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ABSTRACT 

Resistance spot welding (RSW) process with titanium alloy Ti-6Al-4V are selected 

for producing products in various industries for decades, commonly automotive and 

aerospace industries. They provide effective and efficient industrial processes and also 

good quality products. Some problems that were commonly occurred during the the 

RSW process with titanium alloy Ti-6Al-4V such as a low strength weld nugget, some 

pores were observed in the fusion zone, no study yet about generating the mathematical 

models and also no study yet about investigating the effect of the heat input into the 

corrosion resistance. In order to solve the problems, the objectives of this research are 

made: to determine the optimum RSW parameters, to investigate the influence of RSW 

parameters into weld nugget physical and mechanical properties, generating the 

mathematical models, and investigating the influence of RSW parameters into 

corrosion rate and pitting susceptibility. In this study, the Taguchi method is adopted to 

define the optimum level of parameters with tensile-shear strength as the response. 

Under the Analysis of Variance (ANOVA) from the Taguchi table, 9 kA of welding 

current, 32 cycles of welding time, and 5 kN of welding force were selected to be the 

optimum level of parameters on the response of 44.98 kN maximum load. The 

mathematical models were also formed by the regression analysis of the tensile-shear 

strength data.  The β phase transformation into the acicular α' phase in the β transus 

temperature was mostly identified in the fusion zone. Creating a highly-stressed 

hexagonal-closed packed (HCP) structure to form a martensite microstructure in there. 

This causes a higher hardness value in the fusion zone than in the base metal and heat-

affected zone (HAZ). After the potentiodynamic polarization test, the result identified 

that the higher heat input with higher welding current proved to decrease the corrosion 

rate in the fusion zone and more susceptible to pitting. The coarser microstructure 

caused by the higher heat input is reducing the fusion zone capability to create a dense 

passive anti-corrosion film.
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ABSTRAK 

Proses kimpalan titik rintangan (KTR) dengan aloi titanium Ti-6Al-4V dipilih 

untuk menghasilkan produk dalam pelbagai industri selama beberapa dekad, biasanya 

industri automotif dan aeroangkasa. Mereka menyediakan proses perindustrian yang 

berkesan dan cekap dan juga produk berkualiti. Beberapa masalah yang biasa berlaku 

semasa proses KTR dengan aloi titanium Ti-6Al-4V seperti nugget kimpalan 

berkekuatan rendah, beberapa liang diperhatikan dalam zon gabungan, belum ada 

kajian mengenai penjanaan model matematik dan juga belum ada kajian tentang 

menyiasat kesan input haba ke dalam rintangan kakisan. Bagi menyelesaikan masalah, 

objektif kajian ini dibuat iaitu: untuk menentukan parameter KTR optimum, untuk 

menyiasat pengaruh parameter KTR ke dalam sifat fizikal dan mekanikal nugget 

kimpal, menjana model matematik, dan menyiasat pengaruh parameter KTR ke dalam 

kakisan. kadar dan kerentanan pitting. Dalam kajian ini, kaedah Taguchi diguna pakai 

untuk menentukan tahap optimum parameter dengan kekuatan ricih tegangan sebagai 

tindak balas. Di bawah Analisis Varians (ANOVA) daripada jadual Taguchi, 9 kA arus 

kimpalan, 32 kitaran masa kimpalan, dan 5 kN daya kimpalan dipilih untuk menjadi 

tahap parameter optimum pada tindak balas beban maksimum 44.98 kN. Model 

matematik juga dibentuk melalui analisis regresi data kekuatan ricih tegangan. 

Transformasi fasa β kepada fasa α' acicular dalam suhu transus β kebanyakannya 

dikenal pasti dalam zon gabungan. Mencipta struktur pembungkusan tertutup heksagon 

(HCP) bertekanan tinggi untuk membentuk struktur mikro martensit di dalamnya. Ini 

menyebabkan nilai kekerasan yang lebih tinggi dalam zon pelakuran berbanding logam 

asas dan zon terjejas haba (HAZ). Selepas ujian polarisasi potensiodinamik, keputusan 

mengenal pasti bahawa input haba yang lebih tinggi dengan arus kimpalan yang lebih 

tinggi terbukti dapat mengurangkan kadar kakisan dalam zon gabungan dan lebih 

mudah terdedah kepada pitting. Struktur mikro yang lebih kasar disebabkan oleh input 

haba yang lebih tinggi mengurangkan keupayaan zon gabungan untuk mencipta filem 

anti-karat pasif yang padat.   
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CHAPTER 1  

INTRODUCTION 

1.1 Chapter Overview 

This chapter is purposed to explain the background of the study, problem 

statement, objectives of the research, scope of research, and the organization of the 

thesis. Background of study to investigate the influence of RSW parameters into weld 

nugget physical, mechanical properties, and corrosion resistance uncover some 

subjects. This leads to the problem statement establishment where research objectives 

are obtained based on the research gap that is discovered in the literature review. To 

encounter the present study is kept on the research path and does not deviate from the 

objectives, the scope of research is defined. The thesis outline and general overview are 

derived from the organization description at the end of this chapter. 

1.2 Background of Study 

In the modern industrial sectors, the effective and efficient welding method such 

as RSW is commonly utilized, used in many production processes, and offered a large 

space for improvement. The welding process is relatively simple, and the joint is 

generated by a heat input combined with an electrode force given to materials at a 

certain time. The material resistivity is also proved to be vital in localizing the heating 

area in the contact zone between the welding electrode and the material, which is then 

this welding method’s name taken from [1]. One of the best materials that have been 

used for so many years for industrial applications and welded using RSW is titanium 

alloy, especially Ti-6Al-4V, for example in the automotive industry [2]. Titanium alloy 

grade 5 or Ti-6Al-4V has a tensile strength of 130 Ksi or 895 MPa with a yield strength 

of 120 Ksi or 828 MPa, making it one of the strongest alloys [4]. Titanium has low 

density around 4.5 g/cm3, leading to deform easily during RSW with a high force, but 

in another way, it has a high melting point around 1660 °C (3020 °F) [5]. To define the 

best quality of Ti-6Al-4V weld nugget strength, a precise investigation of the weld 
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nugget’s physical and mechanical properties plays an essential role. Welding current, 

welding time, and force as the primary RSW parameters are proved to be the most 

significant affected parameters to develop the weld nugget properties, including 

mechanical and physical properties. For example in 1 mm of titanium alloy Ti-6Al-4V, 

when the welding current raised from 7 kA to 9 kA, the maximum tensile load was 

achived up to 14.3 kN, while the welding time and force have less significant effect [6]. 

In the corrosion issues, because of the prevailing temperature conditions during 

weld metal solidification, weld fusion zones usually have coarse columnar grains. As a 

result, weld mechanical characteristics and resistance to hot cracking are frequently 

compromised. The fusion zone of titanium alloy fusion welds is characterized by 

coarse, columnar formed β grains. Thus, a large β grain size is blamed for poor 

mechanical properties and corrosion resistance in the weld fusion zone [12]. But in this 

previous research, the welding method is different, still, there has not been studied yet 

the RSW parameters influence weld nugget corrosion rate and pitting susceptibility. 

For the whole gaps of the previous studies, it needs vital research work to overcome 

these issues and close the outcome gaps. 

1.3 Problem Statements 

The heat input and welding force as two main RSW parameters are still important 

subjects to discuss regarding the properties transformations in the weld nugget as 

mentioned in the previous background of the study. The heat input influence which is 

affected by the amount of welding current, material resistivity, and welding time, gives 

the main transformation variable to the localized welding area more than the force. 

Unfortunately, some frailty and defects were still identified in the weld nugget such as 

low strength cold weld with PIF mode and pore created [6]. These phenomenons were 

particularly observed when the low heat input was applied. Otherwise, when the higher 

heat input was applied in a short welding time, the subsequent expulsion was observed 

in the weld nugget. This expulsion would rather reduce the weld nugget strength than 

increase it, regarding material degradation in the fusion zone [6].   

The mathematical models are required to do a mass rapid work planning in the 

industries today to increase the productivity. These mathematical models are 
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calculating the weld nugget properties such as the maximum load of tensile-shear 

testing and weld diameter, with RSW parameters as their variables. But, there is not 

well reported yet about finding the mathematical models for RSW of Ti-6Al-4V.  

It is similar to corrosion resistance transformation matter. Although Ti-6Al-4V is 

known for its very small corrosion rate which indicates its high corrosion resistance 

capability but to investigate the corrosion resistance changing in the fusion zone is also 

an important subject. This is because the metal corrosion resistance capability is 

commonly much affected by the microstructure transformation. But again, there is not 

explored yet about analyzing the effect of RSW parameter to the corrosion resistance 

and pitting susceptibility. 

1.4 Objectives of the Research 

Considering the restriction subjects discussed in the previous sections, and to 

discover the better outcomes, some objectives of this research are:   

1. To determine the optimum RSW parameters which can create a high maximum 

load in tensile-shear testing in the titanium alloy Ti-6Al-4V weld nugget 

2. To investigate the influence of RSW current, time, and force for titanium alloy TI-

6Al-4V weld nugget physical & mechanical properties 

3. Establishing a mathematical model for weld nugget maximum load and diameter 

through regression model with the welding parameters as the variables 

4. To study the effect of welding parameters variation with the transformation of 

corrosion resistance and pitting susceptibility 

1.5 Scope of Research 

This research was conducted to acquire the better quality of weld nugget in titanium 

alloy Ti-6Al-4V with the RSW process. To encounter that matter, the scope of this 

research was developed structurally. In this research, the RSW parameters were varied 

to meet the optimum level of weld nugget quality. This research comprised of five 
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phases: phase I is the material and equipment preparation, from cutting the material, 

preparing the RSW machine and dressing the RSW electrode, phase II RSW 

experiments with Taguchi method design, phase III is measuring the weld diameter and 

indentation depth, microstructure analysis using a scanning electron microscope 

(SEM), and Energy Dispersive X-Ray (EDX) analysis to capture the weld composition, 

tensile-shear testing with maximum load as the response of Taguchi method, 

calculating the analysis of variance (ANOVA) to define the optimum parameters, and 

also regression analysis to determine the mathematical model, phase IV is investigating 

the corrosion rate and pitting susceptibility with RSW parameters as the variables, the 

last phase is comprehensive data analysis and concluding. 

The Taguchi method which is adopted in this research will be arranged with RSW 

parameters as its variables, which much influence the RSW heat input such as welding 

current, time, and force. The response of the ANOVA and regression model will be 

obtained from the tensile-shear testing from the whole sample. The microstructure and 

microhardness analysis will reveal the connectivity between the variation of parameters 

with the weld nugget properties. The microstructure and micro-hardness test were only 

tested for the optimum level sample, that was got from the ANOVA of the Taguchi 

method. To figure out the relationship between weld nugget properties transformation 

and corrosion resistance, the electrochemical experiment was conducted to identify the 

changing of corrosion rate and pitting susceptibility. 

The medium tension-testing machine which has 50 kN of maximum capacity was 

utilized to do the tensile-shear testing for the whole samples. The ANOVA and 

regression analysis was conducted using Minitab software to improve the result’s 

accuracy. To obtain the microstructure, hardness, and corrosion testing, each sample 

was cut using electrical discharge machining (EDM) with wire cutting, to get the weld 

nugget cross-sectional area. This was done to avoid any microstructural changes in the 

weld nugget if the heat cutting was applied. The microstructure analysis was conducted 

by etching the sample’s cross-sectional area, then the microstructure figure was 

captured using SEM. The EDX was also utilized to analyze the transition of material 

compositions in the base metal, HAZ, and the fusion zone. This also provides an 

obvious transition phenomenon and its correlation with the localized heating process 

during welding. The micro-hardness value was acquired using a Vickers micro-
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hardness testing machine along with the base metal, HAZ, and fusion zone. In the 

corrosion testing, the potentiodynamic polarization process was utilized with 1 M NaCl 

as the medium. This process was conducted only for the sample with optimum welding 

current and force results from previous phase III ANOVA, while the welding time is 

varied. The corrosion rate for each sample was calculated using ASTM standard 

formula. The pitting figures were captured from the sample's cross-sectional area using 

an optical microscope. 

1.6 Organization of The Thesis 

This thesis consists of five chapters: introduction, literature review, methodology, 

results and discussion, and conclusions.  

A summary of the background of the study is provided in chapter 1. It mentions a 

brief introduction and explanation about the issues of RSW on Ti-6Al-4V. Some 

subjects which arise from the research related to it are formulated into some problem 

statements. The problem statements and objectives of this study are linked with each 

other. The scope of study and organization of the thesis are also presented in this 

chapter. 

Chapter 2 explains the literature review for a comprehensive background that 

triggers the research efforts. A basic explanation about RSW theoretical background, 

Ti-6Al-4V base metal properties, and some advantages on its applications. The 

discussion also contains some of the previous study discoveries and reported 

conclusions. The discussion leads to the reveal some important matters such as the 

mechanical and physical properties issues which are closely related to the variation of 

the RSW parameters. And also an extensive explanation regarding the corrosion rate 

and pitting susceptibility investigation particularly in the weld nugget area.  

In chapter 3, the scope of work start from the material preparations are defined. The 

detail about sample geometry and standard operating procedures of RSW usage are also 

described clearly. The methodology section depicts the obvious step-by-step of how the 

research was conducted. The standards used for tensile-shear testing, sample etching, 
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SEM analysis, micro-hardness analysis, potentiodynamic polarization, and optical 

microscopy are adopted from the internationally recognized standard.  

In chapter 4, the outcomes of the research are presented and discussed. The Taguchi 

method ANOVA and regression analysis results are provided comprehensively, 

particularly for optimum level parameters. The physical properties, mechanical 

properties, and potentiodynamic polarization or corrosion analysis results are also 

shown. The data are illustrated in the obvious figures, tables, and graphs. The detail of 

analysis is carried out in the discussion section, where the hypothesis, assumption, and 

reasonable explanation are explicitly elaborated, related to the data presented, and are 

also synchronized with the other literature. 

Chapter 5 summarizes the results and discussion that can be drawn from the current 

study. Specify recommendation is also given for related future work, for the better 

possible outcomes. 
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CHAPTER 2  

LITERATURE REVIEW 

2.1 Chapter Overview 

The chapter consists of all background literature regarding the topic of the research 

and also the outline of previous studies. The principal of the RSW method and Ti-6Al-

4V properties including their advantages and utilizations are reviewed 

comprehensively. Some of the studies which have been organized to investigate the 

influence of RSW parameters on Ti-6Al-4V properties and corrosion behavior are also 

put in a broad discussion in this chapter. This chapter presents sufficient information to 

reveal the gaps in the current research work. This also gives some benefits for defining 

the following experiment to fill the gaps and for future analysis to get accurate results. 

2.2 Introduction  

Welding is the process of joining two or more metals by melting some of the metal. 

In the industrial world, welding is needed, especially to make metal-based products 

such as in the automotive, aviation, household appliances, etc. Welding is also very 

important in the construction industries, especially steel construction which requires 

high joint strength and has good quality. The development of the welding process is 

growing significantly, especially to obtain better results. In the industrial world which 

is increasingly being demanded to be more effective and efficient, studies on welding 

process improvement are increasingly being carried out. The following are some 

classifications of welding processes that are commonly used [13]: 

1. Arc welding : Bare Metal Arc Welding (BMAW), Carbon Arc Welding 

(CAW), Flux Cored Arc Welding (FCAW), Gas Metal 

Arc Welding (GMAW), Gas Tungsten Arc Welding 

(GTAW), Plasma Arc Welding (PAW), Svc/hielded 

Metal Arc Welding (SMAW), Submerged Arc Welding 

(SAW), Magnetically Impelled Arc Butt Welding 

(MIAB) and Atomic Hydrogen Welding (AHW) 
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2. Oxyfuel welding  : Air Acetylene Welding (AAW), Oxyacetylene Welding 

(OAW), Oxygen/Propane Welding, Oxyhydrogen 

Welding (OHW), Pressure Gas Welding (PGW) 

3. Resistance welding  : Resistance Spot Welding (RSW), Resistance Seam 

Welding (RSEW), Projection Welding (PW), Flash 

Welding (FW), Upset Welding (UW) 

4. Solid-state welding : Coextrusion Welding (CEW), Cold Pressure Welding 

(CW), Diffusion Welding (DFW), Explosion Welding 

(EXW), Electromagnetic Pulse Welding, Forge Welding 

(FOW), Friction Welding (FRW), Friction Stir Welding 

(FSW), Friction Stir Spot Welding (FSSW), Hot Pressure 

Welding (HPW), Hot Isostatic Pressure Welding 

(HIPW), Roll Welding (ROW), Ultrasonic Welding 

(USW) 

5. Other types : Electron Beam Welding (EBW), Electroslag Welding 

(ESW), Flow Welding, Induction Welding (IW), Laser 

Beam Welding (LBW), Laser-hybrid Welding, 

Percussion Welding (PEW), Thermite Welding (TW), 

Electrogas Welding, Stud Arc Welding 

The Resistance Spot Welding (RSW) is quite different from other types of welding. 

