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ABSTRACT 

     Resistance Spot Welding (RSW) is a well-known joining technique in the automobile 

industry. In producing stainless steel RSW joints, one of the problems encountered is poor weld 

quality indicated by a reduction in weld nugget resulting from inappropriate RSW parameters. 

Furthermore, the hardness of the Fusion Zone (FZ) influences the mechanical performance of 

the weld joints as it affects the failure mode. The optimization of the RSW parameters and the 

application of post-weld treatment has the potential of improving the quality of RSW joints. 

The incorporation of design of experiment, such as the central composite design of the response 

surface methodology, facilitates the optimization process. In this research work, the welding 

current, welding time and electrode pressure, which optimizes the nugget diameter and FZ 

hardness of RSW 2 mm SUS 316L austenitic stainless steel, were determined. Subsequently, 

the effect of preheating and post-weld tempering on the FZ hardness was also investigated. A 

total of twenty experimental runs each were generated for RSW parameters and post-weld 

treatment parameters using CCD. The domains for the RSW parameters are 6 – 11 KA welding 

current, 10 – 30 cycles welding time and 4 – 6 bar electrode pressure, while the domains for 

the post-weld treatment parameters are 100 – 200 oC preheating temperature, 400 – 600 oC 

tempering temperature and 2 – 4 hours holding time. Mechanical characterization of weld joints 

was achieved using Vickers microhardness tester, while microstructural characterization was 

conducted using optical microscopy, energy dispersive x-ray analysis and field emission 

scanning electron microscopy. The optimum RSW parameters that maximized the nugget 

diameter and minimized FZ hardness were 10.884 KA welding current, 30 cycles welding time, 

and 5.822 bar electrode pressure, producing a nugget diameter of 9.837 mm and FZ hardness 

of 196.07 HV. A lower FZ hardness of 149.2 HV was obtained after the application of post-

weld treatment at 150 oC preheating temperature, 500 oC tempering temperature and 4.7 hours 

holding time. The reduction in hardness was due to deferritization, growth of austenite and 

delta ferrite grains and release of residual stresses. RSW parameters optimization and 

application of appropriate post-weld treatment has a significant potential of improving weld 

quality. 
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ABSTRAK 

     Resistance Spot Welding (RSW) adalah teknik bergabung yang terkenal dalam industri 

automobil. Dengan menghasilkan sambungan RSW keluli yang tahan karat, salah satu masalah 

yang dihadapi adalah kualiti kimpalan yang buruk ditunjukkan oleh pengurangan nugget 

kimpalan. Berikut disebabkan oleh parameter RSW yang tidak sesuai. Selanjutnya, kekerasan 

Fusion Zone (FZ) mempengaruhi prestasi mekanikal sendi kimpalan kerana mempengaruhi 

mod kegagalan. Pengoptimuman parameter RSW dan penerapan rawatan pasca kimpalan 

berpotensi meningkatkan kualiti sendi RSW. Penggabungan reka bentuk eksperimen seperti 

reka bentuk komposit pusat memudahkan proses pengoptimuman tersebut. Dalam kerja 

penyelidikan ini, arus kimpalan, masa kimpalan dan tekanan elektrod yang menjadi factor 

diameter nugget dan kekerasan FZ keluli tahan karat austenite. Selanjutnya, RSW 2 mm SUS 

316L telah ditentukan. Selepas itu, kesan pemanasan dan pemanasan pasca kimpalan pada 

kekerasan FZ juga dikaji. Sebanyak 20 eksperimen dijalankan mengikut parameter RSW dan 

parameter rawatan pasca kimpalan menggunakan CCD. Domain untuk parameter RSW adalah 

arus kimpalan 6 - 11 KA, masa kimpalan 10 - 30 kitaran dan tekanan elektrod 4 - 6 bar. Sebagai 

domain untuk parameter rawatan pasca kimpalan adalah suhu pemanasan 100 - 200 oC, suhu 

tempering 400 - 600 oC dan masa tahan 2 - 4 jam. Pencirian mekanikal sambungan kimpalan 

dicapai dengan menggunakan penguji mikrohardness Vickers. Sebagai prosedur seterusnya, 

pencirian struktur mikro dilakukan menggunakan mikroskopi optik, analisis sinar-x 

penyebaran tenaga dan mikroskop elektron pengimbasan pelepasan medan. Parameter RSW 

optimum yang meningkatkan diameter nugget dan kekerasan FZ yang minimum didapati 

menerusi arus kimpalan 10.884 KA, masa kimpalan 30 kitaran dan tekanan elektrod 5.822 bar, 

menghasilkan diameter nugget 9.837 mm dan kekerasan FZ 196.07 HV. Kekerasan FZ yang 

lebih rendah sebanyak 149.2 HV diperoleh setelah penggunaan rawatan pasca kimpalan pada 

suhu pemanasan 150 oC, suhu tempering 500 oC dan masa tahan 4.7 jam. Pengurangan 

kekerasan disebabkan oleh deferritisasi, pertumbuhan biji austenit dan delta ferit dan pelepasan 

tekanan sisa. Pengoptimuman parameter RSW dan penggunaan rawatan pasca kimpalan yang 

sesuai mempunyai potensi yang bermakna untuk meningkatkan kualiti kimpalan. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background of Study 

     Steel is essentially an alloy of iron and carbon, with carbon being the principal constituent. 

It is the most widely used engineering material in service because of its availability, low cost, 

and, most importantly, the ease of modifying its properties to suit desired applications. It finds 

application in building construction, automobile industries, machine tools, among others [1]. 

The American Iron and Steel Institute (AISI) classified steel based on chemical composition 

into carbon steel, alloy steel, stainless steel, and tool steel, with stainless steel being preferred 

for corrosion applications [2]. Stainless steel is further classified into ferritic, martensitic, 

austenitic and duplex stainless steel, with austenitic stainless steel being a preferred option due 

to its favourable properties such as strength, especially at severe conditions ranging from 

elevated temperatures to cryogenic ones, thus, finds application in marine and water reactors 

[3]. The high chromium composition in austenitic stainless steel preserves the integrity of the 

metal in service by forming a protective thin film that serves as a barrier between the metal and 

the environment, thus, reducing corrosion rate. In addition to the strength of austenitic stainless 

steel, grades with low carbon compositions such as 316L and 304L have a wider range of 

applications as they can easily be fabricated by several manufacturing processes, especially by 

welding. 

     Welding is a permanent technique for creating similar and dissimilar metal joints. Several 

welding techniques are available in literature, including Friction Stir Welding (FSW), Shielded 

Metal Arc Welding (SMAW), Gas Tungsten Arc Welding (GTAW), Resistance Spot Welding 

(RSW), among others. However, resistance spot welding seems to be distinct from the others 

due to the speed and efficiency in creating several spot welds of high quality in a short while. 

Thus, finds application in the automobile industry, consumer goods, orthodontics, and robotics 

[4]. Resistance Spot Welding (RSW) involves heating two metals through electric current 

supplied through electrodes to the metal interface. Heat generation at the metal interface results 

from the resistance offered by the metal to the flow of electric current and subsequently leads 

to a rise in temperature, which continues until a fusion point is reached, thus, forming a weld 

nugget [5]. The quality of weld joints is mainly dependent on the resistance spot welding 

parameters (welding current, welding time and electrode pressure or force), as several 

publications are available in literature discussing the effect of these parameters on the 
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properties of stainless steel [6]. Despite the several benefits derived from the use of spot 

welding, some problems still arise in its use as a joining technique. 

     Resistance spot welding is not much different from other welding techniques as it suffers a 

common challenge of general property deterioration like other conventional welding 

techniques in similar welded joints. In dissimilar spot welded joints, a more severe challenge 

of producing good quality joints is encountered due to the difference in the thermophysical and 

mechanical properties of the parent metals. Weld property deterioration results from the non-

uniform heating and cooling of the weld metal, which results in the formation of a hard Fusion 

Zones (FZ) and induces residual stresses, thus, making the weld joints susceptible to cold 

cracking and ultimate failure in service [7]. Another factor that results in poor quality in 

resistance spot welded joints is inappropriate welding parameters resulting in expulsions in the 

weld joint, increased FZ hardness, and reduction in the Tensile Shear Load Bearing Capacity 

(TSLBC). 

     In view of improving the quality of weld joints, experimenters have tried to alter the rate of 

heating and cooling during the welding process by applying several weld treatment processes 

mainly, pre and post-weld treatment processes ranging from preheating, tempering, annealing 

to other surface modification processes such as electrolytic plasma processing [8 – 10]. Weld 

treatment processes are controlled property modification processes applied to weld joints 

before, during or after the welding operation. Property modification is achieved by changes in 

microstructural composition and surface features of the weld metals. Microstructural evolution 

is achieved mainly by heat treatment processes such as tempering and preheating. In contrast, 

surface modification mechanisms such as shot peening and plasma processing are used for 

weld surface property improvement [11 – 13]. 

     The most common pre weld treatment process applied to most weld joints is preheating. It 

involves heating the base metals to a predetermined temperature prior to welding. It makes the 

metal more receptive to the welding process and reduces the cooling rate, thus reducing residual 

stresses and weld susceptibility to cold cracking [14]. In addition, preheating has also been 

reported to improve fracture toughness and formability of weld joints by reducing the hardness 

of the weld joint [10]. Tempering, on the other hand, is a post-weld treatment process usually 

applied to hardened joints. It involves heating the weld joint to a temperature below the critical 

transformation temperature of the base metals. It confers several benefits such as hardness 

reduction, which connotes an improvement in the weld fracture toughness and also brittle 

fracture prevention [15] 
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     Recent publications usually incorporate statistical techniques for data analysis, with 

Response Surface Methodology (RSM) being one of them. It combines mathematical and 

statistical tools such as Analysis of Variance (ANOVA), correlation, and regression, which can 

establish relationships between weld performance parameters such as the hardness of the weld 

joint and RSW parameters. RSM comprises several designs, but Central Composite Design 

(CCD) is the most used design for variable optimization due to its simplicity. In addition, it can 

be used to study the effect of individual variables on the output variable, also known as the 

response. 

  

1.2 Problem Statement 

     Previous studies revealed that the spot welding parameters (welding current, welding time 

and electrode pressure) play a significant role in determining the overall weld quality produced, 

as the selection of inappropriate parameters might result in poor weld quality. In this regard, 

Al-Mukhtar and Doos [16] observed cracks in resistance spot welded joints due to 

inappropriate electrode pressure, while Fukumoto et al. [17] detected weld expulsions in 200 

µm austenitic weld joint due to excessive heating resulting from high welding current. In order 

to gain an insight into the effect of these parameters on the overall weld quality, researchers 

conducted further experiments. The findings of Kianersi et al. [18], who investigated the effect 

of welding current and welding time on the properties of 1 mm AISI 316L, revealed that 

increasing the heat input by increasing either of the parameters (welding current and welding 

time) resulted in a corresponding increase in peak load, TSLBC and failure energy. The 

improvement in weld quality was attributed to the increase in the nugget diameter. As 

maintained by Zhang et al. [19], who conducted an extensive study of the resistance spot 

welded 1.5 mm AISI 304 stainless steel, increment in nugget diameter influences the failure 

mode transformation from Interfacial, through partial pull out to complete pull out. Pouranvari 

et al. [20], in another study, following the investigation of the influence of the effect of welding 

current on the phase transformation of 1.2 mm AISI 304 stainless steel, expressed that the 

fusion zone hardness is the predominant factor determining the failure mode in resistance spot 

welded joints. Subsequently, Hayat and Sevim [21] observed reduced fracture toughness in 1.2 

mm DP 600 resistance spot welded joints due to increased hardness of the fusion zone (FZ), 

while Mukhtar and Doos [16] reported weld cavitation in 1.5 mm austenitic stainless steel 

resulting from cracking, which was also attributed to increased hardness of the weld joint. 

Furthermore, Essoussi et al. [22] investigated the service performance of 1 mm AISI 304 
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stainless steel and reported that the maximum hardness of the joint occurs at the FZ. Jaber et 

al. [23] concluded that the weld joint's overall quality depends primarily on the FZ properties 

after conducting a study on the weld quality of 1.5 mm DP 600 stainless steel.   

     Furthermore, researchers have attempted to improve weld joints' quality by applying several 

weld treatment processes. Given this, Lincoln [24], reported that increasing preheating 

temperature reduces residual stresses in weld joints and consequently reduces the susceptibility 

of cold cracking, which implies a general improvement in weld quality. In another study, Nam 

et al. [25] reported that increasing the post-weld annealing temperature reduced the hardness 

of the weld joints but observed carbide precipitation at elevated temperatures. The reduction in 

hardness was attributed to grain growth and the release of residual stresses. The findings of 

other researchers revealed that increasing post weld tempering temperature and holding time 

improves the weld quality by reducing the overall hardness of the joint without precipitating 

carbides [26, 27].  

     From the foregoing, it is evident that the nugget diameter and the hardness of the weld joint 

(especially the FZ) are two cardinal indicators of the overall weld quality, as they are the 

significant determiners of performance parameters like the mode of failure and mechanical 

performance of spot welded joints. This also implies that spot welded joints with improved 

quality can be obtained if these properties are optimized. Two common optimization techniques 

reported in most literature are Response Surface Methodology (RSM) and the Taguchi Method. 

Unlike the Taguchi method, the RSM delineates a greater sensitivity of the response variables 

to changes in factors or input variables which implies a greater accuracy. Furthermore, though 

experimenters have only reported the individual benefits of preheating and tempering on spot 

welded joints, the combination of both processes has the potential of producing better joint 

qualities.  

 

1.3 Objectives of Research 

     As a response to the aforementioned setbacks discussed in the preceding section, the 

following objectives were derived. 

1. To optimize the welding current, welding time and electrode pressure for SUS 316L 

austenitic stainless steel using Response Surface Methodology (RSM) with Fusion Zone 

hardness and nugget diameter as response variables. 
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2. To investigate the effect of preheating temperature, tempering temperature and tempering 

holding time on the Fusion Zone hardness of resistance spot welded SUS 316L austenitic 

stainless steel. 

 

1.4 Scope of Research 

     This research is oriented towards improving the quality of resistance spot welded joint using 

2 mm thick SUS 316L austenitic stainless steel as the material for the case study. 

     Weld quality improvement was achieved by first optimizing resistance spot welding 

parameters, namely, welding current, welding time and electrode pressure using Response 

Surface Methodology (RSM), with the criterion for optimization being the hardness of the weld 

joint. 

     Subsequently, further improvement in weld quality was achieved by the application of 

preheating and post-weld tempering. The effect of pre and post-weld parameters, namely, 

preheating temperature, post-weld tempering temperature and tempering holding time, was 

also investigated. 

     In addition to the hardness of the weld joint, the weld geometric parameter (nugget 

diameter) was also characterized. Aside mechanical characterization, microstructural 

characterization was also carried out using Field Emission Scanning Electron Microscope 

(FESEM), Energy Dispersive X-ray (EDX) spectroscopy and Optical Microscopy (OM) 

techniques. 

 

1.5 Organization of the Thesis 

     This research work is sectioned into five chapters with the headings; introduction, literature 

review, methodology, results, discussion, and conclusion and recommendation. 

     The first chapter presents a framework of the study by bringing to light the importance of 

resistance spot welding technique and the attempts recorded by previous researchers to improve 

the quality of weld joints. Subsequently, a persistent challenge was identified from which the 

objectives of this study were formulated. The chapter was concluded by clearly stating the 

scope of the research work. 
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     The second chapter presents an overview of steel types and their applications. This was 

followed by discussions on RSW as a joining technique coupled with the presentation of an 

extensive review on the effect of RSW parameters on the properties of welded joints. Studies 

optimizing these parameters were also presented. Subsequently, different weld treatments 

procedures were provided alongside their effect on the overall joint quality. The chapter was 

concluded with notes on RSM procedure. 

     Chapter 3 commenced by presenting a flow chart summarizing the methodology for 

achieving the research objectives mentioned in the previous chapter. This was succeeded by 

carrying out a DOE using Design Expert software. Afterwards, samples were prepared for the 

spot welding process, accompanied by the appropriate weld treatment process. This section 

was concluded by characterizing the welded samples mechanically and morphologically. 

     In chapter 4, the results obtained for the nugget diameter and weld hardness were presented. 

This was followed by a statistical evaluation culminating in the generation of mathematical 

models for their prediction. The welding parameters were optimized and subsequently followed 

by experimental validation. A similar procedure was done for the weld treatment parameters, 

and the chapter was concluded by discussing the morphological features of the weld joints. 

     The last chapter presented a conclusion of the research work, which summarises the 

significant findings related to the stipulated objectives. This was then followed by research 

proposals in the form of recommendations for future experimenters. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Stainless Steel 

Stainless steel contains other additional elements alongside the primary constituents (iron 

and carbon), such as chromium, molybdenum, titanium, boron, silicon, etc. The principal 

alloying element is chromium, which occurs in amounts up to 25 % in some alloys. It is 

essential to point out that incorporating alloying elements into stainless steel depends on the 

intended application, which accounts for the bulk of several grades of stainless steel available 

in service [28]. 

The several stainless steel applications are due to their low price, favourable properties, and 

ability to tailor them to suit the desired application. These properties are conferred by the 

alloying elements, which forms an integral component of the chemical composition of the 

metal. For instance, the presence of chromium has been reported to increase the corrosion 

resistance and strength while nickel increases its ductility. The metal has been reported to have 

been used in the fabrication of heat exchangers, robots, parts of automobiles, cutleries and 

components of International Thermonuclear Experimental Reactors (ITER) [22 – 24].   

The production of stainless steel is usually in three forms: cast, wrought, and powder form, 

and it takes place in two stages. The first stage involves the melting of scraps alongside desired 

alloying elements in a furnace. This is then followed by a decarburization process in which the 

carbon content of the steel is controlled and the removal of impurities from the metal using 

argon [30]. Figure 2.1 shows the linkage between several grades of stainless steel belonging to 

the family stainless steel alloy. 
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2.1.1 Types of Stainless Steel 

Based on the microstructure, stainless steel can be classified into: 

1. Austenitic stainless steel 

2. Duplex stainless steel 

3. Martensitic stainless steel 

4. Ferritic stainless steel 

 

1. Austenitic Stainless Steel: The bulk of the stainless steel available in service is austenitic 

stainless steel (mostly 304L and 316L), as it is preferred to other grades of stainless steel 

due to its superior properties, strength and corrosion resistance at elevated and cryogenic 

temperatures. They find application in automobile parts, the food industry, cookware, and 

thermonuclear components [24, 25]. 

With the addition of alloying elements such as molybdenum, the pitting corrosion 

resistance and creep strength at an elevated temperature is further increased. In addition to 

the chromium and molybdenum, other alloying elements, such as nickel, manganese, and 

Figure 2.1: Composition and property linkage in the stainless steel family [23]. 
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silicon, are usually added in different proportions, depending on the steel grade. Table 2.1 

shows the chemical composition of austenitic stainless steel. 

 

               Table 2.1: Chemical composition of 316L austenitic stainless steel (%wt.) [26]. 

 

 

     The microstructure of austenitic stainless steel comprises austenite phase (primary phase) 

and delta ferrite (secondary phase) arranged in a Face Centred Cubic (FCC) orientation with 

additional inclusions or unwanted phases on rare occasions. Figure 2.2 shows the micrograph 

of the microstructure of AISI 316L austenitic stainless steel. The alloy composition limits the 

maximum strength conferred on this grade of stainless steel by coldworking, while the low 

carbon composition renders it to other fabrication processes such as welding [21, 27].  

                          

 

     As shown in Figure 2.1, 316L austenitic stainless steel is the lower carbon grade of 316 

austenitic stainless steel obtained from the ordinary 316 grade austenitic stainless steel by 

reducing the carbon composition to minimize sensitization during the fabrication process. 

The “L” attached to the grade number (316) indicates the low carbon composition, which is 

approximately 0.03 % or less. It belongs to the family of Chromium – Nickel – Molybdenum 

austenitic stainless steel containing about 17 % chromium, 10 – 13 % nickel and 2 – 3 % 

molybdenum [30]. The symbol attached to the grade number depends on the nomenclature 

and standard adopted in the manufacture of stainless steel. The prevalent nomenclatures 

used in the manufacturing industry are the American Iron and Steel Institute (AISI) 

standards, American Society of Testing and Materials (ASTM) and Society of Automotive 

Engineers (SAE) standard, American Society of Mechanical Engineers (ASME) standard 

and the Japanese Industrial Standard (JIS). The AISI, ASTM and SAE, and ASTM standards 

C    Cr         Ni Mn Mo Si P S Fe 

0.03    16 10 2 2 1 0.045 0.03 balance 

Figure 2.2: Microstructure of AISI 316L austenitic stainless steel [26]. 

[28]. 
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originated in the United States of America, while the JIS standard originated in Japan. All 

the above-mentioned standards adopt a Unified Numbering System (UNS) developed by the 

AISI, but there is a slight discrepancy regarding the number of digits and the acronyms that 

precede the grade number. For instance, all the standards use a three-digit number to indicate 

the grade number of the stainless steel except for the ASTM/SAE standard, where a five-

digit number is adopted. Furthermore, the acronyms preceding the grade number are “AISI”, 

“UNS S”, “SA”, “SUS” for the AISI standard, ASTM / SAE standard, ASME standard and 

the JIS standard, respectively. However, there is no significant difference in the composition 

of the grade of stainless steel across the different standards [34]. 

2. Duplex Stainless Steel: It is also known as dual phase stainless steel and finds application 

in the automobile industry, petrochemical industry, paper industry, and marine applications 

as a result of its toughness, yield strength, work hardening rate, formability, corrosion 

resistance, light weight and crash worthiness [28 – 32]. Special industrial requirements, such 

as strength and corrosion resistance at elevated temperatures, led to the development of 

higher grades of duplex stainless steel used in boilers, pressurized reversed osmosis plants, 

firefighting systems, and heat exchangers [29, 33]. Table 2.2 shows the chemical 

composition of duplex stainless steel. 

             Table 2.2: Chemical composition of DP 980 dual phase stainless steel [35]. 

 

 

The microstructure of duplex stainless steel comprises dispersed austenite in ferrite 

phases with other alloying elements. The microstructure of SAF 2205 duplex stainless steel 

is presented in Figure 2.3. Previous research revealed that optimum properties in duplex 

stainless steel are obtained when the dual phases are in equilibrium; in other words, when 

the percentage composition of both phases are approximately equal [33 – 35].  

 

C    Cr         Al Mn Si P S Cu Fe 

0.13    0.2 0.036 1.33 0.13 0.004 0.014 0.196 balance 

Figure 2.3: Microstructure of SAE 2205 duplex stainless steel [38]. 
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3. Martensitic Stainless Steel: It finds application in nuclear power plants, the oil and gas 

industry, hydraulic turbines, pumps, shafts, surgical tools and bearings due to its favourable 

mechanical properties, corrosion resistance, ease of heat treatment and weldability [43]. The 

need to improve the properties of martensitic steels for special industrial applications led to 

the development of higher grades of martensitic steel such as super martensitic stainless 

steel (SMSS), lean super martensitic stainless steel (LSMSS), reduced activated ferritic, 

martensitic (RAFM) stainless steel, China low activation martensitic (CLAM) stainless steel 

and maraging stainless steel [44]. In these grades of martensitic stainless steel, there is a 

reduction in the carbon composition to improve weldability, an increase in nickel and 

molybdenum content to stabilize martensite microstructure and  improve the corrosion 

resistance with other alloying additions such as titanium, vanadium and copper to confer 

other properties [39 – 40]. Table 2.3 shows the chemical composition (% weight) of AISI 

420 martensitic steel. 

 

    Table 2.3: Chemical composition (%weight) of AISI 420 martensitic stainless steel [10]. 

       

 

The microstructure of martensitic stainless steel comprises martensite, austenite and 

ferrite phases, with the primary phase being martensite [47]. The microstructure of AISI 

410S martensitic stainless steel is presented in Figure 2.4. 

 

  

 

C Cr Al Mn Si P S Ni Mo Fe 

0.351    13.71 <0.02 0.548 0.562 0.024 0.009 <0.3 0.084 balance 

Figure 2.4: Microstructure of AISI 410S martensitic stainless steel [43]. 
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4. Ferritic Stainless Steel: Ferritic stainless steel finds application in the automotive industry, 

fuel cells, catalytic converters and the oil and gas industries, among others. The wide range 

of applications of ferritic stainless steel is attributed to their low cost, strength, corrosion 

resistance, high temperature oxidation resistance, high thermal conductivity, low thermal 

expansion and weldability compared to their counterpart austenitic stainless steel [42 – 44]. 

Table 2.4 shows the chemical composition of AISI 4140 ferritic stainless steel. 

 

      Table 2.4: Chemical composition of AISI 4140 ferritic stainless steel (% by weight) [47]. 

 

     The microstructure of ferritic stainless steel comprises ferrite and pearlite [51]. The 

microstructure of AISI 4140 ferritic stainless steel is shown in Figure 2.5. 

                    

2.2 Resistance Spot Welding and the Mechanism of Nugget Formation 

     An English born American Engineer called Elihu Thompson first invented Resistance Spot 

Welding (RSW) in 1877 as a joining technique for manufacturing processes. Since then, it has 

been adopted as a major welding technique for most fabrication processes, especially those 

involving stainless steel [52]. 

     RSW is economical, robust, with a high speed and adaptability for automation, coupled with 

its suitability for bulk production. These account for its wide adoption by most industries, 

dominantly, the locomotive industry. In addition, when compared to other welding techniques, 

C Cr Mo Mn P S Si Fe 

0.38-0.43    0.8-1.1 0.15-0.25 0.75-1.0 0.035 0.04 0.15-0.3 balance 

Figure 2.5: Microstructure of AISI 4140 ferritic stainless steel [47]. 



13 
 

the spot is usually formed internally from both sides of the metal as against one side as in 

Tungsten Inert Gas (TIG) and Metal Inert Gas Welding [49 – 51]. 

     The mechanism of the resistance spot welding process and the formation of the weld nugget 

is explained as follows. The welding process utilizies the resistance offered by the metals to be 

welded (base metals) due to the flow of electric current through them. The joining technique 

involves combining three key elements, namely, heat, force, and time. The heat is supplied by 

means of electric current, which is usually Alternating Current (AC), the force is applied by 

means of pressure applied at the electrodes, while the time refers to the duration to complete 

the entire welding operation. During the welding process, the electric current supplied through 

the electrodes brings about localized melting of the metals, and when held for sufficient time 

by the force applied at the electrodes (upper and lower electrodes). The metal's localised 

melting casts the point that forms the weld nugget that binds the base metals together. 

Meanwhile, the metals are held in intimate contact by the pressure applied at the electrode till 

the weld nugget is formed. The RSW parameters (electric current, pressure and time) to be 

selected for a particular metal depends on a variety of factors with material thickness, type of 

metal, nature of the joint (similar or dissimilar), cross-sectional area of the electrode being a 

dearth of them [56]. Figure 2.6 illustrates the RSW process. 
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2.2.1 Resistance Spot Welding Parameters 

     As mentioned in the previous section, the three primary parameters required in RSW include 

electric current, electrode pressure and welding time. The following paragraphs briefly 

examine each of these parameters. 

 

 

R7 

AC Supply 

R6 

R5 
R4 

R3 
R2 

R1 

AC Supply 

Lower Electrode 

Lower Base Metal 

Weld Nugget 

Upper Electrode 

Top Base Metal 

Fused Metals with formed 

weld nugget 
Figure 2.6: Illustration of the resistance spot welding process and mechanism of nugget formation. 
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2.2.1.1 Electric Current 

     The electric current (mostly alternating current) supplies the heat energy required for the 

welding process, with the amount of heat generated being a function of the total resistance. It 

is important to point out that, aside the resistance offered by the metals to be joined, resistance 

is also offered by the welding circuit. But the design of most RSW equipment is such that this 

resistance is insignificant compared to the former [56].  

     The total resistance includes resistance at the interface between the top metal and welding 

electrode (R1), the resistance of the top metal (R2), the resistance at the interface between the 

top metal and the bottom metal (R3), the resistance of the bottom metal (R4), the resistance 

between the bottom metal and the welding electrode (R5) and the resistance of the electrode 

(R6). These resistances are illustrated in Figure 2.6. This cumulative resistance, offered by the 

various components, generates the heat energy required for the fusion of the metals. The heat 

generated is in accordance with joules law, which shows a direct relationship between the 

square of current and heat energy generated. This accounts for the ginormous heat energy 

generated during the process [57].  

2.2.1.2 Welding Time Cycle 

     This refers to the total time required to complete the welding operation. At a constant 

welding current, the heat energy generated in the metals is different due to the discrepancy in 

the welding time during the various stages of the welding process and the differential in the 

resistance offered by the various sections. The total welding time cycle comprises the squeeze 

time, weld time, hold time and off time. 

     At the inception of the welding process, pressure is first applied to the metals to make them 

receptive to the electric current. This time interval between the pressure application and the 

introduction of electric current is called the squeeze time. This is followed by the application 

of the welding current, which causes the fusion of the metals. The time duration taken to apply 

the welding current is known as the welding time. Subsequently, the fused metals are held in 

position for some time to allow for solidification of the weld nugget. This time is known as the 

holding time or cooling time. Eventually, the electrodes are removed from the fused metals 

after a duration of time called the off time. The welding time is usually measured in cycles (1 

cycle = 0.02 seconds) [58]. 
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2.2.1.3 Electrode Pressure 

     The electrode pressure provides the force required to hold the metals to be joined in intimate 

contact to ease the flow of electric current through them. The pressure to be applied to the 

metals depends on several factors, including the type of metal, the thickness, and the size. In 

general, the metals to be joined should not be over-pressurized as this might influence the 

welding process by reducing the total electrical resistance, resulting in higher heat generation 

and, in some cases, weld distortion [59].  

