports the adequacy of the model by showing that residuals are 

symmetrically scattered around zero without any visible curvature or heteroscedasticity, thereby 

satisfying the assumption of constant variance. Finally, the predicted versus actual values plot (Fig. 

A8f) exhibits a close alignment of data points along the 45° line, indicating excellent agreement 

between experimental results and model predictions. Overall, these diagnostics confirm that the 

regression model is statistically valid, free from significant outliers or influential points, and 

capable of reliably predicting hardness at the HAZ under the investigated MIG welding conditions. 
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Fig.A. 10 Diagnostic plots for regression model adequacy of hardness at HAZ in MIG welding 