When the other welding methods are occurring some sparks and arcs along the welding 

process and conducted for some of a long time, and joining the metals by melting the 

whole edge of the purposed metal sheet edge, The RSW only occurred on one purposed 

spot on the sheet for a certain time to create welded joint. The primary parameters such 

as welding current, welding time, and welding force which contribute highly in 

generating the weld in the specimen are reckoned and attributed as the most important 

process parameters, and essentially close with affecting the weld quality. Figure 2.1 

shows the RSW process diagram to develop the weld nugget and the correlation 

between the welding time and the temperature during welding. The transformation of 

the solid phase to the liquid phase defined around 1625-1750oC. Particularly for 
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titanium titanium alloy Ti-6Al-4V, the phase diagram with the cooling medium of water 

and air is shown in Figure 2.2 [14]. 

 

Figure 2.1 : RSW process diagram [15] 

 

 

Figure 2.2 : Titanium alloy Ti-6Al-4V phase diagram [14]. 

The other parameters are considered as the second important parameters such as 

the squeeze time, weld time, hold time, and off-time. Squeeze time is recognized as the 
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sufficient time to develop the amount of electrode force, the time in which the current 

flows is called welding time. When the solidification is processed, the time required to 

finish it is called hold time while the force is still applied. The later is off time, the time 

which is required by the electrodes to switch to the next weld, and off-time is the time 

needed for the electrodes to move to the next weld [16]. Figure 2.3 shows the part of a 

typical RSW machine. In the process, the welding current is flowing through the 

electrodes, transferred to the materials while the materials are held at once at the same 

time by both above and below electrodes, give it a tight grip on the materials. This 

process is conducted in the whole welding time cycle. Determining the amount of 

welding time in which the current flows is deeply dependent upon the material type, 

thickness, and the welding tip cross-sectional area [17]. 

 

Figure 2.3 : Parts of typical RSW machine [17] 

Figure 2.4 depicts an obvious and complete diagram of the RSW process. The 

various sections of the RSW machine are labeled for clarity [17]. 
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Figure 2.4 : The RSW machine with work 

The other important factor is the material resistance which contributes to the name 

of RSW. As explained before, the weld joint is obtained after the welding current flows 

and hits the materials as both of the materials are clamped by the electrodes. The 

material's base metal resistance generates the localized heating spot in the materials. 

This localized heating spot joins the materials together and the weld is produced 

subsequently. This is what makes the RSW different from other welding methods 

because, the localized heating is occurred on the surface of materials and penetrates the 

internal part of the materials contact. Figure 2.5 exhibits the comparison between RSW 

and gas tungsten-arc welding (TIG) weld joint [17]. 

 

Figure 2.5 : Resistance and TIG spot weld comparison [17] 

Only one side of the gas tungsten-arc spot is created. In the RSW, the electrodes 

on both sides of the workpiece are usually used to make a joint. The RSW process can 

be achieved in any direction of the manufacturing process and particularly in any 

position required. In the entire case, certainly, the current must flow, else the weld will 

not be possible. During the welding process, the electrode points press against the 

workpiece, keeping the component in close and intimate contact. Keep in mind that the 

RSW machines aren't meant to be used as force clamps to hold workpieces together 

while welding [17]. 



12 

Weld cycle or time may be relatively simple and utilize just the aforementioned 

times, but they can often be much more complex as shown in Figure 2.6. Modern 

machine controllers offer the ability to customize and precisely control each of the 

parameters indicated in the figure. RSW works extremely well for welding the 

relatively thin sheets that are so common in automotive manufacturing. In addition, 

incredibly fast welding times combined with the self-clamping nature of the process 

make it an ideal process for high production robotic welding on which the automotive 

industry relies heavily [16]. 

 

Figure 2.6 : Spot welding cycle [16] 

The RSW cycle compare to the development of weld nugget can be seen in Figure 

2.7 The following are the basic criteria that influence the amount of heat generated: 

1. The welding current (the heat generation is made based on the amount of welding 

current, subsequently the higher the welding current the more heat will be 

produced). 

2. The length of time spent welding (the welding time contributes to the heat 

generation proportionally when the heat transferred is constant). 

3. The welding force (the higher welding force will give lower contact resistance, 

which under normal circumstances, the heat will be produced). 
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Figure 2.7 : The RSW nugget growth [18]. 

2.2.1 Heat Generation and Solidification 

Heat generation associated with the RSW process is more complicated than just the 

simple heating of a conductor associated with the passage of electrical current. Where 

the sheets come into contact with each other, there is the greatest resistance to current 

flow. Because of this, a weld nugget can develop and expand precisely where it is 

required between the sheets [16]. When power and heat are assumed to be synonymous, 

Ohm's Law may be modified. When current is conducted through a conductor, heat is 

generated due to the conductor's electrical resistance to current flow. As Q indicated as 

the heat, calculated from the amount of welding current I which flows through and the 

electrical resistance R, the basic formula for generating heat can be given in the equation 

(2.1) [17]: 

 

𝑸 = 𝑰𝟐𝑹 (2.1) 

 

A sequence of resistances makes up the second section of an RSW circuit, which 

includes the parts to be welded. The entire cumulative value of this electrical resistance 

affects the current output of the RSW equipment and the heat generation of the circuit. 

The important aspect is that, while the current value remains constant throughout the 
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electrical circuit, the resistance values might vary substantially at various places. At any 

point in the circuit, the heat created is proportional to the resistance [17]. In Figure 2.8 

it can be figured out the proportions of the time or cycles during welding start to the 

end. Start from the squeeze time when the pressure from the welding force is started to 

be applied. The welding current will flow in the bigger proportions of all. The 

development of the weld nugget will be continued in the hold time and the off-time 

finally the opportunity to switch to another spot welding is given. 

 

Figure 2.8 : Spot welding time cycle [17] 

All of the RSW machine parts including the tongs, the flexible cables, the electrode 

tips, and the transformer are built with the least amount of resistance possible. RSW 

machines are made to efficiently deliver the welding current to the weldment. The most 

relative resistance is needed at the weldment. That is, it is connected to the rest of the 

welding circuit. In the work area there are six major points of resistance, which are: 

1. The meeting point between the top workpiece surface and the electrode surface. 

2. The top workpiece 

3. The top and bottom interface of the workpiece  

4. The bottom workpiece. 

5. The meeting point between the bottom workpiece surface and the electrode surface. 

6. The electrode tips resistance 

When the solidification process occurs, the resistance which is the main factor in 

the formation of the heating localization affects the process significantly. These 

resistances, which are connected sequentially, each inhibit the flow of electricity from 
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the electrodes to the material. The amount of resistance is greatly affected by the heat 

transferability of the material, its electrical resistance, and the thickness of the joint 

material at the weld joint. Especially at the 3 points which are the junction between the 

electrodes and the combination of the two materials [17]. 

The heating localization process requires thousands of amperes at almost every 

RSW condition. An amperage of that magnitude will create a large amount of heat in a 

short time when flowing through a high resistance. A handle that is strong enough and 

tough is very important to produce a good RSW connection when the RSW process 

occurs. The welding time factor is also very essential especially in most single pulse 

RSW processes and is the only parameter that can be controlled. Controlling current is 

frequently cost-prohibitive. In many instances, it is also unpredictable. Time is also a 

crucial aspect in The RSW. The majority of resistance spot welds are completed in a 

fairly short amount of time. Since the alternating current is commonly utilized in 

welding, processes may be based on a 60 cycle time (sixty cycles = one second). 

Previously, the heat generation formula was utilized. The formula is completed with 

the addition of the time element T and the heat losses K as follows in equation (2.2) 

[17]: 

 

𝑸 = 𝑰𝟐𝑹𝑻𝑲 (2.2) 

 

It's crucial to keep track of time. If the time element is too lengthy, the melting (and 

possibly boiling) temperature of the base metal in the joint may be exceeded. Because 

of the gas porosity, this could result in poor welds. The unexpected event such as an 

expulsion from the molten metal ejection during welding is also possible particularly 

with higher heat input in a short time, which could weaken the weld by reducing the 

cross-section of the junction. In addition, shorter welding time reduces the risk of 

excessive heat transfer in the base metal. Welded part distortion is reduced, and the 

heat-affected zone around the weld nugget is significantly reduced [17]. 

As with current and time, the effect of welding force is also something that needs 

to be considered carefully. The application of welding force to the material has the aim 

of holding the material in its position so that the RSW process can be carried out at the 
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right point. So that the electrical conductivity and resistance are fairly uniform at the 

point where the welded connection occurs. Pulling the workpieces together with tongs 

or electrode tips is not recommended [17]. To keep the good condition of contact 

resistance, the surface condition must be preserved from any substances including rust 

and other substances that will differ the resistance values. This surface condition of the 

sheets will also determine the amount of localized heat in the point that is being welded 

as well as the applied parameters. When the two sheets are brought together, the surface 

roughness of each metal will limit the contact area. In these circumstances, when the 

welding current is transmitted through the sheets, the electron will have no chance other 

than to pass the narrow area where the surface roughness lies. The current density then 

will be induced extremely at localized points, which results in extremely increased 

resistance. Surface asperities or roughness are flattened and contact resistance is 

reduced when electrode force is applied. As a result of the reduced contact resistance, 

higher RSW forces will generally result in less heating [16]. 

The resistance factor decreases as the pressure increases. With the electrode tip in 

close contact with the base metal, proper pressures will tend to transfer heat away from 

the weld. The control of welding force or pressure is conformable with the current, the 

lower applied force or pressure is also followed by the required lesser amount of current 

and vice versa. A similar case is also applicable for the any of RSW machine types [17]. 

Oxides, rust, scale, grease/oil, and paint, in addition to surface roughness, increase 

contact resistance. By breaking up oxides and pushing out other surface contaminants, 

higher electrode forces will have the same effect as lowering contact resistance as 

shown in Figure 2.9 [16]. 

 

Figure 2.9 : The effect of electrode force on contact resistance [16] 

Solidification of a liquid nugget during welding is identical to that of a metal cast 

and consists of two steps: nucleation of a solid phase and subsequent crystal 
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development, just like ingot mold solidification. Heat dissipation into the base metal 

and electrodes regulates the crystallization process. The type, size, and orientation of 

the crystals generated are influenced by the cooling direction and rate, as well as the 

alloy composition [19]. 

2.2.2 Weld Quality 

The weld and nugget are not the same by definition or measurement, despite their 

close relationship. A weld is expected to contain all parts of a weldment, including the 

HAZ, in addition to the nugget. Another point of contention is the distinction between 

button and nugget diameters. Because metallographic cross-sectioning frequently 

reveals a nugget's size and shape, a nugget's width is measured rather than its diameter, 

as shown in Figure 2.10. Other features revealed by cross-sectioning a weldment are 

also shown in this figure [19]. Different amounts of welding parameters such as welding 

current will lead to the different results of weld nugget [20]. The example of the 

different results of the weld nugget is shown in Figure 2.11. 

 

Figure 2.10 : Weld attributes revealed by metallographic sectioning [19] 

The shape of welding nugget observation is the easiest way to define the welding 

quality of joining metals. In terms of the effect of the RSW process, the weld nugget 

will also bring another microstructure change around it. The fusion zone, HAZ, and the 

base metal will provide different types of microstructure that will lead to mechanical 

performance. Other than that, the welding arrangement will also strongly affect the 

mechanical properties such as the fatigue limit of its weld [21]. Overall optimization of 

the RSW parameters and the development of a more advanced process system proved 
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to be able to improve the quality of the weld nugget and further investigate its effect on 

its tensile-shear strength [6]. 

 

Figure 2.11 : Weld nuggets result of Q&P 980 Steel. (a) Single-pulse weld 7 kA; (b) 

double pulse weld 7kA-6kA; (c) double pulse weld 7 kA-7.5 kA [20]. 

However, due to the “hidden” weld position between the sheets or parts being 

welded, visible examination is not possible in mass industrial outputs with most 

resistance welding techniques. As a result, maintaining weld quality using RSW 

procedures is heavily reliant on other methods such as current range and lobe curves as 

shown in Figure 2.12 and Figure 2.13. 

 

Figure 2.12 : Current range curve [16] 
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Podržaj et al. concluded that when it comes to the quantity of heat created during 

RSW, there are two extremes: expulsion happens when the heat generation is exceeded 

the necessary to form an appropriate weld and a cold weld or there is no created weld 

nugget if the heat generation is less than the necessary to form an appropriate weld. The 

heat generation should be in the range between the point of cold weld and expulsion 

which is called appropriate weld area. Due to the condition when the higher necessary 

heat generation will increase the weld nugget strength, then the developed heat 

generation in the range closer to the expulsion range is preferable. In addition, the 

adequate combination of RSW parameters during welding without any disruption or 

expulsion is contributing more to an acceptable weld as can be seen in Figure 2.13 [22]. 

 

Figure 2.13 : The RSW weld zones/lobe curves [22]. 

2.3 Titanium and Its Weld Properties 

The extended use of materials in such of the specific area that is required some 

high strengths and good fatigue condition make Titanium alloy is the best choice to be 

taken. It is also having good weld-ability and heat resistant as well as is corrosion 

resistant. Welding has the most impact on material characteristics. The minimized 

contaminant in the surrounding welding environment is also a priority to be fulfilled to 

get excellent results. In defining the final qualities of welded joints, alloy composition, 

welding method, and subsequent heat treatment are all critical factors. So, to understand 

the properties transformation, it must be collected the data about the basics of titanium 

alloy properties based on proper standards before it is welded. And also for the proper 
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selection of which titanium alloy will be used for the research, certain reasons must be 

analyzed. 

2.3.1 Physical & Mechanical Properties 

In the industrial world, titanium is recognized as a low-density metal with 4.5 

gr/cm3 of density, lower than plain steel with 7.85 gr/cm3 of density. Titanium's 

properties such as strength can be refixed by either alloying process or the deformation 

process. Titanium may passivate, making it resistant against many corrosion substances 

and solutions such as chlorides and mineral acids. Some titanium products such as 

commercially pure titanium and certain titanium alloys are considered biocompatible 

with the human body. Many products can be produced from titanium and titanium 

alloys which gives valuable product quality. These include the applications in chemical 

and petrochemical industries, maritime settings, and also biomaterials due to their 

exceptional corrosion resistance and biocompatibility, as well as their high strength. 

Several of Ti-6Al-4V products are shown in Figure 2.14. 

 

 

Figure 2.14 : Several Titanium alloy Ti-6Al-4V products 
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At extremely low to very high temperatures, different titanium alloys exhibit a 

combination of high strength, stiffness, excellent toughness, low density, and great 

corrosion resistance, allowing weight reductions in aircraft constructions and other 

high-performance applications [23]. Mechanical characteristics including yield or 

ultimate strength to density (strength efficiency), fatigue crack development rate, and 

fracture toughness, as well as production concerns like welding and forming needs, are 

crucial. For structural titanium alloy applications, these parameters usually dictate the 

alloy composition, structure (alpha, alpha-beta, or beta), heat treatment (some form of 

either annealing or solution treating and aging), and level of process control chosen or 

recommended [23].  

Industrial sectors provide the titanium alloy Ti-6Al-4V, utilize it, and shipped it for 

almost more than 50 years back from the entire titanium types. Various compositions, 

such as Ti-4Al-3Mo-1V, Ti-7Al-4Mo, and Ti-8Mn, have seen intermittent use 

throughout the history of the titanium industry. Various titanium alloys have been 

developed, but they have never been widely used commercially. One of the most 

applicable titanium alloys with unique properties is Ti-6Al-4V. This alloy has an 

imprescriptible capacity to be produced in a variety of small or large-size mill products. 

In addition, the Ti-6Al-4V mill products are suitable to be processed into more complex 

hardware or general products. This gives commercially viable in the more dynamic 

industrial demands. Hence, this wrought titanium alloy is acclaimed to be the most 

popular among others to be chosen as a standard alloy for measuring the others.  Ti-

6Al-4V is also the typical alloy for castings that need to be extremely strong. It has also 

been tested in P/M processing. For many years to come, Ti-6Al-4V will be the most 

widely used titanium alloy [23].  