 

2.2.2 Review of Effect of Spot Weld Parameters on the Properties of Stainless Steel. 

     Discussions from the previous sections revealed that the properties of stainless steel 

obtained from resistance spot welding are predominantly dependent on the spot welding 

parameters. Ample literatures are available addressing the effects of these parameters on the 

properties of different grades of stainless steel as well as their effects on dissimilar joints; some 

involving different grades of stainless steel while others involve stainless steel and other metals 

such as aluminium and low carbon steel. The following sections present the effect of welding 

time, electrode pressure (force) and holding time on the properties of stainless steel. 

 

2.2.2.1 Effect of Spot Weld Parameters on the Properties of Similar Stainless Steel Weld 

Joints. 

     This section presents literatures on the effect of spot welding parameters on the properties 

of similar stainless steel weld joints comprising austenitic, duplex, martensitic and ferritic 

stainless steel. 

2.2.2.1.1 Similar Austenitic Stainless Steel Weld Joints. 

     Some of the previous studies addressing the effect of spot welding parameters on the 

properties of austenitic stainless steel are summarized in Table 2.6. 
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Year  Author Title Research Focus 

2008 D. Ozyurek [60].   An effect of weld current and weld atmosphere 

on the resistance spot weldability of 304L 

austenitic stainless steel. 

Effect of nitriding atmosphere 

and welding current on the 

properties of austenitic stainless 

steel. 

2008 S. Fukumoto et al. 

[17].  

Small-scale resistance spot welding of 

austenitic stainless steel. 

Effect of small-scale resistance 

spot welding on the properties 

and microstructure of austenitic 

stainless steel. 

2009 B. Kocabekir et 

al. [6]. 

An effect of heat input, weld atmosphere and 

weld cooling conditions on the resistance spot 

weldability of 316L austenitic stainless steel. 

Effect of weld time, nitriding, 

and borax cooling on the 

properties of austenitic stainless 

steel. 

2011 I. Hwang et al. 

[61]. 

Expulsion reduction in resistance spot welding 

by controlling of welding current waveform. 

An alternative method for 

reducing expulsion in spot 

welded joints using pulse 

welding current. 

2013 A. Al-Mukhtar 

and Q. Doos [16]. 

Cracking phenomenon in spot welded joints of 

austenitic stainless steel. 

Causes of cracking phenomenon 

observed in spot welded joints. 

2014 D. Kianersi et al. 

[18]. 

Effect of welding current and time on the 

microstructure, mechanical characterizations, 

and fracture studies of resistance spot welding 

joints of AISI 316L austenitic stainless steel. 

Optimum resistance spot 

welding parameters for 1 mm 

austenitic stainless steel.  

2014 H. Moshayedi and 

I. Sattari-Far. 

[62]. 

Resistance spot welding and effects of welding 

current and time on residual stresses. 

Effect of welding current and 

time on the nugget diameter and 

residual stresses of austenitic 

stainless steel. 

2016 Q. Fan et al. [63]. Expulsion characterization of stainless steel 

resistance spot welding based on dynamic 

resistance signal. 

Weld quality prediction using 

dynamic resistance with tensile 

shear strength as criterion. 

2019 H. Essoussi et al. 

[22].  

Microstructure and mechanical performance of 

resistance spot welding of AISI 304 stainless 

steel and AISI 1000 series steel. 

Effect of microstructure on the 

properties of RSW austenitic 

stainless steel. 

Table 2.6: Review of effect of resistance spot welding parameters on the properties of austenitic 

stainless steel 
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     An investigation of the properties of resistance spot welded stainless steel revealed that the 

most important property of the joints that can be used as a tool for quality prediction is the 

nugget diameter. This property has been found to significantly affect the tensile shear load 

bearing capacity and, by extension, the failure energy. The nugget diameter has been reported 

to increase with increasing energy input, mainly the welding current and welding time [18].  

     Further investigation was carried out by Kianersi et al. [18] to ascertain the effect of these 

parameters on the properties of austenitic stainless steel. Their findings revealed that an 

increase in welding current and time brought about a corresponding increase in weld 

penetration, width of Heat Affected Zone (HAZ), electrode indentation depth, peak load and 

failure energy, and a decrease in thickness of the HAZ. They attributed the property 

improvement to an increase in nugget diameter brought about by increased heat input and metal 

molten volume at the weld nugget. The reduction in the HAZ thickness was due to the plastic 

deformation at the interface between the weld metal and electrodes brought about by a high 

welding current. This was also accompanied by the transformation of the failure mode from 

interfacial through partial pull out to complete pull out, as also reported by Pouranvari et al. 

[64].  

     Furthermore, the findings of Zhang et al. [19] also revealed that increasing nugget size of 

spot welded austenitic stainless steel leads to a transformation in failure mode from interfacial 

to complete pull out. This was accompanied by an increase in peak load and energy absorption 

ability of the welded joints, attributed to the massive plastic deformation. In addition, they also 

observed the presence of shrinkage cavities at the FZ, which is an indication of dendrites 

solidification. A related study carried out by Pouranvari et al. [66, 67] revealed that austenitic 

spot welded are more susceptible to interfacial failure due to the concentration of high strains 

at the weld nugget whose magnitudes exceeds the critical limits. Another notable finding from 

the study is that the higher the hardness ratio of the FZ to the BM, the higher the susceptibility 

of the joints to fail in pull out mode.  

     As expected, the resulting properties from a resistant spot welding process are primarily 

dependent on the properties of the base metals, as the properties of the resulting joint are a 

2020 Y. Zhang et al. 

[19]. 

A comparative study between the mechanical 

and microstructural properties of resistance spot 

welding joints among ferritic AISI 430 and 

austenitic AISI 304 stainless steel.  

Properties of resistance spot 

welded AISI 304 austenitic 

stainless steel. 
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product of the chemistry between the base metals, the spot welding parameters, and the ambient 

welding conditions. The findings of Essoussi et al. [22], who studied the effect of base metal 

properties on the quality of 1 mm spot welded austenitic stainless steel, revealed that the 

maximum hardness of the joints was observed at the fusion zone due to the presence of alloying 

elements which tend to form non-metallic inclusions at the region. In addition, they also 

reported that the mode of failure is also a function of the base metal properties as they observed 

a plug fracture mode for the welded joints. 

     A very common phenomenon that occurs during welding, especially with inappropriate 

welding parameters, is weld expulsion. It has been reported to result in dissipation of energy, 

unattractive weld appearance, electrode wear and, in some cases, results in high corrosion rate 

of the welded joints. In an attempt to investigate the relationship between resistance spot 

welding parameters and expulsion observed in austenitic stainless steel weld joint, Fan et al. 

[63], predicted the quality of resistance spot welded 301 stainless steel of different thicknesses 

(2 mm and 3 mm) using dynamic resistance. They discovered that increasing welding current 

results in a corresponding increase in expulsion tendency, leading to a corresponding decrease 

in tensile shear strength. Similar findings were also reported by Han et al. [67], who explained 

that the reason for the increased tensile shear strength observed in most spot welded joints at 

very high welding current above the limits specified in the welding lobe where expulsion is 

present, is because the increase in tensile strength brought about by increasing welding current 

supersedes the reduction brought about by expulsions. They concluded that preheating and the 

use of low electrode pressures are possible ways of reducing weld expulsions. 

      Aside the spot welding parameters, other factors such as the environmental conditions 

where the spot welding is carried out has been found to have considerable effects on the joint 

quality produced by spot welding. The effect of nitriding environment and welding current on 

the properties of 1 mm spot welded 304L austenitic stainless steel was investigated by Ozyurek 

[60]. Their findings revealed that the tensile shear load bearing capacity increased with the 

welding current and was further increased with nitriding. The former resulted from the increase 

in nugget diameter while the latter resulted from the solid solution strengthening resulting from 

the precipitation and diffusion of nitrogen atoms into the microstructure. A similar explanation 

was provided by Pant et al. [68].  Furthermore, a general increase in hardness was reported at 

the fusion zone, but changes in welding current had no significant effect on the hardness of the 

welded joint.  
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     Similar findings were reported by Kocabekir et al. [6], who carried out further studies on 

the effect of nitriding, borax cooling and welding current on the properties of 1 mm 316L 

austenitic stainless steel. They found that borax cooling reduced the TSLBC due to the 

reduction in nugget diameter and weld penetration depth coupled with the increased cooling 

rate. It was also discovered that nitriding decreased weld penetration depth despite the overall 

increase in TSLBC. The hardness test revealed that changes in welding time had no significant 

effect on the hardness, which was attributed to the unhardenable austenite microstructure. At 

the same time, nitriding increased the hardness due to the high heat dissipation rate caused by 

the pressurized nitrogen gas jet. 

     A type of spot welding technique that has received less attention from researchers is small-

scale spot welding. It is a term used to refer to a spot welding technique carried out on metals 

whose thickness is 0.5 mm or less. It finds application in biomedical equipment and electronic 

appliances [62, 63]. In order to understand the effect of spot welding parameters on the 

microstructure and properties of austenitic stainless steel performed on a small scale, Fukumoto 

et al. [17] welded several grades of austenitic stainless steel of 200 µm thickness using spot 

welding. Their study revealed that increasing welding current brought about weld nugget 

growth which was accompanied by an increase in tensile shear strength. These results are 

similar to those obtained for large scale resistance spot welding [63]. In addition, weld 

expulsion was also observed at high welding current values but did not significantly affect the 

tensile shear strength. Reduction in weld expulsion was minimal at high electrode pressures. 

They also reported that the microstructure of the weld joint was fully austenitic with the 

absence of hot cracking. 

     An alternative method for reducing expulsion in welded joints was proposed by Hwang et 

al. [61]. From the results of their findings, they observed that employing a pulse welding 

current comprising heating and cooling phases not only reduced expulsion in resistant spot 

welded joints but also increased the acceptable welding current range. 

     Unlike other properties of spot welded joints, the induced residual stress has received less 

attention in literature despite its effect on the overall weld quality. It has been reported to be 

dependent on electrode diameter and material-type, pre and post-weld treatment processes, 

work piece thickness in addition to the resistance spot welding parameters [71]. During spot 

welding, a combination of thermal and mechanical stresses is generated by electric current and 

electrode forces. Moshayedi and Sattari-Far [62] analysed the effect of welding current and 

welding time on the residual stresses of 1 mm spot welded austenitic stainless steel. Their 
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analysis revealed that residual stresses at the nugget centre were mainly compressive and 

transformed to tensile stresses as outside the weld nugget. It was also observed that increasing 

welding current and time brought about a corresponding increase in the maximum radial 

residual stresses and was also accompanied by a shift of maximum residual stress from the 

weld nugget to outside the nugget due to the weld nugget growth. The rate of increase in 

residual stress brought about by increasing current was found to be more significant than the 

latter because of the heat loss from the weld joint in the form of conduction and radiation at 

longer welding times. However, increasing residual stresses have detrimental effects on welded 

joints' fatigue and fracture strength, but Popovskiki and Berezienko [72] have shown that 

increasing holding time can reduce residual stresses. 

     Another common weld defect peculiar to spot welded joints is cracking and has been 

reported to be a function of the welding current, welding time and ultimately, the hardness of 

the weld joint. Al-Mukhtar and Doos [16] studied cracking occurrence observed in resistance 

spot welded 1.5 mm austenitic stainless steel. They reported that regions having high 

microhardness, such as the HAZ and nugget diameter, are more susceptible to cracking, leading 

to cavitation. They concluded that cracks' initiation and propagation depend on post-weld 

treatment temperature and electrode pressure. Another possible source of cavities is the 

electrode sticking to the weld metal. Other factors that could influence cracking in austenitic 

stainless steel are cooling rate, fuse metal depth, and solidification mode.  

     From the preceding, it is clear that the nugget diameter is a major quality prediction 

parameter, and it increases with energy input, which is accompanied by an increase in TSLBC, 

weld penetration, width of HAZ, electrode depth indentation, peak load, failure/absorption 

energy, residual stresses, hardness, transformation of failure mode, weld expulsion and 

cracking tendency. A reverse trend exists for HAZ thickness and fatigue strength. While Cracks 

and expulsions in weld joints can be minimised by applying appropriate electrode pressures, 

preheating and use of pulse welding current also minimises expulsions. In addition to 

appropriate heat input, increasing the holding time can also reduce residual stresses. 

2.2.2.1.2 Similar Duplex Stainless Steel Weld Joints. 

     Table 2.7 presents some of the studies regarding the effect of resistance spot welding 

parameters on duplex stainless steel properties. 
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Table 2.7: Review of effect of resistance spot welding parameters on the properties of duplex 

stainless steel. 

      

     Like in austenitic stainless steel, resistance spot welding parameters also affect duplex 

stainless steel properties, such as the fracture toughness. Hayat and Sevim [21] investigated the 

effect of welding current and time on the fracture toughness of spot welded galvanized duplex 

stainless steel. Their findings revealed that the fracture toughness increases with energy input 

(increasing current or welding time). However, increasing energy input above critical limits 

resulted in a reduction of fracture toughness characterised by a decrease in weld nugget 

diameter and increasing hardness due to excessive metal melting and splashing. In a similar 

study, Sevim [79 – 80] also reported that reduction in fracture toughness during spot welding 

is due to the fast cooling rate, which results in shrinkages and cold cracking. 

     As observed in austenitic stainless steel, increasing welding current did not significantly 

affect the hardness variation on the weld metal, according to the investigations of Wan et al. 

[73]. They also observed that increasing energy input brought about a corresponding increase 

Year Author Title Research focus 

2012 F. Hayat and I. Sevim 

[21].  

The effect of welding parameters 

on fracture toughness of resistance 

spot-welded galvanized DP 600 

automotive steel sheets. 

Study of the effect of Welding current and 

time on the fracture toughness of 1.2 mm 

DP600 stainless steel. 

2014 X. Wan et al. [73].  Modelling the effect of welding 

current on resistance spot welding 

of DP 600 steel. 

Effect of welding current on the properties 

of resistance spot welded 1.7 mm DP 600 

stainless steel. 

2015 A. Ramazani et al. 

[74].  

Characterization of microstructure 

and mechanical properties of 

resistance spot welded DP 600 

steel. 

Properties of resistance spot welded DP 600 

stainless steel. 

2017 H. Jaber et al. [23]. Peak load and energy absorption of 

DP 600 advanced steel resistance 

spot welds. 

Effect of Welding current on the failure 

mode, failure energy, peak load, and joint 

ductility of resistant spot welded DP 600 

stainless steel. 

2020 F. Badkoobeh [75]. Microstructure and mechanical 

properties of resistance spot 

welded dual-phase steels with 

various silicon contents. 

Effect of silicon content on the properties of 

RSW dual phase stainless steel. 



23 
 

in the TSLBC, fracture energy and absorption energy. This was attributed to the increase in the 

size of the nugget diameter. This increase was accompanied by a transformation of failure mode 

from Interfacial to complete pull out. As expected, the weld nugget growth rate was reduced at 

high welding currents due to the increase in heat dissipation. 

     Ramazani et al. [74] studied the microstructural evolution of resistance spot welded 1.5 mm 

duplex stainless steel. They reported a hardness variation from the fusion zone to the base 

metal, with the maximum hardness occurring at the fusion zone. The observed maximum 

hardness was attributed to the martensite grains whose formation was due to the high recorded 

cooling rate reaching 600 oC/s higher than the 400 oC/s reported by Zhao et al. [78]. 

     As already established, the findings of Jaber et al. [23] corroborated that the weld nugget 

diameter is the most significant factor in determining joint quality alongside other criteria such 

as the weld mechanical performance and the mode of failure. They also reported that increasing 

energy input by reducing electrode pressure or increasing welding current and time brought 

about a corresponding increase in indentation depth, energy absorption, peak load, and joint 

ductility. This increase was accompanied by the transformation of the failure mode from 

interfacial to complete pull out. They concluded that the overall joint quality depends primarily 

on the properties of the fusion zone.  

     A recent study was carried out by Badkoobeh et al. [75] to investigate the effect of silicon 

content on the properties of resistance spot welded 2 mm duplex stainless steel. They 

discovered that increasing the silicon content increased the nugget diameter and ductility due 

to an increase in electrical resistance and a reduction in thermal conductivity. The tensile 

strength, yield strength, shrinkage cavities, peak load, maximum shear stress and fracture 

energy followed a reverse trend. The deterioration observed in mechanical properties was 

ascribed to the severe weld expulsion accompanied by electrode indentation. Meanwhile, the 

failure mode metamorphosized from interfacial to pull out mode.  

     In summary, it can be said that the quality of the weld joint is predominantly dependent on 

the properties of the fusion zone, which are in turn influenced by the RSW parameters. 

Increasing the energy input increases the TSLBC, peak load, joint ductility, absorption energy, 

weld nugget diameter, fracture toughness and transforms the failure mode from interfacial to 

complete pull out. Increasing energy input above certain limits may lead to a drastic reduction 

in fracture toughness and increase the tendency of cold cracking due to increased hardness and 

weld expulsion. Increasing the silicon content in duplex stainless steel had an overall 
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detrimental effect on the mechanical properties of duplex stainless steel due to the severe 

electrode indentation and weld expulsion.  

2.2.2.1.3 Similar Martensitic Stainless Steel Weld Joints. 

      Table 2.8 presents some relevant studies addressing effect of resistant spot welding 

parameters on the properties of martensitic stainless steel. 

 

Table 2.8: Review of the effect of resistance spot welding parameters on the properties of 

martensitic stainless steel. 

 

     

 

 

Year Author Title Research focus 

2009 V. Badheka et al. [4].  Resistance spot welding of 

martensitic stainless steel (SS 

420) - part 1. 

Effect of small scale RSW parameters on the 

properties of martensitic stainless steel. 

2014 M. Alizadeh-Sh et al. 

[79].  

Microstructure–properties 

relationships in martensitic 

stainless steel resistance spot 

welds. 

Effect of welding current on the 

microstructure and fracture toughness of 

AISI 420 martensitic stainless steel. 

2017 M. Tamizi et al. [80].  Welding metallurgy of martensitic 

advanced high strength steels 

during resistance spot welding. 

Effect of welding current on the 

microstructure, failure mode and mechanical 

properties of Advanced high strength 

martensitic stainless steel. 

2018 M. Pouranvari et al. 

[81]. 

Resistance spot welding of MS 

1200 martensitic advanced high 

strength steel: Microstructure-

properties relationship. 

Effect of welding current on the 

microstructure and properties of MS 1200 

martensitic stainless steel. 

2020 M. Pouranvari et al. 

[82]. 

Enhanced mechanical properties 

of martensitic stainless steels 

resistance spot welds enabled by 

in situ rapid tempering. 

Effect of in-process second pulse welding 

current and tine on the properties of 1.5 mm 

annealed AISI 420 martensitic stainless 

steel. 
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     Antithetically, with reference to the welding of austenitic and ferritic stainless steel, 

martensitic stainless steel is difficult to weld as they generally possess poor weld qualities, 

especially those containing very high carbon and chromium content. However, they can still 

be subjected to resistance spot welding in the tempered, annealed, or hardened state. In an 

attempt to bring to light the weld properties of martensitic stainless steel, Badheka et al. [4] 

investigated the effect of RSW parameters on the properties of cold-rolled AISI 420 martensitic 

stainless steel. Their findings revealed that increasing the energy input led to a corresponding 

increase in weld nugget, TSLBC and hardness. Meanwhile, the ductility ratio and the cross 

tension breaking load followed a reverse trend. The difficulty in obtaining a good quality weld 

was further demonstrated in the small size of the welding lobe with the joints characterized by 

a brittle failure.  

    Another research was conducted by Alizadeh-Sh et al. [79] to study the effect of welding 

current on the properties of 1.25 mm cold rolled annealed martensitic stainless steel. Their 

findings revealed that increasing the welding current increases the nugget diameter, failure 

energy and peak load. The hardness and the mode of failure were not significantly affected by 

changes in the welding current as the maximum hardness occurred in the fusion zone while the 

mode of failure was partial interfacial mode exhibiting cleavage fracture. While the fusion zone 

hardness was attributed to the high cooling rate, the volume fraction of carbon and chromium 

in retained austenite, the fracture energy was dependent on the hardness of the weld metal, and 

the sharpness of the notch at the interface and presence of delta ferrite.  

     Researchers have also made advancements in modifying the properties of martensitic 

stainless steel to produce steel grades with higher strength, often referred to as advanced high 

strength steel. This steel grade has reduced carbon content to lower the hardness of the fusion 

zone and ultimately improve joint quality. The effect of welding current on the properties of 

cold-rolled 1.5 mm MS 1400 advanced high strength martensitic steel was investigated by 

Tamizi et al.[80]. They reported that the hardness of the fusion zone was independent of the 

welding conditions, while a HAZ softening phenomenon was observed in the Inter-Critical 

HAZ (ICHAZ) and Sub-Critical HAZ (SCHAZ). The softening observed in the ICHAZ was 

attributed to the formation of ferrite-martensite dual phases, while martensite tempering was 

responsible for the SCHAZ softening. Increasing the welding current was also found to 

increase the size of the HAZ, weld nugget diameter, hardness ratio and transform the failure 

mode from IF to PF. The increase in the size of the HAZ and its thermal softening was due to 

the increase in carbide precipitation and coarsening of the precipitates. The HAZ softening was 
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found to reduce the TSLBC of the joints and, by extension, the overall joint quality; hence they 

recommended its minimization if good quality joints are desired. 

     Similar results were also reported by Pouranvari et al. [81], who investigated the effect of 

heat input on the microstructure and properties of 1.5 mm cold rolled MS 1200 martensitic 

stainless steel. They reported that the transformation observed in the failure mode from 

Interfacial mode to pull out mode was due to the increase in the size of the fusion zone with 

energy input, and was largely dependent on the interaction between plastic constraint in the 

HAZ and its softening. They spelled out that the properties of the weld joint, mainly the fusion 

zone, is not only dependent on the RSW parameters but rather, it is the result of the interaction 

between the RSW parameters and the chemistry taking place in the microstructure during the 

welding process, in other words, the metallurgical characteristics. This was used as the 

underlying principle to account for why the hardness of the fusion zone was unaffected by the 

heat input.  

     From the preceding, it is evident that the primary cause of property deterioration in 

martensitic weld joints is the high hardness of the fusion zone. In an attempt to reduce the 

hardness of the fusion zone of resistance spot welded martensitic stainless steel and 

consequently, improve the fracture toughness, a technique was recently proposed by 

Pouranvari et al. [82] which employs an in-process second pulse welding current for a period 

of time on the weld joints. Their findings revealed that the application of a double pulse welding 

current significantly improved fracture toughness, peak load, and absorption energy. Increasing 

the second pulse welding time led to a transformation in failure mode from full interfacial 

failure to partial interfacial mode, but no significant effect was recorded for the nugget 

diameter. The overall improvement in weld quality was due to the reduction in the hardness of 

the weld joint as a result of martensite decomposition and the precipitation of carbides. 

     In conclusion, martensitic stainless steel generally has poor weld properties primarily due 

to martensite, chromium, and carbon content, resulting in weld joints with high hardness 

values. Increasing heat input during the welding process increases the size of weld nugget, 

TSLBC, peak load, fracture energy, while ductility ratio and cross tension breaking load follow 

a reverse trend. The hardness of the fusion zone is unaffected by changes in the welding current 

as current changes induced no phase transformation. HAZ softening was observed in high 

grades of martensitic stainless steel, which had a detrimental effect on the overall joint quality. 

Martensitic weld joint quality can be improved by employing a double pulse welding current. 
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2.2.2.1.4 Similar Ferritic Stainless Steel Weld Joints. 

      Table 2.9 summarises some of the recent studies on the effect of RSW parameters on the 

properties of ferritic stainless. 

     

Table 2.9: Review of effect of RSW parameters on the properties of ferritic stainless steel. 

 

     Ferritic stainless steel like austenitic and duplex stainless steel can easily be subjected to 

spot welding process as they also have a low carbon content and consequently a less tendency 

of producing brittle joints as observed in the case of martensitic stainless steel. The effect of 

RSW parameters on the properties of 1.2 mm cold rolled annealed ferritic stainless steel was 

presented by M. Alizadeh-Sh et al. [83]. The results of their findings revealed that hardness 

increases from the base metal towards the direction of the fusion zone with the HAZ divided 

into three distinct zones, namely, High Temperature HAZ (HTHAZ), Medium Temperature 

HAZ (MTHAZ) and Low Temperature HAZ (LTHAZ), each characterized by different 

Year Author Title Research focus 

2014 M. Alizadeh-Sh et al. 

[83]. 

Resistance spot welding of AISI 

430 ferritic stainless steel: Phase 

transformations and mechanical 

properties. 

Effect of welding current on the 

metallurgical and mechanical properties of 

resistant spot welded AISI 430 ferritic 

stainless steel. 

2015 M. Alizadeh-Sh et al. 

[84]. 

Welding metallurgy of stainless 

steels during resistance spot 

welding Part II –heat affected zone 

and mechanical performance. 

Effect of heat input on the phase 

transformation and solidification on the 

properties of the fusion zone of AISI 430 

ferritic stainless steel. 

2015 M. Pouranvari et al. 

[85].  

Welding metallurgy of stainless 

steels during resistance spot 

welding Part I: fusion zone. 

Effect of welding current on the phase 

transformation and fusion zone hardness of 

Ferritic stainless steel. 

2018 A. Subrammanian et 

al. [86]. 

Multi-objective Optimization of 

Resistance Spot Welding of AISI 

409M Ferritic Stainless Steel. 

Optimization of the tensile strength and 

electrode indentation of Resistant spot 

welded ferritic stainless steel. 

2020 Y. Zhang et al. [19]. A comparative study between the 

mechanical and microstructural 

properties of resistance spot 

welding joints among ferritic AISI 

430 and austenitic AISI 304 

stainless steel. 

Strain distribution, mechanical properties 

and microstructure of AISI 430 ferritic 

stainless steel. 
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microstructure which is a function of the regional temperature. They also reported that all the 

samples failed in a pull out mode irrespective of the level of energy input. Meanwhile, other 

weld properties such as the peak load and fracture energy were observed to increase with the 

welding current mainly due to the increase in bonding area or nugget diameter. 

     Further study was carried out by Alizadeh-Sh et al. [84] to investigate the phase 

transformations in the fusion zone due to solidification and post solidification processes that 

occur during resistant spot welding. Their study used 1.2 mm AISI 430 ferritic stainless steel 

as the base metal for investigation. As previously observed in other grades of stainless steel, 

they reported that increasing the heat input by increasing welding input had no significant effect 

on the hardness of the fusion zone of the welded metal due to reasons explained earlier for 

other grades of stainless steel. In addition, they also reported that the joints failed in a double 

pull out mode which is an indication of good quality joints. 

     In another related study, Pouranvari et al. [85] expressed that the hardness of the fusion zone 

is the predominant factor that determines the failure mode of the spot welded joint. It has also 

been established that the weld ductility and transition of failure mode from interfacial to 

complete pull out as vice versa is also determined by the hardness of the weld joint [87]. This 

implies that the weld joint's hardness is a critical parameter to be put under control if good 

quality joints are desired. In the research conducted by Pouranvari et al. [85] to ascertain the 

phase transformation and subsequently the hardness of 1.2 mm AISI 430 ferritic stainless steel, 

it was revealed that the hardness of the fusion zone was due to martensite and carbide 

precipitation and the grain growth of the ferrite phase. They also concluded that changes in 

heat input by adjusting the current, welding time or electrode pressure had no significant effect 

on the hardness of the weld joint. 

     In addition to failure mode transition determination, the hardness of the weld joint has also 

been reported to be the cause of failure in 1.5 mm AISI 430 ferritic stainless steel in the 

interfacial mode, which is an indication of low fracture toughness. Zhang et al. [19] explained 

that the hardness of the weld joint was due to martensite precipitation formed as a result of the 

fast cooling rate associated with the spot welding process. A soft HAZ was also observed, 

which was attributed to the coarsening of grains in the presence of martensite. In addition, as 

observed in other grades of stainless steel, increasing the nugget diameter by increasing heat 

input brought about a corresponding increase in the peak load and absorption energy.   

      Following the previously reviewed studies, it is lucid that the nugget diameter is a key 

determining factor in obtaining good quality weld joints. One predominant factor with a very 
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high positive correlation with this property is the tensile shear load bearing capacity. It has also 

been established that increasing the heat input during the welding process increases the nugget 

diameter and consequently the tensile load bearing capacity, while other factors such as the 

electrode indentation and weld expulsion have detrimental effects on the weld quality. This 

implies that selecting optimum welding parameters that minimizes weld quality reduction 

factors, such as the abovementioned ones, and maximizes the nugget diameter should be the 

manufacturing objective if quality and durable joints are desired. A study on the optimization 

of the tensile shear load bearing capacity and electrode indentation of 2 mm cold rolled AISI 

409M ferritic stainless was conducted by Subrammanian et al. [86]. Their research work 

optimized the weld quality by minimizing the electrode indentation and maximizing the tensile 

shear load bearing capacity using the Taguchi model and Response Surface Methodology. They 

concluded that the optimum resistance spot welding parameters for 2 mm AISI 409M ferritic 

stainless steel are welding current, welding time and electrode pressure of 11.5 KA, 14 cycles 

and 3.5 KN, respectively. 

