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ABSTRACT 

Among different joining techniques, friction stir welding (FSW) is a solid-state welding 

process in which joining occurs below the melting point temperature. The significant frictional 

heat and stirring effect generated between the tool and workpiece result in plastic deformation 

and intermixing of materials. Unlike conventional fusion welding of Inconel 718 and steel, 

FSW of these materials overcomes several problems associated with the high heat input, such 

as liquation cracking, solidification cracking, and formation of a brittle intermetallic compound 

in the fusion zone. Friction stir welding (FSW) of high-strength materials like Inconel 718 and 

steel is also more challenging than welding softer materials for several reasons, including high 

tool degradation and the potential for defective joint formation. The high temperature and 

mechanical stresses during the welding process cause severe wear and damage to the FSW tool, 

affecting the weld quality and the tool's lifespan. And also, of their high strength, high melting 

point, and low thermal conductivity, a high level of process control and optimization is required 

to ensure proper heat input and material flow. However, the demand for joining high-strength 

materials using the FSW technique is growing in industries such as nuclear plants, 

petrochemical, aerospace, submarine, and hydraulic power plant. This technique requires more 

development, modification, and modification improvement of the existing FSW techniques.  

The present study explored similar and dissimilar joining of Inconel 718 and stainless-steel 

materials under the conventional FSW and induction-assisted FSW process using tungsten 

carbide tool material. For the comparison of the conventional FSW process with external 

energy-assisted FSW, a setup for the induction-assisted FSW was developed, and experiments 

were carried out. It was found that tool life was significantly affected by the application of 

induction preheating. Various process parameters like weld traverse speed, tool rotational 

speed, plunge force, and preheating temperature affect the weld quality. From the experimental 

investigation of joining Inconel 718 by the FSW, it was found that an optimum traverse speed 

of 300 rpm and a low traverse speed of 90 mm/min resulted in refined grain microstructure, 

high microhardness, and high strength of the weld joint. The utilization of an induction 

preheating system in the FSW process resulted in improved weld quality at a high welding 

speed of 140 mm/min. The results also revealed that preheating affected the process 

temperature, lowering the axial force and frictional heat and improving the tool life. 
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Additionally, the FSW and I-FSW processes were used to conduct an experimental 

investigation on dissimilar Inconel 718 coupled with AISI 204/SS316L. In the dissimilar FSW 

of Inconel 718 and AISI 204Cu using a WC-10wt.% Co tool a successful joint with high-

strength at medium traverse speed (i.e., 70–90 mm/min) under the observed rotational speed of 

300 rpm. The application of FSW led to grain refinement in the nugget zone, resulting in an 

increment of hardness value, which was directly proportional to the traverse speed. These 

features were attributed to dynamic recrystallisation. The weldments obtained at a traverse 

speed of 70 mm/min showed a higher ultimate and yield strength, which was higher than the 

Inconel 718 parent metal but lower than the AISI 204Cu parent metal. 

Moreover, a successful joint of dissimilar Inconel 718 with SS316L was obtained at a constant 

rotational speed of 300 rpm and 70 mm/min with conventional and at 140 mm/min with 

induction preheating assisted process. Preheating reduces the axial force experienced by the 

tool by 24% under 140 mm/min traverse speed. Induction preheating reduced the tool wear by 

62% due to the reduction of axial force and material softening. Besides mechanically 

intermixing, an increase in temperature during the I-FSW process led to increasing the width 

of the diffusion zone at the interface layer; however, no intermetallic compound layer was 

found at the interface region. 

The corrosion test of dissimilar Inconel 718/SS316L joint revealed a lower level of corrosion 

resistance in all the samples when exposed to 1M HCl solution compared to 3.5 wt.% NaCl 

solution. The corrosion resistance of the dissimilar joint was higher than the base SS316L, 

which was highly affected by the grain size and presence of the carbide particles. High pitting 

corrosion with the HCl solution in the region of SS316L was mainly related to the refined 

M23C6 carbide particles in the nugget zone, which act as cathodes relative to the ϒ-austenite 

matrix. 

 

Keywords: Friction stir welding; induction preheating; Inconel 718; stainless steel; similar and 

dissimilar welding; material characterization.    
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CHAPTER 1 

1. Introduction  

1.1 General background 

Welding is a joining process whereby two or more parts are joined permanently using heat, 

pressure or both on the materials up to a suitable temperature with or without the application 

of filler material [1]. Various parts or components are fabricated to mitigate the complexity of 

manufacturing large structures in the joining process. There are various classifications of 

welding processes available based on the source of heat, the composition of joints, phases/ filler 

materials, application of pressure, mechanisms, etc. [2]. Modern methods of joining are 

classified, depending on the state of the material during welding, as follows (a) fusion welding 

and (b) solid-state welding techniques.  

Fusion welding is a form of joining two or more metals using heat and pressure by melting 

them together and then bonding them with the help of filler metal. Due to the many advantages 

of the fusion welding technique, like its high strength, low thermal expansion, and good 

corrosion resistance, many industries generally prefer this technique. Apart from this benefit, 

some problems associated with the conventional fusion welding process, like it requires several 

consumables filler metal and fluxes, become more expensive than other types of welding, and 

release toxic and harmful gases that adversely affect the environment. Additionally, the large 

heat input associated with the process alters the microstructure and mechanical properties, 

leading to residual stress in the weld zone. Defects like hydrogen embrittlement, segregation 

of alloying elements, slag inclusion, microfissuring in the heat-affected zone (HAZ), formation 

of a brittle intermetallic compound, and incomplete penetration are found in the fusion zone 

[3]. The problem associated with conventional fusion welding processes has stimulated 

researchers to develop alternate joining technology in recent years. Thus, some of the above-

stated problems associated with fusion welding, particularly high heat input, can be solved 

using the solid-state welding technique.  

Solid-state welding is an important category of welding processes in which joining is achieved 

below the melting point of the base materials. In recent years, the solid-state joining technique 

has attracted huge attention for joining similar and dissimilar materials. The friction stir 

welding (FSW) process is one of the solid-state joining techniques invented by Thomas et al. 

[4] at The Welding Institute (TWI), Cambridge, UK, and patented in 1991. This technique was 
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developed to join softer materials like aluminium (Al), copper (Cu), and its alloy, and found 

that it has significant advantages over conventional welding technology. In the solid-state 

joining process, the joining can be performed at room temperature and also at elevated 

temperatures without melting the materials being joined. In the FSW process, a rotating 

cylindrical tool is inserted into the workpiece, generating sufficient frictional heat that deforms 

the welded material. After this, the tool goes along the weld line, producing a solid-state joint 

below the material’s melting point. The thermomechanical effect of the rotating tool in the 

workpiece produces severe plastic deformation, and intermixing these materials generates 

high-strength metallurgical joints [5]. Since the temperature of welding goes to 80% of the 

melting temperature of the base material, it is also known as the hot working process. The 

energy supplied during the friction stir welding process is through pressure and/or friction. 

Initially, it was developed to join low melting point materials (i.e., Al, Mg alloys). However, 

after the development of high wear and toughness tool materials (i.e., pcBN, WC-Co and Si3N4 

tool), it has been successfully investigated on high-strength materials like steels, Ni-alloys, 

copper and titanium. 

Figure 1.1 (a) depicts the schematic diagram of the various steps involved in the FSW process. 

Step 1 shows that before performing FSW, the base material is first rigidly clamped on a 

welding fixture in such a way that faying surfaces are close enough at the joint line so that 

plates do not spread during welding. Afterwards, the tool is clamped firmly onto the adopter 

and aligned along the joint line. The next step (step 2) is plunging and dwelling, in which a 

non-consumable rotating tool (which is harder than the base material) is plunged into the weld 

line with a specific force until the shoulder contacts the base material. After the plunging, the 

tool is rotated at the same place for few times to make the material soften due to frictional heat, 

known as a dwelling. Sufficient heat should be generated since a part of the generated heat is 

conducted to the anvil and the surrounding material. Step 3 involved joining and tool traverse, 

in which, after plunging and dwell period, the tool is traversed along the weld line to produce 

the weld joint. During the traversing of the tool, heat is generated by friction force and plastic 

deformation of the material, which maintains sufficient heat for the material flow around the 

tool pin. The material ahead of the traversing tool first starts preheating and then plastically 

deformed by the rotating tool. The material adjacent to the tool pin is extruded around it and 

forged by the tool shoulder behind it. As the tool starts moving along the weld line, the fresh 

material from the front side of the tool pushes the old rotating material and replaces it to 

participate in welding, and a welding mixture is left behind the tool. After completing the 

TH-3189_176103110



                                  

3 

 

joining process, the final step 4 is retarding, in which the rotating tool is retracted from the 

abutted surfaces and generates a keyhole in the BM. In the FSW process, the proper selection 

of the process parameters, such as tool rotational speed, traverse speed, tool plunge depth, tool 

offset, tool geometry, and tool tilt angle, play an important role in obtaining a defect-free joint 

[6]. In the joining and tool traverse step, a set of complex deformation processes and their 

interactions at high temperatures, high strains and strain rates conditions determine the weld 

zone microstructures [7]. The cross-sectional view of the weld area reveals three distinct 

regions characterized by their microstructure: the SZ, the thermomechanically affected zone 

(TMAZ), and the HAZ, as illustrated in Figure 1.1 (b). The stir zone (SZ), also called the nugget 

zone, is a dynamically recrystallized zone of the joints.  This is a central region of the weld 

which is characterized by grain refinement subjected to intense material stirring in this zone. 

TMAZ occurs on either side and adjacent to SZ. In this region, the strain and temperature are 

lower than that of the nugget zone, resulting in a comparatively minor impact of welding on 

the microstructure. Heat affected zone in the FSW process is similar to the heat-affected zone 

of the fusion welding process, which is subjected to a thermal cycle only but not deformed 

during the welding. The region out of the weld zone is called base metal (BM) [8]. The 

terminology advancing and retreating sides used in this process are based on the welding 

direction and tool motion. The side of the weld where tool rotation and translation are in the 

same direction is called the advancing side. The other side of the weld, where the tool rotation 

and weld direction are opposite, is called the retreating side [7], as shown in Fig. 1.1 (b).  
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1.2 Motivation 

Inconel 718, an age-hardened Ni-Fe-Cr-based alloy, is a primary industrial material in high-

temperature and high-strength applications. The added demands for Inconel 718 in the nuclear 

plant, petrochemical, aerospace, submarines and hydraulic power plant industries are very high 

because of its excellent properties like mechanical strength, impact toughness, corrosion 

resistance and thermal fatigue resistance within the temperature range of −250 °C to 700 °C 

[9,10]. Due to the presence of sluggish age-hardening precipitates such as gamma prime (ϒ’-

Ni3Al) and gamma double prime (ϒ”- Ni3Nb), this particular Ni-base superalloy exhibits 

remarkable resistance to strain age cracking. This attribute contributes to its excellent 

weldability compared to other alloys in the same category [11]. Thus, Inconel 718 is one of the 

most popular high-temperature application alloys used where other materials like aluminium 

and steel fail in the adverse working environment. With the growing interest in Ni-based 

superalloys for the critical components in an adverse environment, the present work is 

motivated to investigate the weldability of Inconel 718 in a similar and dissimilar mode. 

In manufacturing industries, joining dissimilar materials to achieve flexible design 

considerations with characteristic properties and higher economic efficiency is continuously 

demandable. Therefore, low-cost material with high mechanical strength, Ni-free austenitic 

stainless steel (Fe-Cr-Mn), is highly demandable in construction industries, food processing, 

biomedical applications and body parts of automobile industries [12]. Due to the high cost of 

Ni, the use of the alternative substitution element manganese (Mn) with nitrogen (N) in 

austenitic stainless steel has found excellent mechanical properties [13]. The substitution 

elements function as stabilizers of austenite in the austenitic stainless steel (series 200) at both 

high and low temperatures. It has also been recognized that the incorporation of copper (Cu) 

reduces the work hardening rate [12,14]. Due to their outstanding mechanical and formability 

properties, Inconel 718 and AISI 204Cu materials are in high demand across industries. This 

has prompted us to research the weldability of these material combinations. 

Similarly, the combination of Inconel 718 (IN718) superalloy and austenitic stainless steel 

316L (SS316L) in dissimilar joints have found numerous applications in aerospace and high-

temperature corrosive environments such as chemical power plants, submarines, and the gas 

and oil industries. This is because of their exceptional strength and impressive corrosion 

resistance. [15]. The particular use of bimetallic joints of IN718 and SS316L was stated by 

Henderson et al. [16] and Locci et al. [17] in the gas turbine engine part and the hot-side heat 
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exchanger of the power conservation system and the components for the international space 

station, respectively. Generally, stainless steel and Ni-based alloys are utilized in severe 

environments where high corrosion resistance and high-temperature mechanical properties are 

required. Locci et al. [17] and Ferretti et al. [18] have reported that in the hybrid structure, 

Inconel 718 can be used in the hot section part because of exhibits superior properties up to 

1500 oC in relation to excellent mechanical properties, high toughness and high corrosion 

resistance. In contrast, austenitic stainless steel 316L (SS316L) can be used in the relatively 

low-temperature (about 800 oC) part as a result of its great strength and good corrosion 

resistance. The supercritical water oxidation (SCWO) system components are made with 

stainless steel and nickel-based alloys carrying organic wastes, causing a severe corrosion 

environment. The working fluid of the SCWO system is supercritical water which contains a 

corrosion environment of chloride, acidity, salts and oxygen, making a severe environment for 

component materials [19,20]. Because of the high concentrations of elements nickel (Ni), 

chromium (Cr), and molybdenum (Mo), both alloys are extremally resistant to corrosion and 

oxidation [21]. The unique combination, such as excellent formability, high tensile strength, 

good creep resistance, and high corrosion resistance at elevated temperatures, makes IN718 

and SS316L materials highly demandable in industries which motivated us to investigate the 

weldability and corrosion resistance of the joint of these combinations. 

In general, joining various Ni-based superalloys and stainless-steel parts in manufacturing 

industries is employed using the fusion welding technique, conventionally through tungsten 

inert gas welding, gas-shielded metal arc welding, micro plasma arc welding, and electron 

beam welding. However, there are some problems associated with high heat input during fusion 

welding of Inconel 718, such as solidification cracking, segregation of chromium (Cr) element 

at the grain boundaries causing liquation cracking, poor penetration, microfissuring in the heat-

affected zone (HAZ) and separation of niobium (Nb) rich phase (i.e., Laves phase) which forms 

a brittle compound in the fusion zone upon solidification [22]. The above difficulties associated 

with fusion welding mainly affect fracture toughness, tensile strength, ductility, creep-rupture 

properties, and corrosion resistance. Similarly, due to contrasts within the chemical and 

physical properties of dissimilar joining of Ni-alloy with stainless steel, the selection of proper 

filler materials is quite difficult. In addition, solidification and liquation cracks in the weld 

zone, porosity and blowholes defects, and segregation of Nb rich phase (i.e., Laves phase) in 

the weld zone generate unfavourable results on weldability and mechanical properties of the 

dissimilar joint.  
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Therefore, to avoid and eliminate the challenges associated with the fusion welding of Inconel 

718 and stainless steel and to control the high heat input, the advanced joining technique, 

friction stir welding (FSW), having low heat input, has been introduced in this work. A number 

of potential advantages of the FSW process over the conventional fusion welding process have 

been identified [23]. The solid-state FSW process removes the melting and solidification-

related defects and causes fewer metallurgical changes in the HAZ. Because of the refinement 

of grain structure, it shows good mechanical as well as corrosion resistance of the joint. The 

use of FSW leads to savings in post-weld processing, reductions in inspection costs, reduced 

energy requirements, elimination of consumable material, and provides superior weld quality 

[5]. The FSW process is an environmentally friendly technology due to the absence of shielding 

gas, harmful emissions, and ultraviolet or electromagnetic hazards during welding. It is called 

green welding technology [24]. 

Although initially FSW process was developed for joining low melting point materials (i.e., 

Al, Mg alloys) [25]. The main reason for the success of FSW of softer alloys was because of 

lower peak temperature and low process loads during the welding and an abundance of reusable 

tools. However, after the development of high-strength and high-wear resistance tool materials 

(i.e., pcBN, WC-Co, and Si3N4 tool) at an elevated temperature, researchers tried to join the 

high-strength and high melting point materials. During FSW of high-strength materials like Ni-

based alloy and steel, the downward force, the peak temperature, and spindle torque on the tool 

either lead to premature failure of the tool or excessive wear during welding. Moreover, a 

limited choice of tool materials is available, which are highly expensive and difficult to 

manufacture. Furthermore, the variations in the mechanical, thermal, and chemical 

characteristics of the tool material also alter the weld quality [26]. During the FSW of Ni-based 

alloy, tool performance, durability, and high production cost are major issues that need to be 

resolved. 

The rapid degradation of the tool motivated us to find a potential solution for the improvement 

of tool life. Several methods have been applied in the recent past to reduce wear and break off 

the tool, increase the tool life, and improve the weld quality of high-strength materials. In this 

field, the main effort applied by researchers is to modify the tool geometries, maintain slow 

plunge rates, create a pilot hole at the plunge position, and preheat the materials. However, 

these strategies do not completely resolve the problem, so more in-depth knowledge is 

essential. Among this effort, preheating the material is extensively used to reduce tool wear 

and increase productivity. For preheating the materials to soften and reducing the plunging 
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force, some researchers [27,28] have used different external energy sources called 

Hybrid/Assisted friction stir welding techniques. In the Hybrid friction stir welding technique, 

many local preheating sources have been investigated, such as plasma, laser, electrical, back 

heating, and induction preheated FSW developed to improve tool life and enhance weld quality. 

Though, only a few preheating sources have been employed for FSW of Inconel 718 and high-

strength steel. Among these, induction preheating is another source of external heat input for 

upgrading the FSW process. Induction heating is a non-contact heating process that uses an 

eddy current to heat the conducting material [29]. Due to many advantages of induction heating, 

such as providing a quick and uniform temperature, less setup time, focused heat, clean and 

energy-efficient, and safety benefits compared to other preheating sources such as open flame 

and resistance heating, it becomes more usable. Maintaining a preheating temperature suitable 

to make the defect-free joint is also noteworthy. Preheating and welding parameters have 

complex interactions that affect the peak temperature of welding, heat generation rate, 

microstructure, mechanical properties, and tool force during the assisted FSW process. 

Although process control has significantly improved, the availability of depth knowledge is 

still insufficient. Also, the study about using induction heating as a preheating source during 

FSW of high-strength materials is still insufficient. 

1.3 Induction heating process 

Induction heating is a non-contact heating process that heats electrically conductive materials 

by eddy currents which are produced by electromagnetic induction through the object [29]. The 

essential components of the induction heating process are an induction coil, an alternating-

current power source, and the workpiece to be heated, as shown in Fig. 1.2. Applying a high-

frequency alternating current to an induction coil produces an alternating magnetic field, which 

induces eddy currents. The induced eddy current heats the workpiece, which is placed inside 

the magnetic field, without touching the coil. It is generally used in process heating before 

metalworking, heat treatment, welding, and melting of metals. 
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Fig 1.2 Power supply block diagram of induction heating machine. 

The mechanisms of energy dissipation in the induction heating process are based on two 

factors, the first is energy losses due to Joule heating which is associated with the resistance of 

the material, and the second is energy losses associated with magnetic hysteresis. When the 

induction heater provides high-frequency alternating current to the induction coil, then an 

invisible force field (electromagnetic or flux) generates around the induction coil, and this force 

field induces an equal and opposing electric current in the workpiece. Because of the flow of 

high-intensity induced current (also called eddy current) into the workpiece, heat is generated. 

This heat generates because of the material's resistance, which opposes the current flow, also 

called the joule heating effect. No contact is required between the coil and the workpiece, which 

is also restricted to localized areas for inducing an electric current into the workpiece. The 

heating rate of the workpiece depends on the frequency of the induced current, the intensity of 

the induced current, the magnetic permeability of the material, the specific heat of the material 

and the material's resistance. 

 Another factor of the energy dissipation in the induction heating of magnetic materials such 

as steel, nickel, and a few other metals is losses associated with magnetic hysteresis. Hysteresis 

loss usually happens in ferromagnetic materials when they are magnetized and demagnetized. 

This is because the atoms in a ferromagnetic material combine in groups to form regions called 

magnetic domains. These magnetic domains are like small magnets because there have their 

own polarity and are affected by any external magnetic field. The alternating magnetic flux 

field causes the magnetic dipoles of the material to oscillate as the magnetic poles change their 
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polar orientation every cycle. This oscillation is called hysteresis, and a minor amount of heat 

is produced due to the friction produced when the dipoles oscillate. When the magnetic 

materials are heated above the Curie temperature, they become nonmagnetic, and hysteresis 

ceases. The basic nature of induction heating for Ni-based alloy and steel is fulfilled and 

becomes useful for heating. 