ASTM described Titanium alloy in Grade to differ among various of its material 

types according to its alloy and unalloyed condition based on the standard of ASTM B-

265. Ti-6Al-4V meaning that, it is Grade 5 - Titanium alloy (6 % aluminum, 4 % 

vanadium). Titanium alloy grade 5 or Ti-6Al-4V has 130 ksi or 895 MPa of tensile 

strength with 120 Ksi or 828 MPa of Yield Strength making it one of the strongest 

alloys among others [4]. This benefit of course making Ti-6Al-4V the first choice 

among other titanium alloys as base materials of various industrial common products. 

Especially for a product that is required high strength and ductility but must be light, 
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having good corrosion resistance as well as heat resistant at the same time such as 

vehicle muffler, engine part, and gas engine turbine blade.  

Regarding the RSW research for titanium sheet, Kahraman et al conducted research 

using 1.5 mm of commercially pure (CP) titanium sheet (ASTM Grade 2), while the 

parameters of electrode force (2 kN, 4 kN, and 6 kN), welding cycle (5, 15 & 25 cycles) 

and weld environments (air and controlled argon atmosphere) also set for 18 samples, 

concluded that the welding time increasing was reciprocal with the amount of electrode 

force and weld nugget tensile-shear strength as can be seen in Figure 2.15. Compared 

with the other parameters, during welding it was discovered that the welding time was 

verified to be the most vital and had the most influential effect on the weld nugget 

strength, and the welding environment was put otherwise as to the least of them [7]. 

Zhang et al. [6] conducted research using 1 mm (thickness) of titanium alloy Ti-

6Al-4V sheet with the variations of welding current (7, 8, 9, 10, & 11 kA), welding 

time (4, 8, 12, 16, & 20 cycles) and electrode force (2, 3, 4, & 5 kN). The research 

discovered the sample's weld nugget strength increased rapidly in tune with the increase 

of tensile loads, at this point the maximum tensile load was achieved as shown in Figure 

2.16a. 

 

Figure 2.15 : Tensile-shearing test data: (a) 5 cycle weld time and (b) 15 and 25 cycle 

weld time [6] 

As its large contribution to the heat generation, the welding current effect had been 

discovered as the parameter which gave the greatest impact to the weld nugget strength 

and size. Controlling its value is affirmatively favorable in the weld nugget quality 

transformation such as bigger nugget width (W) and the indentation depth. But 

exceeding it's necessary causing several undesirable expulsions and deeper indentation, 
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lowering the weld nugget strength subsequently. As shown in Figure 2.16b, a linear 

welding strength curve is shown in line with the increase of welding time but at some 

point, it was constantly maintained, which exhibits a corresponding effect in the 

response of weld nugget width (W) development [6]. 

The reverse weld nugget width (W) response was shown by electrode force, only 

an initial point it responded as increasing as seen in Figure 2.16c. The remained curve 

decreased narrowly following the increase of electrode force, leaving the conclusion 

biased that the higher force should respond otherwise as the electrode tip shape is 

known as cone generally. However, the validity was owned by the weld nugget height 

(H). When the electrode force increased, the samples' tensile loads were dramatically 

reduced due to the deeper depression, resulting in constantly reduced weld nugget 

height (H) [6]. 

 

Figure 2.16 : Relations between welding parameters and tensile shear load and weld 

nugget width: (a) Welding current; (b) welding time; and (c) electrode force [6]. 

The sample width and weld diameter are also essential to affect the maximum 

displacement as well. The most valuable factor influencing the energy absorption in the 

weld is the weld diameter. The next in line is the width effect with less significant 

impact but still appropriate to support the process, followed by the width and diameter 

relationship factor and also with the width and length adjustment. To gain more reliable 
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conclusions for the effect, the most common tested strength measurements such as 

energy, peak load, and maximum displacement in the mechanical testing method are 

considered to be conducted at once as the indicators for the research based on the 

experimental and statistical investigation [24]: 

1. In the result of tensile-shear testing, the width of the sample was considered the 

most affected dimension. 

2. As observed, the overlap of the sample was less critical and could be determined 

similarly with the sample width for simplicity. 

3. Even though it was discovered that the sample length was supposed to be long 

enough to avoid its impact during the testing, but this dimension was also 

discovered less influential than the previous two. It was also considered that 150 

mm was found sufficient as 25 mm was used to give clamping space, 

nevertheless, it was observed as longer than any of the specifications or 

standards 

4. When establishing essential sample sizes for different gauges of materials, the 

weld diameter should be taken into account. 

2.3.2 Chemical Properties 

Titanium is a non-magnetic metal with excellent heat-transfer characteristics. Its 

lower coefficient of thermal expansion than steel and almost less than 50 percent of 

aluminum, gives it the advantage to withstand the extreme environment in response to 

a change of high temperature. The restriction of applicable temperature for reshaping 

and processing titanium and its alloys is still preserved even though they have a greater 

melting point compared with steel. It is as low as around 427°C (800°F) until 538°C to 

595°C (1000°F to 1100°F). The composition of its alloys is still dominantly considered 

as the affecting factor of the selection. At temperatures up to 760oC (1400 oF), titanium 

aluminide alloys show their potential. The commercially pure titanium (CP) meets the 

minimum criteria for corrosion resistance. In the United States, unalloyed titanium is 

often manufactured to ASTM standard specifications B 265, B 338, or B 367 in grades 
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1, 2, 3, and 4. These grades differ in terms of oxygen and iron concentration, which 

influence strength and corrosion resistance, respectively [23]. 

Titanium and titanium alloys display a swinging resistance against the harsh 

environment of widely various chemical exposures. It generates thin passive oxide film, 

invisible but deterrent to protect its base metal. The tenacious and cohort TiO2 is the 

primary content in this film, its chemical stability proves essential to instantaneously 

heal itself when it is accidentally and mechanically damaged in the presence of even 

minor amounts of oxygen or water (moisture). This metal is even unaffected and 

maintains its capability to provide firm protection contrary to the upcoming oxidizing 

or acidic assault. In aqueous chlorides (e.g., brines, seawater) environment titanium is 

particularly well-known for its high resistance to localized attack and stress corrosion. 

As well as the other halides and wet halogens (e.g., wet Cl2 or Cl2
- sat. brines). This is 

also confirmed in the hot, highly-oxidizing, acidic solutions (e.g., FeCl3 and nitric acid 

solutions) where most commercial metals such as steels, stainless steels, copper, and 

nickel-based alloys can be severely damaged [86].  

The other popular titanium alloy capabilities are their distinctive resistance against 

any accidental collision, erosion, or cavitation which are commonly generated by any 

liquid flowing and turbulent fluids. A similar case can be applicable and comparable in 

the weldment zones, castings and any forging process, because the same protective 

oxide surface film is developed and exist on most titanium alloys. Titanium alloy's 

usable resistance is limited, especially as the temperature rises in the range of moderate 

to high acid solutions such as HF, HCl, H2SO4, HBr, and H3PO4 at all expected 

concentrations. These are rather considered to be a reason why titanium alloys are more 

resistant to a wider variety of chemical conditions and temperatures than other metals 

such as aluminum, nickel-based alloys, copper, steels, and even stainless steel [86]. 

2.3.3 Microstructures 

Titanium crystallizes in two different ways. One of them, at the room temperature 

of commercially pure titanium, is recognized as (α) phase with a hexagonal close-

packed (HCP) structure. Then another phase is a transformed body-centered cubic 

(BCC) structure called beta (β) which transforms at 883 oC (1621 oF). The production 
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arrangement and titanium alloys properties are based on this crystallographic 

management through the set up of alloying elements, weldments, or thermomechanical 

processing. These phases also serve as a useful classification system for titanium mill 

products. As a result, the classification is trippingly differed using the presence of α 

alloys, β alloys, or α+ β alloys amount in the material [5]. 

Aluminum and tin are among the elements found in α alloys. These -stabilizing 

elements function by either preventing or creating changes in the phase transformation 

temperature. α alloys have a highly creep resistance property which are rather 

considered as favorable in the high-temperature process than β alloys. α alloys are 

appropriate for cryogenic applications because they lack a ductile-to-brittle transition, 

which is a property of the β alloys [5]. 

α alloys have acceptable strength, toughness, and weldability, but they are less 

forgeable than β alloys [87]. As a result of the latter trait, there is a higher likelihood of 

forging faults. These issues can be mitigated by smaller decreases and frequent 

reheating. Heat treatment cannot be used to strengthen α alloys, and certainly unlike β 

alloys. They are most commonly employed in the annealed or recrystallized state to 

remove residual stresses from working [5]. 

As the most common and widely used type of titanium alloy, Ti-6Al-4V has fairly 

unique formability [20]. Although it tends to be difficult to anneal and shape, some heat 

treatment applications have proven to be well applied to the α + β alloys. At normal 

temperatures, α + β alloys can account for between 10 and 50% of the total phase 

depending on the composition at room temperature. This phase is quite dispersed and 

in its function will then support the nature of the α and β phases. Especially in β phase 

control which is often done, it can improve the quality of the properties. One of them is 

the aging process at a temperature of 460-650oC which was previously preceded by 

solution treatment. This process can refine the α and β phases, especially changing the 

β phase for the better. 

During the process, some β stabilizer alloys is added, a two-phase sistems are 

usually required and used. This may result in the retention of some β phases below the 

transus temperature until room temperature is reached. So that when the room 

temperature is reached, the β phase will be stabilized by a relatively small concentration 
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of β stabilizer. Along with the addition of β phase stabilizers to the process, the 

percentage of the β phase will also increase at room temperature. From this, it can be 

described that α + β alloys with a large amount of α stabilizer and a small amount of β 

stabilizer have a unique ability to stabilize the phases, especially the β phase. Some of 

the transitions among the various heat treatment conditions can be seen in Figure 2.17. 

 

Figure 2.17 : (a) Ti-6Al-4V 100X Alpha-beta alloy 8mm (0.031 in.) sheet 788°C 

(1450°F)/15 Min., Air Cool (Mill-annealed condition); (b) Ti-6Al-4V 200X Alpha-

beta alloy38mm (1.5 in.) plate 788°C (1450°F)/15 Min., Air Cool (Mill-annealed 

condition); (c) Ti-6Al-4V 100X Alpha-beta alloy38mm (1.5 in.) bar 1016°C 

(1860°F)/20 Min., Air Cool (Transformed-beta condition) [86]. 

Heat treatment, which involves quenching from a high α + β temperature and then 

aging at a somewhat lower temperature, can greatly strengthen two-phase titanium 

alloys. The quenching prevents the β phase change that would typically happen with 

gradual cooling. The aging cycle enables fine particles to precipitate from the 

metastable, giving it a stronger structure than the annealed α + β phase [86]. 

Transition elements such as vanadium, niobium, and molybdenum are found in β 

alloys, and they tend to lower the temperature of the α phase transition to β favors the 

growth of the BCC phase. They offer better forge ability than α alloys over a larger 

range of forging temperatures, and β alloy sheets can be cold formed in the solution-
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treated state. β alloys are hardenable and heat treatable. Solution treatment followed by 

aging at temperatures ranging from 450 to 650oC (850 to 1200oF) is a popular thermal 

treatment. In the retained, finely dispersed particles arise as a result of this treatment 

[5].  

Kahraman et al concluded that the twinning display was rather observed clearly in 

the fusion zone as the deformation effect than the shearing, according to the 

microstructural study of resistance spot weld titanium sheet ASTM Grade 2. High 

pressure and welding duration were also found to promote twinning [7]. As shown in 

Figure 2.18, when the weld is held for the lower electrode force, the twinning form is 

not visible, and certain pores occur. When the electrode force is raised, however, the 

amount and dimension of twinning increases and the pores vanished. 

 

Figure 2.18 : Optical microscope images of the weld nugget of resistance spot welded 

joints joined at: (a) 2000 N, 15 cycle (b) 2000 N, 15 cycle-Argon (c) 4000 N, 15 cycle 

(d) 4000 N, 15 cycle-Argon (e) 6000 N, 15 cycle (f) 6000 N, 15 cycle-Argon [7]. 
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Zhang et al on Ti-6A-4V discovered that the β phase was confirmed to be 

completely transformed into a coarse acicular α' and formed martensitic structure with 

the needle-like form in the fusion zone and also severely observed in the HAZ as shown 

in Figure 2.19, resulting in the fusion zone has the maximum hardness. The almost 

similar characteristic of the increased hardness is also discovered in the HAZ as its 

microstructure was consist of a mix of primary α, primary β, and a transformed of the 

β phase to fine acicular α ' phase. But the HAZ hardness was observed lower than the 

fusion zone but higher than the base metal [6]. 

 

Figure 2.19 : Microstructure of: (a) Three zones (b) base metal (c) HAZ (d) weld 

nugget zone [6]. 

2.3.4 Hardness Distribution 

The application of hardness testing allows for the evaluation of a material's 

qualities, such as strength, ductility, and wear resistance, and so aids in determining if 

a material or material treatment is adequate for the intended purpose. Kahraman et al 
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conducted hardness testing to test the hardness distribution along with the base metal, 

HAZ and weld nugget cross-sectional as shown in the area as shown in Figure 2.20, 

then concluded that the hardness values for weld nugget were observed as the highest 

among all, followed sequentially by the HAZ and base metal. as shown in Figure 2.21 

[7]. 

 

Figure 2.20 : Hardness measurement areas on the welded sample [7]. 

 

Figure 2.21 : Hardness of: (a) 2000 N, 15 cycle (b) 2000 N, 15 cycle-Argon (c) 4000 

N, 15 cycle (d) 4000 N, 15 cycle-Argon (e) 6000 N, 15 cycle (f) 6000 N, 15 cycle-

Argon samples welded at different parameters [7]. 

While Zhang et al concluded the same thing that both the weld nugget area and 

HAZ hardness are superior that in the base metal as shown in Figure 2.22, resulting in 

the transformed β phase into acicular martensite α' phase in the weld nugget and the 
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combination of primary α, primary β, and a transformation of the β phase to fine acicular 

α' phase in the HAZ [6]. 

 

Figure 2.22 : a) Horizontal measurement location (b) vertical measurement location 

(c) horizontal hardness distribution (d) vertical hardness distribution [6]. 

2.3.5 The Optimization 

In the previous studies, the outcomes for the study of the RSW parameters effect 

into titanium alloy Ti-6Al-4V weld properties are discovered as lack of information 

about the results. The list of the previous study can be observed in Table 2.1. The other 

limitation is that most of the studies did not use a design of experiment (DOE) in the 

approach, especially to find out the optimum level of RSW parameters. Whereas, this 

DOE will be helpful not only to find out the optimum level but also to define the most 

significant affecting parameters. The regression model can also be drawn from the DOE 

model, hence, the mathematical model is the outcome of this process. The characteristic 

of the microstructure was also discussed restrictively. The previous investigation didn't 

mention the clear transition between the β phase into the α' phase with the involvement 

of the RSW parameters changing. There was also a lack of information about the 

relationship among the expulsion, failure mode, microstructure, and hardness values. 

No, hesitate that the improvement in these matters such as applying DOE in the process, 
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deeper discussion in physical and mechanical properties are giving sufficient better 

outcome and also better discussion matter. 

The corrosion resistance transformation as the effect of localized heat input during 

the RSW process is also a pretty rare discussion matter in the previous studies. 

Although, the changing of the weld nugget behavior to regenerate passive anti-

corrosion film in the surface is essential to be analyzed due to its benefit in the titanium 

alloy products. The thin or less dense anti-corrosion film in the weld nugget is 

susceptible to corrosion reaction particularly pitting corrosion. Where this type of 

corrosion is found common the RSW coarser grain boundaries, even in the atmospheric 

air condition [93]. This is a challenging question and also creates room for 

improvement, where this analysis about corrosion resistance study is no doubt will be 

essential to figure out. 
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Table 2.1 : Some of the investigation for RSW parameters effect on material properties and corrosion behavior 

Year Author Project Title Finding Limitation 

2005 Kahraman 

et al., 

The influence of welding parameters 

on the joint strength of resistance 

spot-welded titanium sheets 

 The resistance spot welded samples 

tensile-shearing strength rose when 

welding duration and electrode force 

were increased 

 The welding time had the greatest 

impact on the tensile-shearing strength 

of the welded samples, whereas the 

welding environment had the smallest 

impact. 