     In summary, ferritic stainless steel generally has good weld properties due to its low carbon 

content compared to its martensitic stainless steel counterpart. Like other grades of stainless 

steel, increasing heat input during the welding process increases the peak load, fracture 

toughness, nugget diameter and the mode of failure. The hardness of the fusion zone was also 

documented to significantly affect failure mode transition from interfacial to pull out mode and 

vice versa. Selecting optimum resistant spot welding parameters is one of the ways of ensuring 

that good quality joints of desired properties are produced. 

 

2.2.2.2 Dissimilar Stainless Steel Weld Joints. 

     Table 2.10 summarises some of the relevant literature addressing the effect of RSW 

parameters on the properties of joints involving dissimilar metals. 
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Table 2.10: Review of effect of RSW parameters on the properties of dissimilar stainless steel 

joints. 

 

     The need to achieve a compromise between the quality of weld joints and the cost of the 

metals led to the evolution of dissimilar weld joints. Unfortunately, the difference in 

mechanical and thermophysical properties of the participating metals posed another challenge. 

Despite this challenge, good quality joints have been produced using different welding 

techniques, and in some cases, interlayer and filler materials are incorporated. The following 

paragraphs address the effect of resistance spot welding parameters on dissimilar stainless steel 

joints involving different grades of stainless steel. 

     In service, automobiles and other structures containing spot welds are subjected to cyclic 

loading, which might be another possible cause of failure due to crack initiation, propagation, 

and growth. The findings of Rathbun et al. [92] revealed that the fatigue performance of welded 

joints is a function of the geometric factors of the weld joints, which implies implicitly that the 

Year Author Title Research focus 

2006 M. Vural et al. [88].  Effect of welding nugget diameter 

on the fatigue strength of the 

resistance spot welded joints of 

different steel sheets. 

Effect of welding current on the nugget 

diameter and fatigue strength of galvanized 

and bare AISI 304 dissimilar joint. 

2012 L. Kolarik et al. [89]. Resistance Spot Welding of 

dissimilar Steels. 

Effect of welding current on the weld 

properties of AISI 304 stainless steel and DC 

Low carbon steel dissimilar weld joint. 

2017 X. Yuan et al. [90].  Resistance spot welding of 

dissimilar DP 600 and DC 54D 

steels. 

Effect of RSW parameters on the properties 

of DC 54D Ultralow carbon steel and 

galvanised DP 600 stainless steel. 

2019 K. Kishore et al. 

[91]. 

Resistance spot weldability of 

galvannealed and bare DP 600 

steel. 

Determination of optimum welding current 

and time for galvanized DP 600 and bare DP 

600 dissimilar joint using load bearing 

capacity. 

2020 Y. Zhang et al. [19]. A comparative study between the 

mechanical and microstructural 

properties of resistance spot 

welding joints among ferritic AISI 

430 and austenitic AISI 304 

stainless steel. 

Properties and microstructure of resistance 

spot welded AISI 430 ferritic and AISI 304 

austenitic stainless steel dissimilar joint. 
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fatigue life of spot welded joints depends on the heat input during the welding process. The 

investigations of Vural et al. [88], who conducted a study on the effect of heat input on the 

fatigue strength of bare and galvannealed AISI 304 austenitic stainless steel, revealed that the 

dissimilar joint possessed a very low fatigue limit as compared to the similar joint counterpart. 

They attributed the results of their findings to the antisymmetric nugget formation. They also 

reported that the hardness of the joint was considerably higher than the similar counterpart as 

the heat input was increased alongside an increase in the size of the nugget diameter.  

     Similar results were also reported by Kolarik et al. [89], who studied the weld properties of 

2 mm cold rolled AISI 304 austenitic stainless steel and DC low carbon dissimilar weld joint. 

Like the results obtained by Vural et al. [88], they also reported a very high hardness in the 

fusion zone considerably higher than those of either base metal. In addition, they also reported 

an asymmetrical weld nugget shape which was attributed to the differential in chemical and 

thermomechanical properties of the participating base metals. Further analysis to ascertain the 

reason for the relatively high hardness of the fusion zone revealed that there was increased 

diffusion of iron from the austenitic stainless steel towards the fusion zone. This was also 

accompanied by a reduction in the chromium, nickel, and manganese content at this zone. The 

results obtained from the weld joint characterisation revealed that the fusion zone's size at the 

stainless steel side was larger than that of carbon steel. In contrary, the HAZ on the carbon steel 

side was larger than that of the stainless steel side to the higher thermal conductivity possessed 

by carbon steel. 

     The dissimilar joint of ultralow carbon steel and duplex steel finds application in 

constructing parts of a white body such as the panel. The performance of such joints in service 

has been reported to be dependent collectively on the mechanical properties of the participating 

base metals and the properties of the resulting joint [93]. The behaviour of 1 mm ultralow 

carbon steel and 1.6 mm galvanized stainless steel under the influence of varying RSW 

parameters was presented by Yuan et al. [90]. As recorded for similar weld joints involving 

stainless steel, increasing the heat input increased the nugget diameter and TSLBC. High 

current values above certain critical limits resulted in weld expulsion, which triggered an 

increase in electrode indentation. They attributed the improved tensile properties to the 

increased melting and extension of the plastic ring at different electrode pressures. As 

previously observed, the failure mode was also reported to transform from interfacial mode to 

plug or complete pull out with increasing energy input which was attributed to the increasing 

nugget diameter. 
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     Duplex stainless steel in a dissimilar joint with its galvanized form has also been used in the 

automobile industry due to its desired properties. A common challenge reported to be 

encountered in its usage is the production of poor quality weld joints characterized by 

redistribution of zinc in the weld metal. Research to optimize the properties of 1.3 mm bare DP 

600 and galvanized DP 600 was presented by Kishore et al. [91]. The result of their findings is 

similar to those obtained in similar stainless steel joints as the nugget diameter, load bearing 

capacity, and toughness were found to increase with welding current and time. This was also 

accompanied by a transformation of failure mode from interfacial to pull-out mode. The joints 

possessed a greater load bearing capacity in the tensile test than in the coach peel test for any 

welding parameter [94]. In addition, maximum hardness was observed at the fusion zone, and 

explanations provided by Nielson et al. [95] attributed the hardness to the formation of a 

complete martensite structure due to the fast cooling rate. Further analysis revealed that the 

zinc coating diffused from the fusion zone towards the heat affected zone with a reducing 

thickness. 

     Finally, a prominent dissimilar stainless steel joint with vast applications due to its 

favourable weld properties and cost compared to alternative metal joints serving a similar 

purpose is the austenitic - ferritic stainless steel joint. A study to reveal the properties of this 

dissimilar joint was presented by Zhang et al. [19]. The result of their findings revealed that 

the hardness of the fusion zone is reasonably higher than that of the base metal. Further 

investigations revealed that the increment resulted from the columnar dendrite solidification at 

the fusion zone comprising of austenite and ferrite grains while martensite was precipitated at 

the grain boundaries. This explanation also supported the transformation of the failure mode 

from interfacial mode to complete pull out with an increase in heat input coupled with the 

increase in nugget diameter. 

     In conclusion, the production of dissimilar stainless steel joints comes with a lot of 

complexities birthed by the difference in chemical and thermophysical properties of the 

participating base metals. A result of this differential in properties of the participating base 

metals is the formation of an asymmetrical weld nugget shape. Furthermore, as observed in 

welding of similar stainless steel base metals, increasing the heat input led to a corresponding 

increase in the nugget diameter, TSLBC, toughness and tendency of failure mode transition 

from interfacial to pull out. In the reviewed dissimilar stainless steel joints, a considerable high 

hardness was recorded in the fusion zone, accounting for the low fatigue strength observed in 

some dissimilar joints. 
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2.2.4 Optimization of Resistance Spot Welding Parameters 

     The previous section highlighted the effects of RSW parameters on the properties of 

stainless steel similar and dissimilar weld joints. It was discovered that some changes in spot 

welding parameters in one way or another improve the weld joint's quality while others are 

detrimental to it. For instance, an increase in the nugget diameter was reported to increase the 

load bearing capacity, while an increase in hardness, on the other hand, reduces the fracture 

toughness of the joints. Again, specific weld properties are desired for different applications, 

such as the fracture toughness desired in white bodies to improve the crash worthiness. In order 

to obtain weld joints of desired properties, there is a need to select the best spot welding 

parameters, as the spot welding parameters significantly influence the weld properties. The 

process described above is termed optimization. The following sections highlight the 

optimization of spot welding parameters and weld properties in similar and dissimilar joints.  

 

2.2.4.1 Optimization of RSW Parameters for Similar Stainless Steel Weld Joints 

     This section examines the optimization of RSW parameters for similar stainless steel weld 

joints, including austenitic, duplex, martensitic and ferritic stainless steel. 

2.2.4.1.1 Similar Austenitic Stainless Steel Weld Joints 

     Table 2.11 summarizes some studies on the optimization of RSW of austenitic stainless 

steel. 
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Table 2.11: Review of optimization of RSW parameters and properties of austenitic stainless 

steel weld joints. 

 

     D. Kianersi et al. [57] investigated the effects of spot welding parameters on the properties 

of 1 mm 316L austenitic stainless steel and subsequently obtained optimum parameters based 

on the desired properties. In their study, the welding current and time were varied between 4 - 

9 KA and 4 - 7 cycles with a step-wise increase of 1 KA and 1 cycle, respectively, while the 

squeeze time, holding time and electrode pressure were held constant. The research objective 

was to optimize the TSLBC, indentation depth, penetration rate, peak load, and failure energy. 

A study of the interaction effect between these properties and the spot welding parameters was 

also conducted. The results obtained from their analysis revealed that the optimum parameters 

for the weld joint are 8 KA and 4 cycles. 

     In another study, Thakur and Nandedkar [96] attempted to examine the performance 

characteristics and the effect of RSW parameters on the properties of 1 mm AISI 304 austenitic 

stainless steel. Their optimization objective was to obtain optimum parameters that would 

Year Author Title Research focus 

2010 A. G. Thakur and V. 

M. Nandedkar [96]. 

Application of Taguchi method to 

determine resistance spot welding 

conditions of austenitic stainless 

steel AISI 304. 

Optimization of the tensile shear strength of 

austenitic stainless steel weld joint using 

Taguchi method. 

2012 N. Singh and Y. 

Vijayakumar [97]. 

Application of Taguchi method 

for optimization of resistance spot 

welding of austenitic stainless 

steel AISI 301L. 

Optimization of electrode indentation of 7.5 

mm AISI 301L austenitic stainless steel 

using L 32 orthogonal array of the Taguchi 

technique. 

2014 D. Kianersi et al. 

[57]. 

Resistance spot welding joints of 

AISI 316L austenitic stainless 

steel sheets: Phase 

transformations, mechanical 

properties, and microstructure 

characterizations. 

Optimization of RSW parameters and 

properties of austenitic stainless steel joints. 

2020 R. Kumar et al. [98]. Impact of process parameters of 

resistance spot welding on 

mechanical properties and micro 

hardness of stainless steel 304 

weldments. 

Optimization of welding current, welding 

time, electrode pressure and holding time for 

1 mm austenitic stainless steel using Taguchi 

method. 
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maximize tensile shear strength. The selected domains for the resistant spot welding parameters 

are 0.38 - 0.54 MPa, 7.5 - 9.5 KA and 6 – 10 cycles for the electrode pressure, electric current 

and welding time, respectively. Their analysis employed an L 27 orthogonal array of the 

Taguchi technique for DOE, while ANOVA and the Signal to Noise (S/N) ratio were used as 

the criteria for selecting the optimum parameters. The results of their examination revealed that 

welding current and electrode pressure were the most and least significant parameters affecting 

the tensile shear strength, respectively. The optimum parameters from the analysis are 0.46 

MPa, 9.5 KA and 10 cycles for electrode pressure, welding current and time, respectively.  

     In a similar study, Kumar et al. [98] studied the effect of welding current, welding time, 

electrode pressure and holding time on the tensile properties of 1 mm austenitic stainless steel. 

Afterwards, they optimised the tensile shear load bearing capacity and obtained optimum 

resistance spot welding parameters. Like in the previous study, they also employed the L 16 

orthogonal array of the Taguchi technique while ANOVA and Signal to Noise ratio (S/N) ratio 

were also used as criteria for optimizing performance parameters. The results of their analysis 

revealed that the optimum performance parameters for the analysed grade of stainless steel are 

5 KA, 18 cycles, 5.5 bar and 30 cycles for welding current, welding time, electrode pressure 

and holding time. 

     Lastly, Singh and Vijayakumar [97] investigated the effect of spot welding parameters on 

the electrode indentation, weld penetration, nugget diameter and tensile strength of AISI 301L 

austenitic stainless steel and subsequently optimized the electrode indentation by obtaining the 

process parameters that will minimize it. Their study adopted the L 32 orthogonal array of the 

Taguchi technique while ANOVA, signal to noise ratio (S/N) and T - test were used to obtain 

the optimum parameters. Their analysis revealed that the welding time had a more significant 

effect on the electrode indentation compared to the other parameters. In addition, the optimum 

parameters obtained are 50 cycles, 9.5 KA and 70 cycles for the welding time, welding current 

and holding time, respectively. 

     In summary, it can be concluded that the optimum parameters obtained from a given 

optimization process depend on the optimization objective and the selected domain of the spot 

welding parameters, which is influenced by the thickness of the material, among other factors. 

Parameters that optimizes the TSLBC, indentation depth, penetration rate, peak load, and 

failure energy of 316L austenitic stainless steel are 8 KA welding current and 4 cycles welding 

time. For 1 mm 304 grade, the weld current is the most significant weld parameter affecting 

the TSLBC with the optimum parameters being 4.6 bar, 9.5 KA or 10 cycles electrode pressure, 
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welding current and welding time respectively or 5.5 bar, 5 KA, 18 cycles and 30 cycles 

electrode pressure, welding current, welding time, and holding time respectively. Furthermore, 

the welding time has a more significant effect on the electrode indentation of 301L austenitic 

stainless steel. The parameters that minimise it are 50 cycles, 9.5 KA and 70 cycles welding 

time, electric current and holding time, respectively.   

2.2.4.2 Other Grades of Steel and Metals 

     This section examines literature dealing with the optimization of process parameters and 

properties for other grades of stainless steel and other metals. Table 2.12 summarizes some 

studies on the optimization of RSW of other metals such as low carbon steel, ferritic stainless 

steel, and titanium. 

 

Table 2.12: Review of optimization of RSW parameters and properties of low carbon steel, 

ferritic stainless steel, and titanium weld joints. 

 

Year Author Title Research focus 

2007 H. Sun et al. [99]. Effect of variable electrode force 

on weld quality in resistance spot 

welding. 

Optimization of variable electrode force for 

1.5 mm resistance spot welded Hot Dip 

Galvanized Low Carbon steel. 

2014 D. Zhao et al. [100]. Multi-objective optimal design of 

small scale resistance spot 

welding process with principal. 

component analysis and response 

surface methodology 

Determination of the optimum parameters 

for small scale resistance spot welding of 

titanium alloys using RSM.  

2015 S. Shafee et al. [101]. Resistance Spot Weld Quality 

Characteristics Improvement by 

Taguchi Method. 

Optimization of direct tensile strength and 

tensile shear strength of 0.8 & 1 mm 

resistance spot welded low carbon steel. 

2020 P. Ravichandran et al. 

[102]. 

Process parameter optimization 

and performance comparison of 

AISI 430 and AISI 1018 in 

resistance spot welding process. 

Optimization of the tensile strength and 

microhardness of ferritic stainless steel weld 

joint using RSM. 

2020 D. Zhao et al. [103]. Multi‑objective optimization of 

the resistance spot welding 

process using a hybrid approach. 

Heat input and weld quality optimization for 

a resistance spot welded titanium alloy using 

a combination of regression and entropy 

weight method 
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     Ravichandran et al. [102] studied the effect of weld time, holding time, squeeze time and 

electric current on the tensile strength and hardness of 1.2 mm AISI  430 ferritic stainless steel 

and subsequently optimized them by obtaining the process parameters that would maximize 

them (i.e. hardness and tensile strength). The Design of experiment was achieved using RSM 

with the domain for the control parameters being 6 - 8 KA for welding current, 10 – 14 cycles 

for squeeze time and 7 - 9 cycles for welding time while the holding time and off time were 

kept constant. The parameters which maximized the hardness and tensile strength with the 

highest desirability are 8 KA, 14.75 cycles and 6.3 cycles for the welding current, squeeze time 

and welding time, respectively. 

     Like the stainless steel family, low carbon steel can also be subjected to RSW due to its low 

carbon content and ease of welding. The effect of RSW parameters on low carbon steel weld 

quality was investigated by Shafee et al. [101]. They eventually optimized the TSLBC and the 

direct tensile strength by obtaining the process parameters which would maximize them. The 

design of experiment was achieved using the L 9 orthogonal array of the Taguchi technique 

with S/N ratio and ANOVA adopted as the criteria for optimization. The domains of the 

parameters are 1.8 - 2.2 KN for electrode force, 3.5 - 4.5 KA for welding current and 1 - 2 

seconds for welding time, while the squeeze time and holding time were held constant at 5 

cycles. The results of their analysis revealed that the welding current was the most significant 

factor for the TSLBC, but for the direct tensile strength, it was the welding time. 

     All the previous studies considered before now directed their research light towards the 

effect of RSW parameters, mainly welding current, welding time and constant electrode 

pressure on the properties of various steel types. A few researchers have investigated the effect 

of variable electrode pressure on the weld properties, and fewer experimenters have conducted 

the optimization of variable electrode force on the weld quality. Few years back, a study was 

conducted by Sun et al. [99] to investigate the effect of variable electrode pressure on weld 

quality and subsequently obtain the optimum electrode force parameters that would maximize 

weld quality parameters, mainly tensile strength and the nugget diameter. The results of their 

findings revealed that the use of variable electrode pressure comprising the squeezing pressure, 

welding pressure and forging pressure improved the weld quality generally by yielding about 

35 % and 45 % increase in the Tensile strength and nugget diameter, respectively. They also 

explained that for best weld quality properties, the forging force should be greater than the 

squeezing force, which must be higher than the welding force. It was also discovered that 

employing the use of the variable electrode force did not significantly increase the wear of the 

electrode. 
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     Other metals aside, steel can also be subjected to large and small scale resistance spot 

welding, especially those with desirable properties such as light weight, corrosion resistance 

and good service performance, particularly in severe conditions. A good candidate that suites 

the abovementioned characteristics is titanium which finds several industrial applications. 

Zhao et al. [100] presented a study of optimising spot welding parameters of 0.4 mm Titanium 

alloy using Box-Behnken design of the Response Surface Methodology. They attempted to 

maximize the tensile shear strength, failure energy and penetration rate with the following 

domains: 8 – 12 ms, 1.6 - 2.4 KA and 76.2 – 127 N for welding time welding current and 

electrode force, respectively. The results of their evaluation revealed that the parameters with 

the maximum desirability are 9.39 ms, 2.4 KA and 127 N for the welding time, welding current 

and electrode force, respectively. 

    Recently, another study on the optimization of weld quality and heat input for a resistance 

spot welded titanium alloy was authored by D. Zhao et al. [103]. The experimental design was 

achieved using central composite design, while process parameter optimization was achieved 

using a combination of regression and entropy weight methods. The selected domains for the 

welding parameters are 6 – 10 ms, 1.2 - 2.0 KA and 3 – 7 MPa for the welding time, welding 

current and electrode pressure, respectively. The multi-response optimization comprises 

improving the maximum displacement, failure energy, peak load, and weld nugget diameter. 

The results of their analysis produced the following parameters: 10 ms, 1.83 KA and 7 MPa 

with desirability of 0.736 as the optimum parameters.  

     Summarily, optimum parameters can also be obtained for other steel grades, as in stainless 

steel. It was established that while the welding current is the most significant parameter 

affecting the TSLBC, it is the welding time in the case of direct tensile strength. It was 

discovered that employing variable electrode force with the forging force > squeezing force > 

welding force improves the TSLBC by 35 % and the nugget diameter by 45 %. Optimum 

parameters which maximize the hardness and TSLBC of 1.2 mm ferritic stainless steel are 8 

KA, 14.75 cycles and 6.3 cycles electric current, squeezing time and welding time. Parameters 

that optimizes the TSLBC for small scale resistance spot welding of 0.4 mm titanium are 9.39 

ms, 2.4 KA and 127 N welding time, electric current, and electrode pressure. 
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2.2.4.3 Dissimilar Stainless Steel Weld Joints 

     A summary of some of the recent literatures on the optimization of RSW parameters and 

properties of stainless steel dissimilar weld joints is presented in Table 2.13. 

 

Table 2.13: Review of optimization of RSW parameters and properties of stainless steel 

dissimilar weld joints. 

 

     The dissimilar joint of austenitic stainless steel and duplex stainless steel is a recommended 

substitute for similar spot welded austenitic stainless steel joints. This accounts for their 

application in biomedical equipment, ovens, and pharmaceutical devices. A study to optimize 

the tensile shear strength of a dissimilar weld joint of 2 mm AISI 316L and 2205 DP stainless 

steel was presented by Vignesh et al. [104].  In their research, the electrode diameter was 

included as one of the process parameters to be optimized, which is quite unconventional. 

Design of experiment and property optimization was achieved using Taguchi L 27 orthogonal 

array and ANOVA. The domains of the process parameters were 6 - 8 mm, 7-9 KA and 7 - 9 

cycles for the electrode tip diameter, welding current and heating cycle, respectively. Their 

evaluation revealed that the optimum parameters that produced the best joint quality were 6 

mm, 9 KA, and 9 cycles. 

Year Author Title Research focus 

2017 K. Vignesh et al. 

[104]. 

Optimization of resistance spot 

welding process parameters and 

microstructural examination for 

dissimilar welding of AISI 316L 

austenitic stainless steel and 2205 

duplex stainless steel. 

Optimization of electrode diameter, welding 

current and heating time for AISI 316L and 

2205 DP stainless steel dissimilar weld joint 

using Taguchi method.  

2019 A. Biradar and B. 

Dabade [105]. 

Optimization of resistance spot 

welding process parameters in 

dissimilar joint of MS and ASS 

304 sheets. 

Optimization of the weld strength of a 

resistance spot welded dissimilar mild steel 

and austenitic stainless steel using factorial 

regression. 

2020 A. Hernández et al. 

[106]. 

Optimization of resistance spot 

welding process parameters of 

dissimilar DP 600 / AISI 304 

joints using the infrared thermal 

image processing. 

Weld quality optimization of a dissimilar 

joint of DP 600 and AISI 304 using Infrared 

(IR) characterization and RSM. 
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     In another related study, Hernández et al. [106] applied an unorthodox approach to 

characterize the geometric properties of the weld joint, which involved the application of non-

invasive infrared rays (IR) to produce isotherms which served as a significant parameter to 

control the quality of the weld joints produced during the welding process. The non-destructive 

nature of this technique puts it in a position to be a possible tool for future prediction of the 

quality of weld joints. In their experiment, 1.2 mm dissimilar weld joint comprising duplex and 

austenitic stainless steel were joined while optimization of process parameters and mechanical 

properties was achieved using RSM.  Like the previous studies, the process parameters of 

interest were the welding current and time with domains of 3 – 5 KA and 300 – 500 ms, 

respectively, while the response variable was the peak load and the diameter obtained from the 

infrared measurement known as the isotherm diameter. The results of their study revealed that 

the optimum process parameters with the highest desirability were 4.85 KA and 300 ms 

welding current and time, respectively. 

     Finally, Biradar and Dabade [105] investigated the effect of spot welding process 

parameters on mild steel and austenitic stainless steel dissimilar weld joint properties. Their 

experiments considered varying thickness (0.8 - 1.5 mm) of the participating base metals and 

optimized the weld strength (TSLBC) using Factorial regression and ANOVA. The results of 

their study revealed that a negative correlation exists between the metal thickness and hardness 

of the fusion zone. Optimum parameters were selected based on maximum weld strength 

criteria. Mathematical models were also developed for the weld strength in terms of the welding 

parameters for the different base metal thicknesses. 

     In summary, optimum weld parameters can also be obtained for dissimilar weld joints 

involving stainless steel, as was observed in similar stainless steel weld joints in the previous 

sections. The obtained parameters are functions of the desired designed objectives such as 6 

mm electrode diameter, 9 KA welding current and 9 cycles welding time for 1.2 mm austenitic-

duplex weld joint. It was also discovered that the quality of weld joints could be effectively 

controlled using a non-destructive technique involving IR radiations to measure isotherms. In 

addition, another study revealed a negative correlation between the base metal thickness and 

the hardness of the fusion zone of an austenitic-mild steel weld joint.  
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2.3 Weld Treatment Processes 

     The plethora of literature reviewed in the previous sections revealed that the welding 

process generally comes with weld property deterioration and is even more severe when 

inadequate weld parameters are used. This necessitates the introduction of weld treatment 

processes to improve the properties of the produced joints and, consequently, improve their 

service performance.  

 

2.3.1 Pre and Post – weld Treatment Processes 

     Weld treatment processes applied to weld joints are mostly carried out before the welding 

process or after it has been concluded. Weld treatment processes such as preheating are usually 

carried out before commencing the welding process, while other heat treatment processes such 

as annealing and tempering are done after the welding procedure has been concluded. The 

former is generally termed pre-weld treatment processes, while the latter is known as post-weld 

treatment processes. 

     Preheating involves heating the metals to be joined to a specific temperature, either as a 

whole or just the section to be joined before commencing the welding process. The decision 

for preheating and the preheating temperature are governed by factors like the metal thickness, 

rigidity of the metals, chemistry of the base metals, heat input and carbon equivalence [110 – 

111]. As a rule of thumb, the need for preheating and the preheating temperature increases with 

material thickness and carbon equivalence. Some recorded benefits of preheating include 

reduction in heat input during actual welding, residual stresses, hydrogen cracking tendency, 

while other properties such as ductility and toughness are improved. Depending on the nature 

and size of the components to be preheated, furnaces, ovens, electrical strip heaters, banks of 

heating torches, and radiant or induction heaters can be employed [24]. 

     Most of the post-weld treatment processes comprise mainly the conventional heat treatment 

processes. Heat treatment is a series of operations or processes which involves subjecting a 

metal to a definite time-dependent cycle comprising heating to a particular temperature, 

holding, or soaking at the temperature, followed by cooling at a desired rate. This process is 

depicted in Figure 2.7. 
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     Manipulation of these processes, particularly the heating temperature, holding time and 

cooling rate, have been reported to confer desired properties in metals especially stainless steel. 

Though the rate of heating is not considered significant relative to the other phases in unstressed 

steel, it is of great importance when the steel is stressed. Meanwhile, the holding time and 

cooling rate are highly dependent on the thickness of the metal. As a rule of thumb, it is required 

to soak every inch of steel thickness for 30 minutes while thicker sections are allowed a slower 

cooling rate for desirable properties [109]. 

 

2.3.1.1 Types of Post – weld Treatment Processes 

     Several post-weld treatment processes have been reported in literature. The choice of heat 

treatment process depends on the desired properties, as different heat treatment processes 

confer different properties in steel. Generally, they are categorized into hardening and softening 

processes based on the overall effect on the hardness of the microstructure of the metal to which 

they were applied. Some reported heat treatment processes include annealing, normalizing, 

tempering, surface hardening, case hardening and tempering. 
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Figure 2.7: Stages involved in a heat treatment cycle 
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     Annealing is a softening process carried out either in the form of full annealing, process 

annealing and spheriodizing depending on the purpose. In full annealing, the metal is heated to 

a temperature above recrystallization temperature followed by holding at that temperature and 

then a slow cooling process is achieved either in a furnace, lime, mica, or ashes. On the other 

hand, process annealing is a stress relieving process applied to low carbon steel, which has 

been subjected to cold working where steel is heated to a temperature close to the A1 critical 

line. Meanwhile, spheriodizing is a special form of annealing process where steel is heated to 

form a pearlite microstructure containing globular carbides [110]. 

     Normalizing involves heating a metal above recrystallization temperature (usually A3 

critical line), holding at the temperature, and then followed by air-cooling. Normalizing aims 

to eradicate the effect of any previous heat treatment or cold working on the metal and, 

consequently, homogenize the microstructure. Meanwhile, hardening involves heating a metal 

above the A1 critical line temperature, then holding it at the temperature for sufficient time, 

followed by rapid cooling either by quenching in oil, water or any other medium. Case 

hardening processes such as carburizing, nitriding, cyaniding and carbonitriding alongside 

other surface hardening processes like induction and flame hardening are common hardening 

processes reported by experimenters [111]. 

     Tempering, also known as drawing, involves reheating a hardened steel to some 

temperatures below the A1 critical line and usually followed air-cooling to reduce hardness 

and subsequently increase the toughness, ductility, malleability, and impact resistance. The 

selected tempering temperature is a function of the desired properties as high tempering 

temperatures increases toughness while low tempering temperatures permits the metal to retain 

a certain level of hardness. In addition, the tempering time should be sufficient to allow for a 

complete transformation in the microstructure and is also subject to the thickness of the metal 

to be tempered [109]. 