1.4 Research objectives 

The main objective of this work is to develop the experimental setup for induction-assisted 

friction stir welding and determine the process conditions that lead to the successful application 

on the Inconel 718 and stainless steel 204Cu and SS316L FSW. The primary objective of this 

research work is divided into the following subpart for the accomplishment.      

• Feasibility study of FSW of Inconel 718 and determining the process parameters for 

successful application of this process. 

• Development of induction-assisted FSW process, characterization of weld quality and 

tool wear during FSW of similar welding of Inconel 718. 

•  Investigations of FSW of dissimilar Inconel 718 and AISI 204Cu steel at different 

welding speeds. 

• Comparative study of conventional and induction-assisted FSW of dissimilar high-

strength alloy, i.e., Inconel 718 and SS316L. 

• Investigations of corrosion behaviour of Inconel 718 and SS316L dissimilar joints 

formed with and without induction-assisted FSW. 

1.5 Structure of the Thesis 

This thesis is organized into 9 different chapters, closely reflecting the scope of work defined 

in the previous section.  

Chapter 1 provides a brief introduction along with the working principle and motivation of 

the present research work. 

Chapter 2 deals with an extensive literature review of the work of previous researchers, which 

is focused on the FSW of Inconel 718, stainless steel AISI 204Cu and SS316L, along with 

auxiliary energy-assisted FSW. The performed research on the mechanical and microstructural 

examination and corrosion properties was discussed.   
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Chapter 3 reveals the procedures and methods used for conducting the experiments. 

Chapter 4 presents preliminary experimentation to find the operating parameters and their 

effect on mechanical as well as microstructural properties during FSW of Inconel 718 alloy. 

(Published) 

Chapter 5 deals with the experimental investigation of joining Inconel 718 plates performed by 

induction preheating-assisted hybrid FSW. (Published) 

Chapter 6 deals with joining dissimilar alloys, i.e. stainless steel (AISI 204Cu) and Inconel 

718. (Published) 

Chapter 7 deals with the effect of induction preheating during the FSW of dissimilar alloys, 

i.e., stainless steel 316L and Inconel 718. (Published) 

Chapter 8 presents the experimental investigation of the corrosion behaviour of the dissimilar 

joint of Inconel 718 and SS316L formed by FSW. (Published) 

Chapter 9 represents the conclusions and scope of future work, followed by a list of 

publications and references. 

………………..………………..……………….. :
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CHAPTER 2 

2. Literature Review 

2.1 Introduction  

The previous chapter discussed detailed information regarding the friction stir welding process 

and induction heating system. This chapter contains an extensive literature review on the FSW 

of Inconel 718 in similar and dissimilar configurations (with SS316L and AISI 204Cu) using 

conventional and assisted FSW techniques. The initial section of this chapter provides 

information regarding the available literature on the FSW process applied to high-strength 

materials like Ni-alloy and steel. Furthermore, a detailed literature survey explores the effect 

of FSW and I-FSW process parameters on joint performance. The current thesis primarily 

focuses on using an external heat source to save tool life during the FSW of similar and 

dissimilar materials. Therefore, the literature related to the auxiliary energy-assisted FSW 

technique is studied in more detail. Afterwards, tool material, geometry, and defects generated 

during various parameters were discussed. This chapter also contains a detailed literature 

review on the corrosion properties of dissimilar welded joints of Ni-alloy and stainless-steel 

material. Finally, the major research gaps from the literature review of the present thesis work 

are outlined. 

2.2 FSW of similar Ni-based superalloy  

Inconel 718 alloy is a Ni-base superalloy with excellent corrosion and oxidation resistance, 

which has outstanding mechanical properties within the temperature range of −250 °C to 700 

°C [30]. It is a highly desirable alloy in many industrial fields such as aerospace, oil field, 

nuclear engineering, marine engineering, turbine engine, and cryogenic tankage fields. 

Generally, the fusion welding technique is employed to join Ni-base superalloys such as gas 

tungsten arc welding, gas-shielded metal arc welding, and laser beam welding [31,32]. In this 

field, Mei et al. [33] used the electron beam welding (EBW) technique to join Inconel 718 and 

studied the effect of base metal and welding speed. They found that the largest amount of the 

microsegregation of Laves phase in the center of the weld pool and hot cracking of the HAZ 

was mainly due to the effect of variation of the base metal microstructure and welding speed. 

Ram et al.[32] and Anbarasan et al. [34] employed the gas tungsten arc welding (GTAW) 

process for welding of Inconel 718 and worked on controlling the undesirable Laves phase in 
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the weld zone, which was found to be detrimental to the mechanical properties of the joint. Li 

et al. [35] researched the laser welding characteristics of the Inconel 718 under reduced ambient 

pressure. They reported that welding joints appeared without defects when the ambient pressure 

was 4 ×10-3 Pa.  

However, there are some difficulties associated with high heat input during fusion weldings of 

Inconel 718, such as solidification cracking, poor penetration, microfissuring in the heat 

affected zone (HAZ), Cr segregation at the grain boundaries causing liquation cracking and 

separation of Nb upon solidification, which forms a brittle compound (i.e., (Ni, Cr, Fe)2(Nb, 

Mo, Ti)) in the fusion zone [11,22]. Generally, Ni-alloy faces cracking problems during fusion 

welding in the welded region due to excessive heat input, which mainly affects fracture 

toughness, tensile strength, ductility, creep-rupture properties, and corrosion resistance [36]. 

Therefore, to minimize major drawbacks associated with the fusion welding of Inconel 718 and 

to control the high heat input, some researchers used an advanced joining technique, friction 

stir welding (FSW), having low heat input. In the field of a similar FSW process of Ni-based 

alloy, Song et al. [37], Ye et al. [38], and Ahmad et al. [39] successfully joined Inconel 625, 

Inconel 600, and Inconel 718 materials, respectively. Song et al. [40] performed FSW using a 

WC-Co tool on Inconel 718 alloy sheet and found a defect-free weld at a 150 mm/min traverse 

speed. An enhancement in weld strength and microhardness values in the SZ was observed due 

to high grain refinement and homogenous microstructure. They also studied post-heat 

treatment, which enhanced the weld strength and microhardness values. Due to post-heat 

treatment of the welded joint, the formation of a precipitate hardening compound found which 

was improved the weld strength and hardness compared to without a heat-treated weld joint. 

Lemos et al. [41] used a threaded pcBN tool with a W-Re binder in the FSW process and 

studied the effect of welding parameters on the residual stress of Inconel 625. They found more 

grain refinement at low rotational speed (i.e., 200 rpm), resulting in the lowest residual stress 

in the SZ. They also observed a difference in the residual stress on the retreating side (RS) 

compared to the advancing side (AS) due to the variation in tool rotational speed. The residual 

stresses were high at a high rotational speed and slightly changed at a low rotational speed. 

Ahamed et al. [39] investigated the effect of varying traverse speed on mechanical and 

microstructural properties during the welding of Inconel 718 using silicon nitride FSW tool 

material. At low traverse speed, particle precipitation and grain refinement were observed high 

in the center of the weld. Sato et al. [42] successfully joined a 4.8 mm-thick Inconel 600 alloy 

using of polycrystalline cubic boron nitride (pcBN) tool and reported that grain refinement 
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produces defect-free joints along with enhanced mechanical and microstructural properties. 

Also, an adverse effect on corrosion resistance was reported in the weld region. Similarly, 

Hanke et al. [43] used a pcBN tool to join a 3.2 mm Inconel 625 alloy. They investigated the 

effect of welding parameters on tool wear mechanisms and their impact on microstructure. Tool 

wear was maximum at high rotational speed by the diffusion process. In review articles by 

Lemos et al. [44], important issues like tool materials, process parameters and tool wear in 

FSW of Ni-based alloys are discussed. The peak temperature and weld quality are significantly 

influenced by the rotational speed and traverse speed. 

2.3 FSW of dissimilar Ni-based alloy and stainless steel 

In manufacturing industries, joining dissimilar materials is an important consideration because 

it provides a range of benefits, including flexible design considerations with characteristic 

properties and higher economic efficiency. In the field of joining dissimilar Ni-alloy with 

stainless steel material, traditional fusion welding techniques like Laser welding [45–49], 

GTAW [50–56] and Plasma welding [15] have been applied. The dissimilar welding faces 

some problems like stress corrosion cracking, hydrogen embrittlement, hot cracks, the rapid 

growth of grains, porosity, blowholes, alloying elements segregation and heat-affected zone 

softening, etc., due to their different material properties, melting points, improper selection of 

filler materials and thermal conductivity [57,58]. The excellent properties of the dissimilar 

joint, including minimal distortion and high-quality weld formed by the FSW process, make it 

advantageous over other welding processes. Researchers reported that the defect-free joint of 

dissimilar Ni-based alloy with stainless steel formed by the FSW process was achieved by 

careful selection of welding parameters, tool design, and pre-and post-weld treatments.  

A few important findings from the previous studies of friction stir welding of dissimilar Ni-

based alloys with stainless steel have been discussed. Kangazian et al. [59] successfully joined 

dissimilar Inconel 825 and SAF 2507 plates with a WC-based tool. They reported that 

positioning of super duplex steel on the advancing side resulted in good weld strength. They 

found toughness value of the weld zone was higher than the Ni-alloy and lower than the super 

duplex stainless steel due to the dynamic recrystallization and grain refinement. Rodriguez et 

al. [60] applied the FSW process on the Inconel 625 and mild steel for dissimilar joining. They 

found six different zones in the weld region generated due to dynamic recrystallization and 

deformation. Shamanian et al. [61] studied the FSW welding parameters during the dissimilar 

joining of Inconel 825 and stainless steel 316 L. They obtained defect-free weld at 24 mm/min 
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welding speed and rotational speed of 500 rpm. Song et al. [62] joined Inconel 600 with SS 

400 and obtained a defect-free lap joint at 100 mm/min welding speed and tool rotational speed 

of 200 rpm using a WC-Co tool. They stated that applying FSW was highly effective for 

diminishing the grain measure of the weld nugget zone. Landell et al. [63] explored the 

microstructure and mechanical properties of the FSWed ASTM 572 steel plate with cladded 

Inconel 625. They observed that the two-pass welding procedure improved the mechanical and 

microstructure properties resulting in enhanced weld quality. Aghaei et al. [64] investigated 

the effect of welding parameters on the mechanical and microstructure properties of Monel 400 

and stainless steel 316 joined by the friction stir welding process. Sound welds were obtained 

at the low rotating speed of 400 rpm with 50 to 100 mm/min welding speeds.  

However, the FSW of dissimilar high-strength materials has not been widely used because of 

the problems associated with tool wear. Vicharapu et al. [65] reported a progressive wear 

mechanism of the pcBN tool caused by softening and diffusion of the W-Re binder phase and 

mechanical wear mechanism observed at varying process parameters. During the FSW of high-

strength materials, the generated high temperature and load cause the degradation of the FSW 

tool, which affects the depth of weld penetration, microstructure, the strength of the weld joint, 

and manufacturing costs [66].  

 2.4 Auxiliary energy-assisted FSW technique 

The FSW process was initially developed to weld softer or hard-to-weld aluminium alloys. 

After the successful application of this process on low melting point material, industries have 

shown remarkable interest in welding high melting/strength material because of the numerous 

applications and advantages of the FSW process, as discussed in the previous section. 

It is commonly observed that the produced heat is insufficient to soften and plasticize the 

material during the welding of high melting/strength, such as steel and Ni-based alloys, 

resulting in defective joints. Countering this problem, researchers [67,68] suggested that during 

the welding, a significant increase in tool rotational speed and/or a decrease in welding speed 

and an increase in downward axial force is required to produce adequate heat. However, 

increasing the downward axial force and decreasing the tool traverse speed resulted in major 

difficulties like unpredictable tool breakage and severe tool wear, leading to an increase in 

production cost as well as reduced joint efficiency. 
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To overcome these difficulties, several methods have been applied in the recent past to reduce 

wear and break-off tools, increase tool life, and improve the weld quality of high-strength 

materials. In this field, the main effort applied by researchers is to modify the tool geometries 

and preheat the materials. Under the preheating methods, additional heat is given to harder 

alloys before and during the welding process to reduce the amount of work required by the 

FSW tool, which results more remarkably than the other methods. For preheating the materials 

to soften and reduce the downward load, some researchers have used different external energy 

sources called hybrid/auxiliary/assisted friction stir welding techniques. These hybrid FSW 

processes could be classified as mechanical and thermal-assisted processes based on different 

external energy sources. Under the mechanical-assisted category, only ultrasonic-assisted 

friction stir welding (UAFSW) has been significantly used to join softer materials. The laser 

[27], plasma [28], arc [69], electrical [70], back heating [71], and induction [72] preheating 

processes are categorized as thermal-assisted processes. The following subsections, 2.4.1 to 

2.4.6, systematically summaries the available literature review of the major hybrid FSW 

technique, the details of the experimental setups, and the effects of the auxiliary energy on the 

FSW process.   
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Fig. 2.1 Experimental setup of (a-b) Ultrasonic assisted FSW [73], (c-d) Induction-assisted 

FSW [74,75], (e) Laser assisted FSW [76], (f) Plasma assisted FSW [77], and (g) TIG 

assisted FSW [78]. 
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2.4.1 Ultrasonic-assisted hybrid FSW 

The high-frequency ultrasonic vibration assisted-FSW (UASFW) process is the only variant of 

the mechanical-assisted process, which is used to soften metallic materials without obvious 

temperature rise. Figures 2.1 (a-b) show the schematic experimental setup diagram of the 

ultrasonic-assisted FSW. Generally, there are two modes of transfer of ultrasonic vibrations to 

the workpiece has been used, one executed energy through the tool [73] and another transfer 

directly to the workpiece in the weld zone [79], as shown in Fig. 2.1 (a) and Fig. 2.1 (b), 

respectively. This process consists of the ultrasonic energy source, including a vibration tool, 

amplitude transformer, and transducer, integrated with a conventional FSW machine. Earlier 

literature mentioned that using ultrasonic energy helped reduce the chance of forming weld 

defects and improve the material flow.  

In this field, Zhang et al. [80] used ultrasonic vibration in the conventional FSW machine to 

weld 6-mm thick 7N01-T4 aluminium alloy plates. They have compared the material flow 

behaviour in these conventional and assisted FSWs. They reported that using ultrasonic 

vibration significantly increased the welding speed, improved surface quality, and reduced 

axial force compared with conventional FSW. Zhao et al. [73] studied the effect of ultrasonic 

vibration on the contact state at the tool/workpiece interface. They developed the coupled 

model of the UAFSW process to analyze the ultrasonic field and thermal behaviour. They 

reported that using ultrasound effectively reduces the interfacial friction stress, acoustic 

softening of base material, and friction reduction at the tool/material interface. Ahmadnia et al. 

[81] investigated the effect of ultrasonic vibration on tensile strength and formability. They 

determined the major parameter effects, which were applied to the friction stir tool during the 

welding of AA6061 materials. They reported that using ultrasonic vibration power of 400 W, 

a rotational speed of 1000 rpm, a welding speed of 40 mm/min, and an axial force of 12 kN 

gives maximum tensile strength with minimum surface roughness. Ma et al. [82] joined 

aluminium alloy 6061 with the ultrasonic-assisted FSW and compared it with the conventional 

FSW. They reported that the use of ultrasonic vibration hardness and tensile strength increased 

with increasing ultrasonic energy. Similarly, in the field of dissimilar friction stir welding, 

Zhong et al. [73] joined AA6061-T6 to AA2024-T3 using ultrasonic vibration ahead of the 

FSW tool and found that the use of ultrasonic vibration lowers the traverse force, tool torque 

and axial force.  Liu et al. [83] used ultrasonic-assisted stationary shoulder friction stir welding 

to join dissimilar 6061-T6 Al and AZ31B Mg alloys. They reported that induced vibration and 
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acoustic streaming helped to break the continuous IMCs layer near the thermo-mechanically 

affected zone into pieces, improving weld quality and tensile properties. 

2.4.2 Induction-assisted hybrid FSW 

Induction heating is a non-contact process that uses an eddy current to heat the conducting 

material. When an electrically conducting material is placed inside the variable magnetic field, 

the eddy current in the material is generated according to the Faraday law. This generated 

current produces heat into the workpiece due to the material’s resistance [84]. Induction 

preheating is another source of external heat input for upgrading the FSW process. Due to many 

advantages of induction heating, such as providing a very fast and uniform temperature, less 

setup time, clean and energy-efficient, and safety benefits compared to other preheating sources 

such as open flame and resistance heating, it becomes more usable [85]. Álvarez et al. [86] 

used the induction-assisted friction stir welding (I-FSW) process to join super duplex stainless 

steel. In this setup, the FSW machine and the induction coil were fixed separately so that the 

induction coil first heated the weld line, as shown in Fig. 2.1 (c). Another setup in which an 

induction coil heated the tool to join the thermoplastics [75] is shown in Fig. 2.1 (b). The use 

of induction pre-heating generally increases the material flow, reducing the plunging force and 

improving processing time. Oeystein et al. [87] patented a modified FSW process setup and 

investigated the effect of induction coil preheating on the joining of medium-strength AA 6082 

T5 Al-alloy and ferrous alloys. The result shows that the downward force on the tool was 

reduced by 50%, along with the increase in welding speed and improvement in joint mechanical 

properties. Sun et al. [88] used a high-frequency-assisted spot FSW process for joining S12C 

steel plates. The effect of preheating improved grain structure in the weld nugget zone and 

resulted in improved weld quality. They also reported that preheating resulted in reduced 

downward axial force, and tool rotational speed caused enhanced tool life. Álvarez et al. [86] 

successfully welded super duplex stainless steel using high-frequency induction preheated 

FSW technique and analyzed a comparative study with and without the effect of preheating. 

They confirmed that the use of induction preheating reduced applied load by up to 31% and 

doubled the welding speed due to material softening. Similarly, Cheon et al. [72] also reported 

reducing vertical load by 26% and increasing welding speed by 40% using a 4 kW induction 

preheating source during the FSW of carbon steel. Vijendra and Sharma [75] used an induction 

coil around the tool, and they found that an induction-assisted tool softens the base material 

(BM) and is easily stirred for welding. They reported optimum tool-pin temperature and 
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rotational speed were 45 °C and 2000 rpm, respectively, for the maximum joining strength of 

thermoplastic. However, the study about using induction heating as a preheating source during 

FSW of high-strength materials is still very limited. 

2.4.3 Laser-assisted FSW 

Laser-assisted FSW (LAFSW) is the most commonly used hybrid FSW process in which a 

laser heat source preheats the workpiece before joining. Figure 2.1 (e) shows the experimental 

setup of LAFSW, which incorporates the conventional FSW machine accompanied by a laser 

heat source. In this process, the laser heat source focuses on the area of the workpiece where 

the tool is plunged, and afterwards, the laser keeps on preheating the workpiece before the tool 

passes from that area. Throughout this process, focal point of the laser maintains a constant 

distance from the tool. This additional non-contact local preheating source minimises the 

reaction force on the tool, reduces the deflection in the fixture, and gives higher weld speeds 

[89]. Additionally, one major advantage is that this laser-assisted FSW can be used to join both 

conductive and non-conductive materials. Various experimental research has been undertaken 

for LAFSW of low and high-melting temperature alloys. Palm et al. [90] patented laser-assisted 

FSW in 2004 and studied tool life improvement by softening the workpiece with the laser 

preheat technique. In the field of laser-assisted FSW, Sun et al. [27] successfully welded S45C 

steel plates and studied the influence of laser position on mechanical and microstructure 

properties. Due to the laser preheating, welding speed increased by two times compared with 

normal FSW, and laser positioning on the retreating side gives maximum heat input. Song et 

al. [91] also observed that the welding speed of laser-assisted FSW was 1.5 times higher than 

the normal FSW when joining Inconel 600 plates. The effect of laser preheating improved 

mechanical strength due to grain refinement in the stir zone (SZ). Ahmad et al. [92] numerically 

developed a thermodynamic coupled model for the laser preheating and FSW process for the 

joining of structural steel by LAFSW. They found that the application of laser at a distance of 

20 mm from the rotational tool reduced the reaction force on the tool up to 55% compared with 

the conventional FSW. Casalino et al. [76] designed an experimental setup for the LAFSW of 

Aluminium 5754 alloy and investigated the influence of the preheat on the weld quality. They 

reported that laser avoids the formation of cracks and increases process speed with high surface 

finish quality. Similarly, Campanelli et al. [93] used fiber laser-assisted FSW for the joining of 

6 mm thick 5754H111 aluminium alloy. They found that laser pre-heating positively affects 

the joining of aluminium alloys, such as the benefits of this innovation for low tool wear, higher 
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welding speeds, and lower clamping force. Merklein et al. [94] reported that conventional FSW 

of steel and aluminium alloys shows poor weld quality in dissimilar joining. In contrast, using 

laser preheating enhanced the weldability and the welding feed and reduced the tool's wear. 