 The welding current is constant, the 

variation of welding parameters focused on 

electrode force and welding cycle 

 The study held into two different welds 

environments: air and controlled argon 

2006 Vural et 

al., 

Effect of Welding Nugget Diameter 

on The Fatigue Strength of The 

Resistance Spot Welded Joints of 

Different Steel Sheets 

 The increase of weld current also 

increases the nugget diameter of three 

combinations of welded joints in this 

study 

 A similar steel sheet joint has a greater 

endurance limit than the dissimilar steel 

sheet joint. 

 The variation of welding parameters only 

focused on weld current 

 The study considered the effect of weld 

nugget diameter on the fatigue strength 

2010 Shi et al., Effects of Welding Parameters on 

The Characteristics of Magnesium 

 The RSW with cover plates is feasible to 

weld magnesium alloy 

 The study is considered on one material of 

welded joint 
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Year Author Project Title Finding Limitation 

Alloy Joint Welded by Resistance 

Spot Welding with Cover Plates 

 Adjusting electrode force and down-

sloping time can inhibit pore formation 

 A high number of weld current is needed 

due to the application of cover plate 

2013 Pandey et 

al., 

Optimization of Resistance Spot 

Welding Parameters Using Taguchi 

Method 

 The S/N ratio's response to tensile 

strength reveals that the welding current 

is the most important parameter 

controlling weld tensile strength, 

whereas holding time and pressure are 

comparably less important. 

 According to the ANOVA approach, 

welding current holding time and 

pressure contribute 61%, 28%, and 4% 

to tensile strength, respectively. 

 The study is lack experiments  

 The testing method only consist of tensile-

shear testing results, it doesn't mention the 

effect of microstructure and hardness 

distribution 

2016 Long et al., Effect of Holding Time on 

Microstructure and Mechanical 

Properties of Resistance Spot Welds 

Between Low Carbon Steel and 

Advanced High Strength Steel 

 The geometrical center of the total 

thickness is where the solidification line 

of the uneven thickness weld nugget is 

found. 

 The results show that extending the 

holding time improves the weld joints 

and has an impact on the failure mode. 

 The number of simulations using FEA is 

limited to two samples 

 This study considered a wide range of 

holding time 

2017 Zhang et 

al., 

Characteristics of Resistance Spot 

Welded Ti6Al4V Titanium Alloy 

Sheets 

 The higher welding the more decrease 

tensile load. The more increase welding 

time, the more increase tensile loads. 

 It comes with no design of experiment so 

that the number of experiments is low 
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Year Author Project Title Finding Limitation 

The more increased electrode force the 

more increase tensile load but at a 

certain point if it's continued to be 

increased the tensile load decreased 

 The hardness results show that the weld 

nugget and HAZ are harder than the base 

metal 

 The selection parameters of electrode force 

are less than the welding current and 

welding time so it does not correspond  

2018 Anijdan et 

al., 

Optimization of Spot-Welding 

Process Parameters in Dissimilar 

Joint of Dual-Phase Steel DP600 and 

AISI 304 Stainless Steel to Achieve 

the Highest Level of Shear-Tensile 

Strength 

 Variation of welding parameters highly 

affected to dissimilar spot-welding result 

 Hardness profile on heat-affected zone 

shows different results between two 

different material interfaces 

 The number of experiments is low due to the 

selection of the Taguchi method 

 The study considered the small diameter of 

the welded zone 

2018 Mansor et 

al., 

Microstructure and Mechanical 

Properties of Micro-resistance Spot 

Welding Between Stainless Steel 

316L and Ti-6Al-4V 

 Welding current is the most influenced 

welding parameter on this dissimilar 

type of welded joint steel 

 Element composition analysis of the 

welded joint was observed 

 This study is considered on a thin of 

thickness which is rarely applicable 

 The optimum variation of welding 

parameters only to conduct the present 

experiment of this study 

2018 Hafez et 

al., 

The Effect of Welding Atmosphere 

on The Pitting Corrosion of AISI 

304L Resistance Spot Welds 

 Depending on the type of shielding gas 

and heat input during welding, RSW 

nuggets of AISI 304L stainless steel 

 AISI 304L austenitic stainless steel with a 

thickness of 1 mm was used in the 

experiment. 
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Year Author Project Title Finding Limitation 

display several sorts of pit morphologies 

and pit diameters. 

 The corrosion pitting resistance of 

stainless steel welded nuggets 

deteriorates as RSW heat input is 

increased. 

 At extremely low heat input, both argon 

and nitrogen have no discernible 

influence on the pitting resistance of 

spot-welded nuggets. 

 The CPP experiments indicate that 

nuggets welded under argon have a 

higher corrosion potential than those 

welded under nitrogen or air with low 

heat input. 

 The welding current was varied from 3.3 

to 7.1 kA in this investigation, while the 

squeezing time, holding time, and welding 

duration, as well as the electrode force, 

were held constant at 5, 30, and 35 cycles 

and 1.2 kN, respectively. 
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2.3.6 The Mathematical Model 

The mathematical model is used to translate problems from one application field 

into traceable mathematical formulations, which can then be analyzed theoretically and 

numerically to provide insight, answers, and advice for the original application. 

Generating a mathematical model can help the possible future research and also make 

it easier to do.  Linear regression is used to determine the mathematical model of the 

weld nugget diameter and the tensile-shear maximum load in this research.  

The most basic linear model has only one independent variable and asserts that 

when the value of the independent variable grows or decreases, the real mean of the 

dependent variable changes at a constant pace. As a result, the equation of a straight 

line is the functional connection between the real mean of Yi, represented by ε(Yi), and 

Xi as expressed in equation (2.3) [88].: 

𝜺(𝒀𝒊) = 𝜷
𝟎

+ 𝜷
𝟏

𝑿𝒊  (2.3) 

Where, 

ε(Yi)  : The functional connection between the real mean of Yi 

β0  : The intercept, the value of ε(Yi) when X = 0 

β1  : The slope of the line,  

Xi  : The rate of change in ε(Yi) per unit change  

 

The dependent variable's observations Yi are considered to be random observations 

from populations of random variables, with each population's mean determined by 

ε(Yi). To produce the statistical model, the divergence of an observation Yi from its 

population mean ε(Yi) is taken into account by adding a random error 𝜖𝑖 in equation 

(2.4): 

 

𝒀𝒊 = 𝜷𝟎 + 𝜷𝟏𝑿𝒊 + 𝝐𝒊 (2.4) 
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i = 1,2,…,n denotes the observational unit. The n observations on the independent 

variable are referred to as the Xi, and they are considered to be error-free measurements. 

That is, the observed Xi values are taken as a collection of known constants. Both the 

Yi and the Xi are paired observations, and both are measured on each observational unit 

[88]. 

The multiple regression model is utilized if the response Yi is impacted by more 

than one predictor variable and it is also linked with the mathematical model for this 

study. The investigator has control over these variables, but the yield may be influenced 

by uncontrolled factors such as those related to the environment. A linear model relating 

the response Yi to several predictors has the form of equation (2.5): 

 

𝒀𝒊 = 𝜷𝟎 + 𝜷𝟏𝑿𝟏 + 𝜷𝟐𝑿𝟐 + ⋯ + 𝜷𝟑𝑿𝟑 + 𝝐 (2.5) 

 

The regression coefficients are the numbers β0, β2, …, βk. As ϵ allows for Yi variance 

that is not explained by the x-factors. This random fluctuation might be attributable in 

part to unknown or unobserved factors that influence Yi. So, while the Yi model is linear 

in terms of β parameters, it is not necessarily linear in terms of Xi. Thus the model is 

expressed by the equation (2.6).  

 

𝒀𝒊 = 𝜷𝟎 + 𝜷𝟏𝑿𝟏 + 𝜷𝟐𝑿𝟏
𝟐 + 𝜷𝟑𝑿𝟐 + 𝜷𝟒𝒔𝒊𝒏 𝑿𝟐 + 𝝐 (2.6) 

 

Are included in the designation linear model [89]. 

As a reference Gawai et al., 2019 discovered that during experimentation, 

regression analysis on produced data yielded the mathematical model indicated by 

equation x. In the relationship between the nugget diameter and the parameters, the 

regression equation is determined and expressed in equation (2.5). It is seemingly that 

the welding pressure is giving more effect to the nugget diameter development as 

expressed by the equation (2.7) [90]. 

 

Nugget dia. = 2.56 + 0.0075 Weld Cycle + 0.330 Current − 0.390 Pressure (2.7) 
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The generated regression equation for tensile strength is much affected by welding 

pressure founded from its variable’s coefficient. The expressed formulation is given by 

equation (2.8) [67]: 

Tensile Strength = 160 + 3.91 Weld Cycle − 6.59 Current + 9.5 Pressure (2.8) 

2.3.7 Corrosion Behavior 

In order to understand the corrosion condition of the Ti-6Al-4V weld nugget, it 

needs to be analyzed the corrosion rate and pitting corrosion behavior against the 

welding parameters to find the optimum one. Titanium alloys have a unique corrosion 

resistance mechanism as well as stainless steel by generating thin, invisible but very 

strong and protective surface oxide called TiO2. This film provides outstanding 

resistance against various widely harsh chemical environments especially acidic assault 

[86].  

In the RSW, the weld nugget area properties including its strength are commonly 

influenced by heat generation, in addition, the microstructure is also gradually 

transformed by the combination of thermal process and significant cooling rates. 

Furthermore, the stainless steel surface is heated locally, resulting in the formation of a 

colored oxide film known as heat tinting. The heat-tinted region's corrosion resistance 

is decreased, and they are more vulnerable to pitting corrosion than the unaffected base 

material [91].  

It is considered necessary that weld nugget corrosion rate and the most common 

corrosion type must be analyzed regarding the RSW parameters to obtain the optimum 

design of Titanium alloy Ti-6Al-4V against possible corrosion events in the future. The 

electrochemical reaction is recognized widely as the most basic corrosion reaction. A 

chemical process that involves the transfer of electrons is known as an electrochemical 

reaction. It's also an oxidation-reduction chemical process. Because metallic corrosion 

is nearly always an electrochemical process, understanding electrochemical processes 

at their most fundamental level is critical [92]. For example, from the anodic reactions, 

if the current generated from this process of metal can be found, then the current would 

be possibly converted into corrosion rate using Faraday's law [92].  



39 

Pitting is the most frequent kind of localized corrosion, in which tiny amounts of 

metal are removed from specific places on the surface by corrosion, resulting in severe 

craters or pits. In the RSW nugget, the weld nugget has a different characteristic than 

the base metal. The localized heating area which becomes the weld nugget will serve 

as the anode as it has a lesser corrosion protection layer than the base metal. The base 

metal itself will be the cathode. Commonly in most RSW products, the base metal area 

will be larger than the weld nugget. This condition is fit for pitting corrosion to occur 

when the cathode area (damaged coating) is larger than the anode area (exposed metal) 

[93]. A thorough penetration or a large undercut of the thickness of a metal item is 

eventually caused by the depth of a pit. The breadth of the pit may widen over time, but 

not to the same degree as the depth. Most of the time, the corrosion product covers the 

pit entrance, making it difficult to identify during the inspection. Figure 2.23 reveals 

the mechanism of the pitting process in a broken mill scale that is becoming the cathode 

[91]. 

 

Figure 2.23: Formation of the pit from a break in mill scale [91]. 

Even if there is plenty of sound material left, pitting can induce structural failure 

due to localized weakening effects. The reduction of properties or damage presence like 

stress corrosion cracking, fatigue failure, brittle failure, etc. in the material or weld 

nugget may also be produced caused by the pits. The different potential when there is 

an electrical contact between dissimilar metals, or between concentration cells is also 

the major mechanism that produces and promotes pitting. These result in an electric 

current flowing from the metallic anode to the adjacent cathode through the water or 

over moist steel [91].  
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The previous study that closely engaged the study of corrosion on titanium alloy 

was the investigation of the gas shielding such as argon and nitrogen influence for 

austenitic stainless steel welds of 1 mm AISI 304L corrosion resistance improvement 

and the effect on pitting corrosion. Even though different, the AISI 304L also has high 

corrosion resistance like titanium alloy. The cyclic potentiodynamic polarization (CPP) 

was the method selected to conduct the investigation with 3.5% NaCl as the solution. 

The process was held to reveal any phenomenon in the weld nugget re-passivation of 

film resistance and against pitting corrosion that hit the fusion zone area. Pictures which 

are shown in Figure 2.24 revealed the optical observation upon various weld nuggets 

in the fusion zone during the CPP test in which the pittings were spotted in various 

dimensions. 

 

Figure 2.24 : Pitting morphologies on the nugget surfaces after CPP test: (a) Spot 

welded with high heat input on air. (b) Spot welded with high heat input on nitrogen. 

(c) Spot welded with high heat input on argon. (d) Spot welded with low heat input on 

air. (e) Spot welded with low heat input on nitrogen. (f) Spot welded with low heat 

input on argon [93]. 

The pit morphologies were displayed within the range of the largest size to the 

smallest and from the nail-like until hemispherical pits, all were captured optically [93]. 

Furthermore, the findings indicated that most of the large and deep nail-like pits were 

observed shattered in the weld nugget of the RSW process without any shielding gas or 

held in atmospheric air condition. The other RSW processes which used nitrogen and 
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argon in various low and high heat inputs showed less amount and smaller 

hemispherical Pitts. The type of shielding gases and the amount of heat input as the 

RSW parameters result were appeared to be much influence for the generation of pits 

type whether it was large or small, shallow or deep. Figure 2.25 shows a high-

magnification SEM picture that shows the pit started by breaking down the passive 

layer on the welded surface [93]. 

 

Figure 2.25 : SEM of the nugget pits after CPP test [93]. 

A significant comparison between the base metal of AISI 304L with the other 

various weld nugget in a constant welding time of 30 cycles is depicted in Figure 2.27. 

The comparison was likely forwarded in the positive direction or hysteresis similarly 

for all curves in the CPP test results. These results were generated particularly caused 

by the passive current or in another way can be called the anodic current of the 

backward scan is valued greater than its value in the forward scan. Furthermore, it was 

clearly shown by the reverse polarization curves that the re-passivation potential was 

not indicated that it was regenerated instantaneously in the forward polarization scan’s 

breakdown potential and corrosion potential zone, or in other words, it was constantly 

damaged. This indicated that the breakdown of the passive film gave significant 

changes in the weld nugget resistance capability and after it occurred, the weld nuggets 

were unable to re-passivate [93]. 

A higher negative corrosion potential was observed occurred in the reverse 

polarization curves. Their curves crossed the forward polarization curves cathodic 

section and were recognized as an obvious indicator. The plot of polarization results is 

denoted in Figure 2.26. The corrosion current density (icorr), the corrosion potential 

(Ecorr.) and the pitting corrosion potential (Epitting) are the required values to determine 

the susceptibility [94]. The sample’s surface morphology transformation is seemingly 
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plenty affecting this matter, particularly in high current density during the long time of 

scanning for the forward polarization scan. It can be described from the curves that the 

highest pitting corrosion potential (Epitting) has adhered in the base metal zone. The other 

weld nuggets experienced corrosion resistance lowering and subsequently the corrosion 

potential (Ecorr.) was overseed to have decreased.   

 

Figure 2.26 : The hypothetical polarization curve scheme [94] 

However, the indicator of pitting corrosion resistance tenacity did not rely on the 

value of anodic current which is already visible that the weld nuggets had lesser anodic 

current than the base metal zone. The potential difference between Epitting and Ecorr. 

(described as ∆ Ep = Epitting − Ecorr.) is mainly used to determine the indicator of the 

corrosion resistance transformation. This indicates the capability of the material to 

protect its body by the passive film from the initial pit that is generated in the localized 

corrosion process. The higher resistance of the material to resist pitting is indicated by 

the higher amount of ∆ Ep during the CPP test. The curves in Figure 2.27 describe that 

the base metal which has the higher ∆ Ep is superior among all weld nuggets, leaving 

the weld nuggets are vulnerable and susceptible in any pitting corrosion design [93]. 

The CPP with a 3.5 percent of NaCl solution results revealed that the high heat 

input during RSW contributed as the very influential factor to decrease the weld nugget 

corrosion resistance against any pittings, compared with other weld nuggets with the 

lower heat input. It was also discovered that the heat input also gave a relationship with 

the weld nugget's shape and dimension. 
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Figure 2.27 : Cyclic potentiodynamic curves for AISI 304L spot-welded nuggets, with 

different heat inputs [93]. 