2.3.2 Iron-Carbon Equilibrium Diagram 

     The iron-carbon equilibrium diagram (Figure 2.8) plots the constitutional phases of an iron-

carbon alloy such as steel at different temperatures as a function of percentage carbon 

composition under the condition of equilibrium, i.e., very slow cooling.  
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   The iron-carbon equilibrium diagram above shows various phases present in an iron-carbon 

alloy at a given carbon composition and temperature. Conventionally, most iron-carbon alloys 

phase transformations are in line with those predicted by the equilibrium phase diagram. 

However, the phase transformation process may be altered by the presence of phase stabilizers 

in sufficient amounts, such as those of austenite and ferrite. For instance, the presence of 

austenite phase stabilizers such as Nickel and Manganese allows the austenite phase to persist 

below the critical line A1 even up till room temperature with increasing content of Nickel or 

Manganese. In the same light, sufficient amount of the ferrite phase stabilizers such as 

chromium and molybdenum can also delay the transformation of the ferrite phase to the 

austenite phase at temperatures above the A1 critical line beyond which ferrite phase ordinarily 

does not exist. The effect of phase stabilizers on phase transformation on the equilibrium 

Figure 2.8: Iron-Carbon equilibrium diagram [245]. 
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diagram is illustrated in Figure 2.9. 

        

 

 

 

 

2.3.3 Review of Effect of Weld Treatment Processes on the Properties of Similar 

Stainless Steel Weld Joints. 

     It was explained in the preceding sections that application of heat treatment to stainless steel 

is an apposite technique for modifying their properties to suit the desired application, and more 

so, the choice of the weld treatment process is dependent on the desired properties as different 

weld treatment process have been reported to confer different weld properties. Like the sub-

division categories used in the previous sections, this section carefully examined the effects of 

weld treatment processes on the properties of stainless steel similar weld joints under the 

headings of austenitic, duplex, martensitic and ferritic stainless steel. 
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Figure 2.9: Effect of phase stabilizers on the A1 critical transformation temperature. 
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2.3.3.1 Similar Austenitic Stainless Steel Weld Joints 

     This refers to weld joints comprising of austenitic stainless steel as the parent metals. 

Despite the versatility of austenitic - austenitic weld joints, a common setback reported by 

experimenters in producing these joints is the presence of delta ferrite in amounts up to 5 %, 

which produces an overall deleterious effect on the properties of the weld joints. Though the 

delta ferrite phase reduces grain boundary weakness and the tendency of hot cracking at high 

temperatures, it causes embrittlement due to the formation of the sigma phase [112]. The 

precipitation of unwanted phases can be prevented using phase stabilizers of the austenite 

phase, such as nickel, manganese, nitrogen, or those of the ferrite phase, such as chromium, 

molybdenum, and silicon. Phase precipitation can also be prevented by controlling the cooling 

rate during welding through preheating or quenching [113]. The application of proper pre and 

post-weld treatment have also been reported to eliminate unwanted phases and homogenize the 

microstructure of austenitic stainless steel.  

     Nam et al. [25] investigated the effects of annealing temperature and holding time on the 

properties of austenitic stainless steel. They reported that the hardness and tensile strength of 

the weld metal decreased with increasing annealing temperature as a result of the formation of 

coarse austenite grains and the release of residual stresses. The precipitation of carbides at the 

temperature range of 650 – 850 oC was also observed but dissolved at high annealing 

temperatures. Hamada et al. [114] and Tseng et al. [115] also reported carbide precipitation in 

austenitic stainless steel with post-weld heat treatment in that temperature range. The 

precipitation of intermetallic carbides is attributed to the instability of ferrite phase stabilizers 

in that temperature range, as reported by Sahlaoui and Sidhom [116] and Sahlaoui et al. [117]. 

The fluctuation observed in the elongation is due to the fluctuation in carbide precipitation with 

the annealing temperature. Meanwhile, fracture toughness was found to decrease between the 

temperature range of 650 – 850 ◦C, as also reported by Kozuh et al. [112], who opined that the 

reason for the reduction in the precipitation of the sigma phase. 

     A common phenomenon during welding thin-walled structures, especially with electron 

beam welding, is the buckling effect. This occurrence is due to the thermal tensioning of the 

weld metal as a result of temperature differences between the weld metal and the adjacent metal 

[122, 123]. Though most experimenters do not generally consider the application of the heat 

treatment in preventing buckling due to its time-consuming nature and the inability to control 

the precipitation of unwanted phases, it has been reported to be an effective tool for minimizing 

the phenomenon [124, 125]. The report of Zhang et al. [122], who investigated the effect of 

multi-beam preheating in buckling effect reduction in austenitic stainless steel, revealed that 
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multi-beam preheating reduces buckling distortion by 80 %. The buckling effect reduction is a 

result of the thermal stress-relieving process induced by the preheating. 

     In addition to the hardness reduction and improvement of mechanical properties, post-weld 

heat treatments are used as stress-relieving mechanisms. Post-weld cool treatment is a form of 

post-weld treatment based on the principle of reverting the tensile stresses set up during the 

welding process to compressive stress by making the temperature of the weld metal lower than 

that of the adjacent metal. This is achieved by using a cooling fluid, such as water supplied at 

a constant velocity for a given period. Jia et al. [123] investigated the effect of preheating and 

post-weld cool treatment on residual stress reduction. Their research applied post-weld cool 

treatment to austenitic stainless steel over a cooling range of 1.5 – 2 times the weld width. They 

concluded that post-weld cool treatment reduces longitudinal residual stresses while preheating 

reduces longitudinal and transverse residual stresses. The residual stresses also decreased with 

increasing cooling range while cooling time had no significant effect. 

     An enhanced form of low carbon 316 austenitic stainless steel finds application in the 

fabrication of International Thermonuclear Experimental Reactor (ITER) components. Xin et 

al. [124] studied the effect of different post-weld age treatment on the properties of this grade 

of steel. The results of their findings revealed that increasing the ageing temperature coarsened 

the cells and dendrites with the occurrence of sub-grain boundaries at high temperatures. They 

also reported no significant changes in the tensile strength and yield strength due to 

microstructural stabilization by nitrogen and manganese, which are austenite phase stabilizers. 

The increment observed in elongation and impact energy is due to the release of residual 

stresses and precipitation of the sigma phase, respectively [125].  

     In addition to residual stress relief, applying a brief post-weld treatment to austenitic 

stainless steel improves corrosion resistance. In view of this, Rajani et al. [126] investigated 

the effect of controlled preheating on the corrosion properties of austenitic stainless steel. They 

observed an improved corrosion resistance for samples with controlled preheating. The 

increase in corrosion resistance was attributed to the reduction in the amount of delta ferrite 

due to the reduction in cooling rate, giving room for transformation. This is accompanied by a 

reduction in austenite-delta ferrite interfaces, which are pitting corrosion sites.  

     Recently, Muhammed et al. [28], attempted to establish a relationship between the 

microstructure of austenitic stainless steel and their mechanical properties. The result of their 

findings revealed that the properties of austenitic stainless steel are highly dependent on the 

delta ferrite composition and carbide precipitation. It was further observed that the preheating, 
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post-weld treatment temperature and holding time were negatively perfectly negatively 

correlated with the delta ferrite composition indicating delta ferrite phase transformation to 

sigma phase, while the tensile strength, hardness and corrosion density showed a positive 

correlation with the delta ferrite composition. Moreover, the hardness of the weld joint was 

found to be moderately positively correlated with the tensile strength. 

     Consequently, despite the deleterious effects of delta ferrite and carbide precipitates in the 

austenitic stainless steel microstructure, they also confer certain desired properties. For 

instance, delta ferrite transforms to the sigma phase at elevated temperatures, which improves 

grain boundary strengthening and reduces cracking at elevated temperatures. The prevention 

of carbide precipitation and the elimination of delta ferrite can be achieved by introducing 

alloying additions or controlling the cooling rate by applying weld treatment processes. Aside 

carbide precipitation prevention, controlling the cooling rate of austenitic stainless steel 

reduces residual stresses, improves corrosion resistance, and reduces buckling distortion. 

Furthermore, a negative correlation exists between the delta ferrite composition and post-weld 

treatment parameters while exhibiting a negative correlation with tensile strength, hardness, 

and corrosion density. 

 

2.3.3.2 Similar Duplex Stainless Steel Weld Joints 

     The ease of fabricating similar duplex stainless steel weld joints using several welding 

techniques is attributed to their low carbon content [131 – 133]. Despite the versatility of these 

weld joints, some challenges associated with these joints have been documented by some 

researchers. The hardness of the fusion zone, formation of shrinkage voids, Interfacial failure 

mode and general property deterioration across the weld joint are some of the problems 

reported in literature [134 – 135]. 

     In the preceding sections, it was mentioned that optimum properties in duplex stainless steel 

are obtained when there is equilibrium between the hard ferrite and soft austenite. This 

automatically implies that weld property deterioration in duplex stainless steel is attributed to 

the upset in equilibrium between the austenite and ferrite phases. Another contributing factor 

is the formation of unwanted secondary phases such as sigma, intermetallics and chi phases 

during the welding process. During welding, there is a tendency of the joints undergoing 

ferritization (increase in ferrite content), leading to the formation of intermetallics and 

martensite upon solidification [136 – 138]. 
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     The solidification transformation of ferrite to austenite in duplex stainless steel is usually in 

three forms: grain boundary austenite (GBA), Widmanstätten austenite (WA) and intergranular 

austenite (IGA). The frequently occurring ones are the GBA and WA, as their formation at 

high temperatures requires a very low driving force [139 – 142]. The need to improve the 

properties of welded duplex stainless steel led researchers to apply several pre and post-weld 

treatment processes ranging from in-process and post-weld tempering to brief annealing post-

weld treatment, shot peening, plasma ion nitriding, to laser continuous heat treatment.  

     Nikoosohbat et al. [139] investigated the effect of an in-process tempering on duplex 

stainless steel properties. An in-process tempering is the application of a post-weld tempering 

current pulse to the weld metal, and the magnitude is dependent on the metal thickness, weld 

composition and desired properties. Their findings revealed that the hardness of the weld metal 

reduced with increasing tempering current cycle due to the tempering of the hard martensite. 

The tensile shear strength and a peak load of the samples that failed in an interfacial failure 

mode were found to function the hardness as samples without in-process tempering possessed 

the highest tensile shear strength. In other words, there is a correlation between the hardness 

and strength of the weld metal.  

     The effect of post-weld tempering on duplex stainless steel properties was studied by Luo 

et al. [130]. The result of their experiment revealed that the ferritization of the weld metal 

alongside the precipitation of secondary austenite phase and sigma phases occurred during the 

welding process. Upon post-weld tempering, all the phases increased in intensity, exhibiting a 

segregational phenomenon, leading to an overall reduction in hardness. This led to the 

conclusion that, despite hardness reduction by post-weld tempering, it poses detrimental effects 

on the mechanical properties of duplex steel as it precipitates deleterious secondary phases.  

     Brief annealing post-weld treatment is one of the processes adopted to prevent the 

precipitation of deleterious secondary phases and unwanted transformation in the 

microstructure of duplex stainless steel. In this regard, Zhang et al. [38] presented a study on  

the effect of brief annealing post-weld treatment on the properties of duplex stainless steel. 

They reported that the hardness of the weld metal increased at temperatures above the 

equilibrium temperature as a result of excessive ferritization coupled with the precipitation of 

solid solutions of chromium and molybdenum, which was accompanied by a reduction in 

impact energy. The improvement in impact energy observed at low annealing temperatures 

results from the reduction in residual stress coupled with the balanced phase composition.  
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     Some researchers have also reported that brief annealing post-weld treatment affects the 

corrosion properties of duplex stainless steel [140]. In view of this, Yang et al. [141] 

investigated the effect of annealing temperature and brief holding time on the properties of 

duplex stainless steel. They observed an overall reduction in the weld metal's corrosion 

resistance, which was attributed to the excessive ferritization of the weld joint. Consequently, 

it resulted in the precipitation of nitrides and the disruption of the ferrite-austenite equilibrium.  

     Nitride precipitation in duplex stainless steel reduces corrosion resistance by enhancing the 

critical current density and passivation potential, as reported by Parren et al. [142]. The 

reduction in corrosion resistance was characterized by a selective attack of the ferrite phase, as 

revealed by the critical pitting test (CPT) analysis. Subsequently, upon applying the brief 

annealing post-weld treatment, the corrosion resistance improved with increasing holding time 

and temperature. This was characterized by deferritization of the weld joint and an increase in 

stabilizers of the austenite phase to obtain a microstructure almost similar to that of the base 

metal. They concluded that the pitting resistance equivalent number (PREN) of duplex stainless 

steel is a function of the PREN of the weaker phase.  

     As reported by researchers, heat input variation during the welding process is a form of weld 

treatment process applied to duplex stainless steel. It can be achieved by altering the welding 

speed, voltage, current or welding time depending on the welding technique adopted. Slow 

welding speed, high welding current and long welding time is an indication of high energy 

input as vice versa [143]. The effect of welding speed on briefly annealed duplex stainless steel 

was investigated by Saravanan et al. [144]. The results of their study revealed that the 

application of post-weld annealing treatment increases the austenite phase composition, as also 

reported by Pramanik et al. [145]. The increase in hardness observed with low welding speed 

is attributed to the ferritization of the weld joint due to high energy input and an increase in 

residual stresses. On the other hand, it may also result from the formation of finer grains or the 

precipitation of phase stabilizers such as nitrogen, chromium, silicon and manganese in the 

weld zone, as reported by Saravanan et al. [146].  They concluded that the improvement in 

corrosion resistance and the reduction in hardness of duplex stainless steel is a result of the 

reduction in weld zone ferritization and reduction in residual stresses.  

     Liu et al. [147] studied the effect of continuous laser heating on the properties of duplex 

stainless steel. The result of their findings revealed that laser heating improved the mechanical 

properties of duplex stainless steel by reducing the ferritization of the weld zone and increasing 

the formation of secondary austenite of the Widmanstätten type. The corrosion tests revealed 
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that the reduction in the selective attack of the ferrite phase and improved corrosion resistance 

was achieved by increasing laser heating energy. This is due to the elimination of nitrides from 

the ferrite zone coupled with the ferrite transformation to Widmanstätten austenite.  

     Shot peening and nitriding are surface modification processing technologies that can be 

applied to welded joints to reduce crack propagation, residual stresses, surface hardness and 

increase wear resistance. It is a non-destructive coldworking surface treatment process that 

leads to the generation of compressive stresses, which deforms the material plastically, 

resulting in high impact strength [152, 153]. The effect of shot peening and nitriding on the 

properties of duplex stainless steel was investigated by Selvabharathi et al. [150]. They 

observed that shot peening created defects on the metal surface occupied by nitrogen upon 

nitriding and reformed the grain boundaries to produce micro twins. The formation of micro 

twins in duplex stainless steel has been reported to provide strain energy that transforms 

austenite to martensite [13].  

     Despite the precipitation of the S phase during the welding process, the increased hardness 

of the nitrided weld metal is attributed to the micro twin grain boundaries and the precipitated 

martensite. Though the precipitation of the S phase has a detrimental effect on the hardness of 

duplex stainless steel, it has also been found to prevent the formation of chromium nitride, 

which implies an increase in corrosion resistance [151]. They concluded that overall 

improvement in the tensile strength of the shot-peened nitrided duplex stainless steel was 

attributed to the fine martensite grains, reduction in residual stresses and increased twin grain 

boundaries.  

     A current investigation was conducted by Muhammed et al. [28] to establish a relationship 

between the ferrite phase content, phase stabilizers composition, post-weld treatment 

parameters and the properties of duplex stainless steel weld joints. The results of their findings 

revealed that the ratio of the ferrite phase to austenite phase must be approximately unity if 

optimum weld properties are desired. The ferrite-austenite ratio was positively correlated with 

the hardness and negatively correlated with the ultimate tensile strength and corrosion density. 

Further investigations revealed that ferrite phase stabilizers were positively correlated with the 

ultimate tensile strength of the weld joint. 

     Summarily, it can be said that optimum properties in duplex stainless steel are obtained 

when the austenite and ferrite phases are in equilibrium, and their quotient is approximately 

one. Welding upsets this equilibrium and leads to property deterioration by setting up residual 

stresses and precipitating unwanted secondary phases through ferritization. Despite the 
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deleterious effect of the S phase and delta ferrite on the properties of duplex stainless steel, 

they have been found to improve corrosion resistance. The improvement in properties of 

welded duplex stainless steel joints through weld treatment processes is achieved by 

deferritization, release of residual stresses and martensite tempering. In addition, the ferrite-

austenite ratio was found to be positively correlated with hardness and negatively correlated 

with the ultimate tensile strength and corrosion density, while the ferrite phase stabilizers were 

also positively correlated with the ultimate tensile strength. 

 

2.3.3.3 Similar Martensitic Stainless Steel Weld Joints 

     Like austenitic and martensitic stainless steel similar weld joints, martensitic stainless steel 

is easily subjected to several welding processes due to its low carbon content. However, they 

face a major setback of poor weld properties due to brittle martensite and delta ferrite at the 

weld joint. The presence of martensite can lead to cold cracking and eventually material failure, 

while delta ferrite deteriorates its mechanical properties [156 – 160]. Weld property 

improvement in martensitic stainless steel can be achieved by refining the martensite grains 

and the precipitation of secondary phases along grain boundaries, which resist dislocation 

movement, thus improving strength. This can be achieved by applying weld heat treatment 

processes, mainly the preheating, tempering, normalizing, ageing and solution treatment [161 

– 162]. 

     The effect of preheating and post-weld tempering on the properties of martensitic stainless 

steel was investigated by Köse and Kaçar [10]. The result of their research revealed that the 

weld joint had high martensite content and a small amount of delta ferrite. A similar result was 

reported by Baghjari and Akbari Mousavi [154] and Berretta et al. [159]. The hardness of the 

weld metal was found to be improved by preheating and post-weld tempering due to the 

reduction in cooling rate by preheating, which activated the martensite-ferrite transformation 

and coupled with the precipitation of fine carbides. Other researchers have also reported 

hardness reduction in martensitic weld joints due to fine carbide precipitation [164 – 165]. 

Reduction in hardness implies an increase in toughness and formability, which is usually 

accompanied by a reduction in chromium content, which implies poor corrosion properties. 

     Post-weld tempering temperature has also been reported to affect the tensile strength of 

martensitic stainless steel. Muthusamy et al. [47] investigated the effect of post-weld tempering 

temperature and heat input on the properties of martensitic stainless steel. They reported that 
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increasing heat input increases the toughness and hardness of the weld metal. Meanwhile, the 

tensile strength was found to decrease with both increasing heat input and tempering 

temperature. The increase in toughness and hardness of the weld metal and the reduction in 

tensile strength was attributed to the increase in delta ferrite composition with increasing 

tempering temperature and heat input. 

     The effect of tempering holding time on the properties of martensitic stainless steel was 

studied by Tavares et al. [26]. In their experiment, a post-weld tempering temperature of 650 

oC was applied while varying the holding time between 15 – 60 minutes. They found out that 

the hardness, toughness, and elongation of the weld metal reduced with holding time as a result 

of martensite tempering and coupled with the precipitation of intermetallic phases containing 

molybdenum, while no significant effect was observed on the tensile properties. 

     The level of retained austenite phase in martensitic stainless steel determines its mechanical 

and corrosion properties. With the objective of improving the mechanical properties of 

martensitic stainless steel by increasing the level of retained austenite, Zappa et al. [162] 

investigated the combined effect of double tempering and solution treatment on preheated 

martensitic stainless steel. They discovered that retained austenite increased from 14 % to 42 

% after the second tempering. The application of first tempering reduced the hardness and 

tensile properties while toughness and elongation were improved. The application of the double 

tempering was found not to have a significant improvement in mechanical properties despite 

the increase in retained austenite content. 

     Kumar et al. [8] investigated the effect of normalizing post-weld treatment on the properties 

of martensitic steel. They found that the hardness and ultimate tensile strength of martensitic 

steel reduced with increasing preheat temperature and increased with the normalizing 

temperature. A reverse trend was reported for the impact energy and ductility. The reduction 

in hardness and ultimate tensile strength, accompanied by an increase in ductility and impact 

energy with increasing preheat temperature, resulted from the cooling rate reduction, which 

coarsened the microstructure. Meanwhile, increasing normalizing temperature, on the other 

hand, increased the cooling rate and refined the microstructure.  

     RAFM and CLAM stainless steel are two grades of martensitic stainless steel that have 

applications in ITER components due to their high creep strength. Manugula et al. [163] 

investigated the effect of Post-Weld Direct Tempering (PWDT) and Post-Weld Normalization 

Tempering (PWNT) on the properties of RAFM stainless steel. The results of their experiments 

revealed that both PWDT and PWNT reduce the hardness of the weld metal, with PWNT 
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providing a greater reduction. Hardness reduction by PWDT resulted from martensite 

tempering, loss of solid solution strengthening, and the elimination of dislocation associated 

with the transformation of martensite. Meanwhile, a reduction in hardness by PWNT was solely 

a result of martensite tempering. As for the impact energy, PWNT increased the impact energy, 

while PWDT brought about its reduction. The poor impact energy offered by PWDT was a 

result of high carbon martensite and the presence of delta ferrite, while the presence of 

tempered martensite coupled with delta ferrite elimination improved the impact energy during 

PWNT. The ultimate tensile strength followed the same trend, while the elongation was found 

to be higher for the sample with PWDT. 

     A similar study on the effect of PWNT time on the properties of CLAM stainless steel was 

investigated by Li et al. [164]. The hardness of the weld metal was found to decrease with 

increasing tempering time due to the sufficient time available for martensite transformation. 

They also reported a decrease in heat shock resistance and ultimate tensile strength with 

increasing tempering time while the elongation and impact energy followed a reverse trend. 

The presence of lath martensite in the weld metal accounted for its superior thermal shock 

resistance. The authors recommended PWNT of 30 minutes for a better property combination 

for applications involving thermal shock resistance. 

     Maraging stainless steel is a low carbon martensitic steel produced by age hardening. It 

possesses ultra-high strength, fracture toughness, excellent machining properties and 

weldability. Its favourable properties are the reasons for its adoption as a structural element in 

the aviation and space industry and defence and power applications. Fe - Ni and Fe -Cr - Ni is 

two major types of maraging steel available. However, in recent times, many alloying 

modifications have been made for improved performance [169 – 170]. Microstructural changes 

or property modification in maraging steel are achieved by solution annealing and precipitation 

hardening. 

     An et al. [167] investigated the effect of ageing heat treatment on the properties of Fe - Cr 

-Ni type maraging stainless steel. The result of their findings revealed that ageing produces a 

homogeneous microstructure with less alloying elements. In addition, the microstructural 

homogeneity was found to have a positive correlation with ageing temperature. Hardness 

variation observed across the weld metal was attributed to the microstructural evolution 

mechanisms resulting from the different alloying elements present in martensite. 
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     A new study presented by Muhammed et al. [28] revealed that martensitic stainless steel 

weld joint properties are a function of the microstructure, which contains martensite, ferrite 

and austenite phases. They also attempted to establish a connection between the microstructural 

composition and the mechanical properties. The results of their findings revealed that the ferrite 

phase was positively correlated with the hardness and impact toughness, while a negative 

correlation was established between the tensile strength and ferrite composition. A negative 

correlation was also observed between the hardness and ultimate tensile strength. 

     To sum up, the presence of martensite and delta ferrite in the weld joints of martensitic 

stainless steels has detrimental effects on their properties, predominantly hardness and ultimate 

tensile strength. However, for applications where resistance to thermal shock is desired, the 

martensite phase is desired. The application of weld treatment processes such as preheating, 

normalizing, tempering, and ageing improves the mechanical properties. Preheating and 

increasing post-weld treatment time reduces hardness and tensile strength by reducing the 

cooling rate, martensite tempering and precipitation of intermetallic phases. A reduction in 

hardness is also achieved by normalizing and tempering but, normalizing confers greater 

strength than the latter. On the other hand, increasing the ageing temperature homogenizes the 

microstructure, and homogeneity is strongly correlated with the temperature. In addition, 

hardness and impact toughness are positively correlated with the ferrite phase content, while a 

reverse trend was observed for the tensile strength. 

 

2.3.3.4 Similar Ferritic Stainless Steel Weld Joints 

     As observed in other grades of stainless steel, ferritic stainless steel is not different, as the 

weld joints also suffer challenges, including a reduction in fracture toughness and the overall 

reduction in strength as a result of the thermal stress field, which creates residual stresses in 

the weld metal [168]. The weld property obtained after welding is dependent on several factors, 

predominantly, the microstructure and chemical composition of the metal. The application of 

appropriate microstructural modification processes such as post-weld heat treatment and 

plasma processing have been reported by researchers to improve the properties of welded 

ferritic stainless steel joints [173 – 175].  

     Grade 91 ferritic stainless steel, also known as chromium-molybdenum ferritic stainless 

steel, is specifically used for high temperature applications such as in boilers and heat 

exchangers in petrochemical and power plants owing to its high temperature creep resistance 
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and stress corrosion cracking, especially in corrosive environments [168]. Ahmed et al. [172] 

investigated the effect of annealing holding time on the properties of chromium-molybdenum 

boiler ferritic stainless steel. The results revealed that the ultimate tensile strength, yield 

strength, elongation and reduction in the area increases with holding time. The reduction 

observed in strength and ductility after a long holding time was as a result of the spheroidization 

of pearlite grains. They also reported that the increase in impact energy with temperature and 

holding time was as a result of grain refinements coupled with the formation of dendrites. 

     The effect of single and multiple tempering time on the properties of modified chromium-

molybdenum ferritic stainless steel was reported by Dey et al. [173]. They found out that the 

yield strength and ultimate tensile strength decreases with single tempering holding time as a 

result of martensite tempering coupled with the precipitation of fine precipitates while multiple 

tempering time did not show any significant effect. This was also accompanied by a 

corresponding increase in toughness and ductility. They also reported that the impact toughness 

increased with both single and multiple tempering time and concluded that the tempering of 

welded ferritic stainless steel for a sufficient time can restore the properties and that there was 

no need for multiple tempering times, as it had no significant improvement on the properties 

of the weld metal. 

     Taniguchi and Yamashita [174] studied the effect of manganese and nickel alloying 

additions on the properties of annealed grade 91 ferritic stainless steel. A reversal in mechanical 

properties, primarily; tensile strength, absorbed energy and rupture time with annealing 

temperature, was observed in the samples with high content of manganese and nickel. This was 

attributed to the precipitation of fresh martensite at temperatures above the critical 

transformation temperature. A different trend was observed in samples with low alloy 

additions, as the tensile strength increased with temperature while the absorbed energy 

decreased with temperature. This observation was attributed to the small amount of precipitated 

fresh martensite due to the low alloying additions. They concluded that the upper limit post-

weld heat treatment temperature for chromium-molybdenum ferritic stainless steel is a function 

of the mechanical properties, not the critical transformation temperature. 

     The application of post-weld heat treatments can sometimes be cost-effective and time-

consuming. This led to the introduction of other property modification mechanisms, such as 

electrolytic plasma processing (EPP). Property modification by EPP is due to the chemical, 

mechanical, electrical and thermal effect of the plasma introduced to the surface of the material 

[152, 153]. Dewan et al. [51] investigated the effect of annealing, hardening and EPP on the 
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properties of ferritic stainless steel. Their findings revealed that, while annealing and hardening 

reduced and increased the hardness of the weld metal, respectively, EPP had no significant 

effect, as it is a surface mechanism and does not involve grain refinement. It has also been 

reported that EPP treatment reduces residual stresses induced during welding but increases the 

compressive stresses due to the thermal shock during the EPP process [9]. Maximum tensile 

strength was observed in the EPP treated samples, while hardening did not affect tensile 

strength and ductility. The high tensile strength derived from the EPP treatment was due to the 

formation of surface martensite. From their findings, it was also discovered that the application 

of EPP treatment after annealing had no significant benefit in terms of property improvement, 

as it leads to increased compressive stresses and a reduction in toughness. 

     Recently, a study was published by Muhammed et al. [28] to establish a relationship 

between the properties of ferritic stainless steel weld joints and weld treatment parameters. 

Their research work established a relationship between post weld treatment temperature, 

residual stress, and hardness. The results of their findings revealed that the residual stress is 

perfectly negatively correlated with temperature, while the ultimate tensile strength was 

positively correlated with the hardness of the weld joint. This suggests that residual stresses 

induced by the welding process are eliminated at high temperatures of post-weld treatment. 

     Conclusively, while increasing annealing temperature reduces the hardness of ferritic 

stainless steel, adequate annealing holding time increases ultimate tensile strength and impact 

energy. On the other hand, Tempering reduces the ultimate tensile strength due to martensite 

tempering but increases toughness and ductility. Multiple tempering times did not show any 

significant difference in properties; therefore, it is not recommended. EPP, a surface 

modification mechanism, reduces residual stresses and increases tensile strength due to fresh 

martensite precipitation. For high Cr heat resistant ferritic stainless steel, the upper critical limit 

for post-weld treatment is a function of the mechanical properties, not the upper critical 

temperature. Furthermore, the residual stress is perfectly negatively correlated with the post-

weld treatment temperature, while the ultimate tensile strength is positively correlated with the 

hardness of the weld joint. 
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2.3.4 Review of Effect of Weld Treatment Processes on the Properties of Dissimilar 

Stainless Steel Weld Joints. 