Similarly, Fei et al. [95] investigated the effect of pre-hole offset during the LAFSW of the 

steel and aluminium alloys. Results showed that a pre-hole offset distance influences the IMC 

layer of the interface in such a way that when the pre-hole offset distance was suitable, iron-

abundant inter-metallic compounds were obtained; otherwise, aluminium-abundant inter-

metallic compounds were formed. Although LAFSW is a widely studied process among all the 

auxiliary energy-assisted FSW, it also has some disadvantages like the low energy efficiency 

of laser, bulky setup, high cost, and requirement of a skilled operator.  

2.4.4 Arc assisted FSW (AAFSW) 

The most effective preheating method for joining materials of low melting points or high 

strength is the arc-assisted friction stir welding (AAFSW) system. This method incorporates 

preheating sources such as a plasma arc [96] or a tungsten inert gas (TIG) welding arc [97] in 

combination with the conventional FSW process, as shown in Figs 2.1 (f-g). 

Kou and Cao [98] invented the arc-assisted FSW process, in which an electric arc torch is 

applied directly to the workpiece. It was reported that joint strength and tool life were improved 

due to greater plastic flow of material by employing a supplementary arc heat source during 

welding. Under joining dissimilar materials, the preheating arc is typically aimed at harder 

materials to compensate for the mismatch in melting points between the materials.  

The plasma arc is used as a preheating source in the FSW process in which a plasma torch 

transfers concentrated arc with the direct current, which consequently plasticizes the 

workpieces. Yaduwanshi et al. [28] reported that plasma preheating reduced the cooling rate in 

welded joints and average plunging force by 22-28%. Reduction of the plunging force 

improved the tool's life. In the field of plasma, preheating Pankaj et al. [99] and Tiwari et al. 

[96] also investigated the effect of preheating on material flow and tool life. The thermal and 

material flow behavior results were compared between numerical simulations and experimental 

findings. A numerical model was also created by Yaduwanshi et al. [100] to analyze the time-

temperature history and determine the isotherm of the nugget zone in plasma-assisted FSW. 

In the AAFSW system, several researchers have used a tungsten inert gas (TIG) welding arc 

source as a preheating with the conventional FSW process. It found that the total heat input in 
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the AAFSW was higher than the conventional FSW; this brings down the materials' mechanical 

strength and causes softening of the material, reducing the downward axial force. Bang et al. 

[97] utilized a gas tungsten arc welding preheating source during the dissimilar FSW of 

aluminum (Al6061 -T6) alloy with stainless steel (ST304), as shown in Fig. 2.1 (g). They 

reported that preheating increases the weld strength more than the FSW joint strength, possibly 

due to enhanced material flow and partial annealing effect in the weld zone. Mehta et al. [101] 

utilized preheating source of TIG welding during the FSW for dissimilar Al-Cu systems and 

found a minor improvement of tensile strength at a low preheating current of 40 amp as well 

as maximum strength achieved at cooling under the water system. Yi et al. [78] used the TIG 

arc preheating system during the FSW of 2519 aluminium alloy and reported enhanced tensile 

strength and elongation of the joint. The use of preheating reduced the hole defects and onion 

ring area resulting in enhanced mechanical properties. Patel et al. studied the effect of the TIG 

preheating source on the mechanical and microstructure properties of FSW-joined aluminium 

and titanium materials. They reported that the strength of the heat-assisted joint reduced due to 

the inclusions of the Al–Ti intermetallic and grain coarsening. 

 2.5 Mechanical properties and process parameters 

The process parameters like welding speed, tool rotational speed, tool tilt angle, tool offset, 

downward force, and tool design are important variables that can affect the quality and 

properties of the weld produced by the FSW process [5]. The rotation and welding speed of the 

tool is one of the most important process parameters in FSW, which affect the heat generated 

during welding, the material flow, and the quality of the joint. The optimal parameter varies 

depending on the welded material and tool design. The downforce applied by the tool to the 

material also affects the heat generated during welding and the quality of the joint. By adjusting 

these process parameters, FSW can be optimized to produce high-quality welds with specific 

properties such as weld strength, ductility, and heat-affected zone properties. 

Ahmed et al. [6] studied the welding parameters in joining AA6061-T6 sheets and compared 

suitable parameters based on the weld tensile strength. They reported that high tool rotational 

speed (1900 rpm) combined with a high speed of tool travel (150 mm/min) and low plunge 

depth (0.10 mm) was found to be suitable welding parameters in micro-FSW.  Miyano et al. 

[102] used variable welding speeds of 50, 100, 200, and 300 mm/min and a constant tool 

rotating speed of 400 rpm for FSW of 2 mm thick high nitrogen-containing stainless steel. Full-

penetrated and defect-free butt joints were obtained at an optimum welding speed of 100 
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mm/min, and under this, the best mechanical properties were recorded. Lakshminarayanan et 

al. [26] joined AISI 409M ferritic stainless-steel plates and incorporated the process parameters 

like rotational speed, welding speed, and tool shoulder diameter with the tensile strength and 

impact toughness of the friction stir welded joints. They reported that the welding speed 

significantly influences tensile strength and impact toughness, followed by rotational speed and 

tool shoulder diameter. Du et al. [103] stated that cavity defect at the advancing side of the 

TA5 alloy weld was observed under improper rotation and welding speeds and affected tool 

wear behavior. Apart from the tool rotational and traverse speed, the tool tilt angle and tool 

offset influence the process variables related to material transport and heat transfer. In practice, 

the tool is tilted toward the behind side of the weld at an appropriate angle (1o – 3o) to achieve 

high-quality welds with optimal material flow and minimal tool wear. The specific tool tilt 

angle used in FSW can vary depending on a number of factors, including the material being 

welded, the material's thickness, and the tool's rotational speed. Meshram et al. [104] studied 

the effect of tool tilt angle on material flow and weld defects. An intermediate tool tilt angle 

(1o – 2o) generates weld without microscopic defect in 7 mm thick AA2219. Zhai et al. [105] 

reported that an increase in tool tilt angle increases the temperature at the shoulder/workpiece 

interface point increasing the flowability of the material toward the advancing side. Kumar et 

al. [106] investigated the influence of tool tilt angle (0o – 3o) on the metallographic and 

mechanical properties of FSWed AISI 316L austenitic stainless-steel butt joints. They reported 

that the weld joint strength against the tool tilt angle depicts a parabolic trend and was 

maximum at an angle of 1.5o.  

In the dissimilar joining, the effect of tool offset on the amount and distribution of the heat 

generated during the welding process is important. When the tool is offset from the centerline 

of the joint, it causes more heat to be generated on one side of the weld than the other. This 

results in uneven material flow and may cause defects such as voids or lack of fusion. Tool 

offset also affects the size and shape of the weld and the wear and longevity of the welding 

tool. Muhammad et al. [107] studied the effect of tool offset on the joint quality of dissimilar 

Al-Cu welds and found shifting toward the Al side gives a thick IMC layer. Tiwari et al. [108] 

joined AISI 304 stainless steel with mild steel and studied the tool offset and rotational speed 

effect on the microstructure and mechanical properties. Joint obtained at a rotational speed of 

875 rpm and 1.2 mm offset toward SS304 gives maximum strength. Similarly, in the dissimilar 

FSW of stainless steel with Ni-based alloy, Kangazian et al. [59], Shamanian et al. [109], and 

Aghaei et al. [64] have used WC-based tool alloy for joining. They reported that placing high-
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strength material on the advancing side and using low tool rotational and traverse speed 

generate defect-free joints with high weld strength. Although, the detailed study of process 

parameters during the dissimilar FSW of Ni-based alloy and stainless steel still lacks to 

complete understanding of the underlying mechanism of how the tool parameters affect the 

material flow and the heat transfer in the FSW process. The welding parameters also affect the 

mechanical properties, like the hardness value of the weld joint. It was observed that both 

rotational and transverse speeds significantly affect hardness results [108]. Further research is 

needed to fully understand these interactions and optimize the process parameters for the best 

possible weld quality and properties. 

  2.6 Microstructural study 

Microstructural analysis of an FSW joint refers to examining the weld structure at a 

microscopic level, which aids in identifying the weld's characteristics. Typically, the 

microstructural analysis of the FSW joint involves using techniques such as optical 

microscopy, scanning electron microscopy (SEM), and transmission electron microscopy 

(TEM) to examine the weld zone. The weld zone, which is the joint region subjected to material 

processing, involves combinations of the highest levels of deformation (i.e., strain) and heat 

that produce desired shape and microstructure [110]. The material in this region often has a 

refined grain and homogeneous structure due to phenomena such as recovery, recrystallization, 

and grain growth which depend upon the working temperature and degree of deformation [2]. 

During the FSW process, high temperature and heavy deformation occur, leading to the 

material's recovery and recrystallisation. The temperature during the FSW process reached 

quite high, assumed to be a hot working process that results in the dynamically recrystallized 

microstructure.  

The macroscopic view of the weld zone typically looks like a basin shape. Mishra et al. [5] 

reported basin-shaped and elliptical-shaped weld zones at low and higher rotational speeds, 

respectively. The FSW weld zone is based on the grain size divided into four zones. A center 

of the weld known as the stir zone (SZ), adjacent to the stir zone, is the thermo-mechanically 

affected zone (TMAZ), beside it is the heat-affected zone (HAZ) and the rest part as a base 

material (BM) [111]. Shamanian et al. [109] also reported the presence of different regions 

during the study of dissimilar FSW joints of Inconel 825/SS316L. Although some researchers 

[91,109] reported that the presence of a heat-affected zone (HAZ) was not clearly seen under 
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the weld zone of high-strength material. This could be the combined effect of the fast cooling 

rate during FSW and the physical properties of the parent metals.  

The effect of process parameters highly influences the weld quality. The insufficient heat input 

and improper material intermixing generate different kinds of defects in the weld zone.  Higher 

heat input generates intermetallic compounds, excess weld flash, and surface galling. In 

contrast, low heat input creates insufficient softening, an increase of flow stress, tunnelling 

defect, kissing bond (KB), and hooking defects, as shown in Fig. 2.2. Moussawi et al. [112] 

studied the defects associated with the FSW process of DH36 and EH46 steel and found that 

the defects formation such as voids, weld root defects, and kissing bonds occur due to high tool 

traverse speed. Albannai et al. [24] reviewed and stated that defects like solidification or 

liquation cracking are not able to exist during FSW since it is a solid-state welding process. If 

the wrong process preparation and/or incorrect weld parameter is used, then defects can be 

found in the produced joint and alter the weld quality. Pardeep et al.[113] studied the parametric 

effect on the weld quality and reported that defects like wormholes, high flash generation, and 

incomplete weld penetration were observed at the high rotation speed and very low traverse 

speed.   

 

Fig. 2.2 Different types of defects during the FSW process [114]. 
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The FSW process involves several complex phenomena, such as phases, microstructure, and 

weld metallurgy. The friction stir welded joints' microstructure and phases depend on base 

materials and process parameters. Song et al. [62] investigated the microstructure properties of 

the FSWed lap joint of Inconel 600/SS 400. The application of FSW effectively reduced the 

grain size of Inconel 600 from 20 µm to 8 µm in the nugget zone (NZ). They reported that the 

MC carbides with a size of 50 nm were partially formed in the region of the lap joint interface 

in Inconel 600. Ahmed et al. [115] studied the effect of welding speed on the microstructure of 

the Inconel 718 using electron backscattering diffraction (EBSD). They reported that low-

resolution EBSD scans across the NG showed a great reduction in grain size, and high-

resolution EBSD scans showed that the NG region is dominated by a dynamically recrystallized 

grain structure with very fine grains. Kangazian et al. [116] studied the microstructure of 

dissimilar FSWed joints of Inconel 825 and supper duplex stainless steel 2507. They found that 

NZ showed higher hardness than the base metal due to dynamic recrystallization and the 

subsequent refinement of the microstructures. Sato et al. [42] reported that the application of 

FSW on Inconel 600 produced a refined grain structure in the SZ which enhanced the 

mechanical properties of the joint but exhibited slightly lower corrosion resistance.  

The microstructure of the FSWed joint is also affected by the application of the external 

preheating source. Sun et al. [27] applied an external laser preheating source during the FSW 

of the S45C steel and studied their effect on the microstructure. They reported that the 

application of preheat reduced the formation of the brittle martensite phase in the nugget zone 

at a welding speed of less than 600 rpm. Song et al. [91] joined Inconel 600 through the 

application of laser-assisted FSW. They found that the application of the preheat is effective in 

increasing the extent of grain refinement and improving the mechanical properties. Similarly, 

Tiwari et al. [96] and Yaduwanshi et al. [100] used plasma preheating during the FSW process 

and reported that additional material softening reduces tool wear and axial force. Applying 

preheating in the FSW process increases the joint's cooling time, resulting in a small increment 

of the grain structure. 

When dissimilar materials such as aluminium and magnesium or steel and aluminium are 

joined using FSW, it is common to observe the formation of intermetallic compounds (IMCs) 

at the interface between the two materials [117]. The formation of IMCs is influenced by 

several factors, including the composition of the materials being welded, the welding 

parameters (such as the rotational speed and traverse speed), and the thermal history of the 

weld. In the case of dissimilar aluminium and magnesium joints, the formation of IMCs is 
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typically less pronounced than in steel and aluminium welding. This is because aluminium and 

magnesium have similar melting temperatures and are more compatible with each other 

compared to steel and aluminium, which have a larger difference in their melting temperatures 

[118]. Mypati et al. [119] and Muhammad et al. [107] investigated the use of FSW to join 

aluminium (Al) and copper (Cu) and found that the process resulted in the formation of 

intermetallic compounds (IMCs) at the interface, which altered the mechanical properties of 

the joint. Kaushik et al. [120] conducted a microstructural study on dissimilar aluminium and 

steel joints. The formation of the IMCs with variable thicknesses ranging from 1 μm to 4 μm 

was detected. Shi et al. [121] performed FSW on dissimilar aluminium/ magnesium (Al/Mg) 

and investigated the formation of IMCs in the banded structure (BS) zone and their effect on 

mechanical properties. The presence of the IMCs of the Al12Mg17 layer makes the BS zone a 

weak/critical zone. The formation of IMCs affects the strength and ductility of the weld, so it 

is important to control their formation during the welding process. However, in the case of Ni-

alloy and steel, the formation of the IMCs not reported. Shamanian et al. [109] reported that 

intermetallic phases formed in the SZ of dissimilar FSWed when the materials had high affinity 

to each other, like Al/Ti pair. The dissimilar material rich in Fe and Ni generally forms a solid 

solution phase in a wide range of chemical compositions, and unlikely that intermetallic phases 

formed in the SZs. 

Overall, the microstructural analysis of an FSW joint is important in understanding the 

characteristics of the weld and its properties, such as strength, ductility, and fatigue resistance. 

 2.7 Tool material and geometry 

The FSW tool is a critical component of the process, and its material and geometry play an 

important role in determining the quality of the weld and its efficiency. The FSW tool material 

must have high wear resistance, strength, and thermal conductivity. The tool material should 

also be able to withstand high temperatures and resist chemical reactions with the workpiece 

material [66]. The most commonly used materials for FSW tools are tungsten, molybdenum, 

and tool steels. Other materials such as ceramics, diamond, and polycrystalline cubic boron 

nitride (pcBN) have also been used for FSW tools, but they are less commonly used due to 

their higher cost and lower toughness [96]. Although, in recent years, after the progress in high 

abrasion resistive and excellent toughness tool materials such as polycrystalline cubic boron 

nitride (pcBN) tool, cemented tungsten carbide (WC-Co) tool, tungsten-rhenium (W-25%Re) 

tool and silicon nitride (Si3N4) tool), many researchers have been applied to join high strength 
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and high melting point materials like steel, Ni-alloy and titanium alloy. In this field, Song et al. 

[40], Ahmed et al. [115], and Sato et al. [42] have used the WC-Co tool, Si3N4 tool, and pcBN 

tool, respectively, during the similar FSW of Ni-based alloy. Similarly, in the dissimilar FSW 

of stainless steel with Ni-based alloy, Kangazian et al. [59], Shamanian et al. [109], and Aghaei 

et al. [64] have used WC-based tool alloy for joining the material. 

However, the FSW of high-strength materials has not been widely used because of the 

problems associated with tool wear. Hanke et al. [43] and Vicharapu et al. [65] reported a 

progressive wear mechanism of the pcBN tool caused by softening and diffusion of the W-Re 

binder phase and mechanical wear mechanism observed at varying process parameters. Tiwari 

et al. [122] employed the WC-Co tool during the FSW process's joining of the DH36 steel 

plates and reported a progressive degradation of the tool. They observed that abrasion, 

adhesion, diffusion, crack initiation, and oxidation was the main cause of the degradation of 

the tool. Rotational and transverse motion of the tool causes continuous rubbing and exposure 

to high temperatures which lead to wear and degradation of the tool material because of 

reduction of yield strength of material at high temperature. The FSW tool experiences 

significant mechanical and thermal stresses during the welding process. These stresses result 

in plastic deformation, fatigue, or even cracking of the tool, leading to wear and reduction of 

tool life. During the FSW of high-strength materials, the generated high temperature and axial 

load on the tool cause the degradation of the FSW tool, which affects the depth of weld 

penetration, microstructure, the strength of the weld joint, and manufacturing costs [66]. Many 

researchers have worked on modifying tool geometry [120,123,124] to improve tool life and 

overcome the tool degradation problem. 

The FSW tool geometry is equally important as the tool material. The geometry of the tool 

determines the heat input, the stirring effect, and the pressure applied to the workpiece during 

the welding process. The tool geometry is designed based on the thickness and type of material 

being welded [125]. Critical parameters of the FSW tool geometry, including shoulder 

diameter, pin geometry, and thread pitch, play an important role in defect-free joints. As the 

probe side of the tool wears, its geometry and dimensions may change. This can affect the 

quality and consistency of the weld, leading to variations in joint strength, porosity, or defects. 

The worn probe may also have reduced stirring and mixing capability, affecting the overall 

weld quality [126].  Also, as wear progresses, the remaining tool material has to bear higher 

loads and forces, leading to accelerated wear rates and potential tool failure. This can result in 

a shorter tool life and the need for frequent tool replacement or reconditioning. 
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However, the variation of tool geometry in the use of joining of steel and Ni-alloy are limited 

due to severe tool degradation. Pradeep et al. [113] used a conical pin with a flat shoulder tool 

during the FSW of steel. Kaushik et al. [120] reported that straight cylindrical pin geometry 

compared with tapered cylindrical pin with minimum interference with the steel plate is best 

for dissimilar Al-steel joining. Quintana et al. [127] stated that the tool pin has a significant 

influence on torque generation in the FSW process. Buffa et al. [128] investigated the effect of 

pin angle on weld quality and reported that the overall temperature in the weld zone increases 

with the increase of pin angle, and the use of a conical pin in FSW produces a helical movement 

in the weld zone. A tool with a concave shoulder and conical pin had shown the minimum tool 

degradation as compared to other profiles. Kumar et al. [129] studied the tool geometry during 

the joining of aluminium alloy and stated that the tool with the chamfered shoulder having a 

frustum-shaped rounded-end pin resulted in a better-quality weld. Lemos et al. [44] presented 

valuable insights on various aspects of tool design in joining high-strength Ni-based alloys. 

The right combination of tool material and geometry can produce high-quality, defect-free 

welds with high efficiency and consistency. 