This relationship also expressed that the heat-tinted oxide was dominantly probed 

circling the weld nugget, its size and color were depended upon the amount of heat 

input applied on the weld nugget. The low amount of heat input was explicitly 

predisposed to transform the weld nugget in smaller size accompanied with light yellow 

color surround it as depicted in Figure 2.28. But increasing the amount of heat input is 

gradually transforming the weld nugget into a larger size and turned color of the heat-

tinted oxides to dark blue [93]. 

 

Figure 2.28 : The display of various weld nuggets from various welding currents [93]. 

The contribution of heat-tinted oxides in reducing the weld nugget corrosion 

resistance is appeared to be confirmed as having no hesitancy. Increasing the heat input 

increased dendritic thickness/width (close with the fusion border) as appeared in Figure 

2.29 which describes the microstructure of the weld nugget [93]. High amount of heat 

input related is to this phenomenon, causing the delayed cooling rate, coarsening the 

grain in the fusion zone gradually. 
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Figure 2.29 : Microstructure of the spot-welded nugget with different heat inputs. 

Electrolytic etching with NaOH solution a, b at 5 kA and 35 cycles, and c, d at 7.2 kA 

and 35 Cycles [93]. 

The coarser grain of δ-ferrite allows the thin passive film upon the fusion zone to 

become unstable, making its disintegration simpler. Furthermore, high residual strains 

caused by high heat input may also impact pitting corrosion susceptibility. According 

to Lu et al., excessive heat input is expected to affect alloying element exclusion and 

the creation of Cr-depleted zones, leading to the breakdown of localized corrosion 

resistance [95]. A similar investigation may be applicable for Ti-6Al-4V with the 

approaching of the similar corrosion resistance mechanism between AISI 304L and Ti-

6Al-4V. It was well known that Ti-6Al-4V also created the thin layer of TiO2 on the 

surface to prevent any corrosion [86] as on the stainless steel as well. But the other 

properties such as microstructure, stiffness, density, etc. are perhaps affecting different 

conclusions in the end. The selection of the test method, chemical solution, and sample 

size are appeared to be essential to be considered to enhance the accuracy of results. 

2.4 Chapter summary 

This chapter contains a general explanation of the welding process, its types, 

specifically discusses resistance spot welding (RSW), the influence of its parameters 
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on the quality of weld nuggets and their effect on Ti-6Al-4V properties. RSW is quite 

popular today as an effective and efficient welding method on the metal sheets. The 

heat transferred by the electrode to the metal which is the main factor in metal joining 

can be controlled by optimizing the main parameters, namely welding current, time and 

force. For titanium alloy sheet, especially Ti-6Al-4V which is the object of this study, 

welding with the RSW method is very suitable, besides being quite effective, it can also 

create joints with high strength. The Ti-6Al-4V microstructure consists of an α phase 

with Ti as its main component contributing to increase strength and a β phase with Al 

and V elements as its main components contributing to increase ductility and 

weldability. In sufficient heat, it can partially transform the β phase into an acicular α’ 

phase which can increase the weld strength thereby creating an appropriate weld. The 

level of hardness in the fusion zone with a significant number of transformations from 

β phase to α’ phase gives a higher hardness value in the fusion zone than HAZ and base 

metal. In the corrosion field, the thin film created by the oxidizing Ti element to form 

TiO2 compounds which actually provides quite effective protection against corrosion 

on the Ti-6Al-4V surface. However, it is necessary to further investigate whether heat 

exposure in the localized heating area during the RSW process can reduce the corrosion 

resistance ability. So far, no studies have been conducted to investigate this. In the study 

of the effect of RSW on corrosion of metals such as stainless steel AISI304L, which 

has the same anti-corrosion film formation pattern, it was proven that increasing heat 

during the RSW process can reduce the corrosion resistance ability of weld nuggets. 
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CHAPTER 3  

METHODOLOGY 

3.1 Chapter Overview 

This chapter describes the methodology of how the data is obtained to encounter 

the research objective. The methodology overview is generally explained by the 

methodology section that shows a brief step by step of research study explanation. This 

study is divided into five main phases. In the first phase, the material and equipment 

preparations are conducted. The samples were cut using cold cutting such as the EDM 

to avoid early microstructure transformation before welding. The cuts are done 

according to the standard measurement. After the cuts, all of the samples were polished 

to clear the surface area. In this phase, the equipment is also inspected and checked 

particularly the RSW machine. The possible dressing for the RSW electrodes is also 

considered due to maintaining the weld quality.  

The second phase consists of the RSW trial for the free samples, designing the 

design of the experiment based on the L9 orthogonal array of the Taguchi method (RSW 

parameters as the variables), and conducting the RSW experiment for 9 samples. The 

trial was done to ensure the performance of the RSW machine and to get a proper 

welding position for the experiment. The RSW parameters which were used as the 

Taguchi variables consist of welding current, time, and force. The third phase is for 

welding result characterization. In this phase, the physical and mechanical properties 

of the weld nugget were investigated. The tensile-shear testing was carried out to get 

the maximum load as the response of the Taguchi table for ANOVA and multiple 

regression analysis. This ANOVA gives the optimum level parameters as the best result 

from the Taguchi variables and also the most significant parameter in the RSW 

affecting the weld nugget tensile-shear strength. The multiple regression analysis 

established the mathematical models with tensile-shear maximum load and welding 

diameter as the dependent variables. The confirmation test will be taken to ensure the 

result of optimum level sample tensile-shear strength is the best of the Taguchi 

variables. To obtain the microstructure images, the optimum level sample was cut in 
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the center to get the cross-sectional area using cold cutting of EDM. The sample was 

etched first to get obvious grain boundaries in the sample's cross-sectional area. The 

microstructure images of base metal, HAZ & fusion zone were captured using the SEM. 

The hardness values were also tested using this sample and were conducted using 

Vicker's microhardness testing method. From these entire results, a structural analysis 

was conducted to interpret the scientific relationship from the whole weld nugget 

physical and mechanical properties results.  

The fourth phase was corrosion testing to get the investigation result of weld nugget 

corrosion rate and pitting susceptibility. The optimum level sample was used, but the 

RSW parameters were varied again for the most significant parameter of the ANOVA 

result, while the others were left constant. The test was conducted using 

potentiodynamic polarization testing. Form this test the pitting point and corrosion rate 

was achieved to view the relationship between the parameters variation with its 

corrosion response. To get clear images of the pitting existence from the sample's cross-

sectional area, optical microscopy was utilized to support the hypothesis. The last phase 

of this study is comprehensive data analysis and concluding. The methodology process 

is illustrated in Figure 3.1. Based on the methodology process flow, the first, second, 

and third objectives are achieved by completed phases I, II, and III while the fourth 

objective is obtained by completing phase IV. 
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Figure 3.1 : Methodology process flow 
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3.2 Research Design 

The Design of Engineering (DOE) is an effective method for discovering novel 

processes, getting a better understanding of current processes, and improving these 

processes to achieve the greatest results. DOE is an experimental method in which the 

effects of several factors are investigated at the same time by conducting experiments 

at varying levels of the factor [96]. The Taguchi Method will be used to design the 

experiment of this study. Dr. Genichi Taguchi developed the Taguchi design as a 

methodology set, by which at the design stage the manufacturing processes and 

materials’ inherent variability can be taken into account [97]. The Taguchi design is 

much more effective than a fractional factorial design because the design is simply 

focused on orthogonal (balanced) experimental combinations and is quite similar to the 

DOE but different from the DOE in terms of processes [98]. The effect of several 

parameters can be determined efficiently with matrix experiments using the Taguchi 

method and the analysis of variances was employed to find the significance of the factor 

effects. 

The level of the full factorial design is shown in Table 3.1 Three levels of control 

factors are referred to as low, medium, and high. Weld strength was taken as the output 

variable; welding Current, welding time, and electrode force were taken as input 

parameters for observing the weld strength. 

Table 3.1 : Level of the Factor of Taguchi Method. 

Control Factor Level 1 Level 2 Level 3 

Welding Current (kA) 8 9 10 

Welding Time (Cycle) 28 30 32 

Electrode Force (kN) 3 4 5 

 

While the parameters of squeeze time, hold time and off time will be made constant 

for 35, 15 & 0 cycles respectively. Table 3.2 shows the experimental design of this 

study in which the maximum load of tensile-shear testing & corrosion rate would be 

collected by using the Taguchi method. The Taguchi method L9 was chosen to conduct 

the experiment and to analyze the tensile-shear, microstructure, hardness, corrosion on 
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this research at once, and to validate the data results, repeatability of the experiments 

also required and chosen 3 times. The L9 was chosen because it gave effective 

measurement with less samples and levels are sufficient to discover the optimum 

parameter. In this method required 9 levels of experiments but with 3 repeatability 

which required 27 samples for tensile-shear testing, and also 1 sample to analyze the 

microstructure and hardness distribution (for the optimum level of parameters only 

regarding the tensile-shear testing result). While for the corrosion will be analyzed only 

at the 3 different level parameters based on the optimum level as a result of the Taguchi 

method. 

Table 3.2 : Experimental Design Using The Taguchi Method Design of Experiments 

Experiments Welding 

Current 

(kA) 

Welding 

Time 

(cycle) 

Welding 

Force 

(kN) 

1 8 28 3 

2 8 30 4 

3 8 32 5 

4 9 28 4 

5 9 30 5 

6 9 32 3 

7 10 28 5 

8 10 30 3 

9 10 32 4 

3.3 Experimental Activities 

The activities of this study involve 4 main phases. The first phase is the preparation 

of the standard test sample for titanium alloy Ti-6Al-4V. The second phase is the 

experimental procedure of the RSW according to the design of the experiment. The 

third phase is determining the mechanical and physical properties of the welded joint. 

This phase consists of determining tensile-shear strength, microscopy analysis, SEM, 

EDX, hardness distribution, weld nugget diameter, and corrosion examination 
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(corrosion rate and pitting susceptibility). The last phase is data analysis using analysis 

of variance and mathematical model of the RSW experiments. 

3.3.1 Sample Preparation 

In this study, the material used for the experiment is titanium alloy of Ti-6Al-4V 

ASTM Grade 5 sheet with 3 mm of thickness. Geometric factors are also very important 

to generate better weld and tensile-shear testing results. Zhou et al. [24] determined 

critical sample sizes for RSW by analyzed the dimensional factors which have a 

significant impact on the weld strength measurements. On the maximum displacement, 

the sample width had a significantly greater impact than other factors. Because of this 

matter, ASTM standard D1002 was adopted as a result of approaching because the 

dimensions according to it (length, width, overlap, and area in test grip) was 

corresponded, particularly for tensile-shear testing, and described as the lap joint 

sample as can be seen in Figure 3.2. 

 

Figure 3.2 : Sample dimension based on ASTM D1002 standard [102]. 

 

Weld diameter is determined based on the equation (3.1): 

 

d = a√t (3.1) 

 

where, 
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d = weld diameter 

a = a constant range between 3 and 6  

t  = sheet thickness 

 

This formula is similar to the Koenigsberger [103], as for ”a” is a constant range 

between 3 and 6, then a constant value of 5 is chosen then according to the formula on 

the above the weld diameter is 8 mm. To cut the 3 mm Ti-6Al-4V sheet properly 

without having microstructure transformation, less heating cutting or cool cutting must 

be performed. To obtain the optimum cutting, the EDM cutting was performed for the 

samples. The visual display for the samples after the cut is shown in Figure 3.3. 

The thickness of the sample also affected the amount of heat generation due to its 

greater resistivity. This required deeper penetration in order to achieve a suitable weld 

nugget to the inside of the sample. The shape of the lap joint also helped conformity 

when tensile-shear testing was carried out using a tension-testing machine, so that the 

sample was properly gripped on the machine grip and facilitates the testing process. 

 

Figure 3.3 : The RSW samples after EDM cutting 
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3.3.2 RSW Machine and Procedure 

The RSW machine that was used for this experiment is Daiden Spot Welder Type 

SL-AJ 35-600 as can be seen in Figure 3.4. The machine used has sufficient capacity 

to perform RSW up to a maximum welding current of 14.9 kA and a maximum welding 

force of 5.4 kN. This machine is available at the Workshop at Universiti Teknologi 

Petronas (UTP). The RSW machine standard operating procedure (SOP) is described 

in APPENDIX A. The welding result could be imperfect, it depends on the positioning 

and setting up the parameters. Some of the expulsions could defy the excellent shape 

and rejected the results. Focusing and keep on the SOP track is also the key to 

experiment success. Their assistance during the experiment was also sometimes 

unavoidable needed but was not taken precedence. The weld nugget results are shown 

in Figure 3.5. 

 

Figure 3.4 : The RSW machine that was used for the experiment 

 

Control panel 

Pressure manometer 

and adjuster 

Electrodes 

Electrodes clamping pedal 
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The specification of the machine is described below: 

 Brand : Daiden 

 Type : SL-AJ 35-600 

 RTD Capacity : 35 kVA (AT50%DUTY CYCLE) 

 Max. Input : 91 kVA 

 Phase : Single 

 Pri. Voltage : 415V 

 Max. Sec. Curr : 16600 A 

 Max. Weld Curr : 14900 A 

 Frequency : 50 Hz 

 Throat.Dim : 212x600 mm 

 Duty Cycle : 7.3% 

 Max. Pressure : 5.4 kN 

 Weight : 275 kg 

 Mach.No. : R3122YWKA00161001 

 Date : 2003.5 

 Manufacturer : Daihen Industrial Machinery Corporation, Daihen 

Corporation 

 

 

Figure 3.5 : The weld nuggets appearance on the samples top view 
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3.3.3 Tensile-Shear Testing 

For tensile strength measurement, the ASTM E8/E8M standard is chosen. This 

standard of the tensile-shear testing method specifies the procedures at room 

temperature for determining specific properties such as materials reduction area, tensile 

strength, yield strength, elongation, and yield point elongation in any material shape. 

Unless otherwise indicated, the room temperature for experimenting should be between 

10 and 38°C (50 and 100°F). The numbers are expressed in SI units. Each of the system 

must be operated separately from the other for the reason that the values in each system 

are considered not exact counterparts. Non-compliance with the standard may occur if 

the two systems are combined [105]. The Ti-6Al-4V samples were tested in the tensile-

shear testing machine each. The machine that is used to testing according to this ASTM 

standard of E8/E8M is Zwick/Roell, Amsler HA50 as can be shown in Figure 3.6. 

The four main methods are considered to be utilized to test the yield strength such 

as Extension-under-load (EUL), Offset technique, Halt-of-the-Force Method, and  

Autographic Diagram Method (ADM), the last two methods are applicable particularly 

for materials with discontinuous yielding [105]. Figure 3.7 shows the arrangement of 

the sample in the tension testing machine. 

/  

Figure 3.6 : The tension testing machine. 

Jigs 

Strain Gauge 

Stop button 
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Highlights: 

Jigs  : Used to clamp the sample upper and lower and transfer the force to 

the sample to pull the sample until its failed 

Strain gauge : Used to measure the strain during the testing and record it or 

transfer it into the computer to be ploted 

Tensile testing set-up : 

1. Insert the sample in the jigs, make sure no slip on the grips 

2. Attached the strain gauge in the sample, make sure it is centered in the 

weld nugget 

3. Input the gauge length size in the software about 25 mm 

4. Input the ram speed in the software around 60 mm/menit 

5. Run the test with clicking the run button in the software 

 

 

Figure 3.7 : The tensile-shear testing set up for the sample. 

 

Sample 

Jigs 

Strain Gauge 
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The peak load and yield strength are the other responses as the most relevant test 

findings. By definition, the yield strength, or commonly denoted as YS or Sy [FL–2], 

n, is the stress at which plastic elongation of the material is regarded to have started, 

according to the convention. This stress can be expressed as (a) a defined departure 

from a linear stress-strain relationship, (b) the total extension achieved, or (c) maximum 

or minimum engineering stresses observed during discontinuous yielding. In order to 

indicate the material can withstand the Su [FL–2], n is used and described as the highest 

tensile stress. The initial sample’s cross-sectional area value with the largest force is 

applied during a tension test to rupture and is used to determine the tensile strength 

[105]. The typical stress-strain diagram is shown in Figure 3.8 and becomes the basis 

of reference for the stress-strain relationship in the post-testing result. 

 

Figure 3.8 : Typical of Stress-Strain Diagram Showing Yield Point Elongation (YPE) 

and Upper (UYS) and Lower (LYS) Yield Strengths [105]. 