     A dissimilar stainless steel weld joint, as the name implies, is a weld joint comprising 

stainless steel and other metals as the participating base metals. It also includes weld joints 

comprising different grades of stainless steel, such as a joint comprising of austenitic and 

duplex stainless steel as the base metals.  

     A review of the literature of the dissimilar welding of stainless steel revealed that most of 

the dissimilar joints involve austenitic stainless steel. Generally, this form of welding is carried 

out to optimize the properties conferred by each base metal, with the objective of minimizing 

cost and obtaining excellent service performance [155]. It finds application in petroleum 

industries, chemical plants, ITER components, nuclear plants, and aerospace industries [156 – 

158]. The major challenge faced during the dissimilar welding of stainless steel with other 

metals is the difference in the thermophysical and chemical composition of the base metals, 

which results in intermetallic phase precipitation, residual stress generation and overall 

property deterioration; hence, the need for pre and post-weld treatment [159 – 164]. The 

following subsections present the effect of weld treatment processes on the properties of 

different dissimilar weld joints involving stainless steel. 

 

2.3.4.1 Dissimilar Austenitic Stainless Steel Weld Joint with Carbon Steel and Cast Iron 

     Carbon steel possesses good strength and wear resistance, and it is quite cheap. Cast iron, 

on the other hand, has a good combination of strength and toughness. These metals' dissimilar 

joint with stainless steel is desired because it combines strength and corrosion resistance. 

Austenitic stainless steel-carbon steel joints find applications in boilers, oil and gas industries 

and thermal power plants, while the latter is used in the automobile industry and general 

machinery [179, 180]. The microstructure of carbon steel comprises pearlite dispersed in a 

ferrite matrix, while ductile cast iron consists of graphite embedded in a ferritic and pearlitic 

matrix [181, 182].  

     The joint quality obtained from the dissimilar weld joint is a function of the chemical 

composition and microstructure of the base metals, among other factors. The major difficulty 

encountered in the welding of stainless steel-carbon steel is the formation of chromium carbide, 

which is accompanied by the decarburization of the carbon steel, leading to the deterioration 

in mechanical properties and the reduction in corrosion resistance [183, 184]. Stainless steel–
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cast iron joints, on the other hand, face the challenge of poor weldability coupled with the 

precipitation of ledeburite, which increases the hardness of the weld joints and eventually leads 

to failure [182, 185]. The application of adequate weld treatment processes can improve the 

property of these welded joints. 

     The effect of annealing temperature on the properties of the dissimilar joint of 1045 carbon 

steel and 304 austenitic stainless steel was investigated by Ma et al. [177]. The result of their 

experiment revealed that increasing annealing temperature increases carbide precipitation due 

to an increase in the diffusion rate of carbon atoms. This was also accompanied by an increase 

in the hardness of the fusion zone and a corresponding decrease in corrosion resistance owing 

to the depletion in chromium content. However, at low annealing temperatures, the reduction 

in fusion zone hardness was reported due to the increase in ferrite content, reduced dislocation 

density and coarse austenite grains. Though the tensile strength fluctuated with increasing 

annealing temperatures, the maximum strength of the joint obtained was approximately 

equivalent to that of the stainless steel base metal. They also reported no significant changes in 

the microstructure of the stainless steel base metal, as the post-weld treatment temperatures 

were below the transformation temperature. 

     Similar results were also reported by Sadeghi et al. [176], who studied the effect of 

annealing temperature on the properties of the A537CL1 carbon steel pressure vessel and A321 

austenitic stainless steel dissimilar joint. They reported that increasing annealing temperatures 

decreased the ultimate tensile strength, yield strength, ductility, toughness, and impact energy. 

This reduction in mechanical properties at high annealing temperatures was due to the carbide 

precipitation. However, the residual stresses reduced at low annealing temperatures; at high 

annealing temperatures, it was found to increase. This was attributed to the difference in 

thermal expansion of the base metals. It can be deduced from their findings that optimum 

mechanical properties are obtained at low annealing temperatures 

     Sawada and Nakamura investigated the effect of preheating temperature on the properties 

of austenitic stainless steel and ductile cast iron dissimilar joint [175]. The results of their 

findings revealed that the hardness of the fusion zone increased with increasing preheating 

temperature due to martensite precipitation and chilling. Chilling is a term used to refer to the 

appearance of cementite in cast iron, and it has been reported to cause embrittlement [186, 

187]. The tensile strength was also reported to increase with increasing preheating temperature 

and welding speed. This resulted from an increase in Deformed Layer of Spheroidal Graphite 

(DLSG), chill reduction and reduction in martensite precipitation. 
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     From the preceding, it is evident that aside the difference in thermophysical and chemical 

properties of dissimilar weld joints, stainless steel - carbon steel joints are posed with 

decarburization, formation of carbides and reduction in corrosion resistance while stainless 

steel-cast iron joints face precipitation of ledeburite and consequently increased hardness. 

Increasing the post-weld temperature further deteriorates the weld quality in the former, but 

improved properties are obtained when heat treatment is conducted at low temperatures. In the 

latter case, increasing preheating temperature was found to further increase the fusion zone 

hardness while the tensile strength was considerably improved. 

 

2.3.4.2 Dissimilar Austenitic Stainless Steel Weld Joint with Ferritic and Martensitic 

Stainless Steel 

     Ferritic stainless steel is flexible, cheap and possesses good corrosion resistance. Their 

dissimilar joints with austenitic stainless steel have applications in the power industry, 

petrochemical industry and oil and gas industry. On the other hand, martensitic stainless steel 

possesses void swelling resistance and good thermophysical and thermomechanical properties. 

Their dissimilar joints with austenitic stainless steel are major structural elements used in the 

Test Blanket System (TBS) [188 – 191]. The dissimilar welding of austenitic stainless steel to 

martensitic stainless steel suffers the challenge of martensite transformation on the martensitic 

stainless steel side, which results in hardening, hence, the need for post-weld treatment. 

Austenitic-ferritic stainless steel joints, on the other hand, face the challenge of carbide 

precipitation, which leads to weld property deterioration, including corrosion resistance. 

     Researchers have reported several methods of reducing carbide precipitation in these joints. 

Some of these techniques include using a low energy input welding technique, adding alloying 

elements with a high affinity for carbon, such as vanadium, titanium and niobium, and the use 

of adequate post-weld heat treatment. It has also been reported that adequate post-weld 

treatment is less cost-intensive when compared to its counterparts [192 – 194]. 

     Ghorbani et al. [191] investigated the effect of annealing temperature and filler electrode on 

the properties of AISI 304L austenitic stainless steel and AISI 430 ferritic stainless steel 

dissimilar joints. Their findings revealed that the tensile strength and ductility increase with 

annealing temperature due to carbide precipitation at elevated temperatures and a reduction in 

the delta ferrite composition of the weld metal. The corrosion resistance was found to diminish 

with annealing temperature and the use of the ferritic or austenitic filler electrode. A reduction 

in corrosion resistance was attributed to the martensite formation due to the fast cooling rate, 
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while the formation of secondary phases such as the sigma phase and sulphides with the use of 

ferritic and austenitic filler electrodes led to a reduction in corrosion resistance. 

     The effect of tempering temperature on the properties of CLAM / 316L dissimilar joints 

was studied by Zhang et al. [192]. They reported that the hardness of the dissimilar joints 

reduced with tempering temperature due to martensite tempering, while the tensile strength 

fluctuated with tempering temperature as a result of the precipitation, dissolution, and re-

precipitation of carbides. They also reported low impact energy for the dissimilar joints, lower 

than both base metals. 

     Conclusively, austenitic-ferritic stainless steel joint faces the challenge of carbide 

precipitation and consequently reduction in corrosion resistance. The quality of such joint can 

be improved by employing a low heat input welding technique, post-weld treatment or 

introducing alloying elements. On the other hand, the dissimilar joint of austenitic and 

martensitic stainless steel is characterized by increased hardness due to martensite 

precipitation. Tempering of martensite through post-weld treatment is an adequate method of 

improving the joint quality. 

 

2.3.4.3 Dissimilar Austenitic Stainless Steel Weld Joint with Titanium and Nickel Alloy 

     Titanium and nickel alloys belong to the family of shape memory alloys and find application 

in the aerospace industry and biomedical instruments due to their ability to recover their 

original shape after mechanical deformation (pseudo-elasticity) and also retain the deformed 

shape up to their recovery temperature (shape memory effect) [197 – 201]. The limited use of 

titanium and its alloys is due to its expensive nature; consequently, it is welded with stainless 

steel to reduce the cost and extend its range of applications [198]. 

     The microstructure of titanium-nickel alloys contains about 45 % titanium and 55 % nickel, 

while pure titanium metal contains about 99 % titanium with other alloying additions [203], 

[204]. The major challenge encountered in their dissimilar welding with stainless steel, aside 

the general difficulty encountered in producing good quality joints, is the precipitation of 

deleterious intermetallic phases [199]. Secondary phase precipitation can be minimized by 

incorporating an interlayer of aluminium, copper, silver or nickel-based filler metal [205, 206]. 

General property modification of the weld joints is achieved by applying appropriate post-weld 

treatment. 
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     Chen et al. [203] investigated the effect of high annealing temperature (650 – 850 oC) on 

the properties of NiTi / 304 SS dissimilar joints. Their findings revealed that the tensile 

strength, elongation, and microhardness increases with annealing temperature. The 

improvement in mechanical properties was attributed to the precipitation of intermetallic 

phases. The effect of low annealing temperature (200 – 400 oC) was investigated by Mirshekari 

et al. [204]. They reported an improved tensile strength and hardness due to the release of 

residual stresses and less precipitation of intermetallic phases. They also reported that better 

corrosion resistance is exhibited at low annealing temperatures due to the disruption of the 

sessile dislocation networks, which are pitting corrosion sites in addition to less precipitation 

of intermetallics and residual stress release [209, 210]. 

     The effect of preheating, friction welding parameters and surface condition on the properties 

of cp-titanium/316L dissimilar weld was studied by Akbarimousavi and Goharikia [207]. The 

results of their experiments revealed that samples with surface smoothening followed by 

cleaning with acetone had the best tensile properties. This indicates that these joints are very 

sensitive to the surface conditions of the base metals before welding. Surface cleaning 

eliminates intermetallics, which have been reported to cause a reduction in the strength of 

welded joints due to their brittle nature [212, 213]. They also discovered that increasing forging 

pressure eliminates intermetallics from the weld interface to the flash region. 

     It can be deduced from the foregoing that the dissimilar joint of stainless steel with titanium 

and nickel alloy is usually prone to precipitation of intermetallic phases. The precipitation of 

these phases can be minimized by cleaning up the metal surface prior to the welding process 

and subsequently employing the use of an interlayer during the welding process and eventually 

applying post-weld treatment.  

 

2.3.4.4 Dissimilar Austenitic Stainless Steel Weld Joint with Copper and Aluminium Alloy 

     Copper is malleable, corrosion-resistant and has a high thermal and electrical conductivity. 

These properties are combined with stainless steel's strength and corrosion resistance in a 

dissimilar weld joint, which finds application in nuclear power plants [214, 215]. On the other 

hand, aluminium is light, and its dissimilar joint with stainless steel is desired when weight 

reduction is the design priority, like in the automobile and aerospace industries. 
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     The microstructure of copper and aluminium contains about 98 % of the pure metal with 

about 2 % alloying additions [216, 217]. Creating dissimilar copper/stainless steel joints and 

aluminium/stainless steel has posed a great challenge for some decades now. Though some 

researchers have fabricated joints with good strength using some low heat input welding 

techniques, the properties obtained from such joints do not meet the minimum mechanical 

requirements; hence, they have limited applications [218 – 224]. In order to obtain joints with 

improved mechanical properties, a combination of two or more welding techniques known as 

hybrid welding has been attempted by several researchers with several post-weld treatment 

processes [221]. 

     The hybrid welding of copper/stainless steel dissimilar joints with gas tungsten arc welding 

assisted heating, and external cooling was investigated by Joshi and Badheka [222]. They 

observed that deformation (in the form of flash) and oxidation (in the form of a black stirred 

surface) increased with preheating temperature. A similar result was reported by Mofid et al. 

[223]. The low oxidation rate observed at low temperatures is due to the formation of a water 

blanket on the surface of the stirred metal, as reported by Zhang et al. [224]. The tensile strength 

was also observed to deteriorate with assisted heating or cooling due to the high deformation 

rate at elevated temperatures and the low copper/stainless steel bond strength at low 

temperatures. They concluded that, though assisted heating and cooling reduced the hardness 

of the stir zone, optimum weld properties for copper/stainless steel joints are obtained in the as 

weld condition, without assisted heating or cooling. 

     The effect of hybrid welding and tool rotation speed on the properties of aluminium 

alloy/stainless steel dissimilar joints was studied by Bang et al. [225]. From their findings, it 

was discovered that joints with good strength almost equal to that of the aluminium base metal 

were obtained at an intermediate tool rotation speed using hybrid welding. They also found out 

that the maximum reduction in hardness of the stir zone was obtained with hybrid welding, 

which was attributed to the refinement of grain size by preheating coupled with the reduction 

in dislocation density. 

     Dong et al.  [226] studied the effect of post-weld heat treatment and holding time on the 

properties of aluminium alloy/stainless steel dissimilar joint welded using the zinc-based filler 

electrode. The result of their findings revealed that the interfacial layer thickness increases with 

post-weld treatment temperature due to the increase in precipitation of zinc-rich phases coupled 

with the increase in the diffusion rate of aluminium and iron to the interfacial layer. They also 

reported a fluctuation in the tensile strength with temperature and holding time due to a 
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fluctuation in the precipitation of fine zinc-rich phases at the interfacial layer. They concluded 

that optimum joint properties are obtained at intermediate holding times and post-weld 

temperatures. 

     To conclude, stainless steel-copper and stainless steel-aluminium dissimilar joints are 

generally difficult to fabricate, and when one is eventually able to create such joints, they tend 

to possess poor mechanical properties. This challenge can be conquered by employing hybrid 

welding techniques and incorporating adequate weld treatment processes.   

 

2.4 Response Surface Methodology (RSM) 

     Response Surface Methodology (RSM) is a statistical tool first introduced by Box and 

Wilson in 1951 [227]. It combines statistical and mathematical techniques to develop, analyse 

and optimize processes in which the output (called response) is a function of other variables. 

The response is the dependent variable while the input variable is the independent variable 

[232, 233]. RSM finds application in fields where several input variables determine a product's 

performance measures, quality characteristics, or process. These include industries, biological 

and clinical sciences, social sciences, food science, and even physical science and engineering 

[233, 234]. The objective of RSM is to determine the optimum response given certain input 

variables and also to understand the change in response in a given direction following 

adjustment in the input variable [231].  

     The major statistical tools used in RSM are regression analysis, bivariate correlation, 

ANOVA, among others. The regression analysis is used to establish a relationship between the 

response and control or independent variables. The result of the regression analysis is the 

generation of a regression model, which can be used to predict the response variables in terms 

of the control variables, with the accuracy of the model being dependent on the R2 value. 

Generally, R2 values close to 1 are desired. On the other hand, the bivariate correlation analysis 

is used to establish a relationship between the independent variables and the response variable 

as regards the nature of changes that will occur in the response variable when the control or 

independent variables are increased or decreased. Two common correlation coefficients 

adopted are the Pearson and the Spearman correlation coefficients. But for linear relationships, 

the Pearson correlation coefficient is preferred [28]. The strength of the correlation is indicated 

by the coefficient of correlation, as values close to 1 indicate perfect correlations. The ANOVA 

is used to investigate the effect of the control variables on the response variables by identifying 
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the most significant parameters. 

     For instance, if the tensile strength (Y) of spot welded austenitic stainless steel is dependent 

on the preheat temperature(X1), soaking time (X2) and tempering temperature (X3), we could 

write the expression as: 

                                       𝒀 = 𝒇(𝑿𝟏) + 𝒇𝑿𝟐) + 𝒇(𝑿𝟑) + 𝒆                                                                (2.1)  
 

       

Where 𝑒 is a statistical error or variability not accounted for by f. 

     The variables in the equation are called natural variables since they are in their natural unit, 

but they are transformed to coded variables with zero mean and the same standard deviation. 

 

2.4.1 Response Surface Methodology (RSM) Optimization Procedure 

     All applications of RSM either fall into the category of mapping a response surface over a 

particular region of interest, optimization of a response or selecting operating conditions to 

achieve specific customer requirements [229]. The application of RSM in solving a problem is 

usually sequential. It involves identifying variables, screening experiments, choice of 

experimental design, analysis of data, evaluation of the fitted model and determination of 

optimum conditions [232]. These stages are briefly discussed as follows. 

Identification of Variables 

     This is the first stage of the application process. At this stage, the experimenter generates 

ideas to ascertain which factors or independent variables are important to the response study. 

Screening Experiment 

     After identifying the variables that will affect the desired response, a screening experiment 

is carried out. The variables that have a more significant effect on the response are selected in 

the experiment, while the ones with minor effects are eliminated. This phase is sometimes 

called phase zero of the RSM study. A full or factorial two-level design may be implemented 

[233, 236]. 
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Choice of experimental design 

     The choice of experiment design is a key decision as it goes a long way in determining the 

accuracy of approximation and cost of constructing response surfaces. The key objective of the 

design of experiments is to select points where the response should be evaluated [230]. In this 

stage, the first-order model is the first point of call, but the second-order model should be 

employed if there is a need to evaluate curvature.  

     A two-level factorial design can be used to estimate defects in the first order model, but it 

fails for higher levels. Other symmetrical designs include three-level functional design, box 

behnken design, central composite design and doehlert design. Codification of variables is also 

done at this stage. It involves the transformation of real value variables into coordinates inside 

a scale with a dimensionless value. The transformation is done using the expression below. 

                                              𝒙𝒊 = (
𝒛𝒊−𝒛𝒊

𝟎

∆𝒛𝒊
) 𝜷𝒅                                                                                      (2.2)        

 

     Where ∆𝑧𝑖 is the difference between the real value in the central point and the real value in 

the superior or inferior level, 𝛽𝑑 is the major coded limit value in the matrix for each variable 

and 𝑧𝑖
0is the real value in the central point.                   

 

Analysis of Data 

     After obtaining the required data and choosing the design of the experiment, the next phase 

is to carry out statistical analysis of the data by fitting a mathematical equation to describe the 

behaviour of the response [232]. This equation is then written in a matrix notation and solved 

using multiple regression techniques, i.e., the least squares method. After the transformation, 

an equation that describes the response surface in the experimental domain is constructed using 

a vector containing the parameters given below. 

                                         𝒃 = (𝑿𝒏.𝒎
𝑻 𝑿𝒎.𝒏)−𝟏(𝑿𝒏.𝒎

𝑻 𝒀𝒎.𝒊)                                                                (2.3) 
 

     Where b is the vector constituted by the parameters of the model, m is the number of lines 

from the matrix, n is the number of columns from the matrix, y is the response, and X is the 

matrix of the chosen experimental design. 

      In using this multiple regression techniques, it is assumed that there are independent errors 

with a profile of zero mean and common unknown variance; as a result, authentic repetition of 
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the central point can be used to estimate the variance of each component using the following 

equation. 

                                 𝑽̌(𝒃)𝒏.𝒏 = (𝑿𝒏.𝒎
𝑻 𝑿𝒎.𝒏)−𝟏𝒔𝟐

                                                                          (2.4) 
 

     Taking the square root of the above equation gives the standard error for the coefficient of 

b, which compose the response equation. 

 

Evaluation of fitted model 

     After fitting a model to describe the surface response, the fitted model needs to be evaluated 

as it may not completely describe the experimental domain. This evaluation is achieved using 

analysis of variance (ANOVA). The idea behind the use of ANOVA is to compare the variance 

between the result of the analysis carried out and the response generated as there are some 

random errors inherent in the response [233]. The results can then be used in forecasting. 

ANOVA uses dispersion as the main tool in data set evaluation. The relationship between the 

deviation di, observation (yi) or its replica (yij) and the media (𝑦̅) is given as; 

                                       𝒅𝒊
𝟐 = (𝒚𝒊𝒋 − 𝒚̅)

𝟐
                                                                                                           (2.5) 

 

     When all the deviations are summed, we obtain a parameter known as the sum of the square 

of total variation denoted as SStot, which is also equivalent to the sum of the square of variation 

resulting from regression and residuals. Mathematically we write: 

                                    𝑺𝑺𝒕𝒐𝒕 = 𝑺𝑺𝒓𝒆𝒈 + 𝑺𝑺𝒓𝒆𝒔                                                                                      (2.6) 

 

     The SSres is a combination of two other deviations: the sum of the square due to pure error 

(SSPe) and the sum of squares due to lack of fit (SSLOF). Mathematically we write: 

                                            𝑺𝑺𝒓𝒆𝒔 = 𝑺𝑺𝒑𝒆 + 𝑺𝑺𝑳𝑶𝑭                                                                        (2.7)       

                                      

     When the sum of the square is divided by the degree of freedom, we obtain the media for 

the sum of the square. Table 2.14 shows the degree of freedom for each of the variances and 

the corresponding media.  
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Table 2.14: Degree of freedom and media for different variances. 

  

 

 

 

 

      

 

 

 

 

 

     Note that n is the number of observations, m number of levels in the design, p is the number 

of parameters of the model, 𝑦̌𝑖 is the estimated value by the model for each level, 𝑦̅ is the 

overall media, 𝑦𝑖𝑗 is the replicate performed in each level, 𝑦̅𝑖 is the media of the replicate 

performed in the same experimental conditions. 

     The model can be evaluated either using regression or lack of fit. A model is said to be well 

fitted if it has significant regression and a non-significant lack of fit. In other words, in using 

the regression test, the value of the ratio should be higher than the tabulated value of fisher 

distribution (F test), but for the lack of fit test, the value of the ratio should be lower than the 

tabulated value [232]. The two ratios are given below. 

     For regression test, 

                                              
𝑴𝑺𝒓𝒆𝒈

𝑴𝑺𝒓𝒆𝒔
≈ 𝑭𝑽𝒓𝒆𝒈, 𝑽𝒓𝒆𝒔                                                                                              (2.8) 

 

     For the lack of fit test,  

                                         
𝑴𝑺𝑳𝑶𝑭

𝑴𝑺𝒑𝒆
≈ 𝑭𝑽𝑳𝑶𝑭, 𝑽𝒑𝒆                                                                                                    (2.9) 

 

Where 𝐹𝑉𝑟𝑒𝑔, 𝑉𝑟𝑒𝑠 ,𝐹𝑉𝐿𝑂𝐹, 𝑉𝑝𝑒 are the degrees of freedom associated with each variation. 

Variation Sum of the Square Degree of 

Freedom 

Media 

Regression 

∑ ∑(𝑦̌𝑖 − 𝑦̅)2

𝑛1

𝑗

𝑚

𝑖

 

p-1 
𝑀𝑆𝑟𝑒𝑔 =

𝑆𝑆𝑟𝑒𝑔

𝑝 − 1
 

Residual 

∑ ∑(𝑦𝑖𝑗 − 𝑦̌𝑖)
2

𝑛1

𝑗

𝑚

𝑖

 

n-p 
𝑀𝑆𝑟𝑒𝑠 =

𝑆𝑆𝑟𝑒𝑠

𝑛 − 𝑝
 

Lack of Fit 

∑ ∑(𝑦̌𝑖 − 𝑦̅𝑖)
2

𝑛1

𝑗

𝑚

𝑖

 

m-p 
𝑀𝑆𝐿𝑂𝐹 =

𝑆𝑆𝐿𝑂𝐹

𝑚 − 𝑝
 

Pure Error 

∑ ∑(𝑦𝑖𝑗 − 𝑦̅𝑖)
2

𝑛1

𝑗

𝑚

𝑖

 

n-m 
𝑀𝑆𝑝𝑒 =

𝑆𝑆𝑝𝑒

𝑛 − 𝑚
 

Total 

∑ ∑(𝑦𝑖𝑗 − 𝑦̅)
2

𝑛1

𝑗

𝑚

𝑖

 

n-1  
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Determination of Optimum Conditions 

     This involves determining the values of the independent variables that would result in 

optimization (i.e. minimum/maximum values) over a certain region of interest [230]. 

Optimization is dependent on obtaining a good, fitted model that represents the mean response. 

For first degree models, the method of steepest ascent or descent can be used for optimization. 

     After experimentation, a second-degree model should be employed to ascertain the region 

of optimum parameters [234]. Visual inspection can be used if the linear model does not 

indicate the direction of the optimum condition [232]. For cases where the model is a quadratic 

equation, optimum points (minimum, maximum and saddle points) can be determined by 

solving the resulting equation from the derivative of the equation and equating it to zero. In 

order to visualize the predicted model, a surface plot should be used. 

 

2.4.2 Building Empirical Models 

     Two important models used in RSM are the first degree and the second-degree model. The 

expression for the first degree is given as; 

                                          𝒚 = 𝜷𝟎 +  ∑ 𝜷𝒊𝒙𝒊 +𝒌
𝒊=𝟏 𝒆                                                                                     (2.10) 

 

Alternatively as, 

                          𝒚 =  𝜷𝟎 + 𝜷𝟏𝒙𝟏 + 𝜷𝟐𝒙𝟐 … + 𝜷𝒌𝒙𝒌 + 𝒆                                                               (2.11) 
 

     The second model is more flexible, represents curvature, easy to estimate parameters and 

works better in real response surface problems [227]. The expression for this model is given 

as; 

            𝒚 = 𝜷𝟎 + ∑ 𝜷𝒊𝒙𝒊 +𝒌
𝒊=𝟏 ∑ ∑ 𝜷𝒊𝒋𝒙𝒊𝒙𝒋 +𝒊<𝒋 ∑ 𝜷𝒊𝒊𝒙𝒊

𝟐𝒌
𝒊=𝟏 + 𝒆                                                 (2.12) 

 

Alternatively as, 

𝒚 =  𝜷𝟎 + 𝜷𝟏𝒙𝟏 + 𝜷𝟐𝒙𝟐 + 𝜷𝟏𝟏𝒙𝟏
𝟐 + 𝜷𝟐𝟐𝒙𝟐

𝟐 + 𝜷𝟏𝟐𝒙𝟏𝒙𝟐 + 𝒆                                          (2.13) 
 

Where y is the response or output, k is the number of variables, 𝛽0 is a constant term, 𝛽𝑖 is a 

coefficient of a linear parameter, 𝑥𝑖 is the independent variable, and 𝑒 is the statistical error. 

The values of 𝛽𝑖 can be evaluated using linear regression analysis. 



70 
 

     In order to determine the optimum variable and response and establish a relationship 

between the dependent and independent variables, a series of experiments are carried out. The 

result or the response from these experiments can be represented by an n × k matrix denoted as 

D called Design Matrix. 

                                            𝑫 = [

𝒙𝟏𝟏
𝒙𝟐𝟏...
𝒙𝒏𝟏

𝒙𝟏𝟐
𝒙𝟐𝟐...
𝒙𝒏𝟐

……………
…

𝒙𝟏𝒌
𝒙𝟐𝒌………
𝒙𝒏𝒌

]                                                                               (2.14) 

 

xij denotes the ith design of xj (i=1, 2…k and u = 1, 2…n), and yi is the response value obtained 

by applying an ith value of x, i.e., xi (xi1, xi2, xi3, …xk) and each row is a design point in a k 

Euclidean dimensional space. If we write the response as a function of the input parameter xi 

we have, 

                                      𝒚𝒊 = 𝒇𝟏(𝒙𝒊)𝜷 + 𝒆𝒊                                                                                      (2.15) 
 

Where ei is the error term associated with the ui experimental run.  

The above equation can be expressed in a matrix form as 𝑦 = 𝑋𝛽 + 𝑒 𝑤ℎ𝑒𝑟𝑒 𝑦 =

𝑦1,  𝑦2, …  𝑦𝑛, 𝑋 𝑖𝑠 𝑎 𝑚𝑎𝑡𝑟𝑖𝑥 𝑜𝑓 𝑜𝑟𝑑𝑒𝑟 𝑛 × m whose ith row is f(x𝑖) 𝑎𝑛𝑑 𝑒 = 𝑒1, 𝑒2, … 𝑒𝑛. 

Note that the first column of X is the column of ones denoted 1n. 

     The least square estimator 𝛽̂ can be obtained by assuming that e has a mean of zero and a 

variance-covariance matrix given by ᵠ21n. The estimator is given as; 

                             𝜷̂ = (𝑿𝟏𝑿)−𝟏𝑿𝟏𝒚                                                                                             (2.16) 
 

     The variance-covariance of 𝛽̂ is of the form: 

𝒗𝒂𝒓(𝜷̂) = (𝑿𝟏𝑿)−𝟏𝑿𝟏(ᵠ𝟐𝟏𝐧)𝑿(𝑿𝟏𝑿)−𝟏 = ᵠ𝟐(𝑿𝟏𝑿)−𝟏                                                    (2.17) 

 

     Using the estimator obtained, an estimate of 𝑖̂(𝑥𝑖) of the mean square response at xi is 

obtained by simply substituting 𝛽̂ for β in the equation we have; 

          𝒊̂(𝒙𝒊) = 𝒇𝟏(𝒙𝒊)𝜷 ̂                                                                                                             (2.18) 
 

The term 𝑓1(𝑥𝑖)𝛽̂ is called the predicted response. 