 2.8 The corrosion resistance of the joint formed by friction stir welding 

Corrosion is one of the most common phenomena affecting the desirable properties of the metal 

in a severe environment, whereas corrosion resistance is a critical factor in determining its 

long-term durability and performance. Generally, the corrosion resistance of a joint formed by 

FSW depends on various factors, including the type of material being welded, the welding 

process used, and any post-weld treatments applied [130]. However, FSW joints generally 

exhibit better corrosion resistance than other welded joints due to reduced heat input, improved 

microstructure, no filler material, and a smooth surface finish [131]. The investigation of the 

corrosion properties of the FSWed joints is also important because the welded joint exhibits 

different zone, which resulted in an inhomogeneous structure across the joint. Moreover, when 

dissimilar alloys with different corrosion potentials are welded together, the joint has different 

corrosion properties. Jayaraj et al. [132] reported that the mixing of two dissimilar metals with 

the FSW process formed an intercalated microstructure which led to the creation of micro-

galvanic corrosion cells in the weld, which may alter the weld properties. West et al. [133] 

investigated the corrosion properties of the weld zone in 3.5 wt.% NaCl solution and reported 

that moderately inferior corrosion resistance of dissimilar welds was observed compared to 

individual base metals. Wang et al. [134] studied the effect of microstructure on the corrosion 
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behavior of dissimilar FSWed steels and reported that low-angle grain boundaries deteriorated 

the corrosion resistance on the SS304 side of the joint. 

Generally, stainless steel and Ni-based alloys are utilized in severe environments such as 

aerospace, nuclear engineering, oil and gas production parts, and submarine parts, where high 

corrosion resistance and high-temperature mechanical properties are required. The working 

fluid of the supercritical water oxidation SCWO) the system is supercritical water which 

contains a corrosion environment of chloride, acidity, salts, and oxygen, making a severe 

environment for component material [19,20]. Similarly, gas turbine engine components made 

with Ni-alloy faced localized corrosion attacks under an acidic environment created when 

ingested air contaminants react with moisture [135]. However, very few studies have focused 

on the corrosion behaviour of friction stir welded Ni-alloy and stainless-steel joints. In this 

field, Lemos et al. [136] explored the intergranular corrosion of the FSWed Inconel 625 joint 

and observed the existence of M23C6 and M6C carbide particles at the grain boundaries 

diminished the corrosion resistance. Sato et al. [42] also joined Inconel 600 plates by the FSW 

process and reported that welded section showed the minimum corrosion resistance under the 

ferric sulfate acid test. Similarly, in the field of corrosion properties of FSWed stainless steel, 

Sarlak et al. [137] investigated the corrosion behaviour of the duplex stainless-steel joints and 

found that the corrosion resistance of the nugget zone was enhanced with increasing welding 

speed, and it was higher than the parent metal. Li et al. [138] successfully joined nickel-free 

austenitic steel by the FSW technique. According to the report, the presence of carbide and 

ferrite particles in the nugget zone of the joint was found to have a slightly negative effect on 

its corrosion resistance. Atapour et al. [139] investigated the pitting corrosion behavior on the 

FSWed lean duplex stainless steel joint. Based on the cyclic polarization, the result showed the 

higher welding speed led to an increase in the number of pits and a decrease in the size of pits. 

 2.9 Major research gaps from the literature review 

From the above-detailed literature review, it is observed that the number of publications on 

FSW to Ni-based alloys remains limited, probably because of the practical difficulty of such 

welding. Very limited literature is available on the similar and dissimilar FSW of Inconel 718 

and austenitic stainless steel (SS416L/AISI 204Cu) using the tungsten carbide WC-10wt.%Co 

tool. The commercialization of FSW for Inconel 718 and steel has not yet been feasible due to 

the high tool cost, limited availability of tool materials, and significant tool wear. More 

modifications in the FSW technology are required to achieve such implementation. However, 

TH-3189_176103110



 

32 

 

a number of researchers have described how this challenge has been overcome. Detailed 

analysis of the welding parameters, such as traverse speed and rotational speed, on the 

mechanical and microstructural properties of the Ni-based alloy and stainless steel explained. 

Moreover, previously investigated researchers didn’t focus on the effect of welding parameters 

on the similar Inconel 718 and dissimilar Inconel 718 with AISI 204Cu/SS316L. Researchers 

rarely worked on the effect of external preheating on the microstructure, mechanical properties, 

temperature distribution, axial force, tool life, and corrosion properties of the FSWed joint. The 

selection of tool material and optimizing the tool design to reduce wear and deformation during 

FSW of high-strength material still need to investigate. Although a lot of issues have been 

addressed in FSW of similar/dissimilar steel, the available knowledge on FSW of dissimilar 

Ni-based alloys and steel is very limited. So, based on the literature survey, the significant 

research gaps are outlined as follows: 

❖ Previous investigations were only focused on the feasibility of FSW on Inconel 718. 

Optimizing process parameters like rotational and traverse speeds and their effect on 

mechanical and microstructural properties were not studied systematically.  

❖ Studies about using induction heating as a preheating source during FSW of high-

strength materials are rarely found. There is no research work found on the joining of 

Inconel 718 using induction-assisted FSW.  

❖ In the field of external preheating sources, induction preheating during the dissimilar 

FSW between Inconel 718 and SS316L/AISI 204Cu has not been found in the available 

literature. 

❖ The survey revealed very limited information regarding the dissimilar friction stir 

welding of Ni-based alloys and stainless steel. There is no published research on the 

corrosion behavior of joints made of dissimilar friction stir welded Inconel 718 and 

SS316L.  

❖ No systematic study is focused on investigating the degradation of tungsten tools during 

FSW of Inconel 718 and stainless steel. There is a need for targeted investigations on 

tool wear and degradation to evaluate the effectiveness of tool materials and designs. 

 

………………..………………..……………….
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CHAPTER 3 

3. Methodology 

3.1 Introduction 

This chapter explains the experimental procedures, methods, and mathematical models 

followed during the thesis work. In accordance with each objective, it provides the sequence 

in which work has been performed. The first section explains the experimental details include: 

material selection and experimental setup. The second section contains detailed information 

about the test and analysis part of the microstructure, mechanical, and corrosion analysis. The 

later section explains the mathematical model to study the temperature distribution and stress 

evaluation during the dissimilar FSW. 

3.2 Experimental and testing procedures 

3.2.1 Material selection  

In this experimental work, 3 mm thick metal sheets of Inconel 718, austenitic stainless steel 

AISI 204Cu, and 316L were used. The average chemical composition (in wt.%) and 

mechanical properties of the material mentioned by the manufacturer are presented in Table 

3.1. The received base materials were examined with the Energy Dispersive X-Ray 

Spectroscopy (EDS) and tensile testing to confirm the material properties. In this experimental 

work, three different high-strength materials were chosen to demonstrate the reliability of the 

FSW and I-FSW processes. The reason for the selection of the Inconel 718 alloy was its wide 

range of industrial applications. This alloy is commonly used in the power generation, 

petrochemical industries, marine industries, aerospace industries, and cryogenic industries 

because of its high corrosion resident, high toughness, and excellent mechanical properties in 

the working range of −250 ◦C to 720 ◦C, makes highly demandable in industries [30]. The 

presence of gamma prime (ϒ’-Ni3Al, Ni3Ti and Ni3(Ti, Al)) and gamma double prime (ϒ”-

Ni3Nb) in the Ni-based superalloy Inconel 718 make this alloy highly strengthened and 

corrosion resistance at elevated temperatures [11].  

The joining of dissimilar materials is continuously demandable in manufacturing industries 

during the production of multi-component systems. Reducing material costs with flexible 

design considerations in industries is highly considerable. Therefore, two types of high-

TH-3189_176103110



 

34 

 

strength materials were selected, one AISI 204Cu and another SS31L. Austenitic stainless 

steel AISI 204Cu is a Ni-free, low-cost, high-strength and moderate corrosion-resistant (Fe-

Cr-Mn) material [12]. Due to the high cost of Ni, the use of the alternative substitution element 

manganese (Mn) with nitrogen (N) in austenitic stainless steel has found excellent mechanical 

properties [13]. The unique combination of excellent mechanical properties and good 

formability makes Inconel 718 and AISI 204Cu materials highly demandable in industries. 

Similarly, the reason for selecting stainless steel 316L (SS316L) alloy is due to its numerous 

applications in the chemical, aerospace, oil, and nuclear industries because of its outstanding 

strength and good corrosion resistivity [15]. However, the dissimilar joining of IN718 alloy 

with the SS316L has been noted to achieve a flexible design with desirable properties and 

reduce the cost in nuclear power plants and aerospace industries [21,140]. 

3.2.2 Selection of tool material and design  

The selection of FSW tool material/design was a challenging issue for the successful welding 

of high-strength/temperature alloys. During the FSW of high softening alloys, the temperature 

reaches above 900 oC; at this temperature, tool material must have outstanding characteristics 

such as high strength, some fracture toughness, and high fatigue life. Apart from the good 

mechanical properties at elevated temperatures, tool material must be resistant to chemical 

wear. In addition to the above properties, tool material should be cost-effective and easy 

availability [141]. The three primary classes of tool material:  super abrasive tool material (ex. 

pcBN), refractory metals (ex. tungsten (W) and molybdenum (Mo) based) material, and 

superalloys tool material (Ni-based or Co-based) have been used from over the past decade. 

Out of the three main categories of tool materials, in this study, tungsten carbide-based (WC-

10wt.%Co) tool materials were chosen for the FSW of Inconel 718 and stainless steel while 

taking into consideration the material properties, cost, and availability. The details of tool 

properties provided by the supplier are summarized in Table 3.2. The fabrication of the tool 

was based on the powder metallurgy process as per the supplier. The tool design was based on 

minimizing tool wear during the FSW process and maintaining constant weld quality. The heat 

generated during the FSW is directly proportional to the contact area of the tool surface and 

the workpiece. Liu et al. [23], Kaushik et al. [120] and Buffa et al. [128] reported that the use 

of a minimum diameter (20-25 mm) of the tool shoulder with tapered cylindrical pin geometry 

results in desirable microstructures in the weld, consequently improving the strength of the 

joint. In this experimental investigation, a cylindrical WC-10wt.%Co FSW tool having a flat 
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shoulder, with a diameter of 25 mm, containing a tapered cylindrical pin length of 2.7 mm with 

a root diameter of 7 mm and free end diameter of 5 mm, was selected in all the welding 

processes, as shown in Fig. 3.1. 

Table 3.1 The nominal chemical composition (in wt.%) and physical properties of the used 

material. 

Chemical composition (wt.%) 

Materials Ni Fe Cr Mn Mo Nb Ti Cu N Al C 

Inconel 718 52.2 19.1 18.8 - 3.4 5.8 1.1 - - 0.5 0.05 

AISI 204Cu 1.5 70.6 15.1 10.2 - - - 2.4 0.05 - 0.16 

SS316L 9.5 69.7 17.7 0.4 2.0 - - - 0.1 - 0.03 

Mechanical properties 

Materials Tensile 

strength 

(MPa) 

Yield Strength 

(MPa) 

Elongation 

(%) 

Hardness 

(HV0.5) 

Inconel 718 741 310 60 210 

Annealed 

Inconel 718 
948 455 33 260 

AISI 204Cu 856 465 36 280 

SS316L 688 289 70 195 

 

Table 3.2 Properties of WC-Co tool material. 

Properties  Details  

Composition (wt.%) Tungsten carbide/cobalt (WC-10wt.%Co) 

Rupture Stress 3740 N/mm2 

Rockwell Hardness 81 HRC 
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All dimensions are in mm

 

Fig. 3.1 FSW tool dimensions and tool holder dimensions. 
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3.2.3 Experimental setup 

Welding experiments were performed on a modified 25 HP heavy-duty vertical milling 

machine (FSW machine) fitted with the auxiliary induction preheating system, as shown in 

Fig. 3.2. In order to deliver a maximum z force of 55–58 kN (working range) during welding, 

a hydraulic power pack system was installed. The spindle speed of this machine was in the 

range of 300 to 1800 rpm, and the traverse speed of the bed was 20 to 300 mm/s. A robust 

milling fixture was used to prevent the movement of the plates during the plunging and 

translational movement of the tool. The fixture was made of a low-carbon steel plate with 

centrally rectangular-shaped grooves (200 mm × 160 mm × 3 mm) that were secured with 

work-holding fixtures on the strain gauge-based force-dynamometer situated on the machine 

traverse table. A strain gauge-based force dynamometer connected with a strain data logger 

was used to measure the axial force with and without induction FSW. On the rectangular-

shaped groove, a hardened steel back plate was used during the welding process to reduce the 

heat extraction from the weld line and hold a sufficient forging force. The horizontal clamp 

restricted the vertical movement of the plate. The design aimed to constrain the work plate's 

motion in vertical, horizontal, and traverse directions.  

At the start of the process, the FSW tool was first fixed in the tool holder made up of high-tool 

steel with the help of a grove screw. The assembled tool with the tool holder was clamped in 

the arbor of the machine with the grove screw.  

For the I-FSW setup, a high-frequency induction heating machine was mounted on the fixed 

vertical stand on the machine traverse table, as depicted in Fig. 3.2 The arrangement was such 

that there was no contact between the vertical stand and with traverse table. The maximum 

output power of the induction machine was 20 kW with a working range of 100 to 120 kHz. 

The pancake-type water-cooled induction heating coil made of copper material was used to 

preheat the workpiece. For cooling the heating coil, an external water supply arrangement was 

installed. The heating coil was placed 5 mm above the base plate and at a 20 mm distance from 

the FSW tool holder to the coil end edge in the direction of welding. As per fundamental 

electromagnetic induction heating law, the applied alternating current to the induction coil 

produces the electromagnetic field on the surface of the workpiece, which generates the eddy 

current that consequently heats the workpiece [85]. After the completion of the welding 

process, the workpiece was allowed to cool down at ambient temperature. All the experiments 

were conducted under normal atmospheric temperature and pressure. The positioning of 
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material on the AS and RS in the dissimilar welding was decided on the strength of the material.  

High-strength material (i.e., Inconel 718 or AISI 204Cu) was placed on the AS, whereas 

SS316L was placed on the RS in different welding conditions. Based on the previous 

investigations [116], positioning higher tensile strength material (i.e., stainless steel) on the 

advancing side gives good strength. 

IR camera

Strain gauge

Induction 

machine

Data acquisition 

system

FSW machine

Induction coil

Thermocouple

wire 

FSW tool

Fixture

 

Fig. 3.2 Induction-assisted hybrid FSW experimental setup. 

3.3 Test and analysis 

3.3.1 Microstructural characterization 

Investigation of the microstructure of the weld joints and comparative study with the base 

metal is significant to understand the microstructural evaluation of the FSW and I-FSW butt 

joints of the Ni-alloy and steel after the welding. The microstructure of a material influences 

its physical properties, which help to determine how the material performs in a given 

application. Different techniques described below were used to provide the chemical and 

physical information of the material with the sub-micron resolution. 

In order to evaluate the microstructure of the weld joints, it is essential to prepare the test 

sample carefully. The sample preparation for microstructural examination started with 

selecting a representative sample of the materials, followed by sectioning, mounting, grinding, 

polishing, and etching steps, as per ASTM-E3. In this work, samples from the proper welded 

joint material were chosen for the grain size and general microstructural examination. After 

the selection of the proper welded joint material, test samples were carefully sectioned from 
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the weldments using wire electrical discharge machining, as shown in Fig. 3.3. After 

extraction of samples which are in a convenient size mounted in epoxy material under the cold 

mounting process to facilitate handling and polishing steps. Under the molding step, the cross-

section of the weld was kept in the upper face for the grinding. Mechanical grinding was 

performed on the water-lubricated rotary abrasive wheels using an abrasive grit series from 

rough (200 grit) to finer (2500 grit) to provide a flat surface. The principle is that the material 

is removed from the surface using abrasive particles with progressively smaller grain sizes 

until the desired outcome is achieved. The final polishing step was performed by cloth 

polishing with alumina powder (0.05 µm) which removed the final thin layer of the deformed 

metal. After final polishing, kalling’s reagent (2 g Cucl2 + 40 ml CH3OH + 35 ml HCL) for 

Inconel 718; 2% nital solution for AISI 204Cu; and 30 ml HCl + 10 ml HNO3 + 20 ml 

glycerine for SS316L was used as an etchant for reveal microstructure and the constituent 

phases.  

In addition, transmission electron microscopy (TEM) operated at 200 kV was used to study 

the morphology and microstructure of the nugget zone in detail. The sample preparation for 

the transmission electron microscopy (TEM) analysis was started by cutting thin slice 

specimens perpendicular to the weld direction from the weld nugget zone. The initial specimen 

size was less than 200 µm, obtained by the high-speed linear precision saw equipped with the 

diamond-wafering blade and then mechanically polished to less than 100 µm. Once the 

specimens were thinned to their final size, they were punched into a diameter of 3mm using a 

disc cutter for the TEM specimen holder. The final thinning of polished 3 mm diameter 

specimens was carried out with a Twin-jet electropolisher using a solution of Perchloric acid 

solution: Ethanol (1:9) at −20 °C and 30 V.  

The characterization of etched welded specimens to examine microstructural features and 

fracture morphology analysis of weld cross-sections was performed using optical microscopy 

(OM) and scanning electron microscopy (SEM) equipped with energy-dispersive X-ray 

spectroscopy (EDS). The digital microscope was used to capture the macro-structural images. 

After taking the microstructure images, the grain size was measured as per ASTM E112-13 

standard using the mean linear intercept (MLI) method in the ‘ImajeJ’ analyzer software. The 

presence of external elements due to tool wear during the welding and phase identification in 

the weld zone was studied using x-ray diffraction (XRD) with Cu-Kα radiation. The scan rate 

and range used in this work were 0.5 o/min and 25o to 95o, respectively. Moreover, the 
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compositions of the passive film formed during the corrosion test on the FSW/I-FSW samples 

were analyzed by X-ray photoelectron spectroscopy (XPS) (PHI5000 Versaprobe system). 

3.3.2 Mechanical characterization 

Mechanical testing or engineering test of the welded sample was performed to determine the 

mechanical properties of the joint, such as strength, ductility, hardness and toughness were 

evaluated at ambient temperature. In this experimental work, the samples were extracted from 

the properly welded joint (smooth top welded surface) for mechanical testing in the traverse 

direction of the weld line. 

To measure the tensile properties of weld joints, sub-sized transverse tensile samples were 

extracted from the welded joint according to the ASTM E8/8M using wire electric discharge 

machining (W-EDM), as shown in Fig. 3.3 Tensile tests were performed on the Instron 8801 

universal testing machine at a cross-head speed of 1 mm/min at room temperature. The test 

was also conducted for the base metal to assess and compare the strength of the weld joints. 

To test the impact strength of the weld joints and base metal, V-notch Charpy sub-sized 

specimens were extracted from the welded plate according to the ASTM E23 standard. The 

V-notch was positioned in the center of the weld to ensure it struck the weld nugget zone. 

Impact testing was performed at room temperature using a universal impact tester. 

The microhardness distribution along the transverse cross-section of the weldment was 

measured with a Vickers pyramidal indenter using a standard load of 0.5 kgf and a dwell time 

of 20 sec, as per ASTM-E92-17 stander. Three lines from the top cross-section were marked 

to measure the variation of microhardness of the joints. Three lines were marked from the top 

of the cross-section at equal distances to measure the microhardness variation on the joint's 

cross-section.  

After the mechanical tests, the fractured tensile and toughness samples were characterized 

using scanning electron microscopy to examine the fracture mode. Three trials of the tensile 

and toughness tests in each welding parameter were established to confirm the repeatability 

and consistency of the results. 
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Fig. 3.3 Schematic diagram of extraction of testing specimens. 

3.4 Corrosion analysis 

In this experimental work, the electrochemical studies on the weldments obtained with and 

without the induction-assisted FSW of the Inconel 718 with stainless steel 316L along with the 

base metal (BM) were conducted in a conventional three-electrode cell arrangement. Before 

performing the corrosion test, all samples were prepared to mirror-polished surfaces with SiC 

paper up to 2000 grits. The experiments were performed in a designed corrosion cell (300 mL) 

which had a facility for connecting the working electrode, reference electrode, and counter 

electrode, as shown in Fig. 3.4. In three-electrode systems, the platinum wire as a counter 

electrode (cathode), the saturated calomel electrode (SCE) as a reference electrode and weld 

specimens along with BM (uncovered area of 1.32 cm2) were used as working electrodes 

(anode). The electrochemical cell was filled with all the electrodes, and the working electrode 

was exposed to a solution medium at 22 oC ± 5 °C. In this electrochemical experiment work, 

two different solution media, 3.5 wt.% NaCl and 1 M HCl were used. Before performing the 

potentiodynamic polarization (PDP) and electrochemical impedance spectroscopy (EIS), the 

open circuit potential (OCP) of the working electrodes was recorded for 60 minutes. The 

experiment was conducted with a potentiostat/galvanostat instrument (Autolab -

PGSTAT302N). The potential was scanned under ± 250 mV (vs. Ecorr) with a scan rate of 1 

mV/s. Each experiment was run at least three times to ensure that electrochemical 

measurements were accurate. 
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An immersion test was also carried out in 1M HCl and 3.5 wt.% NaCl at room temperature for 

240 h (10 days) to study corrosion morphology and weight reduction measurements. The 

morphology of the corroded samples was examined using optical microscopy. Micro-balance 

with great precision (0.1 mg) was used to weigh the samples before and after the immersion 

test. After the immersion test, all the samples were cleaned as per the ASTM G1 standard with 

acetone and distilled water. The following relation was used to compute the weight loss after 

240 hours. 

w = wo – w1 (1) 

where w is the weight loss in g, wo is the initial weight before the test in g, and w1 is the weight 

after the corrosion test in g.  