3.3.4 Microetching, SEM, EDX, and Microscopy 

The micro etching is conducted for micrographic purposes to see the development 

of microstructure before and after the welding between the base metal and the weld 

microstructures. The ASTM E407-07 as a standard practice for micro etching metals 

and alloys is selected to conduct this experiment. Chemical solutions and techniques 

for etching metals and alloys for microscopic inspection are covered in this practice. 
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There are also safety precautions and other bits of information [106]. Before etching 

the preparations were required such as sample mounting, grinding, and polishing. The 

mounting was conducted using hot press mounting with implement 1000 automatic 

mounting press machines as shown in Figure 3.9. The hot mounted sample is shown in 

Figure 3.10. 

 

Figure 3.9 : Auto-mounting press machine (hot mounting machine). 

 

Figure 3.10 : The hot mounted sample 

To get a clear image of microstructure, the sample surface area must be clean and 

slick. The first process to be conducted was the grinding process, this process was 

required to shape the flat and smooth surface. This surface was accomplished by 

sequentially grinding from the small size of grinding paper to the big size such as 180, 

220, 320, 400, 600, 800, 1200, and 4000. The grinding machine which was used to 

serve this process was Buehler MetaServ 250 twin grinder-polisher machine as shown 

in Figure 3.11. This machine also served the polishing process. The polishing process 

was performed to remove any scratches and damages after the grinding process and 

also to get a clear and slick surface. 
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Figure 3.11 : Grinder and polisher machine. 

The etching process was the next in line to be performed to made clear grain 

boundaries on the surface. The tint etch was used to conduct this practice, due to a thin 

oxide, sulfide, molybdate, chromate, or elemental selenium layer on the polished 

surface, an immersion etchant generates color contrast, typically selective to a specific 

ingredient in the microstructure. This shows the structure as a function of layer 

thickness owing to differences in light interference effects which is also recognized as 

a stain etch [106].  

The approach is the vapor-deposition interference layer method, which is a 

technique for generating increased contrast between microstructural components, 

generally in color, using thin films produced by vacuum deposition of dielectric 

substances (such as TiO2, ZnO, ZnTe, ZnS, or ZnSe) Owing to light interference effects 

(also known as the "Pepperhoff technique"), with a given refraction index [106].  For 

Titanium-based Ti-6Al-4V, the solution of Kellers Etch was applied, those are swabbed 

for 10-30 s as a standard procedure [106]. The swabbing method was selected to reveal 

a much clearer microstructure reckoning the highly anti-corrosion behavior of Ti-6Al-

4V. The composition of Kellers Etch is shown in Table 3.3. 

Table 3.3 : The composition of Kellers Etch 

Etchant Composition Concentrations Conditions 

Kellers Etch Distilled water 190 ml 10-30 second swabbing 

method, Use only fresh 

etchant 

Nitric acid 5 ml 

Hydrochloric acid 3 ml 

Hydrofluoric acid 2 ml 

 



60 

The microstructure obvious images were acquired using the SEM process. The 

SEM standard used was ISO/TC 202/SC 4 for Scanning Electron Microscopy (SEM) 

& for EDX analysis, the standard of ASTM E1508 - 12a (2019) Standard Guide for 

Quantitative Analysis by Energy-Dispersive Spectroscopy is used. The SEM works by 

creating a picture by scanning a concentrated electron beam over the surface. When 

electrons in a beam contact with a sample to observe more about the surface topography 

and composition, they produce a variety of signals that may be utilized. The SEM was 

conducted using EVO LS15 ZEISS SEM as shown in Figure 3.12. While in the EDX, 

when an electron beam collides with an atom's inner shell, it knocks an electron out of 

the shell while leaving a positively charged electron-hole. This would disclose the 

amount of materials composition in the spectrum in question. 

 

Figure 3.12 : EVO LS15 ZEISS SEM. 

The microscopy analysis was performed for viewing the pitting images after the 

polarization process. Using LEICA LM DM Optical Microscope as shown in Figure 

3.13 with a sharp lens and simple utilization procedure, the Pitt images were easily 

captured. The tiny Pitt images were required to be viewed from a small-scale 

microscope lens. The Pitts were sometimes straggling around the fusion zone area and 

shaped with irregular size. This requires a lens with a small one around 20x 

magnification. 



61 

 

Figure 3.13 : LEICA LM DM Optical Microscope. 

3.3.5 Hardness Testing 

The hardness is essential to know the material wear resistance and related strongly 

with the material microstructure. Gaining accurate results is essential, so the standard 

must be used to accommodate its compliance. The ASTM E92-17 standard test methods 

for Vickers Hardness and Knoop Hardness of metallic materials are used to conduct the 

testing to ensure the hardness distribution through the weld, HAZ, and the base metal 

[107]. In this particular research, the Vickers test method is used. This method was 

developed by Robert L. Smith and George E. Sandland in 1921 in Vickers Ltd. This 

method was discovered as the alternative to another hardness testing method that is The 

Brinell [108]. The main reason for this method selection is that The Vickers method 

principle is applicable for any of materials and it is easier to use. This standard covers 

the entire specification of the machine to be used and also every step of procedures 

outlined inside [107]. Besides the measurement, the calculation expression after the 

measurement is also user-friendly and avoids any complications. Figure 3.14 shows the 

equipment that is used to undergo the Vickers hardness testing. 
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Figure 3.14 : The Vickers hardness testing equipment. 

The test was carried in the test forces range from 1 gf to 120 kgf. In the operation, 

the force levels which are the measurement levels are given in the units of kilograms-

force (kgf) as specified by the International System of Units (SI). The SI standard also 

specifies the units of length in millimeters (mm) or micrometers (µm). The application 

of these units is supported for decades as the information or plunged into the articles as 

the reliable reporting values. Those reasons alone maintain the unit's reputation and are 

continuously being applied in scientific research due to historical precedent and 

continuing popular usage [107]. Figure 3.15 shows the display during the Vickers 

hardness measurement. 

 

Figure 3.15 : The Vickers hardness measurement 
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The Vickers calculation is quite simple, the n diagonal measurement is 

conducted on a standardized test block as part of a performance verification to indicate 

the repeatability R in the performance of a Vickers hardness machine at each hardness 

level, given the specific verification conditions. The % range of n diagonal 

measurements concerning the measured average hardness value is used to assess 

repeatability as expressed in equation (3.2) [107]: 

 

𝑹 = 𝟏𝟎𝟎 × (
𝒅𝒎𝒂𝒙−𝒅𝒎𝒊𝒏

ƌ
) (3.2) 

 

where, 

dmax = the longest diagonal length measurement made on the standardized test block, 

dmin = the shortest diagonal length measurement made on the standardized test block, 

and 

ƌ    = the average of the n diagonal length measurements made on the standardized test 

block. 

3.3.6 Potentiodynamic Polarization Testing 

The standard used for this method is ASTM G59. The experiment to measure the 

polarization resistance of the samples procedure is outlined by this standard. The others 

such as the equipment specification, calibration, and methodology validation are also 

described well in the standard. The repeatability is also essential, it is discussed 

intensely and applied for both corrosion potentials and polarization resistance 

measurements. The equipment standard and condition issues are also valuable to ensure 

the accuracy and continuity of the test such as the condition of potentiostats, measuring 

device, reference electrodes, scan generators, electrochemical cells, and recording 

device. This standard also helps to ensure or as the main guidance for the equipment's 

capabilities can be maintained for working properly [109].  

Before the potentiodynamic polarization process was conducted, the sample 

preparations have been done to ensure the correct installation in the equipment. To get 

a clear view of the pitting corrosion in the weld nugget, all samples will be cut to get 

the cross-sectional areas of the weld nuggets. The EDM wire-cutting machine was used 
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to perform this matter, so the weld nugget microstructure was preserved due to less heat 

generated in this process. The final prepared samples are shown in Figure 3.16. The 

samples were then attached with the copper wires as the electrodes to be connected with 

the potentiostat and ensured that they were strong enough or attached properly.  

 

Figure 3.16 : Prepared samples for potentiodynamic polarization process. 

The attachments were conducted during the RSW process because the copper wires 

were impossible to be soldered using tin into the Ti-6Al-4V samples. The samples were 

then mounted using cold mounting with resin and ensured there is no hollow space that 

the solution would enter. 

The 1.0 M NaCl test solution was provided as stated in Test Method G5 using 

American Chemical Society reagent grade acid and distilled water. 900 mL of test 

solution is required for the typical test cell. Within 1o, the temperature must be kept at 

30oC. Sequential good polishing till 1200 grit SiC paper should be used in the sample 

preparation to ensure surface cleaning. The calculation was done to the sample's surface 

area to the closest 0.01 cm2 and also the removal of the area beneath the gasket 

(typically 0.20 to 0.25 cm2). The sample was degreased using a solvent such as acetone 

and washed with distilled water right before immersion. Between rinsing and 

immersion, there was kept in very little time between them [109]. The polarization 

result plot and the polarization diagram can be seen in Figure 3.17 and Figure 3.18. 
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Figure 3.17 : The used potentiodynamic polarization device installed with the PC and 

monitor. 

 

Figure 3.18 : Arrangement for Testing of Electrical Equipment (Potentiostat, X-Y 

Recorder) [109]. 

The polarization process can be seen in Figure 3.19. The diameter of the tip was 

prepared not to exceed 1 mm. After 5 and 55 minutes of immersion, the recording was 

conducted for the potential Ecorr. Applying a voltage was 30 mV lower than the 55-

minute corrosion potential. 
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Figure 3.19 : Polarization process. 

The anodic potential was begun to be scanned at a sweep rate of 0.6 V/h one minute 

after applying the -30 mV potential (within 5%). The recording was conducted for a 

potential that was 30 mV higher than the corrosion potential after 55 minutes. The 

results are shown in the monitor for Ecorr. Calc. (V), Ecorr. Obs. (V), jcorr, icorr, 

corrosion rate, polarization resistance, and the curves. 

3.3.7 Standard Practice for Calculation of Corrosion Rates and Related 

Information from Electrochemical Measurements 

Even though the software had shown almost all of the measurement output but 

theoretically, the calculation was carried based on the ASTM G102, this procedure was 

intended to assist in the conversion of electrochemical data into consistent corrosion 

rates. For most engineering alloys, calculation techniques for translating corrosion 

current density data to mass loss rates or average penetration rates are provided. 

Furthermore, some conversion instructions for polarization resistance values to 

corrosion rates are also obtained [109]. 

To convert a measured or estimated current value to current density, the 

equation below (3.4) was used [109]: 
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𝒊𝒄𝒐𝒓 =
𝑰𝒄𝒐𝒓

𝑨
 (3.4) 

 

Where: 

icor = corrosion current density, µA/cm2 

Icor = total anodic current, µA, and 

A = exposed sample area, cm2 

 

This computation was done automatically in computerized polarization equipment once 

the sample area is input into the computer software as well as after the polarization was 

done [110]. 

The following method was used to compute the alloy's equivalent weight. 

Considered a unit mass of oxidized alloy. The electron equivalent for 1 gram of an 

alloy, the Q is thus is expressed as equation (3.5) [109]: 

 

𝑸 = ∑
𝒏𝒊𝒇𝒊

𝑾𝒊
 (3.5) 

 

Where: 

fi = the mass fraction of the ith element in the alloy  

Wi = the atomic weight of the ith element in the alloy 

ni = the valence of the ith element of the alloy 

 

As a result, as shown in equation (3.6), the alloy equivalent weight, EW, is the 

reciprocal of that amount [110]. 

 

𝑬𝑾 =
𝟏

∑
𝒏𝒊𝒇𝒊

𝑾𝒊

 (3.6) 

3.4 Chapter Summary 

This chapter has described the experimental setup and standard preparation for the 

RSW process. It also provides the standard methods used to identify and investigate the 
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mechanical properties, physical properties, and corrosion tests. The statistical analysis 

to determine the level of the optimum parameter with tensile-shear strength response is 

calculated using Minitab 19 software. The design based on the Taguchi method 

calculation will determine the ANOVA and also can be drawn into multiple regression 

to get the mathematical models. The optimum level sample was prepared by grinding, 

polishing, and etching before microstructure analysis which was taken by the SEM. The 

standard preparation particularly for etching took several seconds longer than usual 

metal reminding that Ti-6Al-4V has excellent corrosion resistance capability. The 

microstructure images were taken on three parts of the cross-sectional area which were 

the base metal, HAZ, and the fusion zone. This would help the analysis became obvious 

to compare the three zones which were affected by the welding force and heat input 

variables: welding current and welding time. The samples were attached to the copper 

wire and stabilize in the 1M NaCl solution before the test began. The potentiodynamic 

polarization method as one of the very effective and common methods was used to 

identify the corrosion rate and pitting susceptibility. The calculations were carried out 

based on the icorr, Ecorr, and Epitt as the results from the polarization process. The 

microscopy analysis was also conducted to capture the pitting images in the sample's 

cross-sectional area after the polarization test. 
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CHAPTER 4  

RESULTS AND DISCUSSION 

4.1 Chapter Overview 

This chapter discusses the influence of RSW parameters into the weld nugget. The 

physical properties were observed to determine the influence of the parameters into the 

weld nugget diameter. The optimum parameters were analyzed using ANOVA with the 

tensile-shear strength as its response. The multiple regression analysis was used to 

generate the mathematical models of weld nugget diameter and tensile-shear strength. 

The microstructure and the concentration of Ti, Al & V components were taken by 

SEM and EDX analysis. Their correlation is also analyzed and highlighted. In the 

corrosion test, the potentiodynamic polarization results help to correlate the influence 

of heat input into the corrosion resistance transformation on the weld nugget surface. 

The pitting morphologies were taken by microscope to observe the amount of pitts in 

the weld nugget. 

4.2 Weld Nugget 

The measurement positions for weld nugget diameter were taken in 5 positions, as 

shown in Figure 4.1, and were determined its average.  

Table 4.1 shows the appearance results for weld nuggets in various samples with 

different RSW parameters. The weld nugget appearances for all of the samples are 

completely close to the round shape, with the dark blue color on the nugget edge. It 

proves that the electrodes are in good condition and the heat was generated properly. 

Figure 4.2 shows the measurement of weld diameter and also the indentation depth from 

each sample with various parameters. The indentation depths were measured using a 

micrometer. 

The weld nugget growth is influenced by the combination of the heat input and the 

applied welding force. Initially, the clamping effect from the welding force applied 
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from both sides of the samples by the welding electrode keeps the sample immobile and 

helps localize the heat input. The heat input is generated by the combination of welding 

current and time, where the value is also influenced by the material and welding 

electrode resistivity. It is shown in Figure 4.2 that the weld diameter is not significantly 

increasing in the same welding current value, although the welding force and the 

welding time are increased. But it is subsequently increased significantly when the 

welding current is increased. 

 

Figure 4.1 : Weld nugget measurement positions. 

From the heat input equation can be drawn that weld nugget growth has a very 

close relationship with the amount of heat input and its variables particularly welding 

current. The increase of the welding current will increase the heat input value 

subsequently [30].  

 

Figure 4.2 : Weld nugget size 

At a constant sample's resistivity, the welding current is more influenced for the 

weld nugget growth in particular the nugget diameter than the welding time and force, 

because the high welding current will give a wider melting zone and sufficient 

penetration to the localized welding area around the weld nugget [98]. The smaller 

nugget width/diameter can ensue when a low welding force is applied thus will cause 



71 

the increase of current density and reducing the contact area in the faying layer [30]. 

Medium welding force is rather sufficient to form a maximum nugget diameter than 

low or high welding force [31]. 

Table 4.1 : Weld nugget appearance 

Exp. 

RSW Parameters 
Weld nugget 

appearance 
Welding 

Current 

Welding 

Force 

Welding 

Time 

1 8 28 3 

 

2 8 30 4 

 

3 8 32 5 

 

4 9 28 3 

 

5 9 30 4 

 

6 9 32 5 

 

7 10 28 3 

 

8 10 30 4 

 

9 10 32 5 
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4.3 Taguchi Method for Tensile-Shear Testing Results and Regression Analysis 

As the load was increasing the weld nugget suffered excessive stress and started to 

transform gradually before it was failed. The bending display in the lap joint was one 

of the phenomena which were observed as seen in Figure 4.3. The tensile-shear test is 

the most common method used to evaluate the mechanical properties in static 

conditions. 

 

Figure 4.3 : The bending phenomenon in the lap joint during tensile-shear testing. 