At any point in the experimental domain denoted as Q, the predicted response is given as:  
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                                               𝒚̂(𝒙) = 𝒇𝟏(𝒙)𝜷̂                                                                                        (2.19) 
 

where x∈Q. the variance of 𝑦̂(𝑥) will be of the form of: 

                  𝒗𝒂𝒓[𝒚̂(𝒙)] = ᵠ𝟐𝒇𝟏(𝒙)(𝑿𝟏𝑿)−𝟏𝒇(𝒙)                                                                       (2.20) 
 

 

2.4.3 Central Composite Design (CCD) 

     Central Composite design is one of the most popular second-order designs, and it was first 

used by Box and Wilson in 1951 [235]. A typical central composite design consists of three 

parts. They are the full factorial or fractional factorial design, the additional design, and the 

central point. In the full factorial or fractional factorial design, the factor’s level is coded as -

1,1. It is calculated using the expression 2k, where k is the number of control variables. The 

additional design, also known as the axial design, is denoted by 2k as 2k points are usually 

selected in the axis of the independent variable and usually at a distance of α from the design 

centre. The last part is the design centre, denoted as cp  [231, 236]. 

     The distance of the chosen axial design from the design centre denoted as α is obtained 

using the expression: α = (2𝑘)
1

4 . Note that 2k represents the number of factorial runs. 

For 2, 3 and 4 variables, respectively, α = 1.41, 1.68 and 2.0. 

     These three parts are combined to give the total number of design points in a central 

composite design. Mathematically, we write: 

                                 𝑵𝒅 = 𝟐𝒌 + 𝟐𝒌 + 𝒄𝒑                                                                                       (2.21) 

 

Where 𝑁𝑑 indicates the total number of design points, k is the number of independent variables 

or control variables and 𝑐𝑝 is the centre point. Figure 2.10 shows the central composite design 

optimization diagrams while Table 2.15 and 2.16 show the experimental matrix for two and 

three variables composite design, respectively. 
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       Table 2.15: Experimental matrix for two-variable composite design. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 X1 X2 

 

Factorial design 

-1 -1 

1 -1 

-1 1 

 

 

Axial Points 

-α 0 

α 0 

0 -α 

0 α 

Centre Points 0 0 

Figure 2.10: Central composite design for the optimization of; (a) Two variables (b) 

Three variables. 
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                     Table 2.16: Experimental matrix for three-variable composite design. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.6 Chapter Summary 

     This chapter comprehensively highlighted the effect of resistance spot welding parameters 

on the properties of stainless steel weld joints and the progress made by experimenters in 

improving the weld quality by applying several weld treatment processes. Following the 

literature review, it was discovered that the majority of the experimenters paid attention to the 

resistance spot welding of stainless steel with a thickness of 1.5 mm or less. This is because 

complexity and difficulty in creating stainless steel RSW joints positively correlate with the 

metal thickness. The optimum parameters for stainless steel weld joint are largely dependent 

on the metal thickness, which influences other weld quality parameters.  In addition, most 

experimenters that have attempted to optimize weld quality of stainless steel in general focused 

mainly on the TSLBC while a few others who adopted a multi-objective approach included 

other parameters like failure energy, electrode indentation and peak load, neglecting the 

hardness of the weld joint despite its significant influence on the overall joint quality. 

 X1 X2 X3 

 

 

 

Factorial Design 

-1 -1 -1 

1 -1 -1 

-1 1 -1 

1 1 -1 

-1 -1 1 

1 -1 1 

-1 1 1 

1 1 1 

 

 

Axial Points 

-α 0 0 

α 0 0 

0 -α 0 

0 α 0 

 0 0 -α 

 0 0 α 

Centre points 0 0 0 
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     Furthermore, if the spectrum is further narrowed to austenitic stainless steel, no literature 

was found. Meanwhile, the findings of researchers who have attempted to improve the quality 

of resistance spot welded joints revealed that preheating and tempering could reduce the 

hardness of the FZ. However, no studies have been reported to have combined both weld 

treatment processes on stainless steel spot welded joints. In this research, the optimum 

parameters that simultaneously maximize the TSLBC and minimize the FZ hardness were first 

determined. Subsequently, a combination of preheating and tempering was further applied to 

the joints to improve the weld quality through FZ hardness reduction. 
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CHAPTER 3 

METHODOLOGY 

3.1 Methodology 

     Figure 3.1 presents the overall flow chart of the activities, including the experimental 

procedures that were put together to achieve the research objectives. Figures 3.2 and 3.3 

show a detailed flow of activities for the first and second experiment stage, respectively. 
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                 Figure 3.1: Flow chart of the entire experimental procedure.  
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Figure 3.2: Process flow of the first stage showing experimental procedure. 

Results Achieved 
No 

Yes 



78 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Start 

DOE for Heat Treatment  

Preheating Temperature  

Holding Time 

Tempering Temperature  

Resistance Spot Welding  

Sample Characterization 

End of final phase 

Hardness Optimization   

Microstructure 

Optical Microscopy FESEM Imaging 
EDX Analysis 

Mechanical Properties 

Hardness 

Figure 3.3: Process flow of the second stage showing experimental procedure 
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3.2 Material 

     The material used in this research work is the low carbon grade of 316 austenitic stainless 

steel (SUS 316L) with a thickness of 2 mm. The chemical composition of the samples was 

determined using Energy Dispersive X-ray (EDX) Spectroscopy, while microstructural 

imaging was achieved using Optical Microscopy (OM) and Field Emission Scanning Electron 

Microscopy (FESEM). 

 

3.3 Design of Experiment (DOE) Using Response Surface Methodology (RSM) 

     The Design of Experiment, popularly known as DOE, is a problem-solving tool combining 

statistical and mathematical techniques with the common types being RSM, Artificial Neural 

Network (ANN) and factorial design. Incorporating axial and central points in RSM makes it 

sensitive to changes in the response surface when there are changes in the input variables. The 

DOE was carried out using Design Expert Software (Version 11.1.2.0). 

     The application of the RSM as carried out using the software is explained under the 

following sub-headings. 

1. Design Selection: The RSM optimization process commences with selecting the design – 

type from a list of several designs, including factorial, response surface, supersaturated, 

split-plot, mixture, and custom designs. The Central Composite Design (CCD) of the 

Response Surface Methodology (RSM) was selected from other design – types such as Box-

Behnken and Custom Design.  

2. Inputting Response Variables and Domain of Control Variables: The design selection 

process is followed by specifying the number of numeric and categoric factors, inputting the 

domain of the selected factors, selecting the type and number of blocks, selecting CCD 

options and the value of α. The total number of experimental runs depends on the selected 

CCD options, the value of α and the block type. The selected factors (control variables) and 

response variables alongside the different levels for the experiment's first and second stages 

are summarised in Tables 3.1 and 3.2. The response variable for the first stage of the 

experiment is the average FZ hardness and the weld nugget diameter. But for the second 

stage, the average FZ hardness was the only response variable. The full-block design was 

adopted with a singular block. The factorial and axial points were un-replicated, while the 

number of centre points was 6, which is the standard default setting. Alpha was set to be 

rotatable (i.e., k < 6), having a value of 1.68179. 
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Table 3.1: Experimental design domain and levels for the spot welding parameters (First 

Stage Control Variables) 

 

Table 3.2: Experimental design domain and levels for the post-weld treatment parameters 

(Second Stage Control Variables) 

 

 

 

Welding Current (KA) 

Welding 

Time 

(Cycles) 

Electrode Pressure (Bar) 

6-11 10-30 4-6 

Variables Symbol 

Level 

1 2 3 4 5 

-𝛼 -1 0 1 𝛼 

Variable 1: Welding Current 

(KA) 
𝑥1 4.3 6 8.5 11 12.7 

Variable 2: Welding Time 

(Cycles) 
𝑥2 3.18 10 20 30 36.82 

Variable 3: Electrode Pressure 

(Bar) 
𝑥3 3.32 4 5 6 6.68 

Preheating Temperature 

(oC) 

Tempering 

Temperature 

(oC) 

Holding Time (Hours) 

100-200 400-600 2-4 

Variables Symbol 

Level 

1 2 3 4 5 

-𝛼 -1 0 1 𝛼 

Variable 1: Preheating 

Temperature (oC) 
𝑥1 65.91 100 150 200 234.09 

Variable 2: Tempering 

Temperature (oC) 
𝑥2 331.82 400 500 600 668.18 

Variable 3: Holding Time 

(Hours) 
𝑥3 1.32 2 3 4 4.68 
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3. Experimental Design: Selecting the abovementioned options and proceeding to the next 

stage yields the design matrix of the experiment. Based on the selected options, a total of 20 

experimental runs was obtained for each phase of the experiment, as represented in Tables 

3.3 and 3.4.  

  

   Table 3.1: Experimental central composite design matrix for the spot welding parameters. 

No. 

Process parameters  

Actual Variable Values Coded Variable values 

A: Welding 

Current (KA) 

B: 

Welding 

Time 

(Cycles) 

C: Electrode 

Pressure (Bar) 

𝑥1 𝑥2  𝑥3 

1  8.5  36.8  5  0 1.682 0 

2  6  10  6  -1 -1 1 

3  8.5  20  5  0 0 0 

4  8.5  3.2  5  0 -1.682 0 

5  8.5  20  5  0 0 0 

6  4.3  20  5  -1.682 0 0 

7  8.5  20  5  0 0 0 

8  11  30  6  1 1 1 

9  11  30  4  1 1 -1 

10  8.5  20  5  0 0 0 

11  11  10  6  1 -1 1 

12  8.5  20  5  0 0 0 

13  12.7  20  5  1.682 0 0 

14  11  10  4  1 -1 -1 

15  8.5  20  5  0 0 0 

16  6  30  6  -1 1 1 

17  8.5  20  6.7  0 0 1.682 

18  6  10  4  -1 -1 -1 

19  8.5  20  3.3  0 0 1.682 

20  6  30  4  -1 1 -1 
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Table 2: Experimental central composite design matrix for the post-weld treatment 

parameters 

No. 

Process parameters  

Actual Variable Values Coded Variable values 

A: Preheating 

Temperature 

(oC)  

B: Tempering 

Temperature 

(oC)   

C: Holding 

Time (Hours) 

𝑥1 𝑥2  𝑥3 

1  150 331.8 3 0 -1.682 0 

2  65.91 500 3 -1.682 0 0 

3  150 500 4.7 0 0 1.682 

4  150 500 3 0 0 0 

5  200 400 2 1 -1 -1 

6  100 400 2 -1 -1 -1 

7  150 500 3 0 0 0 

8  150 500 1.3 0 0 -1.682 

9  100 600 2 -1 1 -1 

10  234 500 3 1.682 0 0 

11  150 500 3 0 0 0 

12  100 600 2 -1 1 -1 

13  100 400 4 -1 -1 1 

14  200 400 4 1 -1 1 

15  150 668.2 3 0 1.682 0 

16  150 500 3 0 0 0 

17  150 500 3 0 0 0 

18  150 500 3 0 0 0 

19  200 600 4 1 1 1 

20  200 600 2 1 1 -1 

 

4. Experimental Execution and Analysis: Generation of the design matrix is followed by 

execution of the experiment as contained in the matrix. This is then followed by the analysis 

of the results using statistical techniques such as ANOVA, which is combined with intuition 

for proper decision making.  
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5. Optimization and Validation: The process is concluded with the optimization of variables 

by selecting desired conditions. The optimization objective of the first stage of the 

experiment is to minimize the average FZ hardness and maximize the weld nugget diameter. 

But for the second stage, the sole objective is to minimize the average FZ hardness. This is 

then followed by experimental validation of the results where necessary. The explanations 

of the RSM optimization procedure have been documented in the preceding chapter. 

However, a summary of the procedure is depicted by the flow chart in Figure 3.4. 
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Figure 3.4: Flow chart showing the optimization process using response 

surface methodology. 
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3.4 Experimental Procedure 

     The design of experiment was succeeded by the actual experimental process, which 

commences with the preparation of standard specimen and encompasses other activities such 

as resistance spot welding, preheating, and tempering. The following sub-headings provide 

more details about each of the processes. 

 

3.4.1 Preparation of Standard Specimen 

     The preparation of samples began with the sectioning of a 2 mm thick SUS 316L austenitic 

stainless steel to different dimensions using a CNC Metal Yag Laser Cutting Machine. This 

machine has a computer numerical control (CNC) coupled with the high-performance laser 

technology, which focuses the laser beam on the material, thereby cutting through it by melting 

or vaporizing parts of the material to produce a good surface finish. The machine can be seen 

in Figure 3.5 (Appendix). The samples for the optimization of resistance spot welding 

parameters were cut into 110 × 25 mm, while those for post-weld treatment were cut into 55 

mm × 25 mm. 

         

3.4.2 Resistance Spot Welding 

     Resistance spot welding of the samples was achieved using a single-phase (AC) 91 KVA 

Daiden spot welder (model: SL-AJ 35 - 600) manufactured by Daihen Industrial Machinery 

Corporation. It is a pedestal-type, pneumatically actuated, and equipped with a programmable 

logic controller to set the current and welding time cycle. The water-cooled electrodes are 45o 

truncated cone made of copper alloy with a face diameter of 11 mm. Electrode cooling was 

achieved by using water as the cooling medium. The spot welding machine can be seen in 

Figure 3.6 (Appendix). The welding process was carried out under room temperature and 

pressure conditions. The spot welds for optimising spot welding parameters were uniformly 

distributed over the 110 mm × 25 mm × 2 mm forming a lap joint and maintaining sufficient 

distance to eliminate current shunting phenomenon, as shown in Figure 3.7 [236]. Figure 3.8 

shows the lap joint of the samples for post-weld treatment. 
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3.4.3 Preheating 

     Preheating samples was achieved using a 240V AC bench oven (model: BE150M) with a 

heating capacity of 50 – 400 oC. The temperature in the oven was allowed to rise to the set 

temperature before the samples were placed inside. The samples were kept in the oven for 

about 3 minutes since heat transfer through the material is at the rate of 30 minutes per inch. 

This ensured that the entire specimen was heated up to the desired temperature. In addition, 

temperature tolerance of 10 oC was considered to account for losses to the atmosphere before 

the commencement of the welding process [237]. The bench oven can be seen in Figure 3.9 

(Appendix). 

25mm Top View 

110mm 

2 ×2mm = 

4mm 

Front 

View 

3D View 

3D View 

25mm Top View 

85mm 

25mm 

Front View 

2mm 

Figure 3.7: Specimen dimension for optimization of RSW parameters. 

Figure 3.8: Specimen dimension for post weld treatment parameters. 
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3.4.4 Tempering 

     The heat treatment process was carried out using a carbolite heat treatment furnace, as 

shown in Figure 3.10 (Appendix). The samples for heat treatment were placed in the furnace; 

afterwards, it was switched on and set to the desired temperature following the design matrix 

obtained from the DOE. The samples were subsequently cooled in the air to room temperature. 

                             

3.5 Sample Characterization 

    Spot welded samples were characterized after the optimization of spot welding parameters 

and after post-weld treatment. Microstructural, mechanical, and geometrical characterization 

of the properties of the weld joints were conducted. Microstructural characterization was 

achieved using optical microscopy, energy dispersive x-ray and field emission scanning 

electron microscopy. Geometrical property characterization predominantly involves measuring 

the nugget diameter from the metallographic cross-section, while the mechanical property 

(microhardness) was determined using Vickers microhardness tester. The characterization 

process was preceded by metallographic sample preparation. The succeeding sections carefully 

elucidate each of these processes. 

 

3.5.1 Metallographic Sample Preparation 

     This involves the preparation of samples followed by microstructural examination and 

analysis to ascertain their microstructural composition. The preparation of the samples for 

microstructural characterization was carried out following the ASTM/E3 standard [238]. The 

processes involved in metallographic sample preparation are discussed in the following sub-

headings. 

1. Sectioning: It involves cutting out the section of the material whose property is to be 

investigated. In this case, the area of interest is the spot weld region. A transverse cross-

sectional cut through the spot weld was made through the spot weld using Electrical Discharge 

Machine (EDM) wirecut. The dimension chosen for the cross-sectional cut was based on the 

acceptable size of the mounting machine. Figure 3.11 (Appendix) shows the EDM machine. 
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2. Mounting:  After sectioning, the next step is to keep the samples in a stationary position to 

make other metallographic processes easy. This process is termed mounting. Mounting of the 

sectioned samples was achieved using an Automatic Mounting Press (model: Simplet 1000) 

manufactured by Buehler ((Figure 3.12(a) (Appendix)). The mounting process commences 

with the careful setting of the specimen on the press, followed by hot mounting by embedding 

the sample in phenolic resin ((Figure 3.12(b) (Appendix)). The whole mounting process takes 

place in three stages, namely, heating, compression, and cooling. After introducing the phenolic 

resin to the sample to be mounted, the sample was compressed at a pressure of 4200 psi; this 

was followed by heating for one minute and 30 seconds and cooled for three minutes. Figures 

3.12(c) (Appendix) and 3.12(d) (Appendix) show the sample before and after mounting, 

respectively. 

3. Grinding: The idea behind grinding the mounted samples is to eliminate the rough surfaces 

generated from the cross-sectional cutting. The resultant surface obtained after grinding is 

relatively flat and smoother than the initial surface prior grinding. The grinding was carried out 

using Buehler Metaserv 250 twin-grinder-polisher, as shown in Figure 3.13 (Appendix). The 

grinding medium employed was silicon carbide paper starting with the coarse grit size of 120 

and progressively increasing to 180, 240, 320, 400, 600, 800, 1200 and 4000 grit sizes until a 

mirror-like surface was obtained. When switching from one grit size to another, the specimen 

is rotated perpendicular to the direction of the previous grinding. Grinding was carried out at a 

constant speed of 350 rpm while running water was also supplied to prevent excessive heating, 

flushing of metal particles to prevent scratching, and keeping the samples free of any particles 

after concluding the grinding process.          

4. Polishing: It involves producing a reflective mirror-like surface by applying pressure on the 

material to be polished against a rotating wheel impregnated with a polishing abrasive. The 

same twin-grinder-polisher used for grinding was also employed for polishing, except that the 

silicon carbide paper was replaced with a short-nap cloth. The polishing fluid used was MetaDi 

supreme polycrystalline diamond suspension manufactured by Buehler. Polishing was carried 

out mechanically by applying intermediate pressures, with a rotating wheel speed of 350 rpm 

starting with a polishing fluid of 6 µm and progressively increasing to 3 µm and finally 1 µm. 

As done before, the direction of polishing for a given grit size was orthogonal to the previous 

grit size. The polishing process was concluded by washing the polished samples with distilled 

water and drying off the water with a drybox. Figure 3.14(a) (Appendix) shows the polishing 

fluid, and 3.14(b) (Appendix) shows the drybox.                
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5. Etching: The metallographic process is concluded by etching the polished surface using an 

appropriate etchant to reveal microstructural features such as grain boundaries by 

differentiating grains in terms of their size, shape, and orientation. The polished samples were 

etched by swabbing with Adler’s reagent (9 g of copper ammonium chloride, 150 ml of 

hydrochloric acid, 45 g of ferric chloride and 75 ml od distilled water) for about 3 – 5 seconds 

and immediately rinsed with water to wash off particles which are the product of the reaction 

between the etchant and polished surface. After rinsing off the particles, the water was dried 

off using the drybox. 

 

3.5.2 Optical Microscopy 

     This involves viewing the etched microstructure under a microscope with a high 

magnification using reflected light rays. Optical microscopy was achieved using a 

metallurgical microscope manufactured by Leica (model: DM 2700 M). The microstructural 

examination began by placing the sample under the lens. This was then followed by adjusting 

the light intensity and focus until a clear image was obtained. It is conventional to begin with 

the lens with the lowest magnification and gradually increase until the desired image is 

obtained. Figure 3.15 (Appendix) shows the metallurgical microscope. 

                  

3.5.3 Field Emission Scanning Electron Microscopy (FESEM) 

     FESEM, just like optical microscopy, allows the sample's microstructure to be examined at 

very high magnification. The difference between optical microscopy and FESEM lies in the 

replacement of the light with a beam of electrons, and the glass lens is replaced with an 

electromagnetic or electrostatic field [239]. A subtle difference also exists between the SEM 

and FESEM which lies in the electron generation system and high energy range that produces 

images with much higher resolution [240]. The FESEM microscope also has an energy 

dispersive x-ray (EDX) analyzer for elemental mapping. Figure 3.16 shows the FESEM 

microscope. The FESEM used for this research work was manufactured by Zeiss (model: 

SUPRA 55VP). The microscope operates by focusing an electron beam on the material, 

revealing microstructural features by passing through the sample unaffected or interacting with 

the material. A typical FESEM apparatus is shown in Figure 3.16 (Appendix).               
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3.5.4 Microhardness Measurement 

     The microhardness of a material is the hardness obtained on a microscale and provides other 

relevant information about the wear resistance of the material and the ductility. The 

microhardness of the weld joint was measured following the guidelines outlined in ASTM-

E384-05a [241]. The microhardness was conducted using a Vickers microhardness testing 

machine (LM - 700 AT) manufactured by Leco corporation, Michigan, USA. The 

microhardness tester uses a square-based diamond pyramid indenter having an angle of 136 

degrees. The test was carried out using a load of 200 gf, which was applied for a dwell time of 

15 seconds, making a minimum of 20 indentations on each sample. Figure 3.17 shows the 

microhardness Vickers tester. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Experimental Results on Optimization of Resistance Spot Welding Parameters. 

     The results of the experiment on the optimization of resistance spot welding parameters 

(welding current, electrode pressure and welding time) were conducted following the design 

matrix presented in the previous chapter involving the nugget diameter and average FZ 

hardness as the response variables are presented in Table 4.1. 

 

Table 4.1: Experimental results for the first stage of the experiment showing the average FZ 

hardness and the weld nugget diameter for all experimental runs.  
Standard 

Order (Std) 

Factor 1 A: 

Electric 

Current (KA) 

Factor 2 B: 

Welding Time 

(Cycle) 

Factor 3 C: 

Electrode 

Pressure (Bar) 

Response 1: 

Nugget 

Diameter (mm) 

Response 2: 

Hardness (HV) 

1 8.5 36.8 5.0 7.0 202.65 

2 6.0 10.0 6.0 5.7 207.56 

3 8.5 20.0 5.0 6.5 198.42 

4 8.5 3.2 5.0 0 194.23 

5 8.5 20.0 5.0 7.0 190.73 

6 4.3 20.0 5.0 6.0 198.84 

7 8.5 20.0 5.0 6.7 200.4 

8 11.0 30.0 6.0 9.0 199.56 

9 11.0 30.0 4.0 8.5 204.29 

10 8.5 20.0 5.0 6.8 178.23 

11 11.0 10.0 6.0 5.0 196.6 

12 8.5 20.0 5.0 7.7 203.89 

13 12.7 20.0 5.0 9.8 209.19 

14 11.0 10.0 4.0 7.0 202.5 

15 8.5 20.0 5.0 7.9 195.66 

16 6.0 30.0 6.0 5.8 165.84 

17 8.5 20.0 6.7 7.2 209.87 

18 6.0 10.0 4.0 5.5 189.6 

19 8.5 20.0 3.3 7.8 180.02 

20 6.0 30.0 4.0 6.4 205.88 
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4.2 Statistical Analysis of the Effect of Resistance Spot Welding Parameters on the 

Nugget Diameter 

     The results presented in Table 4.1 show different nugget diameters for the experimental 

runs. The maximum and minimum values were 9.8 mm (sample 13) and 5.5 mm (sample 18), 

respectively, while no fusion was observed in sample 4; hence, the value of the nugget 

diameter. The results of the ANOVA of the different mathematical models for the nugget 

diameter in terms of the spot welding parameters are summarized in Table 4.2.  

 

Table 4.2: ANOVA of the generated models. 

Source Sequential 

p-value 

Lack of Fit 

p-value 

R² Adj. R² Pred. R² Std. 

Dev. 

PRESS 
 

Linear 0.0003 0.0053 0.6862 0.6274 0.4613 1.74 83.27 
 

2FI 0.3921 0.0047 0.7488 0.6329 0.3806 1.73 95.74 
 

Quadratic 0.0129 0.0225 0.9107 0.8304 0.3794 1.17 95.92 Suggested 

Cubic 0.0421 0.0765 0.9791 0.9339 -1.3058 0.7333 356.41 Aliased 

 

     The primary criteria used for evaluating the models are the p-value and the lack of fit test. 

Generally, a significant value of p < 0.05 (5 %) is usually desired with an insignificant lack of 

fit having p values greater than 0.05. In addition, R2, standard deviation, and Predicted Residual 

Sum of Squares (PRESS) are sometimes used. The R2 value denotes the predictive power of 

the model, and values close to 1 are desired. The PRESS, on the other hand, provides how well 

the model fits the selected design points. To sum up, a model with a significant p value, an 

insignificant lack of fit, R2 close to unity, minimum standard deviation, and PRESS is desired.  

   A closer look at the models presented in Table 4.2, starting with the first model, which is 

linear, reveals that the model has a significant sequential p-value (0.0003 < 0.05), but the lack 

of fit is also significant (0.0053 < 0.05). Moving on to the next model, 2FI (two-factor 

interaction) model, the sequential p-value is insignificant (0.3921 > 0.05) while the lack of fit 

significant is  (0.0047 < 0.05). The quadratic model has a significant sequential p-value (0.0129 

< 0.05) and also a significant lack of fit (0.0225 < 0.05). Lastly, the cubic model has a 

significant sequential p-value and an insignificant lack of fit.  

     Despite the cubic model meeting the requirements of significant sequential p-value and 

insignificant lack of fit, the model was aliased hence, not appropriate. An aliased model is 

usually not recommended as it might contain redundant terms over the unique points. Model 

aliasing also results from incomplete experimental runs or missing data; thus, it might be 

misleading [58]. Eliminating the cubic model leaves us with linear, 2FI and quadratic models. 
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The factorial model is further eliminated since it has an insignificant p-value and a significant 

lack of fit antithetical to the initial desired requirement. The linear and quadratic models have 

the same conditions regarding the sequential p-value and the lack of fit. However, considering 

other criteria like R2 and adjusted R2 values, it becomes clear while the quadratic model was 

suggested as it has better predictive accuracy. The standard deviation and PRESS of both 

models are also within acceptable limits. 

     As shown from Table 4.3, the quadratic model is generally perceived as significant, having 

a p value of 0.0004, less than 5 %. This implies that there is a 0.04 % chance that the F-value 

of the model is attributed to noise which also connotes a very high confidence level.  

 

Table 4.3: ANOVA results of the quadratic model showing all the coefficients 

 

     Further examination of the primary factors, namely, welding current, welding time and 

electrode pressure, it is obvious that the most significant parameter affecting the weld nugget 

diameter is the electric current, with the electrode pressure being the least significant parameter. 

This result corresponds to the findings of Zhao et al. [58]. Figure 4.1 depicts the hierarchy of 

these factors based on their level of significance. 

Source Sum of 

Squares 

df Mean 

Square 

F-

value 

p-value 
 

Model 140.77 9 15.64 11.33 0.0004 significant 

A-Electric current 58.57 1 58.57 42.44 < 0.0001 
 

B-Welding time 42.08 1 42.08 30.49 0.0003 
 

C-Electrode 

pressure 

5.43 1 5.43 3.93 0.0755 
 

AB 0.1800 1 0.1800 0.1304 0.7255 
 

AC 2.64 1 2.64 1.92 0.1964 
 

BC 6.84 1 6.84 4.96 0.0501 
 

A² 5.69 1 5.69 4.12 0.0698 
 

B² 18.18 1 18.18 13.17 0.0046 
 

C² 1.22 1 1.22 0.8847 0.3691 
 

Residual 13.80 10 1.38 
   

Lack of Fit 12.18 5 2.44 7.52 0.0225 significant 

Pure Error 1.62 5 0.3240 
   

Cor Total 154.57 19 
    

Mean      6.08 

Adequate Precision      12.8233 

% Coefficient of 

Variation 

     19.32 
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     Further evaluation of the results reveals that all the interaction terms, i.e., AB, BC and AC, 

have significance with a confidence level less than 95 % except for BC, which is approximately 

95 %. Generally, terms having probability values greater than 0.1 are considered insignificant. 

In addition, the quadratic factor B2 was found to be significant, while A2 and C2 were 

insignificant. Despite their insignificance, they were not eliminated from the model because 

their p values were not greater than 0.1, and they also function as elements of support hierarchy. 

     As mentioned earlier, the R2, adjusted R2, predicted R2, PRESS, and adequate precision 

provide relevant information regarding the model's predictive power and fitting efficiency. The 

results in Table 4.2 reveal that the model has an R2 value of 0.9107 and 0.8304 as the adjusted 

R2. This implies that the model can account accurately for 91.07 % of the experimental values 

of the nugget diameter, while about 9 % of the values are not accounted for. The model’s 

adequate precision provides the accuracy of a model by measuring the signal to noise ratio. As 

a rule of thumb, its value should be greater than 4. A more detailed ANOVA of the quadratic 

model selected showing all the terms in the model is presented in Table 4.3. From Table 4.3, it 

can be seen that the model has an adequate precision of 12.8233, which implies that the model 

can successfully navigate the design space. 