Corrosion cell Potentiostat/

Galvanostat instrument 

Working Electrode

Reference Electrode

Counter Electrode

 

Fig. 3.4 Experimental setup for measurement of corrosion test. 

The information mentioned above broadly describes the experimental procedures, including the 

selection of materials, tool materials, FSW and induction-assisted FSW machine setup, backing 

plate material, FSW fixture, and corrosion test setup. The specifications of the various 

machines used in this experimental work are summarized in Appendix A. 

………………..………………..……………

TH-3189_176103110



 

43 

 

 CHAPTER 4  

4. FSW of Inconel-718 Alloy Using a Tungsten Carbide Tool 

4.1 Introduction  

In this chapter, the experiment has been conducted to join similar Ni-based superalloy (Inconel 

718) plates by the FSW process using a tungsten carbide tool. The primary interest is joining 

similar Inconel 718 plates and investigating the effect of varying process parameters, such as 

traverse and rotational speeds, on mechanical and microstructural properties. In addition, the 

effect of process parameters on the axial force, weldments' thermal history, and toughness 

properties have been studied. The optimum welding parameters have been determined with 

experimental trials, leading to successful joining with high strength and no defects.    

4.2 Materials and methodology 

In this study, Inconel 718 sheets of dimensions 200 mm × 80 mm × 3 mm in the hot rolled 

condition were used to perform butt joints. The average measured values of the chemical 

composition along with the mechanical properties of Inconel 718, are discussed in section 

3.2.2. A cylindrical tungsten carbide-based (WC-10wt.%Co) FSW tool with a tapered pin was 

used in the present experimental investigation. The details of the tool properties and its 

dimensions and experimental setup with the working principle are discussed in section 3.2.3. 

Before welding, the joining edges of the sheets were prepared as a right-angle butt joint, and 

then the sheets were clamped onto a rigid fixture with a backing plate to keep joint edges fixed. 

Initially, the experiment was performed at a constant tool rotational speed of 300 rpm with 

varying traverse speeds from 40 mm/min to 140 mm/min to optimize the traverse speed. After 

fixing a medium traverse speed of 90 mm/min at which a smooth weld surface without defect 

was observed, the experiment was performed with varying rotational speeds varied from 300 

pm to 600 rpm. Based on the preliminary studies and published literature [115,142]. Table 4.1 

displays the six sets of welding operating parameters selected for this investigation to determine 

the optimal FSW parameters. The plunge depth of the shoulder was kept 0.2 mm, and the tool 

tilt angle was 2o, fixed for all sets of experiments.  
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Table 4.1 Welding parameters and their effect on weld quality. 

Weld no. 

 

Tool Rotational 

speed (rpm) 

Traverse speed 

(mm/min) 

Maximum tensile 

strength (MPa) 

Weld surface 

quality 

Weld 1 300 40 654 Poor 

Weld 2 300 70 701 Medium 

Weld 3 300 90 733 Excellent 

Weld 4 300 140 229 Poor 

Weld 5 450 90 233 Poor 

Weld 6 600 90 30 Poor 

After welding, test samples were cut in the transverse direction, using wire electrical discharge 

machining (Wire EDM) (JK-machine EC032) for mechanical tests and metallographic 

analysis. The details of the methodology for metallographic and mechanical tests are explained 

in section 3.3. The transient temperature distribution of the weld samples during FSW was 

measured by an Agilent data acquisition system using K-type thermocouples. The 

thermocouple wire positions on the welding specimens are shown in Fig. 4.1. The transient 

temperature distribution on the advancing side (AS) and retreating side (RS) during the welding 

process were recorded using four K-type thermocouples (i.e., TC1, TC2, TC3, and TC4) and a 

Data Acquisition System. Thermocouples were spot-welded onto either side of the weld line, 

two at RS (TC1 and TC2) and the other two at AS (TC3 and TC4) on the upper surface of the 

sheet. 

 

Fig. 4.1 Position of thermocouples for determining transient temperature distribution during 

FSW of Inconel 718. 
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4.3. Results and discussion 

Characterization results of friction stir welded joints are discussed in the following subsections. 

4.3.1 Analysis of axial force 

Among the heat generation process parameters, the axial force during welding significantly 

affects frictional heat generation due to contact between the tool shoulder and the workpiece. 

The axial force required during FSW of Inconel 718 for welding the sample Weld 3 at 300 rpm 

with 90 mm/min is mentioned in Fig. 4.2 (a), which contains the plunging zone, the dwell 

period zone, and the welding zone [143]. In the initial period, the pin of the tool touches the 

surface of the workpiece until the surface of the shoulder gets into contact with the workpiece. 

During this period, maximum axial forces are generated in the tool, leading to maximum 

temperature generation in the workpiece. After this, the tool remains rotating in the plunge 

position without any movement for 10 sec, known as the dwell period. The softening of the 

material during this period results in a small reduction in force values. Following this, the tool 

moves with an almost constant axial force in the welding period. The axial force generated 

during the welding period was used to calculate the average axial force. An average axial force 

of 28 kN was recorded during the welding period for the sample Weld 3. The variation in the 

axial force curve was observed during the welding period of ± 1.4 kN. The fluctuation of axial 

force during the welding stage was also observed by Tiwari et al. [144] in their force 

measurements study.   

In the same way for other samples, the axial forces were calculated. Figs 4.2 (b-c) shows the 

variation of axial force with the welding parameters. During the study of axial force at constant 

rotational speed (300 rpm), it was noticed that the maximum axial force was observed at high 

traverse speed (140 mm/min) and it was minimum at low traverse speed (40 mm/min), as 

shown in Fig. 4.2 (b). The increase in traverse speeds results in the reduction of the tool stirring 

time and frictional heat input, which leads to less thermal softening and flow of material. 

Furthermore, it resulted in an increment of the average axial force. 

Similarly, from Fig. 4.2 (c), the variation of axial force with the increase of rotational speed 

was observed. The increase in rotational speed results in high frictional heat input, which finally 

leads to the thermal softening of the material near the tool, which ultimately reduces the axial 

force. The influence of the variation of welding parameters resulted in temperature variation 

and a change in axial forces. The average axial force increases to 20.5% with an increase in 
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traverse speed from 40 to 140 mm/min. Similarly, the average axial force decreased to 7.8% 

with an increase in rotational speed from 300 to 600 rpm. Pankaj et al. [113] and Parida et al. 

[145] also mentioned the effect of welding parameters on the axial force during FSW in their 

work. 
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Fig. 4.2 (a) Generated axial force during FSW of Weld 3, and axial force variation with (b) 

traverse speed and (c) rotational speed. 

4.3.2 Thermal history 

The thermal history has a significant effect on both the mechanical and microstructural 

characteristics of FS-welded specimens. The variation of the transient temperature profile in 

AS and RS for the welded sample Weld 3 is shown in Figs. 4.3 (a-b). During welding, the peak 

temperatures attained at different thermocouple positions both on the AS and RS for different 

parameters are shown in Fig. 4.3 (c). 
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Fig. 4.3 Temperature distribution during FSW of sample Weld 3 in (a) AS and (b) RS, and 

(c) variation of peak temperature at varying welding parameters. 

When the rotating tool approaches the thermocouple locations, the temperature at that position 

rapidly rises to its peak values, followed by a gradual decrease of temperature with time as the 

FSW tool moves away from the thermocouple locations.  

The peak temperature on the advancing side (AS) of every weld sample was slightly more than 

the retreating side (RS). For example, in a welded sample Weld 3, the TAS > TRS and the 

difference between the AS and RS temperature of TC3 & TC1, respectively, were TC3-

TC1~23.2oC, as shown in Fig. 4.3. The reason for the AS being higher temperature is mainly 

due to the deformation and flow of materials begins, which usually experience more friction in 

the AS. The direction vector of the peripheral velocity of the rotating tool coincides with the 

traverse velocity vector, leading to the generation of extra frictional heat. [146,147]. The 

process parameters significantly influence the variation of peak temperature during welding 

[145]. At a constant rotational speed of 300 rpm, the peak temperature of the weld sample 

decreases as the traverse speed increases, as shown in Fig. 4.3 (c). It is also observed that at a 

constant traverse speed of 90 mm/min, the peak temperature of the weld sample decreases as 

the rotational speed decreases. The increase in temperature at a low traverse speed is caused by 

a high rate of heat input and more string time of the material, whereas a high rotational speed 

creates higher frictional heat generation [43]. 

The measurement of temperature in the contact region of the tool and workpiece during FSW 

is challenging, using a thermocouple attachment. For this reason, an IR camera was used to 

measure the tool & workpiece contact region thermal history. The temperature distribution of 

the lowest traverse speeds (i.e., Weld 1) and highest traverse speeds (i.e., Weld 4) are shown 

in Fig. 4.4. 
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Fig. 4.4 Temperature distribution of (a) lowest (i.e., Weld 1) and (b) highest (i.e., Weld 4) 

traverse speed using IR Camera. 

The peak temperature between the FSW tool & workpiece contact region of the weld sample 

Weld 1 (i.e., 40 mm/min) and Weld 4 (i.e., 140 mm/min) are around 1100 oC and 1000 oC, 

respectively. The measured contact temperature value was similar to the measured highest 

temperature in the weld nugget by Huang et al. [146], as shown in Fig. 4.4. It can be observed 

that the tool traverse speed has a significant effect on the temperature distribution during the 

FSW of Inconel 718 alloy. 

4.3.3 Macro and microstructural characterizations  

The top surface appearance of FS welded butt joints of Inconel 718 alloy sheets for different 

welding parameters are shown in Fig. 4.5. The proper selection of welding parameters is 

necessary to obtain a defect-free top surface. The top surfaces of most welded samples, except 

for the welded sample Weld 3 (welded at 300 rpm and 90 mm/min), have surface defects. The 

welded sample Weld 3 exhibited an excellent weld surface quality without any weld defects, 

like wormholes or cracks. From the current working ranges of FSW parameters, the tool 

rotational speed (i.e., at 300 rpm) with 90 mm/s traverse speed produced better weld surface 

quality. However, the welded samples Weld 5 and Weld 6 exhibited poor surface quality at a 

rotational speed higher than 300 rpm. The surface quality also deteriorated with lower traverse 

speed (i.e., 40 mm/min), as shown in Fig. 4.5. Weld 2 revealed moderate surface quality 

because a small defect appeared at the end of the weld line. In all-welded samples, a small 

volume of flash was evident, and a small weld thickness reduction was observed due to the 

combined effect of high axial force and plunge depth. 
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Fig. 4.5 Weld appearance and its cross-sectional view for different FSW parameters. 

From the optical macrographs of low rotational speed (i.e., 300 rpm) welded samples (i.e., 

Weld 1, Weld 2, Weld 3, Weld 4 and Weld 5), the shape of the stir zone is a typical basin-

shaped morphology produced. Song et al. [142] found similar morphology in their study of 

joining Inconel alloy by the FSW due to the contact material's intensive plastic deformation 

and the taper FSW tool pin, as shown in Fig. 4.5. During the welding, at a rotational speed of 

300 rpm with traverse speeds 70, 90, and 140 mm/min, the depth of the stir zone from the top 

surface was almost the same as the material thickness. Some welded samples like Weld 1 and 

Weld 5 showed unwelded root notch and wormhole defects at low traverse speed (i.e., 40 

mm/min) and high rotational speed (i.e., 450 rpm), respectively. In the welded sample Weld 5, 

a large wormhole was noticed at a high rpm of 450 rpm. The presence of defects such as a 

wormhole or large cavity was found due to abnormal mixing or insufficient plastic flow of 

materials. With a further increase in tool rotational speed (i.e., 600 rpm), the welded sample 

exhibited high flash with a large groove-like defect and high tool wear. The macrograph of 

Weld 6 could not be seen due to the presence of a large groove defect that produced an improper 

weld. 
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 Ahmed et al. [115] reported that the macrograph view of welded Inconel 718 could be divided 

into four zones. A center of the weld known as the stir zone (SZ), adjacent to the stir zone, is 

the thermo-mechanically affected zone (TMAZ), beside it is the heat-affected zone (HAZ) and 

the rest part as a base material (BM). Figure 4.6 shows details of the optical macrographs of 

welded sample Weld 3, which was conducted at a traverse speed of 90 mm/min. Figure 4.6 (a) 

shows the cross-sectional view of welded sample Weld 3 in which the presence of a varied 

zone is observed, as highlighted in Figs. 4.6 (b-f). The difference in the grain structure and the 

material flow pattern allows for observing the presence of different microstructural zones.  
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(e) (f)

RS AS
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Carbide
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Fig. 4.6 Microscopic views and material flow behaviour in the weld sample number Weld 3 

(a) cross-sectional view, (b) BM, (c) SZ, (d) TMAZ, (e) band of dark shade, (f) flow pattern 

view and (g) magnified view of initial remaining butt surface. 

The effect of high temperature and stirring deformation resulted in dynamic recrystallization 

in the SZ. A small region of TMAZ was found at the interface between the BM and SZ, as 

shown in Fig. 4.6 (d). Grain growth near the TMAZ was not observed, resulting in the absence 

of the HAZs, which was a similar result reported by Song et al. [40]. In the TMAZ zone, the 
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deformed and slightly smaller grain microstructure than the BM was formed due to partial 

recrystallization and recovery. Figure 4.6 (e) shows a band of dark shade at the bottom of the 

SZ, which starts from the AS. Previous investigations [37,40] showed that tool wear in the SZ 

formed a band structure. Figure 4.6 (f) indicates the flow pattern of material near the bottom of 

the SZ. In the AS region, the high frictional heat generation observed from the temperature 

distribution graph caused high material deformation, resulting in a disruptive material flow 

pattern. A similar result was reported by Chen et al. [148] regarding the asymmetrical metal 

flow behaviour in AS and RS.  

For the present range of operating parameters (at 300 rpm and 70 to 140 mm/min traverse 

speed), the presence of weld defects like large voids and tunnel defects was not observed except 

for the initial remaining butt surface at the bottom of the SZ, as shown in Fig. 4.6 (g). Sato et 

al. [42] also found a similar remaining butt surface during the FSW of Inconel 600. The grain 

size distribution in the BM was observed in the range of 23-158 µm, while the grain size range 

in the SZ and the TMAZ of the welded sample Weld 3 were 5-35 µm and 15-55 µm, 

respectively. Because of the material's dynamic recrystallization and stirring action, the average 

grain size of the SZ and TMAZ obtained was 10.38 µm and 18.5 µm, respectively, compared 

to the BM, where the average grain size was 74 µm. Figure 4.7 shows the microstructures of 

SZs obtained at different welding parameters that were analyzed by optical microscopy.  
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Fig. 4.7 Optical microstructural images of SZs of the welded samples (a) Weld 1 (b) Weld 2 

(c) Weld 3 (d) Weld 4 (e) Weld 5 and (f) variation of grain size in SZ at different traverse 

speed. 
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Both rotational and traverse speeds have a significant effect on grain size refinement. With 

increasing traverse speed, the grain size decreases, and in all cases, the grain size is 

considerably smaller than the BM. The grain size variation obtained in the SZ is consistent with 

the published literature [115,142]. From Fig. 4.7, the presence of MC-type carbide particles in 

the SZ, similar to those at the BM, was also observed in all the welded samples. The size of 

these particles was more refined than the base material carbide particles. The measured 

temperature near the SZ was around 1000 oC, sufficient for the recrystallization of the base 

material grain. High grain refinement in the SZ was observed due to high heat input and strain 

rate during the FSW [149].  

From Fig. 4.7 (d), the average grain size at high traverse speed (140 mm/min) was observed 

finest (i.e., 6.7 µm) due to relatively lower heat input and high cooling rate. The average grain 

size (i.e., 20 µm) distribution in the SZ at a rotational speed of 450 rpm and 90 mm/min traverse 

speed is shown in Fig. 4.7 (e). The SZ grain size and carbide particles were comparatively more 

considerable in high rotational speed than the other welding parameters observed. After fixing 

the tool rotational speed (i.e., 300 rpm), the average grain size variation in the SZ with varying 

traverse speed is shown in Fig. 4.7 (f).   

The Field Emission Scanning Electron Microscope (FESEM) micrographs and Energy-

Dispersive X-ray Spectroscopy (EDS) analysis results are shown in Fig. 4.8. 
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Fig. 4.8 FESEM micrograph and EDS analysis of Weld 3 at (a) BM region and (b) SZ region. 

In the present investigation, the presence of MC carbides was observed in the BM and SZ of 

the Weld 3, as shown in Fig. 4.8 (a) and the magnified view of Fig. 4.8 (b), respectively. The 

carbide particles and some external elements were also observed from the EDS analysis. 

Magnified SEM images of regions A and B of BM and SZ, respectively, are shown in Fig. 4.8. 

The size of the carbide particle in the SZ was found fine and uniformly distributed in a range 

of 2 to 5 µm compared to the large carbide particle in a range of 5-25 µm in the BM. EDS 

spectrums 1 and 2 of the BM reveal the basic elements of Inconel 718 and a high percentage 

of Nb elements, respectively. The EDS spectrum 3 of the stir zone depicts the presence of W 

and Co elements in the SZ, which confirm the occurrence of wear of the tungsten carbide tool 

during the FSW of Inconel 718. Song and Nakata [40] also reported similar results for high 

tool wear during the FSW of a Ni-alloy. The presence of fine (Ti, Nb)C-type carbide observed 

in the SZ, which has a maximum amount (i.e., wt.%72) of Ti observed as shown in spectrum 

4. The random distribution of the fine metallic carbide particles such as NbC and (Ti, Nb)C in 
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the grain and at the grain boundaries were observed in the magnified SEM image of SZ, as 

shown in Fig. 4.8 (b). According to some researchers [150], the discontinuous presence of 

carbide particles along the grain boundaries will hinder grain boundary cracking in deformation 

conditions. 

The TEM study also observed the presence of carbide phases in the SZ. The bright-field TEM 

and selected area electron diffraction (SEAD) patterns of SZ of the Weld 3 are shown in Figs 

4.9 (a-c). The presence of low-temperature carbides such as MC and M23C6 at the grain 

boundaries with average sizes of 40 nm was observed. M23C6 carbides form in the temperature 

range 760oC to 980oC, which mainly consists of Cr and C particles. Fig. 4.9 (d) shows the 

GATAN graph revealing the d spacing of the selected area of the high magnification TEM 

image (Fig. 4.9 (c)) is ~0.245 nm. Furthermore, the SAED patterns of the selected area show a 

diffraction ring pattern indicating crystalline nature with a face-centered cubic structure having 

(111), (110), (220), and (200) planes with the d-spacing value 2.082, 2.052, 1.82 and 1.804 Å, 

respectively, which is matched with the value found in the analysis of XRD. 

The presence of niobium and titanium reach carbide particles in the nickel-chromium matrix 

affected the mechanical properties, such as the increase of yield and tensile strength of the 

welded sample and the increase of hardness in the SZ [42]. 

(b)(c)

(d)

(a)

 

Fig. 4.9 (a) TEM image, (b) SAED pattern of SZ of the Weld 3, (c) high magnification TEM 

image and (d) GATAN graph for d-spacing. 
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4.3.4 XRD analysis 

To examine the different phases, XRD analysis of the base metal (i.e., Inconel 718) and the 

Weld 3 was performed, which is shown in Fig. 4.10.  
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Fig. 4.10 XRD analysis of (a) Inconel 718 and (b) welded zone of sample Weld 3. 

The base metal diffraction pattern exhibited only the austenitic ϒ-Ni matrix, as shown in Fig. 

4.10 (a). In the XRD patterns of the SZ of the welded sample Weld 3, apart from austenitic ϒ-

Ni matrix peaks, a clear indication of other major and minor peaks was found, shown in Fig. 

4.10 (b). The presence of (Fe12W)0.15 and Co3Ti phases were observed in the SZ of the sample 

Weld 3 at angles of 2θ = 45o and 65o, respectively. The (Fe12W)0.15 and Co3Ti phases have an 

fcc structure with a lattice parameter a = 2.874 Å and a = 3.6034 Å, respectively. Thus, it 

confirmed the presence of W (Tungsten) and Co (Cobalt) elements in the SZ, proving that WC-

Co tool wearing occurred during the FSW of Inconel 718. The presence of these elements has 

some advantageous effects on the weld joint quality (i.e., strengthening the weld region). 