The final breaking form of the sample's failure in the post-tensile-testing process as 

shown in Figure 4.4 indicated that the sample has reached beyond the ultimate strength 

and obtained a fracture. From the tensile-shear testing curve, as shown in Figure 4.5, 

many data are drawn from the testing results including the maximum stress (peak 

stress), maximum load (peak load), yield strain, Young's modulus, etc. The indicator 

was used as the response of the Taguchi method was the maximum load (peak load), as 
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it gives certain information about the tensile strength and corresponded with the weld 

nugget form and lap joint shape of the sample. 

 

Figure 4.4 : The sample's failure in the post-tensile-shear testing. 

 

Figure 4.5 : The stress-strain diagram/curve in sample no. 2. 

The Taguchi method analysis determines the most significant parameter and the 

parameter pattern which are affecting the maximum stress of the tensile-shear test. 

Table 4.2 shows the results for the tensile-shear test for the whole experiment in the L9 

Taguchi method. The lowest maximum load is found in the welding parameter of 8 kA 

welding current, 28 cycles welding time, and 3 kN welding force. The highest stress is 



74 

found in the welding parameter of 10 kA welding current, 30 cycles welding time, and 

4 kN force. 

Table 4.2 : Maximum load results of the tensile-shear testing 

Exp. Current 

(kA) 

Welding 

Time 

(Cycles) 

Force 

(kN) 

Max. 

Load 

(kN) 

1 8 28 3 38 ± 0.6 

2 8 30 4 39 ± 0.5 

3 8 32 5 40 ± 0.1 

4 9 28 4 40 ± 0.2 

5 9 30 5 41 ± 0.3 

6 9 32 3 43 ± 0.9 

7 10 28 5 41 ± 0.4 

8 10 30 3 40 ± 0.5 

9 10 32 4 40 ± 0.4 

 

In Table 4.3, it can be seen that the delta value of the welding current is the greatest 

of all parameters. Then followed by welding time and welding force. It can also be seen 

clearly in the graph in Figure 4.6 that the welding current chart has the most significant 

graph compared to welding time and welding force. Certainly, based on Equations (2.1) 

and (2.2), the heat generation is dependent mostly on the amount of current and 

resistance, since the resistance is constant then the amount of welding current is 

decisively the main factor to decide the amount of heat input. The value of the combined 

resistance helps to localize the heat, generating a weld joint in a spot. The force is not 

affecting either less than welding current and time because its value gives only 

significant influence to the contact resistance both of the specimens and the electrode. 

These are the particular reason how the welding current has been put at rank 1 as the 

most significant parameter which affects the maximum sample tensile load, followed 

by welding time at rank 2 and welding force at rank 3 as can be seen in Table 4.3. 
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Table 4.3 : Response for means 

Level Current Time Force 

1 39.23 39.86 40.80 

2 41.75 40.45 40.01 

3 40.75 41.42 40.92 

Delta 2.53 1.56 0.91 

Rank 1 2 3 

 

The high welding current and high welding time are creating more penetration and 

denser fusion zone. The welding current of 9 kA, welding time of 32 cycles, and 

welding force of 5 kN are selected as the optimum parameter resulting in the best 

maximum load as appeared in Figure 4.6. 

 

Figure 4.6 : The significant effect plot of RSW parameters into weld nugget strength 

Generating a mathematical model can help the possible future research and also 

make it easier to do. Linear regression is used to determine the mathematical model of 

the maximum tensile stress and weld nugget diameter as dependent variables. The 

welding current, welding time, and welding force act as independent variables. After 

multiple linear regression analyses, the ANOVA with R-sq. at 94.68% is given in Table 
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4.4. Figure 4.7 shows the normal probability plot for maximum stress and Figure 4.8 

shows weld diameter as the response. Thus the regression equation for mathematical 

models is given in Equation (4.1) & (4.2). 

 

Max. Load  = 21.8 + 0.763 Current + 0.389 Time + 0.064 Force (4.1) 

 

Weld diameter = 0.545 + 1.0869 Current + 0.0665 Time + 0.0114 Force (4.2) 

 

Table 4.4 : Analysis of variance. 

Source DF Adj SS Adj MS F-Value P-Value 

Regression 3 7.1556 2.38518 0.97 0.474 

  Current 1 3.4915 3.49149 1.43 0.286 

  Time 1 3.6395 3.63949 1.49 0.277 

  Force 1 0.0246 0.02458 0.01 0.924 

Error 5 12.2407 2.44814   

Total 8 19.3962    

 

 

Figure 4.7 : Normal probability plot in the response of Max. Load. 
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Figure 4.8 : Normal probability plot in the response of weld diameter. 

A confirmation test was taken from the selected optimum parameters result, which 

was given by the ANOVA. From Figure 4.9, it is known that the weld nugget shape 

was round. The average diameter measurement, which was taken from six circular 

positions, was 12 ± 0.5 mm. 

 

Figure 4.9 : Confirmation test weld nugget appearance. 

The measured indentation depth was 0.45 mm with no expulsion appearing. The 

values of the tensile-shear strengths are displayed in Table 4.5 and Figure 4.10, showing 

that the maximum stress of confirmation test is 599.7 MPa and the maximum load is 

44.9 kN, which is the highest value among all of the results given in the Taguchi Table 

as shown in Table 4.5. This indicates that the RSW parameters in the confirmation test 
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are considered as the most optimum level of parameters to produce the strongest joint. 

As shown in Table 4.5, the yield stress is 595.7 MPa, which was high enough to 

withstand high stress. 

Table 4.5 : Tensile-shear testing results 

 

 

 

Figure 4.10 : Confirmation test tensile-shear testing result: stress vs strain 

Sample 
Peak Stress 

(MPa) 

Peak Load 

(kN) 

0.2% Offset Yield 

Stress (MPa) 

Modulus (GPa) 

1 507 ± 0.5 38 ± 0.6 455 ± 0.1 77 ± 0.9 

2 526 ± 0.8 39 ± 0.5 419 ± 0.9 86 ± 0.3 

3 534 ± 0.8 40 ± 0.1 525 ± 0.3 91 ± 0.5 

4 535 ± 0.6 40 ± 0.2 500 ± 0.3 94 ± 0.7 

5 550 ± 0.6 41 ± 0.3 550 ± 0.6 102 ± 0.1 

6 583 ± 0.9 43 ± 0.9 530 ± 0.4 113 ± 0.7 

7 551 ± 0.6 41 ± 0.4 466 ± 0.9 108 ± 0.5 

8 540 ± 0.4 40 ± 0.5 498 ± 0.8 105 ± 0.6 

9 538 ± 0.1 40 ± 0.4 537 ± 0.9 101 ± 0.3 

Conf. Test 599.7 44.9 595 ± 0.7 118 ± 0.4 
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4.4 Failure Mode 

In the weld nugget physical properties analysis, the failure mode and the fracture 

mechanism are also important components. Pullout failure (PF), interfacial failure (IF) 

and partial interfacial mode (PIF), and partial thickness partial pullout (PT-PP) mode 

are the most common failure mode in the tensile-shear testing results [111]. The weld 

nugget failure mode was influenced by the fusion zone dimension, the sheet thickness, 

and the weld nugget hardness to failure location hardness ratio during the tensile-shear 

testing [113].  

As can be seen in  

Table 4.6 exp. 1, it is shown that the failure mode was PIF. The low welding current 

contributed to low heat input and the generation of a fusion zone with low strength, thus 

resulting in IF mode in the fusion zone [33] because the localized heating only occurred 

in the small area covered by the welding electrode and resulted in a low heating 

temperature. It is also related to the generation of a smaller weld nugget diameter and 

a shallow indentation depth, and the transformation of the microstructure. This created 

a brittle fracture in the fusion zone after the tensile testing, indicated by the lowest 

maximum load in Table 4.2.  

Table 4.6 exp. 2 shows that the failure mode was still the PIF but the fracture started 

to move away from the fusion zone and hit the HAZ. A higher welding current helped 

increase the weld nugget size and the indentation depth, and created a different 

microstructure, then causing the maximum load to increase. In  

Table 4.6 exp. 3-6, the failure modes were changed into PF. The HAZ was 

seemingly more favorably affected than the fusion zone, except for that shown in  

Table 4.6 exp. 6. The fracture location in  

Table 4.6 exp. 6 was observed to occur in the base metal, leaving the fusion zone 

and the HAZ undamaged. In  

Table 4.6 exp. 7 & 8,  the failure modes were still PF, but the maximum loads were 

decreased.  
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Table 4.6 exp. 9 shows that the failure mode changed into a PI-PP with expulsion 

appearing. The expulsion caused material degradation so that the fusion zone thickness 

became thinner. This event lowered the weld nugget strength indicated by the decrease 

of the maximum load during the tensile-shear testing. 

An expulsion can be explained as follows: when a higher welding current was 

given which developed a higher heat input in a short welding time, and expulsion was 

generated. This expulsion was caused by overheating and degrading the material 

deposit to the air suddenly [117]. The expulsion created a higher indentation depth in 

the area which included the fusion zone and the HAZ as well. The significant impact of 

the expulsion event affected the weld nugget final yield strength. Therefore, the 

expulsion event is one of the most essential factors to detect and characterize the weld 

nugget quality assurance [114]. The possible outcome of the expulsion formation can 

also be generated, when the electrode displacement exceeds the limit of the maximum 

expansion, leading to an explicit spatter formation [28]. 

 

Table 4.6 : Failure modes 

Exp. 
RSW Parameters 

Weld nugget appearance 
Welding Current Welding Force Welding Time 

1 8 28 3 

 

2 8 30 4 

 

3 8 32 5 
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4 9 28 3 

 

 

Table 4.7 : Failure modes (cont’d) 

Exp. 
RSW Parameters 

Weld nugget appearance 
Welding Current Welding Force Welding Time 

5 9 30 4 

 

6 9 32 5 

 

7 10 28 3 

 

8 10 30 4 

 

9 10 32 5 
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Consideration can be taken, as the expulsion tends to increase when a too low or 

too high welding force is applied [26]. As can be seen in Figure 4.11, there was a slight 

expulsion on the side of the weld nugget, and therefore, the indentation depth increased 

significantly, as shown in Figure 4.2. A massive expulsion created a bigger nugget 

diameter but with a higher indentation depth. From Figure 4.12, the appearance of weld 

nugget failure after tensile-shear testing for confirmation test sample can be seen. It is 

shown that the failure mode was the PF mode mostly in the HAZ and the base metal 

with no expulsion appearing both in the outside and the inside of the weld nugget. This 

indicated that the sufficient welding current, welding time, and force had met properly 

in the range of appropriate weld as depicted in Figure 2.13. 

 

Figure 4.11 : Expulsion under the conditions of a welding current of 10 kA, a welding 

time of 32 cycles, and a welding force of 4 kN. 

 

Figure 4.12 : Confirmation tensile-shear test failure mode. 

4.5 Microstructure, Compositions, and Hardness distribution 

The microstructure of Ti-6Al-4V consists of the α, β, or α + β phase. Ti-6Al-4V 

with the α phase has good strength, toughness, and weldability but has poor forgeability. 
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Ti-6Al-4V with the β phase is an alloy composed of vanadium, niobium, and 

molybdenum, which has good forgeability over a wide temperature range [5]. The 

presence of this alloy is also useful to reduce the temperature transition of the α phase 

to the β phase, thereby contributing to the formation of a β-phase BCC structure. Figure 

4.13 shows the SEM image of the microstructure with a 5000× magnification at three 

positions, namely base metal, HAZ, and fusion zone. Figure 4.13a shows the base metal 

microstructure was duplex which consisted of the α phase (light color) and β phase 

(dark color) and mostly consisted of columnar α and equiaxed α. Figure 4.13b shows 

that the β-phase stabilizer which had a BCC structure transformed into the α’ phase 

which had a hexagonal close-packed (HCP) structure at the β transus temperature 

around 980–1000 °C, spread over the HAZ and began to multiply in the fusion zone, as 

shown in Figure 4.13c. 

 

Figure 4.13 : SEM 5.00 K X Mag.: (a) Base metal; (b) Heat affected zone; (c) Fusion 

zone 

The α’ phase is known as the supersaturated solid solution of elements in the Ti α 

phase, which is transformed in a β phase stability temperature range at a rapid cooling 
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rate [118]. At this temperature, a lot of β phases transform into α' phases. Both α and α’ 

phases have HCP structures [120]. The high heating temperature in the fusion zone and 

the rapid cooling rate (air cooling) that is evenly distributed in the fusion zone compared 

to in HAZ greatly contributed to many transformations of the β phase into the α’ phase. 

The high temperature spread from the contact center of the electrode with the material 

radially towards the base metal so that even in a thin HAZ, the α' phase was observed. 

This would rather coarsen the grain in the fusion zone than in the base metal, which had 

a lower temperature. 

The EDX analysis was applied in the weld nugget cross-sectional area and was 

taken for 5 spectrums in 5 positions in the base metal, HAZ, and fusion zone 

respectively. The spectrums were taken in a horizontal position aligned with weld 

nugget diameter as shown in Figure 4.14. 

 

Figure 4.14 : The EDX spectrum positions : spectrum 10 & 11 are base metal, 

spectrum 12 is HAZ, spectrum 13 & 14 are fusion zone 

Figure 4.15 shows the Ti-6Al-4V compositions in each spectrum. As explained 

before in the literature review, that Ti-6Al-4V is composed of Ti composition which 

forms the BCC alpha phase and the combination of alpha+beta alloy. This alloy much 
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affects the material zone characteristic. As observed before in Figure 4.13a, the 

microstructure of base metal is formed from the α phase and β phase. However, in the 

HAZ in Figure 4.13b started to form the α’ phase and began to increase in the fusion 

zone in Figure 4.13c which was a transformation from the β phase and was 

supersaturated in Ti α phase. This causes the EDX reading of Wt% of Ti shown in 

Figure 4.15, especially in spectrum 12, which is the location of HAZ, to be recorded as 

the highest at 86.1 than in spectrum 10 and 11, which are base metals, which are 

recorded only 85.1 and 85.7, respectively. In the fusion zone of spectrum 13, the 

recorded value is even greater, namely 86.3 because the transformation of the β phase 

to the α’ phase is increasing.  

 

Figure 4.15 : The EDX results for respective spectrum: (a) spectrum 10; (b) spectrum 

11; (c) spectrum 12; (d) spectrum 13; (e) spectrum 14 

The Wt% of Al and V as the constituent components of the β phase have the 

opposite value change. The number of β phase that are transformed into α’ phase in the 
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HAZ and fusion zone causes a decrease in value. Spectrums 10 and 11 which are in the 

base metal have quite large Al and V values, between 5.9 to 5.4 in Al and 4.2 to 3.8 in 

V. A significant decrease occurs in spectrum 12, 13 and 14 which are in the HAZ and 

fusion zone i.e. 5.3 to 5.0 at Al and 3.4 to 2.8 at V. 

The Vickers microhardness test was performed on a cross-sectional area of the 

weld nugget at 23 points starting from the base metal towards the fusion zone and across 

the other side of base metal according to Figure 4.17. The 6 base metal and 2 HAZ 

points of measurement have 0.6 mm of distance due to its tiny space.  The fusion zone 

has 1.25 mm distance each point. It can be seen that the base metal with a duplex 

microstructure provided the lowest hardness value of the overall test results with HV = 

305 as observed in Figure 4.17.  

With the testing getting closer to the fusion zone, the observed hardness values 

were increased, starting in the HAZ with the acicular α’ martensitic population which 

began to form a lot. The martensitic acicular α’ phase can cause an increase in the 

hardness value. The attainment of β-transus temperature by rapid cooling (air cooling) 

with a long welding time caused changes to occur. This microstructure transformed the 

structure from the BCC structure to become the HCP structure, which had a vast 

increase in volume, generating a highly stressed structure. That is the reason why the 

martensite microstructures had higher hardness and higher strengths in the fusion zone 

and the HAZ, which than in the base metal but less ductile and too brittle. The highest 

hardness value was in the fusion zone with HV = 552.5 as observed in Figure 4.17. 

 

Figure 4.16 : Vickers hardness test points 
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Figure 4.17 : Vickers microhardness test result of optimum parameter. 

4.6 Corrosion Rate & Pitting Susceptibility 

The welding time and welding force were considered constant at 32 cycles and 5 

kN as the most optimum level based on Table 4.2 and the welding currents were varied 

in 3 parameters. The selected parameter for the welding currents was: 8, 9, and 10 kA. 