 

 

Welding 
Current

75%

Welding Time
25%Electrode 

Pressure
0%

Figure 4.1: Percentage contribution of resistance spot welding parameters 

to the nugget diameter based on their significance value. 
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     The final equation obtained for the prediction of nugget diameter in terms of welding 

current, welding time and electrode pressure is given as: 

Nugget Diameter = +13.20520 + 0.213289 × Welding time - 7.34616 × Electrode pressure -

0.006000 × Electric current × Welding time + 0.230000 × Electric current × Electrode pressure 

+ 0.092500 × Welding time × Electrode pressure - 0.100506 × Electric current² - 0.011231× 

Welding time² + 0.291077 × Electrode pressure². 

 

In coded form, the equation can be written as: 

Nugget Diameter = +7.08 + 2.07A + 1.76B - 0.6304C - 0.15AB + 0.575AC + 0.925BC -

0.6282A2 - 1.12B2 + 0.2911C². 

   The above equation will function more accurately within the initial specified domain whose 

mathematical form is given below. 

6 ≤ welding current (KA) ≤ 11, 

10 ≤ welding time (cycles) ≤ 30 

4 ≤ electrode pressure (bar) ≤ 6. 

 

     Figure 4.2(a) shows the plot of the predicted nugget diameter and the actual nugget 

diameter. As can be seen from the graph, the plots are uniformly distributed along the straight 

line, and a more uniform scatter of error plots was observed on the normal plot of residuals 

(Figure 4.2(b)), indicating the correctness and flexibility of the derived mathematical model. 

Figure 4.2(c) shows the predicted and actual nugget diameter error for each experimental run.  
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(b) 

(c) 

(a) 

Figure 4.2: (a) Plot of predicted nugget diameter against the actual nugget diameter; (b) Normal plot 

of residuals for the regression model; (c) Plot of residuals against the experimental runs for all values 

of the nugget diameter 
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4.2.1 Process Parameters Analysis Using Model Graphs. 

     A perturbation plot depicts the combined effect of all the factors on the response variable, 

which implies the nugget diameter. In other words, it provides a measure of the sensitivity of 

the nugget diameter to changes in the resistance spot welding parameters [242]. The 

perturbation plot for the derived quadratic model obtained at welding current of 8.5 KA, 

welding time of 20 cycles and electrode pressure of 5 bar is presented in Figure 4.3. 

   

   As can be seen from the plot, the welding current and the welding time are positively 

correlated with the nugget diameter. The strength of this correlation was found to be 0.616 for 

welding current and 0.522 for the welding time, as represented by the scatter plot in Figures 

4.4(a) and 4.4(b), respectively. On the other hand, the electrode pressure was found to be 

negatively correlated with the nugget diameter. The strength of the correlation was - 0.182 with 

the scatter plot represented in Figure 4.4(c).  

 

 

Figure 4.3: A perturbation plot showing the combined effect of resistance spot welding 

parameters on the nugget diameter. 
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     Figure 4.5 summarizes the correlation between the nugget diameter and the RSW 

parameters. The effect of the process parameters correlations explains the increase in nugget 

diameter when welding current and time were increased and the slight depletion upon 

increasing the electrode pressure till the reference point 0. Further reduction in the nugget 

diameter was observed with an increase in electrode pressure beyond the reference point 0 to 

1. However, it is imperative to point out that the sensitivity of the nugget diameter to the process 

parameters is primarily governed by their level of significance provided by the ANOVA 

(a) (b) 

(c) 

Figure 4.4: Scatter plot showing the correlation between the nugget diameter and (a) Electric 

current; (b) Welding time. (c) Electrode pressure  

 



98 
 

analysis. The correlation coefficient provides additional information regarding the nature of 

the changes in the nugget diameter in response to the changes in the RSW parameters. 

Correspondingly, the increment in the overall nugget diameter brought about by increasing the 

welding current and welding time outweighs its reduction by increasing the electrode pressure 

as vice versa. In the light of the abovementioned argument, considering studies 3 and 13, about 

0.96 % changes in the welding current creates 1 % changes in the nugget diameter. However, 

much higher changes in electrode pressure amounting to about 9.3 % are required to cause a 

similar reduction in the nugget diameter, taking studies 16 and 20 as a case study. 

 

 

     A study of the interaction between the process parameters can be effectively achieved using 

a two-dimensional contour plot. This plot is a graph comprising two RSW parameters on the 

horizontal and vertical axes, while the last parameter is represented by contour lines within the 

confined space [58]. The 3D surface combined with the 2D contour plot provides a clearer 

image of the interaction of process parameters and their effect on the response variable. Figure 

4.6 shows the 3D response surface and 2D contour plot of the nugget diameter as a function of 

the welding current and welding time.  
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Figure 4.5: Summary of the correlation coefficient between the resistance 

spot welding parameters and nugget diameter 
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(b) (a) 

(c) 

Figure 4.6: Interaction effect of welding current and welding time on the nugget diameter using: (a) and (b) 2D 

contour plot; (c) 3D response surface plot. 
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     At the origin in Figure 4.6(a), where the welding time and electric current are 10 cycles and 

6 KA, respectively, the nugget diameter is relatively small (less than 2 mm), which is below 

the acceptable limit (4√t). A similar scenario to the above condition is observed in sample 2, 

where incomplete fusion was observed due to insufficient heat input. If the electric current is 

further increased to a value of 8 - 9 KA, the maximum nugget diameter that can be achieved is 

about 8 mm. In the same light, increasing the welding time to a value between 20 - 25 cycles, 

the maximum nugget diameter that can be achieved is about 9 mm. This further justifies the 

argument that the weld nugget is more sensitive to the welding current predicted by the 

ANOVA test. The maximum diameter obtainable from the combination of these RSW 

parameters is 9.3 mm with a welding current of 12.4 KA and a welding time of 26 cycles. Other 

combinations of welding current and time are possible within the designated area, as revealed 

by Figure 4.6(b). The increase in nugget diameter with increasing welding current and welding 

time is attributed to the increase in heat input according to joules law (H = I2RT). This 

relationship also justifies the greater sensitivity of weld nugget diameter to welding current 

than the welding time as the heat input. 

Furthermore, increasing the heat supply above certain critical limits, as shown from Figure 

4.6(b), would reduce nugget diameter. For instance, the maximum weld nugget obtained at a 

welding current of 17 KA is about 6 mm. The reduction in weld nugget diameter may be 

attributed to weld expulsion resulting from excessive heating. Expulsion in weld joints has 

been reported to reduce weld nugget diameter in different grades of stainless steel [61]. This 

phenomenon is also observed when the welding time is increased to about 45 cycles. The 

response surface of the interaction between these parameters and the weld nugget is represented 

in Figure 4.6(c). 

     Figure 4.7(a) shows the 2D contour plot of the interaction between the electrode pressure 

and the welding current, while Figure 4.7(b) shows the 3D response surface of the interaction 

at a welding time of 20 cycles. As can be seen from the contour plot, at the origin where the 

pressure is relatively low, having a magnitude of 3bar and the welding current is relatively low 

(about 3.5 KA), the nugget diameter is relatively low (about 5 mm). But slightly increasing the 

welding current to a moderate amount around 8 KA reveals that a very high value of nugget 

diameter of 10 mm is obtainable. However, the maximum attainable nugget size is restricted 

to about 2 mm at a very low electric current and moderate electrode pressure. Again, increasing 

the electrode force to about 7 bar and maintaining a very low 3.5 KA, it is observed that the 

nugget diameter drastically reduced from about 5 mm to 0, which indicates a condition of no 

fusion between the base metals on account of low heat input. However, compensation for the 
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reduction in heat input brought about by increasing the electrode pressure can be catered for 

by increasing the welding current to about 11 – 13 KA, hence obtaining the maximum nugget 

diameter of about 10 mm as before. The above explanations justify the negative correlation 

between electrode pressure and nugget diameter. In other words, optimum values of nugget 

diameter are obtainable at low electrode pressures and high welding time. Zhao et al. [58] 

opined that increasing the electrode pressure increases the contact area at the faying surfaces, 

implying a reduction in contact resistance as a negative correlation exists between them 

(R=L/A). The reduction in the contact resistance ultimately reduces the heat input, as evident 

in joules expression for heating. It can also be observed from the response surface diagram 

(Figure 4.7(b)) that the maximum nugget diameter attainable by increasing the welding current 

(about 13.5 KA) and high electrode pressures is greater than that obtained at low electrode 

pressures and high welding current. This is due to the greater sensitivity of welding current to 

nugget diameter than electrode force. To sum up, optimum nugget diameter is obtained at either 

low electrode pressure and moderate to high values of welding current or at very high electrode 

pressure and high value of welding current. 

 

 

 

 

(b) (a) 

Figure 4.7: Interaction effect of welding current and electrode pressure on the nugget diameter; (a) 2D 

contour plot; (b) 3D response surface plot. 
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     The interaction between electrode force and welding time is presented by the 2D contour 

plot and 3D response surface plot in Figures 4.8(a) and 4.8(b), respectively. From the contour 

plot, it can be seen that increasing the electrode pressure from 1.8 bar to 5.8 bar resulted in 

decreasing nugget diameter from about 6 mm to 0, indicating no fusion. However, a reverse 

phenomenon was observed on the welding time axis, as the nugget diameter drastically 

increases from about 6 mm to a maximum of 10 mm irrespective of the low electrode pressure. 

This further explains the positive correlation between the nugget diameter and the welding time 

and the negative correlation between the nugget diameter and electrode pressure. Furthermore, 

it was also observed that maximum nugget diameter is attainable between low and high values 

of welding time and low electrode force not exceeding 3 bar. As observed previously, 

increasing the electrode pressures to a value as high as 5.8 bar will require an extremely high 

amount of welding time (> 35 cycles). The response surface of the optimum region can be seen 

in the 3D response plot in Figure 4.8(b). As explained earlier, the reduction in nugget diameter 

with electrode pressure and lower welding time is due to a reduction in heat input. This implies 

that if welding is carried out at higher electrode pressures, there is a reduction in heat input and 

if optimum weld quality is desired, this reduction should be minimized. 

 

(b) 
(a) 

Figure 4.8: Interaction effect of welding current and electrode pressure on the nugget diameter using; 

(a) 2D contour plot; (b) 3D response surface plot. 
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4.3 Statistical Analysis of the Effect of Resistance Spot Welding Parameters on the 

Hardness 

    From Table 4.1, it is evident that the average FZ hardness varies from 165.84 HV to 209.87 

HV for the experimental runs. Table 4.4 presents the models generated for the average FZ 

hardness prediction using ANOVA. 

 

Table 4.4: ANOVA of the generated mathematical model 

Source Sequential 

p-value 

Lack of 

Fit p-

value 

Adjusted 

R² 

Predicted 

R² 
Std. 

Dev. 
PRESS 

 

Mean < 0.0001 
   

  Suggested 

Linear 0.6647 0.2455 -0.0792 -0.5481 11.67 3712.98 
 

2FI 0.2855 0.2616 -0.0028 -1.9059 11.25 6969.40 
 

Quadratic 0.8534 0.1544 -0.2097 -3.0485 12.36 9709.83 
 

Cubic 0.0781 0.5877 0.4103 -1.8301 8.63 6787.77 Aliased 

 

     As shown from Table 4.4, the linear model, two factorial model, and quadratic model have 

an insignificant lack of fit, which is desirable. However, their sequential p-values are all greater 

than 0.05, implying insignificance, making them inappropriate models for hardness prediction. 

On the other hand, the cubic model was aliased, making it unsuitable as selecting such a model 

can result in overfitting. Apart from that, the adjusted R2 and the predicted R2 are negative, 

indicating their low predictive accuracy. The PRESS values for the models are also on the high 

side. All these put together makes the mean of the hardness a more suitable predictor of the 

hardness of the weld joint. 

     A detailed analysis of the effect of the resistance spot welding parameters on the hardness 

of the weld joint is provided by the ANOVA results presented in Table 4.5. 
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Table 4.5: ANOVA of the effect of spot welding parameters on the average FZ hardness. 

 

 

     The results of the ANOVA revealed that the probability values of the welding current, 

welding time and electrode pressure are 0.681, 0.958 and 0.345, respectively. This implies that 

68.1 %, 95.8 % and 34.5 % of the respective F-values are due to noise. In addition, the p-value 

of the lack of fit indicates that there is a 29.35 % chance that the F-value of lack of fit is due to 

noise. Though the resistance spot welding parameters have p-values greater than 0.05, the 

electrode pressure seems to have a more considerable effect on the hardness of the weld joint, 

with the welding time having the least significance value, as depicted in Figure 4.9.  

 

Source Sum of 

Squares 

df Mean 

Square 

F-value p-value 
 

Model 0.0 0 0 0.0 <0.0001 significant 

A-Electric current 322.708 4 80.677 0.581 0.681 
 

B-Welding time 95.711 4 23.928 0.155 0.958 
 

C-Electrode pressure 588.552 4 147.138 1.215 0.345 
 

Residual 2398.39 19 126.23 
   

Lack of Fit 1979.79 14 141.41 1.69 0.2935 not 

significant 

Pure Error 418.6 5 83.72 
   

Cor Total 2398.39 19 
    

Mean      196.71 

%Coefficient of 

Variation 

     5.71 

Welding 
Current

27%

Welding Time
19%

Electrode 
Pressure

54%

Figure 4.9: Percentage contribution of resistance spot welding parameters to the hardness of 

the weld joint based on their significance value. 
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     The significance values also imply that the hardness of the weld joint is more sensitive to 

changes in electrode pressure than the welding current and time. However, the nature of this 

effect is presented by the scatter plot in Figure 4.10 with the summary of the correlation 

between resistance spot welding parameters and the hardness presented in Figure 4.11. 

 

 

      

(c) 

(a) (b) 

Figure 4.10: Scatter plot showing the correlation between hardness: (a) Electric current; (b) Electrode 

pressure (c) Welding time 
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       The suggested mathematical model for hardness prediction was the mean of the hardness 

of the experimental runs, which was 196.71 HV with validity within the abovementioned 

domain. As can be seen from the normal plot of residuals in Figure 4.12(a), the errors are almost 

aligned with the straight line indicating the model's suitability. The residual plot against the 

experimental runs (Figure 4.12(b)) further reveals the deviation of the predicted hardness from 

the actual values obtained for each experimental run. 
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Figure 4.11: Summary of the correlation coefficient between the resistance spot 

welding parameters and hardness 
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4.4 Optimization of Resistance Spot Welding Parameters 

     Following the statistical analysis of the effect of spot welding parameters on the weld nugget 

diameter and average FZ hardness of the weld joint, the next phase is to optimize these 

parameters to minimize the average FZ hardness and maximizing the nugget diameter. The 

welding current and welding times were within the specified domain with a default significance 

of 60 %, while the nugget diameter and hardness were given a significance of 100 %. A total 

of 84 solutions with various combinations of spot welding parameters were generated with the 

optimum solution having desirability of 0.547, as shown in Figure 4.13. The corresponding 

spot welding parameters are 10.884 KA, 30 cycles and 5.822 bar for the welding current, 

welding time and electrode pressure, respectively. The optimum parameters obtained for the 

nugget diameter and hardness are 9.837 mm and 196.707 HV, respectively. Figure 4.14(a) - (c) 

shows 2D contour plots of the optimum conditions obtained, which entails the desirability, 

Nugget diameter and hardness against the different spot welding parameters. Figure 4.14(a) 

depicts a 2D contour plot of the desirability, nugget diameter and average FZ hardness in terms 

of the welding current and welding time. Figure 4.14(b) is a plot of the desirability, nugget 

diameter and FZ hardness against the welding current and electrode pressure, while Figure 

4.14(c) shows a plot of the nugget diameter, desirability and FZ hardness as a function of the 

electrode pressure and welding time. 

(a) (b) 

Figure 4.12: (a) Normal plot of residuals for the regression model; (c) Plot of residuals against 

the experimental runs for all values of the nugget diameter 
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Solution 1 out of 87

(a) 

Figure 4.13: Desirability of the optimum solution which minimizes the hardness of the weld 

joint and maximizes the nugget diameter. 
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4.5 Model Prediction and Experimental Validation 

     The optimization of the spot welding parameters was followed by the experimental 

validation of the obtained optimum parameters in the previous section. Table 4.6 provides 

details of the predicted optimum parameters and weld properties alongside the ones obtained 

experimentally. The validation was repeated twice to ensure reproducibility, and the average 

of the results was obtained. 

Table 4.4: Predicted and actual values of nugget diameter and hardness using the regression 

model 

 Electric 

current (KA) 

Welding 

Time (cycles) 

Electrode 

Pressure 

(bar) 

Nugget 

Diameter 

(mm) 

Hardness 

(HV) 

Predicted 10.85 29.03 5.822 9.837 196.7 

Actual 10.85 29.03 5.800 9.200 204.3 

 

     As shown from Table 4.6, the difference between the predicted nugget diameter and the 

experimental nugget diameter is about 0.637 mm, corresponding to 6.9 %, implying a 

confidence level of about 93 %. The error obtained in the hardness prediction is about 7.6 HV, 

corresponding to 3.7 %. This also implies a confidence level of about 96 %. The high 

confidence levels obtained in predicting these properties using this regression model make it a 

suitable model. The complexity of the hardness of the weld joint may account for the slight 

deviation obtained for the predicted values, but residuals less than 10 % are generally 

acceptable. 

4.6 Effect of Resistance Spot Welding Parameters on the Hardness 

     The results from the previous sections revealed that the significance of the spot welding 

parameters regarding their effect on the hardness of the weld joint all have probability values 

greater than 0.05, indicating that their effect on the weld hardness has a confidence level far 

below 95 %. This further implies that the correlation between the hardness and these parameters 

Figure 4.14: 2D contour Plot showing the desirability, optimum nugget diameter and 

hardness as functions of (a) Welding current and welding time; (b) Welding current and 

electrode pressure; (c) Welding time and electrode pressure. 
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will also be insignificant, further supported by the weak correlations obtained in the previous 

section. Similar results have been reported by Wan et al. [73]. 

     The above findings imply that the average hardness of the weld joint is not predominantly 

dependent on the spot welding parameters despite their pertinence in the fusion process. 

Nonetheless, the average FZ hardness of the weld joints might be attributed to other factors 

such as the chemistry and phase transformations (metallurgical factors) taking place at the weld 

joint during the welding process and the rate of cooling. High cooling rates between 7800 – 

8000 K/s have been reported in some spot welded joints that significantly affect the hardness 

[19]. Figure 4.15 depicts the factors influencing the hardness of the weld joint, categorising 

them into two broad categories; metallurgical and resistance spot welding parameters based on 

the ANOVA results obtained previously in Table 4.5. 

 

     Examination of the hardness results in Table 4.1 revealed that at relatively low pressures, 

such as in sample 19, having the least electrode pressure of 3.3 bar, the average hardness was 

180.02 HV reaching a maximum of 197.2 HV. Comparing this sample with sample 17 having 

the highest electrode pressure, the average hardness was 209.87 HV, with the maximum being 

220.6 HV, as represented in Figure 4.16. Thus, at a constant electric current of 8.5 KA and 

welding time of 20 cycles, increasing the electrode pressure also increased the hardness of the 

weld joint above that of the as-received base metal (202 HV). A similar result was obtained 

Metallugical 
factors

79%

RSW 
parameters

21%

Figure 4.15: Percentage contribution of resistance spot welding parameters and metallurgical 

factors to the average hardness of the weld joint based on their significance value. 
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when sample 3 having an electrode pressure of 5 bar is considered. This accounts for the 

positive correlation obtained in the previous analysis. 

         

     To study the effect of welding time on the hardness of the weld joint, sample 1 and sample 

4 were taken into consideration. The hardness profiles of these studies are presented in Figure 

4.17 below. In sample 1, the average hardness is 202.65 HV reaching a maximum value of 207 

HV, while in sample 4, with the least welding time, the average hardness is 194.23 HV reaching 

a maximum value of 202.2 HV. The result revealed that increasing the welding time 

correspondingly raised the hardness level above the as-received base metal. Comparism with 

the hardness value in sample 7 revealed a similar trend. 
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Figure 4.161: MicroVickers hardness distribution profile for study 19 and 

17. 

Figure 4.17: MicroVickers hardness distribution profile for study 1 and 4 
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    Figure 4.18 shows the hardness profiles for studies 6 and 13. In these studies, the electrode 

pressure and welding time are maintained at 5 bar and 20 cycles, with the welding current being 

4.3 KA and 12.7 KA, respectively. The average hardness of the fusion zone in sample 6 is 

about 198 HV reaching a maximum value of 212 HV, but a higher hardness value (average = 

209.19 HV, maximum = 226.7 HV) was obtained in sample 13 with an increased value of 

welding current. However, a reverse trend was observed for sample 7 with an intermediate 

welding current. 

 

               

 

4.7 Morphological Analysis of Phase 1 

     Morphological evolution in spot welded joints is primarily controlled by the metallurgical 

factors alongside the resistance spot welding parameters. The post-weld solidification of 

austenitic stainless steel involves precipitation of the delta ferrite phase, which is gradually 

transformed to the austenite phase. During the transformation, the liquid metal, delta ferrite, 

and the austenite phase co-exist. Ideally, the austenitic stainless steel, after transformation, 

solidifies into the austenite phase. However, due to the non-uniform and fast cooling rate 

associated with the spot welding process, most transformation processes retain a certain amount 

of untransformed delta ferrite alongside the austenite phase [19]. The transformation process 

is summarized by the equation below. 
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Figure 4.18: MicroVickers hardness distribution profile for study 6 and 13 
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Liquid (L)→ Liquid (L) + delta ferrite (δ)→ Liquid (L) + delta ferrite (δ) + Austenite (γ)→ 

delta ferrite (δ) + Austenite (γ). 

     In addition to the cooling rate, the chromium and nickel equivalent ratio is another primary 

factor influencing the mode of solidification, i.e. A, AF, FA, and F modes. It has been reported 

that increasing this ratio or the cooling rate increases the tendency of solidification from A - F 

mode with 316L austenitic stainless steel having a greater tendency to undergo the FA 

solidification due to its chromium-nickel equivalent ratio in the range of 1.6 - 1.7 [243]. 

Furthermore, the abovementioned factors also influence the delta ferrite transformation from 

eutectic, vermicular, lathy, acicular to widmanstätten austenite. Attempts have been made to 

predict the post-weld solidification phases in austenitic stainless steel using the Schaeffler 

diagram, WRC-1992 diagram and the pseudo-binary diagram. Though a certain level of 

accuracy was achieved, discrepancy still existed between the predicted phases and those 

obtained. The variation might be attributed to the non-equilibrium cooling rate, chemical 

composition, ferrite morphology and phase dissolution [244]. The following paragraphs 

present the effect of the welding parameters on the weld morphology.  

     The investigation of the effect of welding current on the weld morphology was achieved 

using studies 6 and 13 as case studies having a welding current of 4.3 KA and 12.7 KA with a 

constant welding time and electrode pressure of 5 bar and 20 cycles, respectively. Figure 

4.19(a) and (b) represents the outer weld appearance, 4.19(c) and (d) depicts the entire weld 

metallographic surface of the entire weld region, while 4.19(e) and (f) delineates the fusion 

zone. 
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     The outer weld surface of sample 6 having the least welding current revealed that the weld 

nugget is almost invisible (the circled region in Figure 4.19(a)) but increasing the welding 

current as observed in sample 13 revealed a visible weld nugget (Figure 4.19(b)). Increasing 

the welding current also led to the formation of columnar dendrite with grains enlarged parallel 

to the direction of the applied electrode force. No shrinkage cavities, cracks or porosities were 

observed, indicating the absence of excessive heating of weld joint (Figure 4.19(d)). The 

absence of the columnar dendrite in sample 6 results from the low heat input attributed to the 

low welding current leading to incomplete fusion (arrow in Figure 4.19(c)). The base metals 

are not properly fused, as evident in the large separation gap (represented by white arrow) 

between the base metals, as can be seen in Figure 4.19(e). 

Fusion line 

(a) 

(b) 

100µm, ×5 

(c) 

100µm, ×5 

(d) 

100µm, ×50 

(f) (e) 

100µm, ×50 

Fusion line 

Fusion line 

Austenite grains 

Delta ferrite 

Fusion line 

Figure 4.19: Weld morphology of study 6 and 13 showing the outer weld appearance, entire weld cross section 

and the fusion zones. 
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     Consequently, such a joint will have very poor tensile shear load bearing capacity coupled 

with the small weld nugget. On the contrary, proper fusion and solidification were observed in 

sample 13, as evident in the presence of columnar dendrite and the small separation gap (golden 

arrow in Figure 4.19(f)) between base metals relative to the former. Certainly, this sample will 

have better mechanical properties and exhibit superior service performance. Further 

examination revealed no significant microstructural evolution occurred in sample 6 as the 

microstructure contains untransformed austenite grains similar to those in the unwelded base 

metal (black arrow in Figure 4.19(e)). On the other hand, increasing the heat input led to the 

transformation of austenite grains to delta ferrite, mainly lathy ferrite (the oval enclosed area), 

as can be seen in Figure 4.19(f). In addition, a region of partially transformed austenite 

(enclosed in the rectangle) was observed. The formation of lathy ferrite may be attributed to 

the fast cooling rate induced by the increase in welding current facilitating the transformation 

process. The slightly increased hardness observed in sample 13 may be attributed to the 

formation of lathy ferrite and partially transformed austenite grains. The fine grain size in 

sample 13 also gives it superior tensile and yield strength in accordance with the principles of 

hall Petch. 

     The effect of welding time on the weld joint morphology was studied using studies 1 and 4 

having welding times of 36.8 and 3.2 cycles, respectively. As observed previously, Figure 

4.20(a) revealed that no visible weld nugget was formed in sample 4 in the outer weld surface, 

but in and Figure 4.20(b), an obvious nugget was observed in sample 1 as there was sufficient 

heat input following the duration of welding time. Also, the indentation from the electrode was 

visible, and a ring of HAZ was formed around the weld nugget. A further examination of the 

metallographic surface in Figure 4.20(c) and 4.20(d) revealed that no fusion occurred in sample 

4, contrary to the full columnar dendrite solidification observed in sample 1 characterized by 

the formation of shrinkage cavity centrally located at the fusion zone (arrow in Figure 4.20(d)). 

Studies revealed that stresses in weld joints having such cavities are insignificant and thus, 

have no effect on the overall properties of the weld joint [6]. As expected, no phase 

transformation was observed in sample 4 as the welding time is too short to supply the 

necessary heat energy to initiate the transformation process; hence, the microstructure 

comprised austenite phase majorly as in the base metal (arrow in Figure 4.20(e)). 

Antithetically, acicular lathy ferrite was observed in sample 1 (the area enclosed in the 

rectangle in Figure 4.20(f)), whose formation may be attributed to the restriction of low-

temperature diffusion of delta ferrite over long distances due to the increased cooling rate. A 

comparism of the average hardness values of the two studies revealed that a subtle difference 
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of 8.42 HV, with sample 1 exhibiting a greater hardness. Increasing heat input during the spot 

welding leads to ferritization of the weld joint, as observed by Kianersi et al. [6]. Despite the 

ferritization observed in sample 1, the greater hardness may be attributed to the reformation of 

the austenite grains. 

 

     The effect of electrode pressure was investigated using studies 17 and 19. Figure 4.21(a) 

and (b) represent the outer appearance of the weld joints, Figure 4.21(c) and (d) present an 

aerial view of the fusion zone, while Figure 4.21(e) and (f) is a magnified view of the fusion 

zones. 

 

 

 

(b) 

(d) 

(f) 

(a) 

(c) 

(e) 

Austenite grains 

Shrinkage cavity 

Acicular delta ferrite 

100µm×50 100µm×50 

100µm×5 100µm×5  

Figure 4.20: Weld Morphology of Study 1 and 4 showing the outer weld appearance, entire weld cross section 

and the fusion zones. 
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     A minuscule contrast was observed in the exterior weld appearance when electrode pressure 

was increased from 3.3 bar (Figure 4.21(a)) to 6.7 bar (4.21(b)) as rings of HAZ was formed 

in both welds and the indentations from the electrode are both discernible. However, Figure 

4.21(c) and (d) revealed that the weld nugget was reduced by 8 % with increasing electrode 

pressure and grain elongation parallel to the direction of electrode force was also less evident. 

This may be attributed to the reduction in heat input due to the increase in contact area at the 

base metals' faying surface, which consequently reduces the overall joint resistance. Full 

columnar dendrite solidification was also evident as centrally located shrinkage cavities were 

observed in both studies. The evaluation of the metallographic cross-section of the fusion zone 

of both studies further revealed that ferritization occurred at the fusion zones, which was 

characterized by lathy and vermicular delta ferrite and vermicular delta ferrite for studies 19 

(a) 

(c) 

100µm, ×50 

(e) 

Vermicular delta ferrite 
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(d) 

100µm, ×50 

(f) 

Vermicular delta ferrite 

Shrinkage cavity 
Shrinkage cavity 

Lathy delta ferrite 

 

Figure 4.21: Weld morphology of study 17 and 19 showing the outer weld appearance, entire weld cross section 

and the fusion zones. 



119 
 

and 17, respectively, as revealed by Figure 4.21(e) and (f). Consequently, the reformation of 

austenite grains and reduction in ferritization may account for the lower hardness observed in 

sample 19 relative to sample 17. 