 

4.3.5 Mechanical characterizations 

4.3.5.1 Tensile test 

The top view of tensile specimens of the base material and welded joints obtained at different 

FSW parameters and their test results are shown in Fig. 4.11.  
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Fig. 4.11 (a) Top view of FSW welded tensile test specimens and (b) their respective tensile 

test results. 

From the tensile specimens, it can be seen that the fracture position of most of the tensile test 

samples is at the weld nugget zone (NZ) except for Weld 3. The fracture location of Weld 3 is 

in the base material. Figure 4.11 (b) shows the average measured tensile and yield strength of 

all the welded specimens with corresponding error bands.  

The ultimate tensile strength and yield stress of the BM were 731 MPa and 295 MPa, 

respectively. The ultimate strength of most of the welded samples is lower than the base 

material. However, based on the 0.2% of offset technique, the yield strength of the welded 

sample Weld 1, Weld 2, and Weld 3 was more than the base material, as shown in Fig. 4.11 

(b). Higher yield strength may be due to the welding cycle thermal effect which significantly 

affects the grain size refinement in the SZ, strain hardening effect or phase precipitation at the 

grain boundary [5,151,152]. Furthermore, the yield strength of the high rotational speed welded 

sample Weld 4 and Weld 5 was lower than the base material. Due to coarse grain formation in 

both TMAZ and SZs at high rotational speed and the insufficient plastic flow of material, the 

yield strength decreases.  

Weld parameters significantly affected the tensile properties of the welded specimens. At a 

constant rotational speed of 300 rpm, the ultimate strength of the weld specimen initially 

increased with increasing traverse speeds from 40 to 90 mm/min. After that, the ultimate 

strength decreased with a further increase in traverse speed, as shown in Fig. 4.11 (b).  
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The maximum ultimate tensile strength was observed in specimen Weld 3 (i.e., 733 MPa), 

which was slightly higher than the base material. Keeping all other parameters fixed, the 

ultimate strength of the weld specimen (i.e., Weld 4) decreased with increasing traverse speed, 

as shown in Fig. 4.11 (b). The decrease of tensile strength at a traverse speed of 140 mm/min 

was found due to low heat input results from improperly intermixing of the material, causing a 

band of dark shade and wormhole defects at the bottom side shown in the cross-sectional view 

in Fig. 4.5. 

The tensile strength at higher rotation speeds in Weld 5 and Weld 6 was significantly lower 

compared to the base material due to improper weld formation and large groove defects 

formation during welding. The minimum tensile strength (i.e., 30 MPa) in Weld 6 was obtained 

at a tool rotational speed of 600 rpm. The optimum joint strength with excellent weld surface 

quality was in Weld 3, which was welded at a low rotational speed (i.e., 300 rpm) and medium 

traverse speed (90 mm/min). The main reasons for variations in tensile strength with the 

varying welding parameters are heat generation, grain size variations, uniformity of weld 

microstructure and complete bonding at the bottom region during the welding [115,153,154]. 

Formation of fine-grain size (i.e., 5-35 µm) and uniform weld microstructure in the SZ at 

medium traverse speed (i.e., 90 mm/min) with good weld quality resulted in high tensile 

strength. When the traverse speed increases, the reduction in heat input leads to a decrease in 

the plastic deformation of materials and the formation of internal wormhole defects that affect 

the mechanical strength of the welded sample. However, at higher tool rpm, the joint quality 

becomes poor because the higher magnitude of tool rotational speed leads to high heat 

generation, which results in insufficient mixing of material with some micro-voids formation, 

as shown in Fig. 4.12. The failure of tensile specimens of Weld 1, Weld 2, Weld 4, and Weld 

5 was observed at the weld nugget because of some microvoids and a lack of proper bond 

formation in the weld root notch. Generally, the failure of the welded sample is observed in the 

weakest zone of the FSW joints. However, for welding parameters of 300 rpm with 90 mm/min, 

the welded tensile sample Weld 3 fractured in the base material with the highest tensile strength 

and percentage of elongation. The presence of the fine grain with uniform carbide particles and 

the absence of defects in the TMAZ and the weld nugget of Weld 3 resulted in maximum micro-

hardness in the weld zone, which significantly enhanced the joint strength. 

Furthermore, to investigate the localized fracture surface characteristics of tensile-test 

specimens, a FESEM analysis was carried out, shown in Fig. 4.13. The necking in the tensile 

test fracture surface of deformed welded sample Weld 3 was observed, like ductile materials, 
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as shown in Fig. 4.13 (a). The Position of the fracture surface was 30 mm away from the centre 

of a weld joint. The macro-morphology of the SEM micrograph of the fracture surface is shown 

in Fig. 4.13 (b). Figure. 4.13 (c) shows the inhomogeneous distribution of dimples, which 

proves that the quality of the fracture is ductile in nature. At the high magnification view of the 

marked zone A, shallow dimples and deep dimples were observed in the fracture surface, which 

is shown in Fig. 4.13 (d). The failure of Weld 3 in the base material was observed due to coarse 

grain size as compared to the SZ grain size. The cause of the initiation of cracks was the surface 

of the deep dimples acts as voids and cracks around the carbide particles, which are 

consecutively strained until the failure of the surface occurs [113,148].  

 

Fig. 4.12 SEM fractography of (a) tensile fractured sample Weld 5 and its (b) magnified 

view. 

(a)
(b)

A

(c)

Dimples

(d)

Deep dimple

 

Fig. 4.13 A fractured cross-sectional view of a tensile specimen of welded sample Weld 3. 

TH-3189_176103110



 

59 

 

4.3.5.2 Hardness test 

Vicker’s microhardness tests were performed perpendicular to the weld line in the weld zone 

area. The microstructure variation in different weld zones strongly influenced the 

microhardness profile, identified in Fig. 4.6. It was observed that both rotational and transverse 

speeds significantly affect hardness results. A large microhardness variation was observed 

along the line perpendicular to the welding direction, shown in Fig. 4.14.  
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Fig. 4.14 Hardness distribution at (a) different traverse speeds and (b) different rotational 

speeds. 

The measured microhardness values of the base material were between 220-230 HV. In the SZ 

of all the weld specimens, the microhardness magnitude was higher than that of the BM. Figure 

4.14 (a) represents the variation of hardness distribution obtained for different traverse speeds 

keeping the rotational speed fixed (i.e., 300 rpm). It can be observed from Fig. 4.14 (a) that in 

the SZ, the microhardness values increased from 300 HV to 370 HV with increasing traverse 

speed from 40 to 140 mm/min. However, the magnitude of micro-hardness decreased from 345 

HV to 295 HV with increasing rotational speed from 300 rpm to 450 rpm, as shown in Fig. 

4.14 (b). The microstructural grain refinement was enhanced at high traverse and low rotational 

speeds. The higher microhardness value at the center of the weld zone was observed, which 

can be attributed to the fine-grained microstructure caused by the dynamic recrystallization and 

precipitates formation [148,155]. Due to the coarse-grained microstructure, the minimum 

hardness value in the SZ was observed for welded sample Weld 5. The maximum magnitude 

of hardness (i.e., 370 HV) was observed in sample Weld 4 due to the lowest grain size (i.e., the 

highest fine-grained microstructure) compared to other welded samples.  
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4.3.5.3 Toughness test 

The Charpy impact tests were performed to evaluate the mechanical impact response of the FS-

welded Inconel 718 alloy sheets. Visual inspection of fractured impact toughness samples 

showed that most samples were completely separated due to the impact test, except for the 

sample Weld 3, which is shown in Fig. 4.15 (a).  
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Fig. 4.15 (a) Fractured impact test samples of welded Inconel 718 and its (b) toughness 

values at increasing traverse speed. 

The measured average impact toughness value of the base material at room temperature was 

53 J. The variation of welding parameters, such as welding rotational and traverse speeds, 

significantly affect impact toughness values. The variation of impact toughness values with 

varying welding parameters is shown in Fig. 4.15 (b). 

Keeping the rotational speed fixed, the impact toughness of samples Weld 1, Weld 2, and Weld 

3 increased with increasing traverse speed from 40 to 90 mm/min, as shown in Fig. 4.15 (b). 

With a further increase in traverse speed, i.e., at a traverse speed of 140 mm/min, the impact 

toughness value of Weld 4 decreased drastically (i.e., 15 J). The increase in impact toughness 

value may be attributed to grain refinement at the weld zone, and suddenly, the decreased value 

obtained may be due to the presence of a wormhole and some micro-voids at the bottom portion 

of the SZ of Weld 5. The effect of rotational speeds on the impact toughness value was high. 

The impact toughness of Weld 3 was maximum (i.e., 44.7 J), and the minimum value was found 

in the sample Weld 6, which was welded at a high rotational speed. Improper weld at the bottom 

of the weld nugget and large wormhole defect in the AS resulted in minimum impact toughness 

values at a high rotational speed. This work also carried out SEM fractography analysis of the 
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fractured impact specimen. SEM fractography analysis results of both a good and bad quality 

Weld, i.e., samples Weld 3 and Weld 5, respectively, are shown in Fig. 4.16.  
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Dimple Cleavage 

pattern
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Fig. 4.16 SEM fractography of an impact-tested welded sample (a) Weld 3 and (b) Weld 5. 

From SEM fractography image analysis of welded sample Weld 5, a small unwelded root notch 

surface was found in Weld 5, whereas it was not found in welded sample Weld 3, as shown in 

Figs. 4.16 (a-b). The unwelded root notch was observed at high rotational speed (more than 

450 rpm) due to tool wear, resulting in a lack of penetration. From the high-magnification SEM 

fractography image of Weld 3, large-sized dimple and dimple networks were observed, 

resulting in the ductile type of fracture in nature. In contrast, the cleavage with voids and 

dimples results in a mixed mode of fracture in Weld 5. The toughness fractured part of Weld 5 

has a shear-brittle type fracture topography. At higher rotational speeds, the material becomes 

softer due to high heat input, resulting in more flash formation caused by the reduction of weld 

thickness. Due to the high temperature and the corresponding flash out of material, the 

formation of microvoids was observed in the magnified SEM image, as shown in Fig. 4.16 (b). 
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The coarse grains at high rotational speeds were observed from microstructure analysis in the 

TMAZ, which decreased impact toughness. It should be noted that the presence of an unwelded 

notch root and the formation of microvoids in the weld zone lead to a decrease in the toughness 

value [26,156]. 

4.4 Brief scientific discussion  

Scientific observation based on the change in microstructural properties with the parameters 

shows that the strength and microhardness of the weldment dependents on the heat input during 

the welding. The observed higher yield strength may be due to the welding cycle thermal effect 

which significantly affects the grain size refinement in the SZ, strain hardening effect or phase 

precipitation at the grain boundary. The main reasons for variations in tensile strength with the 

varying welding parameters are heat generation, grain size variations, uniformity of weld 

microstructure and complete bonding at the bottom region during the welding. Similarly, the 

higher microhardness value at the center of the weld zone was observed, which can be 

attributed to the fine-grained microstructure caused by the dynamic recrystallization and 

precipitates formation. 

4. 5 Summary 

In this study, FSW of Inconel 718 alloy was performed at varying process parameters using a 

WC-Co tool. The following outcomes can be drawn. 

• The good surface appearance with proper weld joint was obtained at low rotational 

speed and medium traverse speed (i.e., at 300 rpm and 90 mm/min).  

• The formation of internal weld defects such as wormhole and micro-voids was obtained 

at high rotational speed (i.e., more than 300 rpm) and high traverse speed (i.e., more 

than 90 mm/min) in the AS due to incomplete bonding between the TMAZ and the SZ 

during the welding. 

• The average axial force was increased by 17.06% with an increase in traverse speed 

from 40 to 140 mm/min, whereas it was enhanced to 7.8% with a decrease in rotational 

speed from 600 to 300 rpm.  

• The microstructure of the SZ of the welded sample Weld 3 revealed the presence of 

MC-carbide with (NbC) and (NbTi)C secondary phases in the SZ. 

• Grain refinement in the SZ increased with increasing traverse speed and decreasing 

rotational speed due to stirring deformation accompanied by dynamic recrystallization. 
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• At 300 rpm rotational speed and 90 mm/min traverse speed, the ultimate tensile strength 

and yield strength were found to be 100.2% and 136.2% of the base material, 

respectively, which may be the presence of refined secondary phases, grain refinement, 

and homogeneous microstructure.   

• With the increase of traverse speed from 40 to 90 mm/min, the grain refinement in SZ 

and TMAZ increases the yield strength and impact toughness of the welded joints. 

Further increasing the traverse speed (i.e., 140 mm/min), yield strength and toughness 

value decrease due to defects such as wormholes.  

• The high rotational speeds, i.e., 450 rpm and 600 rpm, generate defects such as 

wormhole and coarse-grained microstructure in the weld zone, which results in the 

reduction of yield strength.  

• The hardness values in the weld zone increased with increasing traverse speed and 

decreasing rotational speed due to grain refinement in this zone. The maximum 

hardness value, i.e., 370 HV0.5, was observed in sample Weld 3 in the SZ, which is 

around 64% more than the BM hardness. 

………………..………………..……………….. :
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CHAPTER 5  

5. Experimental Investigation on Induction-Assisted Hybrid FSW of 

Inconel-718 Alloy  

5.1 Introduction 

Hybrid/Assisted friction stir welding is an advanced solid-state joining technique used to 

preheat high-strength materials to soften them and reduce the downward force acting on the 

tool during joining. Among the possible preheating sources, a high-frequency induction 

preheating source is a high-speed and uniform temperature provider with a unique combination 

of high stability and concentrated energy source. In the previous chapter, a conventional FSW 

process was used for joining Inconel 718 sheets, and their process parameters were established. 

This chapter discusses the development of an induction preheating setup with the conventional 

FSW machine. The joining of 3 mm thick Inconel 718 sheets is established with and without 

the induction-assisted FSW process (I-FSW). After conducting the welding process, a 

comparison study was carried out between the FSW and I-FSW of Inconel 718 alloy. The effect 

of induction preheating on microstructure, mechanical properties, axial force, and temperature 

distribution in the welded specimens has been investigated. In addition, tool wear has been 

analyzed in both cases with and without induction preheating during the FSW process.  

5.2 Materials and methodology 

Friction stir welding was performed on the commercially available as-hot rolled 3 mm thick 

Inconel 718 sheets in butt joint configuration. All sheets were prepared in the dimensions of 

200 mm × 80 mm × 3 mm. The chemical compositions and physical properties of the Inconel 

718 sheets and used taper tool materials are mentioned in chapter 3. The details of the 

experimental setup, working principle, and methodology used in the induction-assisted friction 

stir welding process are explained in chapter 3, section 3.2.3. A schematic representation of the 

induction preheating system is depicted in Fig. 5.1. 

Before welding, the joining edges are prepared, such as making the right angle with the flatness 

and cleaning with acetone to remove any impurities. After preparation, the Inconel sheets were 

placed over the backing plate and rigidly clamped with a fixture for butt welding. The welding 

process in a position-controlled FSW machine starts with plunging the rotating cylindrical tool 

into the sample. After it, dwell time (10 sec) was allowed to warm up the material by frictional 
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heat. The induction heating source was started during the dwell period to provide additional 

heat for softening the surface area near the rotating tool. The temperature of the sample should 

be sufficient so that the material remains soft enough to be stirred easily with the tool. The 

welding surface heated with the induction heat source provided constant output power 

throughout the weld line. After welding up to the end line, the rotating tool was lifted up, the 

current supply into the coil was stopped, and the workpiece was allowed to cool down at 

ambient temperature. The K-type thermocouples were spot welded on the top surface of the 

workpiece to measure the transient temperature distributions. The spot position was at 20 mm 

(marked as TC1 & TC2) and 23 mm (marked as TC3 & TC4) from either side of the weld 

center line in the advancing side (AS) and retreating side (RS) are shown in Fig. 5.2. The 

optical-infrared temperature sensor was also used to measure the weld nugget temperature 

during the induction assisted FSW. 
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Fig. 5.1 Schematic diagram of induction-assisted FSW process. 
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Fig. 5.2 Position of thermocouples used in the I-FSW process. 

The FSW welding parameters for joining Inconel 718 were selected based on trial experiments 

and the authors' previous research [115]. The input parameters for the I-FSW were chosen 

based on the visual inspection and macrograph of the joints obtained in several experimental 

trials. The fixed rotational speed with variable traverse speed and the variable preheating 

temperature was used to optimize the welding parameters to check the effect of preheating 

temperature on tool life and weld quality, which are depicted in Table 5.1. All the experiments 

were performed with a fixed shoulder plunge depth of 0.2 mm and tool tilt angle of 2o. 

Table 5.1 Combination of welding parameters and preheating temperature. 

Sr. no. Tool rotation 

rate (RPM) 

Welding speed 

(mm/min) 

Plunge depth 

(mm) 

Preheating temperature 

(oC) 

    T1 T2 T3 

1 300 90 0.2 310 410 700 

2 300 140 0.2 310 410 700 
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5.2.1 Test and analysis  

After welding, the mechanical and microstructural characterization tests were performed on 

the welded joint samples. The testing methodology used in this experiment is explained in 

chapter 3, sections 3.3.1 and 3.3.2. To measure tool wear in terms of weight loss during 

conventional and induction-assisted FSW, a microbalance with high accuracy (1mg) was used. 

The weight loss and pin length shortage for analysis of tool wear in all the parameters were 

measured after 600 mm weld length (i.e., after 3rd weld length). 

5.3 Results and discussion 

Characterization results of induction-assisted friction stir welded joints are discussed in the 

following subsections. 

5.3.1 Temperature distribution due to induction heating. 

In order to evaluate the operating parameter of the high-frequency induction heating machine 

used in this experiment, firstly, we determined the variation of temperature profile with the 

variation of the output power of the induction machine. Figure 5.3 shows the variation in 

temperature profile obtained during the induction heating of the stationary Inconel plate 

surface, which was 5 mm below the coil surface. The experiments were carried out at three 

different output operating power, i.e. 7 kW, 12 kW, and 18 kW, with fixed heating time (30 

sec), and found that the temperature was changed from 300 oC to 700 oC. From the temperature 

profile, it was found that the maximum temperature of the plate changed according to the 

output power of the induction machine. The variation of maximum temperature with rising 

time measurement results reveals that the time required to reach the rotating tool in preheated 

place was enough time to begin the FSW process with the induction heating.  

TH-3189_176103110



 

69 

 

0 30 60 90 120 150 180 210 240
0

100

200

300

400

500

600

700

800

T
em

p
er

a
tu

re
 (

o
C

)

Time (s)

 18 kW

 12 kW

   7 kW

 

Fig. 5.3 Variation of the maximum temperature of the stationary plate with the interpretation 

of the output power of the induction machine. 

After finding out the temperature variation of the stationary plate surface with the output 

parameter of the induction machine, we proceeded with this experiment with the varying FSW 

parameters (i.e., 90 and 140 mm/min) to find out the in-line preheating effect in this process. 

Figure 5.4 displays the recorded surface temperature of an Inconel plate for both conditions, 

with and without the use of the induction-assisted FSW process. The temperature was 

recorded at a constant tool rotational speed of 300 rpm and with varying transverse speeds of 

90 and 140 mm/min. The obtained transient temperature profile at a distance of 20 and 23 mm 

from the weld centerline in conventional FSW is shown in Figs. 5.4 (a-b). Figs. 5.4 (c-d) 

shows the transient temperature profile obtained during the induction-assisted friction stir 

welding process. In this experiment, 7 kW induction output power for the welding parameters 

90 mm/min and 140 mm/min was used to confirm the heating temperature goes above 310 

oC. The yield strength of the Inconel 718 material began to decrease above 350 oC [157].  

From the observation of the thermal history, the peak temperature of the advancing side (AS) 

was found higher than the retreating side (RS). The cause of higher temperature was additional 

frictional heat generation and transformation of solid material into semi-solid on the AS [158]. 

In the induction-assisted FSW process, Figs. 5.4 (c-d) shows existing of two peaks during the 

heating stage; the first is generated due to induction heating and the second due to FSW tool 

rotation. The use of induction heating during the welding at 90 mm/min and 140 mm/min 
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increased the peak temperature (Figs. 5.4 (c-d)) in the advancing side (i.e. TC1) by 1.5 times 

and 0.9 times, respectively, due to direct heat addition compared to the conventional FSW 

process (Figs. 5.4 (a-b)) at same parameters. The effect of process parameters on both the 

cases with/without induction-assisted FSW was observed to be highly affected by traverse 

speed. In all cases, the peak value of thermocouples at 90 mm/min was higher than the 140 

mm/min because higher welding speed leads to less time of heat accumulation [113]. 
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Fig. 5.4 (a) The temperature measurement during (a-b) conventional FSW process and (c-d) 

induction-assisted FSW process (I-FSW) at a preheating temperature of 310 oC. 