This is because the welding current is the most significant affecting parameter 

according to Table 4.3 and Figure 4.6. Table 4.8 shows the RSW parameters used for 

various samples of polarization test. The cutting process to get a weld nugget is 

discussed in chapter 3. The cross-sectional area of the weld nugget is shown in Figure 

4.18. 

Titanium and titanium alloys are recognized as materials with extremely high 

corrosion resistance but in some specific conditions pitting corrosion of titanium can 

occur [120]. Welding of Ti and titanium alloys changes their structure. It is well known 

that titanium is a highly reactive metal with a standard electrode potential of -1,63 V, 

and its corrosion resistance is only due to the formation of TiO2 passive film. 
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Table 4.8 : RSW parameters for various polarization test samples 

Sample 
Welding current 

(kA) 

Welding time 

(Cycles) 

Welding force 

(kN) 

Base metal - - - 

Sample 1 8 32 5 

Sample 2 9 32 5 

Sample 3 10 32 5 

 

 

Figure 4.18 : Weld nugget appearances and cross-sectional areas at RSW parameter of 

(a) sample 1; (b) sample 2; (c) sample 3. 

The integrity of this passive film is governed by its structure that depends on the 

underlying metal structure. For instance, the coarse metal structure is a condition for 

the formation of a less dense oxide layer and thus for the facilitation of corrosion 

processes [125]. The passive film can be destroyed by halide ions as they cause its 

electrochemical dissolution and open-path for aggressive environments through it 

towards the bare metal surface [126]. 

Microstructure transformation on the β transus temperature proved to be vital in 

corrosion resistance reduction in the weld joints [121]. Before testing potentiodynamic 

polarization to determine pitting susceptibility and corrosion rate, SEM was carried out 

first on all weld nuggets to preview the microstructure for each sample. In Figure 4.19a, 
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the base metal microstructure is duplex with α phase and β phase. In Figure 4.19b, c, 

and d the β phase stabilizer which has a BCC structure has transformed into α' phase 

which has a hexagonal close-packed (HCP) structure at the β transus temperature 

around 980-1000oC and spread over in the fusion zone [6]. 

 

Figure 4.19 : SEM 5.00 K X Mag. of : (a) base metal; (b) sample 1; (c) sample 2; (d) 

sample 3. 

But it appears that in Figure 4.19b and c, there are still about 10% columnar α phase, 

equiaxed α and β phase which are not transformed to acicular α' at the β transit 

temperature. This causes the grain size phase to be larger than the acicular α 'scattered 

around it compared to Figure 4.19d where the majority of the β phase is transformed 

into acicular α'. The main reason for the difference is that the welding current of 8 kA 

generated lower heat input than 9 kA and 10 kA so that it causes some acicular α' 

transformations to be imperfect. Figure 4.20 shows that as the corrosion potential 

increases, the current density also increases sharply at the Epitting for all samples. It 

appears that the base metal sample has the highest pitting corrosion potential (Epitting) 

compared to all other samples. Then followed by sample 1, sample 2 & sample 3 
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sequentially. A cathodic current can result in a reduction of the protective oxide layer, 

thus activating the metal surface [127]. As the corrosion stability of titanium and its 

alloys is dictated by the protective properties of the passive layer, highly reducing 

potentials can have a deteriorating influence on the layer's integrity and corrosion 

resistance [123]. 

Sample 3 has the lowest pitting corrosion potential (Epitting) compared to the others. 

However, the indicator of the material's ability to resist pitting corrosion is shown by 

the difference between Epitting and Ecorr with ∆ Ep = Epitting - Ecorr [93]. Table 4.9 shows 

the results of the corrosion rates for each sample. The grater ∆ Ep the greater the pitting 

corrosion resistance of the material will be. So that it can be seen on the Figure 4.20 

curves that base metal ∆ Ep is larger than all weld nuggets. The greater the welding 

time, the smaller the ∆ Ep as can be seen on sample 3 curve which has the smallest ∆ 

Ep. So that sample 3 has the smallest resistance to pitting corrosion and also has the 

highest corrosion rate. 

Table 4.9 : Potentiodynamic polarization test results 

Sample icorr Ecorr Epitting ∆Ep 
Corrosion rate 

(mm/year) 

Base metal 4.2236E-08 -0.3159 0.1210 0.4369 0.0000466 

Sample 1 2.4487E-08 -0.2043 0.0488 0.2531 0.0000646 

Sample 2 1.9012E-08 -0.1701 0.0243 0.1944 0.0000895 

Sample 3 1.8073E-08 -0.1797 0.0008 0.1805 0.0001098 

 

Figure 4.21a reveals that there is very little pitting corrosion and little pitting in the 

base metal. While the weld nugget sample 1 and sample 2 are in Figure 4.21b and c can 

be observed that the pitting corrosion appears to be more and more with a quite small 

diameter. This is due to the heat input from the electrode which hits the weld nugget 

zone so that it changes the grain on the fusion zone microstructure to be coarser and 

martensitic as observed in Figure Figure 4.21b and c. 
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Figure 4.20 : Potentiodynamic polarization test curves. 

The worsened corrosion behavior of welds was attributed to their coarsened and 

transformed structure [12]. Even Figure 4.21d sample 3 shows that there are more pits 

and the size is getting bigger. The dark scan color of the pits indicates that the pit depth 

is also getting deeper. The high heat input with longer welding time resulted in a 

coarsened grain which was indicated by the number of acicular α' which formed a 

martensitic structure that was evenly distributed in the fusion zone sample 3 and was 

getting coarser. While the β phase has a BCC structure, the acicular α' phase has a 

hexagonal-closed packed (HCP) structure with a highly stressed structure. The self-

passivation of the fusion zone surface layer is generated at grain boundaries [12]. The 

finer microstructure allows the regenerating of a denser and thicker surface oxide layer 

[12]. Otherwise, the coarser microstructure fusion zone prevented itself to regenerates 

its passive oxide film, thus the thin passive oxide film becomes slight and unstable. This 

thin film has a high possibility to disperse quickly [93]. 
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Figure 4.21 : Microscope observations of pitting images post-Tafel test at 20 X Mag.: 

(a) base metal; (b) sample 1; (c) sample 2; (d) sample 3. 
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CHAPTER 5  

CONCLUSIONS AND RECOMMENDATIONS 

5.7 Conclusions 

After several experiments, observations, and analyses from the present study, there 

are following conclusions which can be drawn: 

1. From the Taguchi analysis response for means and main effect plots for means are 

proved that tensile-shear strength is affected significantly by welding current 

followed by welding time and welding force. The response table for means is 

pointing to the highest delta value with the medium level of welding current 9 kA 

as the selected optimum level. This is supported by the highest stage of welding 

time of 32 cycles and welding force of 5 kN which also created a dense fusion 

zone. These answer the objective no. 1 to find out the optimum parameters to create 

a high tensile-shear strength.  

2. The lowest welding current created a colder weld. Otherwise, the highest welding 

current generated expulsion although at this level the deeper penetration was 

achieved. The higher welding current is increasing the heat input significantly, this 

causes the wider melting zone in the faying layer of the contact area between the 

electrode and the sample. The weld nugget diameter and indentation depth tend to 

grow higher subsequently. The tensile testing maximum load was increasing 

following the increase of heat input, but an expulsion generated at the stage of the 

heat input highest level, the melted zone overheated at a short welding time and 

ejected some material deposits instantly in the air. The weld nugget strength 

reduction occurred in the highest stage and lowest stage of heat input. These were 

indicated by the low maximum load results. In these levels, a brittle fracture also 

attacks the HAZ and the fusion zone. The selected optimum RSW parameters were 

giving the highest tensile-shear stress with no expulsion appeared in the weld 

nugget. The highest tensile-shear stress was 599.724 MPa and with the maximum 

load of 44.979 kN. When the higher heat input was applied, the larger martensitic 

microstructure with α' phase presence as the transformation from β phase in β 
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transus temperature was formed with no pores appeared at all. This structure has a 

hexagonal-closed packed (HCP) as a highly stressed structure causing the fusion 

zone to have the highest hardness values among all areas. The lowest hardness 

value was in the base metal with HV = 305 and the highest was in the fusion zone 

with HV = 552.5. These effects answer the objective no. 2, to investigate the 

influence of RSW current, time, and force for titanium alloy TI-6Al-4V weld 

nugget physical & mechanical properties. 

3. The multiple regression analysis results showed that the welding current 

contributed as the highest regression coefficient followed by welding time and 

force. From the regression, the mathematical models were also generated: Max. 

Load = 21.8 + 0.763 Current + 0.389 Time + 0.064 Force and Weld diameter = 

0.545 + 1.0869 Current + 0.0665 Time + 0.0114 Force. This answers the objective 

no. 3 to find out the mathematical models related with the RSW parameters. The 

R-sq. was 94.68%, indicated that the model explained all the variability of the 

response data around its mean and the model fits the data quite better.  

4. The potentiodynamic polarization results showed that sample 1 has ∆ Ep = 0.2531, 

sample 2 has ∆ Ep = 0.1944 and sample 3 has ∆ Ep = 0.1805. This showed that all 

of spot-welded nugget samples had lower ∆ Ep than the base metal which has ∆ Ep 

= 0.4369. The higher heat input was applied during RSW in a longer welding time 

coarsened the sample's fusion zone microstructure. The coarser fusion zone 

microstructure was causing the decrease of fusion zone capability to regenerate 

thick and dense passive corrosion resistance film than in the base metal and the 

finer fusion zone microstructure. This effect explains and answers the objective no. 

4 related to the effect of welding parameters with the transformation of corrosion 

resistance and pitting susceptibility.  

5.8 Recommendations 

There are still several improvements room for this research to fill the gap and lack 

of various aspects. To overcome this, some of the recommendations are fit to propose 
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and also will probably increase the research quality as well as the outcomes. The 

recommendations are as follows:  

1. The full factorial design can be performed as the design of the experiment to give a 

wider space of parameter intervals. This will increase the data accuracy even though 

it will require a larger number of experiments. 

2. Applying heat treatment on Ti-6Al-4V samples before RSW will refine the β phase 

transformation thus will increase the possibility of better weld nugget physical and 

mechanical properties. This will also increase the possibility of a better weld nugget 

corrosion rate because the finer grain is obtained. 

3. To measure the reduction in stiffness and strength of the Ti-6Al-4V weld nugget, 

the fatigue test can be applied under repeated loading and also to determine the total 

number of load cycles to failure. 

4. The strong acid solution such as H2SO4 or HCl can be used to perform 

potentiodynamic polarization, therefore the more obvious pitting images can be 

obtained. This will also increase the corrosion rate data accuracy. 
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APPENDIX A  

STANDARD OPERATING PROCEDURE (SOP) OF THE RSW MACHINE 

 

Here are the procedures of using the RSW machine according to its standard 

operating procedure (SOP): 

1. Before conducting the welding, ensure the operator wearing a minimum proper 

welding PPE (Apron, Welding gloves, and safety eyeglasses) 

2. Ensure that the pressure on the manometer above the machine is 0 psi, if it’s not 

release it first by turning its knob 

3. Open the pressurized air and water valves, check all of the connections ensure it is 

not leaked as well as on the electrode tip holder 

4. Turn on the power switch 

5. Turn on the power button on the machine panel 

6. Reset all of the parameters on the panel 

7. Push the program button to set up the parameters 

8. Set the parameters according to the desired parameters of current, weld cycles, and 

holding time (only for 1st phase, there is no need to set the parameters for 2nd phase 

and 3rd phase) 

9. Push the program button once more to settle all the settings had been applied to the 

machine 

10. To set up the pressure or force, turn the air pressure adjuster above the manometer 

until the desired pressure is achieved 

11. For sample preparations, clean the sample's surface and clamp both of the samples 

with a quite small clamp but strong enough to ensure the sample welded correctly 

according to the standard drawing geometry. 

12. To hold the samples, pliers can be used, but ensure the holder of the pliers is sleeved 

by an isolator material, so that the electric current that probably comes out from 

the electrode tips, may not directly flow through the hands.   

13. After all parameters and samples are perfectly settled, check the electrode tip force 

to ensure the weld is held in the correct position by putting the sample to the middle 

of both electrode tips and place it between them, and then push the pressure button 
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on the panel so that the weld will not be conducted. Press the footswitch so that 

both of the electrode tips will clamp the sample, make sure that the predicted weld 

position is correct. 

14. After the predicted weld position is correctly ensured, turn off the pressure button 

and turn on the weld button on the panel, and press the footswitch once more, and 

then the weld will be conducted to the sample by the electrode tips. 

15. After welding had been conducted, check the weld on the sample, ensure that the 

weld is correct, the weld nugget shape is perfectly round with the HAZ circularly 

on its outer diameter. 

16. If there is expulsion or cold weld happens, check all of the parameters and the 

electrode tips, if there is no problem, so that it is correctly the effect of the 

experiment parameters itself. 

17. If there is something wrong with the electrode tips particularly regarding its 

possible damaged surface, the electrode tip dressing can be applied to put it into 

service and to maintain it into a pretty well condition. Electrode tips can also be 

replaced by the new ones, to maintain the weld conditions keep very well, but the 

cost element is still a critical thing to consider. 
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APPENDIX B  

Standard Personal Protective Equipment (PPE) 

 

Specific hazards such as drop objects, sparks, chemical substance or solution, 

noise, sharp chips, and imitating dust, or other potentially hazardous circumstances may 

all be found in the workplace. Personal protective equipment (PPE) must be prepared, 

given, and ensured to be used in any standard operating procedure (SOP), elimination, 

substitution, engineering, or administrative controls are not offering sufficient 

protection to the worker. PPE is clothing used to reduce exposure to a range of dangers 

or various hazards [104].   shows the minimum standard of PPE that must be worn 

during welding, those are leather apron, welding gloves, and safety glasses. A leather 

apron is one of the body protection types of PPE. It can protect the researcher from 

possible bodily injury of any kind such as dry heat, flames, dust, metal chip, and sparks. 

Leather, especially the thick one, gives the advantage to absorb heat and heavily 

withstand against any hot and sharp metal chip even sparks that can cause any burnt 

material. It is different from rubber or treated wool and cotton that provide more 

elasticity and comfortability. 

As well as the special safety gloves for welding activity usage that is also made 

from leather can protect against skin absorption of hazardous chemicals, chemical or 

thermal burns, electrical risks, bruising, abrasions, cuts, punctures, fractures, and 

amputations which are all considered as possible hazards. It protects against sparks, 

moderate heat, blows, chips, and abrasive things well enough [104]. 

Some of examples potential eye injuries during welding include [104]: 

1. Ingestion of dust, dirt, or metal shards. 

2. Corrosive chemicals, heated liquids, solvents, or other dangerous solutions are 

splashed on the skin. 

3. Swinging objects, such as tools or ropes, into the eye. 

Welding rays, damaging rays from lasers, and other radiant light (as well as heat, glare, 

sparks, splash, and flying particles). Eyes are very important for human purposes in life 

to see anything. Short exposure of hazards into the eye can cause possible eye 

sicknesses such as irritation or soreness. Long time exposure of hazards into the eye 
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particularly some of over brightening light or harmful rays can cause damage to the eye 

such as permanent irritation, lack of focus, and possibly blind. 

 

 

  

Figure B. 1 : Standard welding PPE: (a) Leather apron, (b) Welding gloves, (c) Safety 

glasses. 

Moreover working in the RSW in the workshop so many possibilities of sparks, 

metal chips, or dust that can expose to the eye directly. The safety eyeglasses that can 

be seen in  c are made of light material, easy to clean, and scratch-resistant, which can 

ensure the comfortability to use during welding. For laboratory experiments such as 

tensile-shear testing, micro etching, micrographic analysis, and hardness test, safety 

glasses, a lab coat and chemical safety as seen in Error! Reference source not 

found. can be worn properly. 

 

 

Figure B. 2 : Typical of PPE used for laboratory experiment : (a) Lab coat, (b) 

Chemical safety gloves. 

Safety glasses, long-tailed lab coats, and chemical safety gloves can protect the 

body, eyes, and hands against any chemical splash and sharp metal chip or cut. The 

a. b. c. 

a. b. 
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chemical safety gloves are usually made of nitrile that is puncture resistant and 

sometimes has a flocked lining to help keep the hands cool while working. 

In addition, while working wears the PPE, the researcher must also wear proper clothes. A shirt 

or T-shirt with a trouser and a well-protected foot shoes can be worn during working. At last to 

endure the loss prevention during working or to reduce any potentially unsafe condition and 

unsafe act, all of it is depends on the researcher's behavior to follow the rule of HSSE policies. 

 