     Figure 4.22 shows the micrographs of the cross-sectional view of the sample's 

microstructure for the experimental validation of the optimum spot welding parameters 

alongside those of the as-received base metal. 
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Figure 4.22: Weld morphology showing the entire weld cross section and the fusion zones of study the 

experimental validation sample.  
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     Figure 4.22(a) reveals that the experimental sample for the validation of the optimum 

parameters underwent a complete columnar dendrite solidification characterized by shrinkage 

cavity and a non-uniform heat affected zone (indicated by white arrows). The austenite-delta 

ferrite grain elongation parallel to the direction of the electrode force appears to be more 

distinct. Further examination of the fusion zone reveals that the microstructure comprises lathy 

delta ferrite (enclosed rectangular area) and vermicular delta ferrite (two black arrows) 

dispersed in austenite matrix, as revealed by Figure 4.22(e). The formation of lathy delta ferrite 

and shrinkage cavity is an indication of a very fast cooling rate due to the high energy input 

during the welding process. Comparism between the microstructure of the as-received metal 

and the fusion zone of the validation sample revealed that that the base metal is typically made 

of austenite grains (two black arrows in Figure 4.22(b) and (d)) while the latter has delta ferrite 

precipitated in the microstructure. One might expect the average fusion zone of the latter to be 

lower due to ferritization induced by the welding process. However, the hardness values were 

found to be approximately the same. The increase in hardness of the fusion zone may be 

attributed to the refined austenite grains, which have a much finer microstructure than the latter, 

compensating for the reduction induced by ferritization. Consequently, the optimized sample 

would have increased tensile shear load bearing capacity evident in the size of the nugget 

diameter while having an average hardness similar to the as-received base metal.  

 

4.8 Energy Dispersive X-ray (EDX) Elemental Analysis of the First Stage 

     Table 4.7 summarises the elemental composition of the as-received base metal and the 

validation sample for the optimum RSW parameters. 

Table 4.7: EDX analysis showing the phase stabilizers % composition in the as-received base 

metal and the optimum parameter validation sample. 

Sample Cr Mo Si Ni Mn Fe and others 

AS-Received BM 16.33 2.63 0.50 9.36 1.83 65.10 

Validation Sample 16.07 2.25 0.38 8.65 1.64 64.22 

 

     The results in Table 4.7 revealed that an infinitesimal difference in elemental chemical 

composition exists between the as-received base metal and the fusion zone of the validation 

sample, further justifying the result of the hardness values obtained in the previous section. 

However, a slight reduction was observed in both austenite and ferrite stabilizers after welding. 



121 
 

A plausible explanation for the observation lies in the discrepancy in microstructural phase 

composition, as the as-received base metal comprises austenite phase majorly while the 

validation sample comprises delta ferrite/austenite phase interfaces and is thus susceptible to 

the mechanism of partitioning [126]. During the welding process, the fast cooling rate induced 

by the spot welding process causes austenite stabilizers such as Cr, Mo and Si are consumed 

by the austenite phase leading to the reduction of delta ferrite in those regions while delta ferrite 

stabilizers such as Ni and Mn enriches the delta ferrite phase and consequently leading to the 

depletion of austenite. Moreover, the findings reported by other experimenters revealed that 

increasing the heat input during spot welding results increase in ferrite phase stabilizers, mainly 

chromium, while austenite phase stabilizers such as nickel are reduced connoting ferritization. 

Figure 4.23 shows the EDX analysis of the optimum validation sample as well as the as-

received base metals. 

 

 

 

 

(a) 

(b) 

Figure 4.23: EDX analysis showing the peaks of the different elements present in the fusion 

zone of: (a) As-received base metal; (b) Optimum parameter validation sample. 
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4.9 Statistical Analysis of the Effect of Weld Treatment Parameters on Hardness 

     Table 4.8 shows the average hardness of the fusion zone for the different experimental runs 

involving different weld treatment parameters. As can be seen from the table, the maximum 

hardness occurred in sample 19 (210.3 HV), while the minimum was found in sample 11 (149.2 

HV).  

 

Table 4.5: Design matrix for weld treatment parameters and experimental results obtained for 

the response. 
Std Factor 1 A: Preheating 

Temperature (oC) 

Factor 2 B: Tempering 

Temperature (oC) 

Factor 3 C: Holding 

Time (hours) 

Response: 

Hardness (HV) 

1 150 500 3 176.3 

2 150 500 1.31821 169.6 

3 100 600 2 180.8 

4 150 500 3 176.9 

5 100 400 2 165.1 

6 150 500 3 179.5 

7 150 500 3 186.7 

8 65.9104 500 3 187.1 

9 150 331.821 3 180.8 

10 100 400 4 191.1 

11 150 500 4.68179 149.2 

12 150 500 3 176.7 

13 200 400 4 190.4 

14 150 500 3 179.7 

15 150 668.179 3 178.4 

16 234.09 500 3 182.6 

17 100 600 4 174.4 

18 200 400 2 180.3 

19 200 600 4 210.3 

20 200 600 2 171.7 

      

    Table 4.9 presents the different mathematical models generated for the average FZ hardness 

in terms of the preheating temperature, tempering temperature and holding time using 

ANOVA. From the table, we can see that the linear, two factorial and quadratic models all have 

insignificant p-values and a significant lack of fit, making them inapposite models. On the 

contrary, the cubic model has a significant probability value and lack of fit. The insignificant 

lack of fit makes it unsuitable, coupled with the tendency of overfitting. Based on these 
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underlying facts, the mean of the hardness was suggested as the p-value is very significant. In 

addition, their R2 values are all negative, with very high PRESS values. 

    Table 4.9: Different mathematical models generated for hardness using ANOVA. 

Source Sequential 

p-value 

Lack of 

Fit p-

value 

Adj. R² Pred. 

R² 

Std. 

Dev. 

PRESS 
 

Mean < 0.0001 
   

  Suggested 

Linear 0.7787 0.0043 -0.1113 -0.7003 12.48 4525.06 
 

2FI 0.8723 0.0025 -0.2982 -2.7130 13.48 9881.57 
 

Quadratic 0.2813 0.0024 -0.1712 -3.7756 12.81 12709.44 
 

Cubic 0.0247 0.0107 0.6227 -

18.971

4 

7.27 53150.86 Aliased 

 

     A detailed analysis of the effect of weld treatment parameters on the hardness of the weld 

joint is provided by the ANOVA results presented in Table 4.10. 

Table 4.10: ANOVA of the effect of weld treatment parameters on the hardness 

Source Sum of Squares df Mean Square F-value p-value 
 

Model 0.0 0 0 0.0 <0.0001 significant 

A-Preheating 

temperature 

548.738 4 137.185 0.974 0.451 
 

B-Tempering 

temperature 

208.824 4 52.206 0.319 0.861 
 

C-Holding time 1707.034 4 426.758 6.708 0.03 
 

Residual 2661.35 19 140.07 
   

Lack of Fit 2584.87 14 184.63 12.07 0.0062 significant 

Pure Error 418.6 5 83.72 
   

Cor Total 2661.35 19 
    

Mean      179.38 

%Coefficient of 

Variation 

     6.6 

 

     The results presented in Table 4.10 reveal that the most significant parameter having the 

greatest influence on the hardness of the weld joint is the holding time having a probability 

value of 0.03 indicating that 3 % of the F-value is due to noise also implies a confidence level 

of about 97 %. On the other hand, the preheating temperature and the tempering temperature 

are less significant having p-values of 0.451 and 0.861 and confidence levels of 54.9 % and 

13.9 %, respectively. In addition, the p-value of the lack of fit indicates that there is a 0.62 % 
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chance that the F-value of lack of fit is due to noise. Figure 4.24 shows the weld treatment 

parameters' significance level based on the weld joint's hardness. 

 

 

     The nature of the effect of these parameters on the average FZ hardness of the weld joint 

can be determined using correlation analysis. The scatter plot showing the relationship between 

these weld treatment processes can be seen in Figure 4.25. The results of the correlation 

analysis, as can be seen on the scatter plots, revealed that positive correlations (0.177, 0.033 

and 0.178) exist between the hardness of the weld joint and the weld treatment parameters, 

namely, preheating temperature, tempering temperature, and holding time respectively. These 

correlations infer that increasing the abovementioned parameters is likely to bring about a 

corresponding increase in the average FZ hardness of the weld joint. However, their overall 

contribution to the weld joint hardness is a function of their significance levels. It is important 

to point out that, despite the low significance levels of the other two parameters within the 

Holding Time
91%

Preheating 
Temperature

6%
Tempering 

Temperature
3%

Figure 4.24: Percentage contribution of weld treatment parameters to the hardness of the 

weld joint based on their significance value. 
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specified domain, greater significance levels can be obtained with a smaller domain, a subset 

of the specified domain. 

 

 

 

 

 

(a) (b) 

(c) 

Figure 4.252: Scatter plot showing the correlation between hardness and; (a) Preheating 

temperature; (b) Tempering temperature (c) Holding time. 
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     The suggested mathematical model for hardness prediction was the mean of the hardness of 

the experimental runs, which was 179.38 HV with validity within the abovementioned domain. 

As can be seen from the normal plot of residuals (Figure 4.26(a)), the errors are almost aligned 

with the straight line indicating the model's suitability. The residual plot against the 

experimental runs (Figure 4.26(b)) further reveals the deviation of the predicted hardness from 

the actual values obtained for each experimental run. 

 

 

     With the objective of minimizing the hardness of the weld joint, the experimental sample 

with the least hardness is sample 11 with weld treatment parameters 150 oC, 500 oC and 4.7 

hours. The corresponding hardness of the weld joint is 149.2 HV.  

4.10 Effect of Weld Treatment Parameters on the FZ Hardness 

     The results of the ANOVA revealed that the holding time significantly affects the hardness 

of the weld joint while the effect of the preheating temperature and tempering temperature have 

confidence levels less than 90 %. The nature of this effect revealed by the correlation analysis 

shows that these parameters are all positively correlated with the hardness of the weld joint. 

Combining the two results, we can infer that increase in the holding time is more likely to bring 

about a corresponding increase in the hardness of the weld joint than any of the weld treatment 

parameters. 

(a) (b) 

Figure 4.26: (a) Normal plot of residuals for the fusion zone hardness; (c) Plot of residuals 

against the experimental runs of average fusion zone hardness. 
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     In order to sample the effect of holding temperature on the hardness of the weld joint by 

comparing the experimental results with those obtained from ANOVA and correlation, sample 

2 and 11 were taken into consideration. As presented in Table 4.8, their respective holding 

times are 1.3 and 4.7 hours, respectively. Increasing the holding time from 1.3 hours to 4.7 

hours reduced the average hardness of the weld joint from 169.6 HV to 149.2 HV, which was 

contrary to the predicted correlation. However, considering studies 3 and 17, a positive 

correlation was observed, as the average hardness was found to increase with increasing 

holding time. But comparing these hardness values with those of the as-received metal and the 

optimized sample in the first stage, we can infer that there is a considerable reduction in weld 

joint hardness. The hardness profiles of these studies can be found in Figure 4.27. 

     Studies 8 and 16 were taken into consideration in evaluating the effect of preheating 

temperature on the hardness of the weld joint. The hardness results revealed that increasing the 

preheating temperature from 65 to 234 oC brought about a corresponding reduction in the 

hardness value from 187.1 HV - 178.4 HV, antithetical to the predicted correlation. The 

hardness profiles of these studies can be seen in Figure 4.28. On the contrary, a positive 

correlation was observed between studies 5 and 18 as the hardness was found to increase from 

165.1 HV to 180.3 HV with increasing preheating temperature. And if we also compare with 

the optimum hardness obtained from the first stage, there is an overall hardness reduction.  
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Figure 4.27: MicroVickers hardness distribution profile for study 2 and 11 
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     It was observed in studies 9 and 15 that increasing the tempering temperature reduced the 

hardness from 180.8 HV to 178.4 HV at a constant preheating temperature and holding time. 

But an expected positive correlation was observed between studies 3 and 5, as the reduction in 

tempering temperature was accompanied by a corresponding reduction in the hardness values 

from 180.8 HV to 165.1 HV. Figure 4.29 shows the hardness profiles of these studies. As also 

observed previously, the average hardness of these studies were lower than the optimum 

hardness obtained in the first phase. Going by this, we can also infer that there was a general 

reduction in the hardness of the weld joint. 
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Figure 4.29: MicroVickers hardness distribution profile for study 9 and 15. 
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4.11 Morphological Analysis of the Second Experimental Stage 

     As done in the previous section, we will examine the effect of preheating temperature, 

tempering temperature, and holding time on the morphology of the weld joint using different 

case studies. 

     The effect of preheating temperature on the microstructural evolution of the weld joint was 

investigated using studies 8 and 16. Figure 4.30 shows the optical and FESEM micrographs of 

the cross-sectional views of the base metals and fusion zone. Figure 4.30(a) and (c) represents 

the base metals of sample 8, while sample 16 is represented by Figure 4.30(b) and (d). Their 

respective fusion zones are represented in Figure 4.30(e) and (f). The micrographs of the base 

metals revealed that no significant changes occurred in the base metal when the preheating 

temperature was increased from 65.91 oC to 234 oC. However, a subtle difference was observed 

in the microstructure of the respective fusion zones. The fusion zone of sample 8 contains a 

combination of partially transformed austenite grains (oval enclosed area in Figure 4.30(e)) 

and lathy delta ferrite (rectangular enclosed area in Figure 4.30(e)) relative to the vermicular 

lathy ferrite in the form of skeletal lathy ferrite (oval enclosed area in Figure 4.30(f)) observed 

in sample 16. The formation of lathy ferrite and partially transformed austenite in the sample 

may be attributed to the relative fast cooling due to the low preheating temperature. But on 

increasing the preheating temperature in the latter, the cooling rate was reduced, forming 

vermicular ferrite. The transformation of delta ferrite from lathy to vermicular may be 

attributed to the migration of the austenite-delta interface in the direction of decreasing 

interfacial energy between the two phases induced by preheating [25]. Another benefit of 

preheating reported by experimenters is the release of residual stresses by reducing the 

temperature gradient between the weld joint and base metals. 

Furthermore, the reduction in the austenite-delta ferrite interfaces induced by preheating has 

been reported to improve the corrosion behaviour of welded joints as the interfaces serve as 

sites for the initiation of pitting corrosion [237]. In other words, the deferritization of welded 

joints induced by preheating is a good measure for enhancing their corrosion resistance. 

Contrastingly, researchers have also reported that preheating increases the tendency of carbide 

precipitation as sufficient time is made available due to a reduction in cooling rate. However, 

carbide precipitation was not observed in these studies because the post-weld treatment was 

carried out at temperatures below 650 oC coupled with the low carbon composition of austenitic 

stainless steel. Furthermore, deferritization also reduces the overall strength of the weld joint 

as resistance to dislocation movement offered by the presence of delta ferrite is eliminated by 

preheating. 
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     The hardness of the base metal region of sample 8 was found to be higher than that of sample 

16 with increased preheating temperature. This reduction in hardness may be attributed to the 

reduction in residual stresses offered by increasing the preheating temperature as both base 

metals have the same microstructural composition comprising coarse austenite grains. 

However, a subtle difference of about 5 HV was found to exist between the average hardness 

of the fusion zones of both studies, with the latter also exhibiting the lower hardness. The 

increased hardness observed in the former may be attributed to the relatively high level of 

(a) (b) 

(c) (d) 

(e) 

Lathy ferrite 

Partially transformed austenite 

(f) 

Vermicular delta ferrite 

100µm, ×50 100µm, ×50 

100µm, ×50 100µm, ×50 

Figure 4.30: FZ and BM region of study 8 and 16; (a) and (c) BM of study 8; (b) and 

(d) BM of study 16; (e) FZ of study 8 (f) FZ of study 16. 
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retained residual stresses coupled with the interaction between the austenite, lathy delta ferrite 

and partially transformed austenite phases. The quotient of the hardness values of the fusion 

zone to the base metals for both studies, which is termed the hardening ratio, was considerably 

affected by increasing the preheating temperature. The hardening ratio was found to be 1.01 

and 1.23 for studies 8 and 16, respectively. Thus, the preheating temperature is positively 

correlated with the hardening ratio of the weld joints. 

     The effect of post-weld treatment temperature was investigated using studies 9 and 15 with 

tempering temperatures of 331.8 oC and 668.2 oC, respectively. The cross-sectional views of 

the base metals and fusion zones of the studies are presented in Figure 4.31. Figure 4.31(a) and 

(b) represent the base metal region of sample 9 and 15, respectively, while Figure 4.31(c) and 

(e) and Figure 4.31(d) and (f) represent their respective fusion zones. The base metal 

micrographs revealed that the austenite grains are generally finer than those of the as-received 

base metals without post-weld treatment. The precipitation of delta ferrite was not evident due 

to the relatively slow cooling rate induced by tempering. The fine austenite grains in these 

regions account for the hardness observed in this region, with an average value of 184.3 HV 

and 179.9 HV for studies 9 and 15, respectively. The reduction of austenite grain size by 

tempering will result in an increased yield and tensile strength, as proposed by Hall Petch. In 

the fusion zone, a river-like pattern of austenite phase and delta ferrite was precipitated, as can 

be seen in Figure 4.31(c), while the FESEM micrographs in Figure 4.31(e) reveals that both 

vermicular delta ferrite (oval enclosed area) and lathy delta ferrite (rectangular enclosed area) 

were precipitated. But in sample 15, with increased tempering temperature, the lathy delta 

ferrite was absent as the microstructure comprised skeletal delta ferrite (indicated by the arrow 

in Figure 4.31(f)) dispersed in austenite matrix. Thus, increasing the temperature facilitated the 

dissolution of the lathy delta ferrite phase by providing the energy for the high-temperature 

transformation. Despite the deferritization by increased post-weld temperature, both studies' 

average hardness was almost the same, with sample 9 slightly higher by 2 HV. Consequently, 

the hardening ratio of both studies was not significantly influenced by increasing the post-weld 

temperature. 
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     Although delta ferrite was evolved after welding, the sigma phase was not precipitated when 

the post-weld treatment temperature was elevated. This might be attributed to the relatively 

slow transformation kinetics required for their formation. This is also evident in the relatively 

low average hardness of the fusion zone as sigma phase precipitation increases the hardness of 

the weld joint. Furthermore, carbides precipitation at the austenite - delta ferrite interface was 

also not observed. Nonetheless, carbide precipitation was reported in STS 304 austenitic 

(a) (b) 

(c) (d) 

(e) 

Skeletal delta ferrite 

Lathy delta ferrite 

(f) 

Skeletal delta ferrite 

100µm, ×50 100µm, ×50 

100µm, ×50 100µm, ×50 

Figure 4.31: FZ and BM region of Study 9 and 15; (a) BM of study 9; (b)BM of study 15; (c) 

and (e) FZ of study 9; (d) and (f) FZ of study 8 
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stainless steel by Ma et al. [32]. The absence of carbides may be attributed to austenitic stainless 

steel's relatively low carbon content and partly due to the relatively low post-weld temperature. 

The probability that they were precipitated and dissolved due to the sufficient post-weld holing 

time is unlikely. 

     The effect of post-weld holding time was studied using sample 2 and 11 with holding times 

of 1.3 and 4.7 hours, respectively, at a constant preheating temperature and tempering 

temperature of 150 oC and 500 oC, respectively. Figure 4.32 shows the micrographs of the base 

metal and fusion zone of both studies. 
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Skeletal delta ferrite 

Lathy delta ferrite 

(a) (b) 

(c) (d) 

(f) 

Lathy delta ferrite 

(e) 

Figure 4.32: FZ and BM region of Study 11 and 2; (a) BM of study 11; (b) BM of study 2; (c) and 

(e) FZ of study 11; (d) and (f) FZ of Study 8 
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     As shown in Figure 4.32(a) and (b) representing the base metal region of sample 11 and 2 

respectively, the austenite grains appear to be relatively coarser in the former with increased 

holding time. The increased holding time facilitated the thermal-assisted migration of the 

austenite grain boundaries, thus, resulting in their growth. In addition to the release of residual 

stress induced by preheating, the hardness reduction in the base metal region in these studies 

accounts for the general reduction in hardness. The supplemental increment observed in the 

austenite grains accounts for the lower base metal average hardness. Despite reducing the 

hardness of the base metal, the increment in austenite grain size has a detrimental effect on the 

yield strength and tensile strength, as related by Hall Petch. 

     Accordingly, the fusion zone micrographs in Figure 4.32(e) revealed that sample 11 

comprises both lathy delta ferrite (rectangular enclosed area) and skeletal delta ferrite (oval 

enclosed area); a form of vermicular delta ferrite, while sample 2 comprise mainly refined 

austenite grains and relatively finer lathy delta ferrite (arrow in Figure 4.32(f)) compared to the 

former. This implies that increasing the holding time by 3.4 hours provided sufficient time for 

the growth of the delta ferrite grains, which were precipitated during the initial welding process. 

The lower holding time in the latter resulted in the finer delta ferrite, as shown in Figure 4.32(e) 

and (f), respectively. It can be deduced that the holding time had no significant effect on phase 

transformation; rather, it only aided the growth of the already precipitated phases. 

Consequently, we can infer that the hardness reduction in the fusion zone observed in sample 

11 is attributed primarily to the growth of delta ferrite phases and, secondarily, ferritization and 

release of residual stresses. Comparing the average hardness values of both studies, as 

expected, sample 11 exhibited a much lower hardness than the latter by 20.4 HV. This sample 

also exhibited the least (optimum) average fusion zone hardness (149.2 HV). It was also 

observed that the hardening ratio increased from 0.814 to 1.03 with increasing holding time. 

We can therefore imply that the holding time had a more significant effect on the hardening 

ratio than the temperature, but the former had a more significant effect on phase transformation. 

 

4.12 Energy Dispersive X-ray (EDX) Elemental Mapping Analysis of Phase 2 

     Table 4.11 summarises the EDX elemental composition of the fusion zone of studies 8 and 

16, 9 and 15, 2 and 11 used in the previous section to sample the effect of weld treatment 

parameters on the microstructural evolution. 
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Table 4.11: EDX analysis showing the phase stabilizers composition of different studies. 

Sample Cr Mo Si Ni Mn Fe and others 

8 14.80 2.26 0.49 8.20 1.71 73.03 

16 15.18 1.65 0.49 8.24 1.72 72.72 

9 16.10 2.26 0.43 8.44 1.61 71.16 

15 15.56 2.29 0.46 7.91 1.71 72.07 

2 16.22 2.44 0.39 9.26 1.60 70.09 

11 17.69 - 0.47 9.37 1.78 70.69 

 

     The results obtained from the EDX analysis revealed that increasing the preheating 

temperature affected majorly the delta ferrite phase stabilizers causing an increase in the 

chromium content and a reduction in the molybdenum content, while no significant effect was 

recorded for the austenite phase stabilizers as observed in studies 8 and 16. The increment 

recorded in the chromium content is an indication of an increase in corrosion resistance which 

might be attributed to the reduction in phase interfaces as explained in the previous section. On 

the other hand, the constant composition of the austenite phase stabilizers implies that no major 

phase transformation in the phase was induced by preheating. Figure 4.33(a) and (b) depict the 

different elements' peaks in studies 8 and 16, respectively. 

     Thereafter, considering the elemental composition of studies 9 and 15 revealed that 

increasing the tempering temperature resulted in a reduction in both austenite and delta-ferrite 

stabilizers (chromium and nickel). The silicon content was fairly constant, while a slight 

increment was observed in the manganese composition. The reduction in chromium content 

may be attributed to the reduction in delta ferrite phase fraction induced by increasing the 

tempering temperature leading to deferritization. The peaks of the elemental composition of 

both studies are depicted in Figure 4.33(c) and (d), respectively. 
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     Lastly, the elemental composition of studies 2 and 11, as shown in Table 4.11, revealed that 

increasing the holding time resulted in an increase in austenite (Nickel and Manganese) and 

delta ferrite phase stabilizers (chromium and silicon). The respective peaks are depicted in 

Figure 4.33(e) and (f). This justifies the explanation provided in the previous section regarding 

the grain growth of both phases with increasing time. This further shows that, in addition to a 

reduction in hardness of the fusion zone, increasing the holding time improves the corrosion 

resistance of the weld joint. 

 

 

(a) 
(b) 

(c) 
(d) 

(e) 
(f) 

Figure 4.33: EDX analysis showing the peaks of the different elements present in the fusion zone of; (a) 

Study 8; (b) Study 16; (c) Study 9; (d) Study 15 (e) Study 2 (f) Study 11. 
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4.13 Chapter Summary 

     The analysis of the experimental results revealed that the most significant parameter 

affecting the nugget diameter is the welding current, followed by the welding time and then the 

electrode pressure. The Bivariate correlation analysis revealed that the nugget diameter is 

positively correlated with the welding current and time, while a negative correlation was 

observed for the electrode pressure. On the other hand, the average FZ hardness was not 

significantly influenced by the spot welding parameters, but their effect on the hardness was in 

the order of electrode pressure > welding current > welding time. Subsequently, the optimum 

parameters that simultaneously maximized the weld nugget diameter and minimized the FZ 

hardness of the weld joint were found to be 10.884 KA, 30 cycles and 5.822 bar for the welding 

current, welding time and electrode pressure, respectively, producing a weld joint with an 

average hardness of 196.707 HV and weld nugget of 9.837 mm. A subtle discrepancy between 

the predicted and experimental values was found to be 6.9 % and 3.7 % for weld nugget 

diameter and hardness, respectively. 

     Nonetheless, the most significant weld treatment parameter affecting the hardness of the 

weld joint is the holding time, then the preheating temperature and lastly, the tempering 

temperature. A positive correlation was also found between these parameters and the average 

hardness of the weld joint. The optimum parameters that minimise the hardness of the weld 

joints were 150 oC, 500 oC and 4.68 hours for the preheating temperature, tempering 

temperature, and holding time, respectively, producing an average weld hardness of 149.2 HV. 

The morphological analysis further revealed that the reduction in hardness is attributed to the 

ferritization of the fusion zone, the growth of austenite and delta ferrite grains and the release 

of residual stresses.  
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CHAPTER 5 

CONCLUSION AND RECOMMENDATION 

5.1 Chapter Overview 

     This chapter concludes the research work and also provides recommendations for further 

studies. The chapter was concluded with the major findings regarding the objectives slated out 

in the opening chapter. The proposed direction for further studies is a culmination of the 

findings of this research work which would serve as a substantial contribution to literature. 

5.2 Conclusion 

     Following the results obtained from the experimentation and statistical analysis in the 

preceding section, the following conclusions were made. 

     The most significant parameter affecting the nugget diameter, in other words, the TSLBC, 

is the welding current followed by the welding time and least affected by the electrode pressure. 

The nugget diameter was found to increase with welding current and time, while a negative 

correlation was obtained for the electrode pressure. On the other hand, the hardness was 

dominantly affected by metallurgical factors relative to spot welding parameters. 

Consequently, the spot welding parameters that simultaneously optimize the nugget diameter 

and hardness were 10.884 KA, 30 cycles and 5.822 bar producing a nugget diameter and 

hardness of 9.2 mm and 204.3 HV, respectively and slightly different from the predicted by 6.9 

% and 3.7 %, respectively. 

     The most significant weld treatment parameter affecting the weld joint's hardness was the 

holding time, with the least significant parameter being tempering temperature. The minimum 

weld hardness was found to be 149.2 HV at 150 oC, 500 oC and 4.68 hours preheating 

temperature, tempering temperature, and holding time, respectively. The overall hardness 

reduction was attributed to the ferritization of the fusion zone, the growth of austenite and delta 

ferrite grains and the release of residual stresses as revealed by the morphological analysis. 
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5.3 Recommendations 

     As a way of moving forward following the completion of this study, the following are 

suggestions for experimenters with similar research interests to explore:  

1. To determine the spot welding parameters that would result in no fusion and expulsion 

in austenitic stainless steel, especially those with thickness greater than 1.5 mm (i.e., 

the minimum and maximum spot welding parameters) using RSM or other DOEs, as 

limited studies are available. Such information would come in handy in the construction 

of the welding lobe for the metal. In this study, only conditions of no fusion were 

observed. 

2. To investigate the effect of increasing the holding time and the tempering temperature 

above 5 hrs and 700 oC, respectively, on the average FZ hardness of the weld joint using 

a suitable DOE. The scope of this study was limited to a tempering temperature of 668 

oC and a holding time of 4.68 hours, where the optimum average FZ hardness was 

obtained. 
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                                         Appendix: Apparatus used for research work 

 

 

 

 

Figure 3.5: Computer numerically controlled metal yag laser 

cutting machine 

Figure 3.6: Daiden resistance spot 

welding machine. 
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Figure 3.9: Bench Oven 

Figure 3.10: Carbolite heat treatment furnace 
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Figure 3.11 Electrical Discharge Machine (EDM) 

wirecut. 

(a) (b) 

(c) (d) 

Figure 3.123: (a) Automatic mounting press (b) Phenolic resin (c) unmounted sample 

(d) mounted samples. 
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Figure 3.13: Buehler metaserv 250 twin-grinder-polisher. 

 

(a (b

Figure 3.14: (a) MetaDi supreme polycrystalline diamond 

suspension (b) Drybox 
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Figure 3.15: Metallurgical microscope 

Figure 3.16: FESEM microscope (Zeiss SUPRA 55VP) 
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Figure 3.17: Vickers microhardness 

tester. 