Measuring the weld zone temperature with a thermocouple is a very challenging task. For this 

reason, the measurement of the weld zone temperature was carried out with an IR camera. The 

thermal history of with and without induction heated FSW are shown in Figs. 5.5 (a-b). The 

peak temperature between the FSW tool & workpiece contact region, at a traverse speed of 140 

mm/min, was around 940 oC and 1060 oC during the conventional FSW and I-FSW process, 
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respectively. The measured contact temperature value during the preheating process was 

remarkably higher than the without-preheating process. The observed peak temperature was 

found to be consistent with the highest temperature recorded in the weld nugget by Huang et 

al. [146]. From the above observation, it can be said that the induction preheating significantly 

affects the temperature distribution during the FSW of Inconel 718 alloy. 

(a)

FSW tool

937 ºC

Contact region

Conventional FSW at 140 mm/min 
(b)

FSW 

tool

1055 ºC

Contact region

I- FSW at 140 mm/min

 

Fig. 5.5 Temperature distribution during (a) conventional FSW and (b) I-FSW. 

5.3.2. Welded surface appearance and force evaluation  

Figure 5.6 depicts the top surface appearance of the welded joint obtained at different 

parameters (as illustrated in Table 5.1) in conventional and induction-assisted FSW. Figure 5.6 

(a) shows the good surface appearance of the welded joint obtained in the conventional FSW 

at 90 mm/min traverse speed. When the traverse speed increased by 140 mm/min, an internal 

cavity defect on the surface appeared because less heat input resulted in insufficient intermixing 

of materials, as shown in Fig. 5.6 (b). However, the effect of induction preheating was observed 

with sound weld at high traverse speed (i.e., 140 mm/min) and the thin flash generation (i.e. 

external material flow) from the weld surface. The preheating temperature and welding speed 

significantly affect the production of flash. Welding with constant rotational speed (i.e., 300 

rpm) with preheating temperature 310 oC appeared smooth welding surface with thin flash 

(thickness ⁓ 0.10 mm) at both traverse speeds (i.e., at 90 and 140 mm/min), as shown in Figs. 

5.6 (c-d). As the preheating temperature increased above 410 oC, a large groove defect with a 

thick flash (thickness ⁓ 0.25 mm) was observed. Welding was not observed at a high preheating 

temperature (i.e., at 700 oC) due to the generation of a very thick flash (thickness ⁓ 0.34 mm) 

resulted in thinning of the plate. At high preheating temperatures, the tool pin touches the 

backing plate just after starting the welding, which results in breaking the tool pin and 
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generating the hole, as shown in Figs. 5.6 (g-h). Excess softening of material and high plunge 

load can be seen to generate a thick flash. The proper selection of preheating temperature and 

plunge load are essential parameters in a defect-free surface appearance. 
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Fig. 5.6 The top surface appearances of welded plates obtained during (a, b) conventional 

FSW and (c-h) I-FSW process. 
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Figure 5.7 (a) shows the profile of the downward axial force generated during the FS welding 

of Inconel 718 with and without preheating under constant rotational speed (300 rpm) and 140 

mm/min traverse speed. The generated axial force graphs over the weld time consist of three 

zones (i.e., plunge, dwell, and weld zone). Two peaks were generated during the plunging zone 

of the weld obtained in conventional FSW. The first peak was due to the initial plunging of the 

tool pin into the solid Inconel material, and the second peak was due to both the tool pin and 

shoulder plunge. Whereas in the preheating case, the first peak was not observed due to the 

effect of surface preheating. In preheating, the peak value of axial force (22 kN) in the plunging 

stage was lower than the without preheating (33 kN). The difference in peak value was 

observed due to the thermal softening of material by steady preheating. Following this, for 

some period of time, only a rotation of the tool occurs, known as the dwell period zone, which 

further softens the material, causing the decrease of axial force. The final zone is the welding 

zone, where almost constant axial force was observed in both cases. The steep fall-off in axial 

force can be seen once the weld is completed and the tool leaves the contact, as shown in Fig. 

5.7 (a). 

In the same way, the average axial forces for all the FSW process (with and without preheating) 

were calculated, as shown in Fig. 5.7 (b). During the study of generated axial force in 

conventional FSW, it was observed that at constant rotational speed (i.e., 300 rpm), the average 

force produced at traverse speed 90 and 140 mm/min was 27 kN and 30 kN, respectively. In 

all the cases, the average axial force value was higher at a higher traverse speed (i.e.,140 

mm/min) than at a lower traverse speed (i.e., 90 mm/min). Tool stirring time and frictional heat 

input decrease at higher traverse speeds, leading to less thermal softening and material flow 

[77]. The average axial force generated during the I-FSW process at 310 oC was 21 kN and 22 

kN at traverse speed 90 mm/min and 140 mm/min, which was decreased by 23% and 26% 

compared with conventional FSW (i.e., at 25 oC). It was 18.26 kN and 21.0 kN in the I-FSW 

process at 410 oC preheating temperature, which was reduced by 27% and 31%, respectively, 

compared with axial force generation at 25 oC. Similarly, the reduction of the axial force in the 

I-FSW process was observed at high preheating temperatures (i.e., at 700 oC). The use of 

induction preheating resulted in a decrease in the axial force. As a result, additional softening 

initiates the plastic flow of base material and is easily stirred in I-FSW compared to the 

conventional FSW. Some researchers have also reported a reduction of axial force using 

additional preheating in their literature during high-strength material welding [86,88]. 
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Fig. 5.7 Analysis of axial force generation during (a) conventional FSW and I-FSW process 

and (b) the average axial force at different preheating temperatures with varying traverse 

speeds. 

5.3.3. Macro and microstructural characterizations  

The cross-sectional macrostructure appearance of the joint obtained with and without induction 

preheated FSW are summarized in Fig. 5.8. All the optical macrographs of the nugget zone 

present basin-shaped due to the tapered shape of the tool pin. The obtained macrograph at 

traverse speed 90 and 140 mm/min shows full-penetration weld in all the preheating cases, 

whereas only the friction stir welded joint shows a lack of penetration. Full-depth penetration 

in the preheating case confirmed a plate thickness reduction at the tool shoulder's bottom. The 

red arrow in Figs. 5.8 (a-b) indicates a lack of penetration at the bottom area of the weld zone 

in conventional FSW. However, the advancing side of the bottom portion of the weld in the 

conventional FSW shows a defect like a wormhole, indicated with the black arrow, as shown 

in Fig. 5.8 (b). The presence of defects at high traverse speed (i.e., 140 mm/min) may be due 

to insufficient heat input causing abnormal mixing of materials. Whereas no wormhole defect 

at high traverse speed (i.e., 140 mm/min) and 310 oC preheated FSW case were observed. In 

contrast, defects like wormholes can be observed at high preheating temperatures (i.e., 410 oC), 

which may be excess heat input supplied by preheating leads to insufficient bond formation, as 

shown in Figs. 5.8 (e-f). The macrograph of the welded sample at a high preheating temperature 

(i.e., 700 oC) could not be seen due to a large groove and crack defect formation that produced 

an improper weld.  
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Fig. 5.8 The cross-sectional macrostructure of the FS welds was obtained at (a-b) without and 

(c-f) with preheating 

Figure 5.9 displays the details of the macrograph of a welded sample that was obtained with a 

high traverse speed of 140 mm/min and a preheating temperature of 310 oC. Figure 5.9 (a) 

shows the presence of different weld zones based on grain structure and material flow pattern 

in the welded sample. From the microscopic image of the base material (BM), as shown in Fig. 

5.9 (b), it can be seen that the size of the grains is coarse, and it exists with MC-type carbide 

particles in the grain and its boundaries [62]. The black-colored MC-type carbide particles 

enriched with Ni and Ti elements were confirmed with the EDS spectrum. Figure 5.9 (c) shows 

the center of the weld, known as the stir zone (SZ), which exists with fine grain and fine 

distribution of carbide particles. Figure 5.9 (d) shows the thermomechanical affected zone 

(TMAZ), which exists adjacent to SZ in a very narrow region, whereas Fig. 5.9 (e) shows the 

flow pattern near the bottom of the advancing side (AS). No clear heat-affected zone (HAZ) 

was observed in the weld zone because of the absence of grain growth near the TMAZ. Song 

et al. [91] also reported the absence of HAZ in the study of joining Inconel 600 with lesser 

assisted FSW.  
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Fig. 5.9 Microscopic views contain (a) cross-sectional view, (b) BM, (c) SZ, (d) TMAZ, and 

(e) flow pattern view. 

For the observation of the weld joint properties in different welding parameters and conditions, 

the stir zone (SZ) study is significant. Figure 5.10 shows the variation of SZ microstructures 

obtained with conventional and preheated FSW at traverse speeds of 90 mm/min and 140 

mm/min. From Fig. 5.9 (b), it can be observed that the base material (BM) has a coarse grain 

with an average grain size of 75 µm. In comparison, the grain refinement in the weld zone was 

observed due to the application of FSW on the Inconel 718. In the conventional FSW process, 

the SZ's average grain size was 10.5 µm and 7 µm at traverse speeds of 90 mm/min and 140 

mm/min, respectively, as shown in Figs. 5.10 (a) and (d). The effect of preheating on the SZ 

microstructure in the weld was seen in Figs. 5.10 (b, f, c, and e). The grain size of the SZ of the 

weld obtained at preheating temperature 310 oC was 13 µm and 9.5 µm at traverse speed 90 

mm/min and 140 mm/min, whereas it was 15 µm and 11.5 µm at 410 oC preheating, 

respectively. 

The microstructural observation obtained in conventional FSW reveals that the average grain 

size obtained at high traverse speed (i.e., 140 mm/min) was finer than at low traverse speed 

(i.e., 90 mm/min). At high traverse speed, low heat input and high cooling rate were responsible 

for the formation of small grain size [113,144]. Under the preheated FSW, the obtained grain 

size was slightly larger than the conventional FSW. As depicted in Fig. 5.4, the peak 

temperature variation at the same traverse speed can be seen in the with and without induction 

preheating FSW temperature curve. The temperature variation was observed due to additional 

local preheating during the welding, resulting in high peak temperature and taking more time 

to cool after the welding. The area near the weld zone had also been heated by local preheating, 
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and it took more time to cool the weld zone. The grain size in the stir zone was slightly larger 

than the without preheating case due to the decrease in cooling rate. The above grain size 

observation shows that its variation was not highly affected by preheating compared to dynamic 

recrystallization during the FSW. The grain size variation in the weld zone at different welding 

parameters is mainly caused by the dynamic recrystallization, stirring action, and cooling effect 

[77].The variation of the TMAZ region was also observed in the microstructure obtained at 

conventional and preheated FSW. A small region of TMAZ at the interface between SZ and 

BM was found in the conventional FSW, as shown in Fig. 5.10 (g). However, the 

microstructure variation in the TMAZ region due to preheating was more significant in I-FSW, 

as shown in Figs. 5.10 (h) and (i). Due to the slow cooling rate in I-FSW, the grain size in the 

TMAZ region was larger, and no clear boundary between the BM and SZ was observed. In the 

(TMAZ), partial recrystallization and recovery occurred, resulting in a deformed 

microstructure with slightly smaller grains than the (BM). Ji et al. [71] and Sun et al. [159] 

reported a similar result in their preheated FSW study. 
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Fig. 5.10 Microscopic views of SZ obtained in (a and d) conventional, (b and f) I-FSW at 310 

oC, (c and f) I-FSW at 410 oC, and corresponding (g, h, and i) TMAZ at different parameters. 
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The presence of the external elements and microvoid near the bottom area of the weld nugget 

zone was analyzed with the FESEM micrographs and the EDS analysis, as shown in Fig. 5.11. 

The cross-sectional analysis of the macrostructure obtained at high traverse speed (i.e., 140 

mm/min) was defect-free. Therefore, in the present investigation, the detailed analysis of the 

bottom area of the stir zone, obtained at high traverse speed during the conventional FSW and 

I-FSW, was performed. EDS analysis of the SZ shows the presence of external W and Co 

elements detected, illustrating the tool's degradation during the FSW process. During the 

welding of high-strength material, the tool's degradation occurred due to high temperature and 

high strain rate in the weld zone [66]. Song et al. [37] and Tiwari et al. [77] also reported similar 

results for high tool wear during the FSW of high-strength material. The SEM image of the stir 

zone microstructure obtained in conventional FSW reveals the high presence of tungsten (W) 

particles compared with the stir zone of the I-FSW joint, which was confirmed by the EDS 

spectrum, as shown in Figs. 5.11 (a) and (b). The EDS results (Fig. 5.11 (c)) showed 2.5 wt.% 

of the tungsten (W) element in the case of conventional FSW, whereas it was 0.3 wt.% and 

0.08 wt.% in the case of I-FSW at preheating temperature 310 oC and 410 oC, respectively, as 

shown in Figs. 5.11 (d) and (e). The less wt.% of tungsten (W) element in the preheated FSW 

joints can be explained by softening the base material (BM) through preheating. In addition, 

some microvoids in the microstructure image of the SZ were obtained at a high traverse speed 

of 140 mm/min in the conventional FSW, as shown in the magnified image of Fig. 5.11 (a). In 

contrast, the microvoids in the SZ under the I-FSW were not observed at a high traverse speed. 

Insufficient heat input and insufficient intermixing between the particles resulted in the 

existence of microvoids [160]. The presence of microvoids in the weld zone results in a 

decrease in weld properties [161]. 
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Fig. 5.11 FE-SEM and EDS analysis near the bottom area of the SZ obtained at traverse 

speed 140 mm/min under (a) conventional FSW and (b) I-FSW. 

The presence of carbide particles and intermetallic phases in the stir zone obtained with and 

without preheated FSW joint at 140 mm/min traverse speed were analyzed with FESEM-EDS, 

as shown in Fig. 5.12. The optical microstructure image (Fig. 5.9 (b)) of the base material 

shows the consistency of coarse grains and MC-type carbide ranging between 15 to 20 µm 

dispersed at the grain boundary. In contrast, the size of the carbide particles in the SZ was found 

to be more refined and uniformly distributed than the BM due to dynamic recrystallization, as 

shown in Figs. 5.12 (a-b). The presence of MC-type carbide particles such as (Nb)C, (Ti, Nb)C 

and (Nb, Ni, Ti, Cr)C were confirmed with the EDS point spectrum 1 & 5,  2 and 3, 

respectively. However, some oxide particles in the SZ of the weld joint fabricated using an 

induction-assisted FSW process were observed and confirmed with the EDS point spectrum 4. 

Oxide formation on the top surface, which was forged in the stir zone by the tool shoulder, may 

cause local preheating of the base material. Thus, the change in metallurgical properties of the 

weld may be caused by excess localized preheating. 

Figure 5.13 shows the TEM images, and selected area diffraction (SAD) patterns of the stir 

zone were obtained with and without induction preheated FSW. Figure 5.13 (a) presents the 

bright field (BF) image of the precipitates Ni3Nb (ϒ") and carbide particles (i.e., M23C6) of the 

stir zone obtained in conventional FSW at traverse speed 140 mm/min. Figures 5.13 (e-f) show 
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the point EDS spectrum 1 and 2 identified the corresponding precipitates and carbide particles. 

The random distribution of round-shaped carbide particles existed inside the grain boundaries 

with a diameter of 30-50 nm. The presence of very fine round-shaped strengthening precipitates 

Ni3Nb (ϒ") was also observed inside the grain boundaries with a diameter of 18 nm. Figure 

5.13 (b) shows a low-magnified TEM image of the accumulation of higher dislocation densities 

at the grain boundaries because of dynamic recrystallization during conventional FSW. 
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Fig. 5.12 FESEM and EDS analysis of the SZ obtained (a) with and (b) without induction-

assisted FSW. 
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The effect of induction preheating (at temperature 310 oC) was also observed with the grain 

size and the carbide particles. MC-type carbide particles had a spherical shape with a small 

increased diameter of 50-80 nm, whereas more precipitates were found inside the grain. The 

cluster distribution of carbide particles with the fine spherical shaped precipitates was observed 

in the grain and grain boundaries, as shown in Fig. 5.13 (c). Figure 5.13 (d) shows the low 

dislocation densities at the grain boundaries generated from dynamic recrystallization in the 

induction-assisted FSW. The corresponding selected area diffraction patterns (SAD) identified 

the M23C6 carbide particle (i.e., (Ni, Cr)C) and intermetallic phase Ni3Nb (ϒ") in the bright 

field images of SZ. In the SAD pattern, the bright and big spots are related to carbide particles, 

and small spots are related to the intermetallic phase with a [011] zone axis. The diffraction 

pattern also conformed to the face-centered cubic crystalline nature of the intermetallic phase 

(i.e., Ni3Nb) with (111̅) and (022̅) index. Prasad [162] also reported a similar result in their 

study of carbide and secondary phases in the grains.  
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Fig. 5.13 TEM micrographs of SZ and corresponding SAD pattern of the phases and carbide 

particles observed during (a-b) Conventional FSW and (c-d) I-FSW process at 310 oC. 
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5.3.4 Mechanical properties 

Figure 5.14 displays the microhardness profile curves generated on the joints prepared by the 

conventional and induction-assisted FSW (I-FSW) process. Figure 5.14 (a) represents the 

schematic diagram for the microhardness traverse position. Figs. 5.14 (b-c) shows the hardness 

distribution curves obtained in the middle of the cross-sectional weld zone area, whereas the 

hardness variation along the weld thickness is shown in Fig. 5.14 (d). In all the cases, the 

average hardness value of the SZ was observed to be higher than the BM (230 HV0.5). The 

variation of microhardness profile in different weld zones was highly influenced by the grain 

size distribution observed in these regions. The rise in microhardness in the SZ was a result of 

the formation of a microstructure consisting of small grains, brought about by the dynamic 

recrystallization process and the presence of precipitates inside the grain. 

On the other hand, the hardness value of TMAZ was lower than the SZ, and it was lowest in 

the preheating case. The decrease of hardness value at the TMAZ was found due to coarser 

grains induced in this zone by the thermal cycle effect during the welding. Using conventional 

FSW, it was observed in the SZ that with the increase of the traverse speed from 90 to 140 

mm/min, the hardness value increased from 350 HV0.5 to 375 HV0.5., as shown in Fig. 5.14 (b). 

The variation of hardness value with traverse speed was due to the variation of microstructure 

obtained at different welding parameters [77].  

Compared with conventional FSW joint, the hardness value of induction-assisted FSW joint 

was observed slightly decreased because of the small increase in the microstructure. The 

microhardness of the joint obtained under the I-FSW process at 140 mm/min with low 

preheating temperature (i.e., at 310 oC) was higher than the high preheating temperature (i.e., 

at 410 oC). In contrast, it was lower at a low preheating temperature under 90 mm/min traverse 

speed. However, A sudden increase in hardness curve value was also observed in the weld zone 

due to fine carbide particles and the generation of some phases during the I-FSW process 

[37,91,146]. Thus, from the microhardness curves, it may be observed that the hardness values 

of the weld joint increase with the decrease of preheating temperature and increases in the 

traverse speed. The variation of hardness value in the SZ was also analyzed through the weld 

thickness, as shown in Fig. 5.14 (d). The average hardness value near the top surface (350 

HV0.5) was lower than the bottom (370 HV0.5). The high hardness value on the bottom side was 

due to the generation of more fine grains at the bottom area during the FSW process than at the 
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upper surface of the weld. Song et al. [91] have also reported a similar trend of variation of 

hardness values along with the weld thickness in their literature.  
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Fig. 5.14 (a) Schematic representation of hardness measuring line and Hardness distribution 

curve obtained during the (b) conventional FSW, (c) I-FSW, and (d) its variation through the 

thickness. 

Figure 5.15 shows the top views of tensile-tested specimens with the stress-strain curve 

obtained at different welding parameters and preheating conditions. Under the conventional 

FSW, Figs. 5.15 (a-b) shows the fracture location of welded samples obtained at a traverse 

speed of 90 mm/min in the base material, whereas it was in the weld region at 140 mm/min. 

However, in all the induction-assisted FSW, the fracture location of tensile specimens was in 

the TMAZ except for samples welded at 140 mm/min under the preheating temperature of 310 

oC, as shown in Figs. 5.15 (c to f). The fractured location of the tensile sample welded under 
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high traverse speed (i.e., 140 mm/min) and low preheating temperature (i.e., 310 oC) was 

observed in the base material, as shown in Fig. 5.15 (d). The fracture location of the tensile 

specimens in the base material conforms to the higher joint strength than the fracture in the 

weld zone. 

 

Fig. 5.15 Top view of the welded tensile samples and their corresponding tensile curve 

obtained at different weld conditions. 

The average tensile strength with corresponding elongation results of the welded joints 

obtained in conventional and preheated FSW at different weld parameters are presented in Fig. 

5.16. It is well known that defects such as micro-voids, cracks, and wormholes are responsible 

for producing stress concentration during the tensile test of welded specimens. The ultimate 

tensile strength (UTS) and elongation of the base material under the tensile load were recorded 

at 745 MPa and 35%, respectively. Under the conventional FSW process, the maximum tensile 

strength with high elongation (i.e., 750 MPa & 27%) was recorded at 90 mm/min traverse 

speed. The increase in weld strength may be caused by defect-free weld with a fine grain size 
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in the weld zone. The decreased weld strength with minimum elongation (i.e., 0.5%) was 

observed with increasing the traverse speed (i.e., above 140 mm/min). At high traverse speed 

(i.e., above 140 mm/min), the wormhole defect on the advancing side was found due to 

insufficient heat input and improper material mixing, resulting in decreased weld strength 

[113].  

The weld strength under the I-FSW process was observed to be significantly affected by the 

preheating temperature. The ultimate tensile strength and elongation of the weld joint obtained 

at traverse speed 90 mm/min and 310 oC preheating temperature were 698 MPa and 26%, 

respectively, slightly lower than the conventional FSW. Whereas at high traverse speed (i.e., 

140 mm/min) with the same preheating (i.e., 310 oC), improved weld strength (i.e., 740 MPa) 

and elongation (i.e., 28%) were recorded. At high traverse speed and low preheating 

temperature, 98.9 % weld strength and 26% elongation of the base material were recorded. The 

combined effect of traverse speed and local preheating caused excess heat generation, resulting 

in flash generation and the formation of a coarser microstructure. The increase of weld strength 

at high traverse speed (i.e., 140 mm/min) under the I-FSW process may be caused by fine grain 

structure with the cluster of fine carbide particles and the formation of intermetallic phases in 

the weld nugget zone. The proper intermixing of the material particles at a traverse speed of 

140 mm/min compared with the 90 mm/min makes its defect-free joint which highly influences 

the weld strength. The change of microstructure and weld thickness reduction highly affected 

the weld strength obtained at different traverse speeds. Besides, a significant decrease in joint 

strength and elongation at 410 oC preheating temperatures were recorded under both traverse 

speeds (i.e., 90 and 140 mm/min). A sudden reduction of tensile strength and ductility of the 

weld joint was observed when used at a high preheating temperature above 310 oC. The 

generation of thick flash during the welding under excess local preheating decreased the weld 

zone thickness, and the formation of a large cavity with coarser grain in the TMAZ highly 

affected the weld strength. Ji et al. [71] also reported a similar report for the weld strength 

under the back heated FSW.   
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Fig. 5.16 Tensile strength and the corresponding elongation of the FS welded sample were 

obtained under different weld conditions. 

Furthermore, in order to investigate fracture features of tensile tested specimens under 

conventional and preheated FSW were investigated with FESEM. Figure 18 shows the SEM 

micrograph of the tensile fractured surface, which was welded at a 140 mm/min traverse speed 

under the conventional and preheated (310 oC) FSW. The mode of fracture in the weld nugget 

zone under conventional FSW was examined by the elongation results (from Fig. 5.16) and the 

SEM micrographs of the fractured tensile specimens. The presence of flat surfaces and small 

dimples can be observed in the SEM micrograph, resulting in a mixed mode of fracture, as 

shown in Fig. 5.17 (a). The tensile curve (Fig. 5.16) indicates that the weld fractured with only 

0.5% elongation, i.e., significantly less plastic deformation confirmed the dominant fracture 

mode was brittle. Compared with conventional FSW, the welded samples obtained at a 

preheated temperature of 310 oC and 140 mm/min traverse speed were fractured with 26% 

elongation. The fractured surface of the I-FSW joint in Fig. 5.17 (b) shows plenty of dimples 

with small size carbide particles. The presence of dimples with high elongation indicates a 

typical ductile mode of fracture.  
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Fig. 5.17 SEM micrograph of the fractured tensile surfaces of welds obtained at 140 mm/min 

traverse speed in (a) Conventional FSW and (b) I-FSW 

5.3.5 Tool wear during conventional and induction-assisted FSW 

Welding high-strength materials such as nickel, titanium, and steel is very challenging 

regarding tool life, which directly affects the cost of the welding process. During the FSW 

process, the generation of high frictional heat due to rotational and traverse motion of the tool 

and the generation of high axial thrust on the FSW tool are highly responsible for wear, plastic 

deformation, and failure causes the diminishing of the tool life [77]. Hence, studying tool wear 

to improve tool life is key in selecting welding processes and parameters.  

Figure 5.18 shows the top and front macrographic views of the WC-Co tool used in all cases 

during the welding of Inconel 718. Visual inspections of the deformation of the tool in terms 

of pin height and weight loss were performed. The observation was conducted under the tool 

rotational speed of 300 rpm, traverse speed of 140 mm/min, and preheating temperature of 310 

oC. Figure 5.18 (a) shows the tool pin height of 2.7 mm before welding. After the completion 

of the welding process in conventional and preheated FSW, the observation shows that the tool 

shoulder and pin height lost their original geometry. 

The maximum wear was observed in the tool pin, reducing its length in every weld length (i.e., 

200 mm). Under the conventional FSW, it can be seen that after the 3rd weld length (i.e., after 

600 mm), the tool pin height reduced to 1.9 mm, which was 71% of the original height, as 

shown in Fig. 5.18 (b). The loss of the tool pin height after 600 mm weld length was found less 

in induction preheating FSW than in the conventional FSW. From Fig. 19 (c), it is clearly 

observed that the height of the pin after the 3rd weld was 2.4 mm, which was 89% of the 

original tool pin size used in the I-FSW process. 

(a) (b)Flat regions

Dimples Carbides
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The difference in tool weight under the conventional and induction preheated FSW process is 

shown in Fig. 5.18 (d). The weight loss of the tool was measured with micro balance before 

and after every weld length. The initial weight of the tool before the welding was 245 g. In the 

conventional FSW after 600 mm weld length, the loss of weight was found high (i.e., loss of 

0.32 g) compared to the preheated FSW (i.e., loss of 0.05 g). The main cause of the weight loss 

was the reduction of tool pin height, shoulder wear, and an oxide layer formation near the 

shoulder edge. EDS analysis of the tool shoulder was performed near the pin base area, as 

shown in Figs. 5.18 (e, f). It can be seen that the reduction of wt.% of W (tungsten) element 

and the formation of an oxide layer occur on the contact surface of the tool after welding. In 

addition, the presence of Ni, Mo, Al and Cr elements on the shoulder surface was found from 

the base material due to the adhesion nature of the WC tool element. The carbide fracture and 

cobalt extrusion at high temperature and pressure during the welding is the primary mechanism 

of wear of the tool reported by Tiwari et al. [144] in their research study. Saving of tool wear 

in preheated FSW process was found due to the reduction of axial force on the tool and 

improved thermo-plasticization of the Inconel 718 material. In their research study, Ramkumar 

et al. [160] reported that an external preheating process reduced the generated torque and tool 

deformation during the welding. 
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Fig. 5.18 Top and front views of the FSW tool (a) before welding, (b) after conventional 

welding, (e) after I-FSW, and its analysis represented in (d) weight loss graph, (e) tool 

shoulder portion and (f-i) EDS analysis of tool shoulder. 
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5.4 Brief scientific discussion  

The application of the induction preheating during the FSW process at high traverse speed (140 

mm/min) soften the material which gives proper intermixing of the material. The rise in 

microhardness in the SZ was a result of the formation of a microstructure consisting of small 

grains, brought about by the dynamic recrystallization process and the presence of precipitates 

inside the grain. Compared with conventional FSW joint, the hardness value of induction-

assisted FSW joint was observed slightly decreased because of the small increase in the 

microstructure. A sudden increase in hardness curve value was also observed in the weld zone 

due to fine carbide particles and the generation of some phases during the I-FSW process. 

Similarly, the combined effect of traverse speed and local preheating caused excess heat 

generation, resulting in flash generation and the formation of a coarser microstructure. The 

increase of weld strength at high traverse speed (i.e., 140 mm/min) under the I-FSW process 

may be caused by fine grain structure with the cluster of fine carbide particles and the formation 

of intermetallic phases in the weld nugget zone. 

5.5 Summary 

The present work emphasizes the effect of high-frequency induction heating on the temperature 

distribution, microstructure and mechanical properties during the joining of the Inconel 718 

plate by the FSW process. Also, axial force and tool wear analysis in the conventional and 

induction-assisted FSW process was performed. Thus, the following conclusions are 

summarized based on the results and discussion: 

• Under the fixed position, the high-frequency induction heating device achieved a 

sample surface temperature of 310 oC, 410 oC and 700 oC at 7 kW, 12 kW, and 18 kW 

output power within 30 sec, respectively. During the transport condition of the 

induction device at a feed rate of 140 mm/min, a sample surface temperature achieved 

310 oC at 12 kW output. Thus, the material surface temperature was proportional to the 

output power of the heating device and inversely to the feed rate. 

• The generation of flash during the welding was directly proportional to the induction 

preheating temperature, which highly affected the weld strength.  

• The use of high-frequency induction preheating reduced the axial force of FSW by 26%, 

which operated under 140 mm/min traverse speed. This reduction of axial force 

effectively reduced the tool wear and improved the tool life due to the softening of the 

material. 
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• Due to dynamic recrystallization during the conventional FSW, highly deformed grain 

structure and uniform distribution of carbide particles in the weld zone led to good weld 

quality at 90 mm/min traverse speed. The preheating effect observed a slight increase 

in grain structure with cluster distribution of primary and secondary carbide particles 

(i.e., NbC and M23C6) in the grain. A slow cooling rate resulted in good weld quality at 

a high traverse speed of 140 mm/min, which was 1.55 times faster than the normal 

FSW. 

• The preheating effect reduces the external tungsten (W) element in the weld nugget 

zone. In contrast, the Oxide formation in the stir zone due to local heating resulted in a 

change in metallurgical properties.  

• With the induction preheating, the mechanical properties were improved at high 

traverse speed (i.e., 140 mm/min) due to grain refinement and proper bond formation 

compared with conventional welding. The maximum hardness value in the SZ 

increased by 63% from the base material during the conventional FSW at a 140 mm/min 

traverse speed. In contrast, a small reduction in microhardness was observed under the 

preheated FSW. The tensile strength increased from 360 MPa (FSW) to 748 MPa (I-

FSW), i.e., 98.6% of base material strength. The tensile fracture surface exhibited a 

presence of high dimples with small-size carbide particles, confirming the ductile mode 

of failure. 

----------------------*--------------*------------------------*:
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CHAPTER 6  

6. Friction Stir Welding of Dissimilar Inconel 718 and AISI 204cu Steel  

6.1 Introduction  

This study explored the feasibility of friction stir welding of dissimilar butt joints of Ni-based 

superalloy Inconel 718 and low-cost austenitic stainless AISI 204Cu. The conventional 

welding of dissimilar alloy poses different challenges due to differences in chemical and 

physical properties, such as proper filler material selection, weld zone cracking, and 

segregation defects, ultimately resulting in unfavourable weldability and mechanical 

properties. Therefore, producing high-quality joints between Ni-alloy and stainless steel by 

controlling heat input requires systematically investigating a promising alternative advance 

joining technique, friction stir welding. The primary area of interest is to investigate the process 

parameters of the FSW to obtain a defect-free weld. In previous literature, the complex 

relationship between microstructure and mechanical properties of dissimilar weld joints of 

Inconel 718 with AISI 204Cu is not studied systematically. After welding, the mechanical and 

microstructural properties of joints were analyzed.   

6.2 Materials and methodology 

Experiments have been carried out on Inconel 718 and austenitic stainless-steel AISI 204Cu 

sheets having dimensions of 200 mm × 80 mm × 3 mm by the conventional FSW process in 

annealed condition using WC-10wt.%Co tool. According to the supplier, the average alloy 

composition (in wt.%) and mechanical properties are discussed in chapter 3, Table 3.1. The 

used cylindrical tool had a 20 mm diameter flat shoulder and a 2.7 mm long tapered pin, as 

shown in Fig. 6.1 (a). A tapered pin geometry was 7–5 (shoulder side - free end). The schematic 

outline of the FSW process is shown in Fig. 6.1 (b). The experimental setup, working principle, 

and methodology used in this experiment are explained in chapter 3, Sections 3.2 and 3.3.  

The input process parameters used in this experiment were chosen based on the visual 

inspection, and the macrograph of the joints obtained in several experimental trials is depicted 

in Table 6.1. The experiment was conducted at varying traverse speeds of 40, 70, 90 and 140 

mm/min while keeping the rotational speed constant, i.e. 300 rpm. Providing the low rotational 

speed was based on the experimental trials and the author's previous study based on the similar 
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welding of Inconel 718. Kanhazian et al. [116] and Shamanian et al. [109] reported that 

positioning of higher tensile strength material (i.e., stainless steel) on the advancing side gives 

good strength. The higher heat on the advancing side is helpful to the flow of material from the 

advancing side (AS) to the retreating side (RS). In this study, the AISI 204Cu plate was placed 

on the advancing side (AS) and Inconel-718 on the retreating side (RS). This was done to avoid 

the formation of cavities or groove-like defects in AS. 

 

Fig. 6.1 (a) FSW tool and its schematic view and (b) Schematic diagram of FSW process. 

Table 6.1 Process parameters used in dissimilar FSW. 

Test number Tool rotational speed 

(ω; rpm) 

Welding speed 

(v; mm/min) 

Retreating 

side (RS) 

Advancing 

side (AS) 

Test 1 300 40 IN-718 AISI 204Cu 

AISI 204Cu 

AISI 204Cu 

Test 2 300 70 IN-718 

Test 3 300 90 IN-718 

Test 4 300 140 IN-718 AISI 204Cu 
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6.3 Results and discussion 

This section discusses the microstructural and mechanical analysis outcomes in detail. 

6.3.1 Macro and microstructural evolutions 

6.3.1.1 Microstructure of the base materials 

Figure 6.2 displays the microstructure of the base materials utilized in this study, namely 

Inconel 718 and AISI 204Cu alloys, both of which were annealed. In Fig. 6.2 (a), the ϒ 

austenitic matrix of IN718 clearly exhibits the presence of twin boundaries and carbide 

particles. The existence of MC-type carbide particles (where M: Nb, (Nb, Ti) or (Ni, Nb, Ti, 

Cr)) in the grains and their boundaries were previously ascertained by means of FESEM-EDS 

spectroscopy. The presence of these twin boundaries and strengthening precipitates impede 

dislocation movement, which increases the strength of Inconel 718 [55]. Similarly, Fig. 6.2 (b) 

shows little twin boundaries with full ϒ, austenitic matrix, with MC-type carbide particles in 

AISI 204Cu alloy. Grain size analysis of the microstructure of both the BMs- IN718 and AISI 

204Cu showed coarse grain with an average grain size of 55 μm and 30 μm, respectively. 

 

Fig. 6.2 Microstructure of the base material (a) Inconel 718 and (b) AISI 204Cu. 
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6.3.1.2 Macrostructure and microstructure observation of the welded joints 

Figure 6.3 shows the top and cross-sectional macrostructure views of the friction stir welded 

dissimilar Inconel 718 - AISI 204Cu joints obtained at various welding parameters. Figs. 6.3 

(b) and (c) show the smooth surface appearance with defect-free FSWed joint obtained at 

traverse speed 70 and 90 mm/min and constant rotational speed 300. However, weld surface 

defects like macro-grooves were found at 40 mm/min and 140 mm/min traverse speed, as 

shown in Figs. 6.3 (a) and (d). Apart from this defect, reduction of weld thickness (i.e., weld 

thinning) due to a plunging depth of the tool shoulder and keyhole defect at the end of the weld 

caused by retraction of the tool pin was also observed in all the weld parameters. The inherent 

issues such as keyhole, weld thinning, and internal defects always affect joint formation [163].      

The welding was performed at a constant rotational speed of 300 rpm, which was chosen based 

on several experimental trials and the visual inspection of the welded surface. The flash 

generation and welded surface quality at a rotational speed of 300 rpm were observed as 

minimum and smooth, respectively. Our previous investigation (discussed in chapter 4) also 

observed that the FSW of Inconel 718 resulted in a sound weld at low rotational speed (i.e., 

300 rpm). 

The transverse cross-sectional views (in Fig. 6.3) of all the FS welded samples illustrate the 

effect of traverse speed on the material flow patterns. In this figure, the dark region or RS is 

Inconel 718, whereas the light region or AS is stainless steel 204Cu. The optical macroscopic 

observation of the welded samples shows the formation of basin-shaped morphology with the 

vortex-like shape of material flow in the weld zone. Similar morphology has also been observed 

by Kangazian et al. [116] in dissimilar FSW of Inconel 625 with mild steel. The plastic 

deformation and material flow caused by the tool rotation and movement during welding are 

generally responsible for weld strength. Cross-sectional observation revealed that certain 

sections of the Inconel 718 material were pulled from the RS to the AS. At 70 and 90 mm/min 

traverse speeds, Inconel material fully moved to the steel region in the upper part of the SZ. In 

contrast, the movement of the Inconel material from the RS to the AS in the SZ was partially 

at traverse speeds of 40 and 140 mm/min. At low and high traverse speeds (i.e., 40 and 140 

mm/min), the gap between the dragged Inconel material and extreme part of SZ in the AS was 

0.8 and 2 mm, respectively, whereas it was 0.2 and 0.1 mm in the case of 70 and 90 mm/min 

traverse speed, respectively. Inconel material which is inside the SZ obtained at 70 and 90 

mm/min traverse speed, was observed in a layered manner (represented by yellow arrow), 
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whereas it was negligible at 40 and 140 mm/min. The difference in heat input at varying 

traverse speeds generates a difference in the volume of Inconel material in the SZ. At low 

traverse speed, the accumulation of heat is high and the cooling rate low, whereas at high 

traverse speed, the accumulation of heat is low, and the cooling rate is high [115]. A macrocrack 

at the extreme lower portion in the AS of the welded joint was observed at 40 mm/min, which 

is represented by a black arrow, affecting the weld strength. The lack of material mixing at very 

low traverse speed and moderate weld joint formation during the FSW of Inconel 718 was also 

reported in previous work. From the surface appearance and the cross-sectional view of Test 2 

and Test 3, we could say that materials were completely intermixed, and no defects were 

displayed.   
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Fig. 6.3 Welded top surface view with a corresponding cross-sectional view at a varying 

traverse speed. 

The details of distinct regions obtained with optical microstructure in Test 2 (i.e., obtained at 

70 mm/min) sample is shown in Fig. 6.4. The cross-section of the weld shows the base metal 

(BM), which is outside of the basin-shaped region. At the centre of the weld region, the stir 

zone (SZ) and the thermo-mechanical affected zone (TMAZ) were observed adjacent to the 

SZ. The presence of heat affected zone (HAZ) was not clearly observed for both alloys. This 

could be the combined effect of the fast cooling rate during FSW and the physical properties 
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of the parent metals. Shamanian et al. [109] also observed the presence of different regions 

during the study of dissimilar FSW joints of Inconel 825/SS316L. The generation of distinct 

microstructural regions was observed caused by the variation of grain structure and the material 

flow pattern. The microstructure of the base metal of both alloys shows a coarse grain, which 

is explained in section 6.3.1.1. The microstructure of the SZ of Inconel 718 and AISI 204Cu 

are shown in Fig. 6.4 (c) and (d), respectively, which shows a more refined grain structure than 

the base metal. Mishra et al. [5] reported that a combined effect of high strain and high 

temperature results in dynamic recrystallization phenomena in the nugget zone. The 

distribution of grains in the SZ was found in the range of 2 to 23 µm in Inconel 718, whereas 

it was 2 to 14 µm in the case of AISI 204Cu. Fig. 6.4 (b) and (f) represent a narrow region of 

TMAZ microstructure, where the distribution of grain size was in the range of 5 to 35 µm in 

the Inconel 718 region, and it was 6 to 25 µm in the AISI 204Cu region. From the observation 

of TMAZ of AISI 204Cu, the fine equiaxed grains with some elongated grains were observed 

compared to the fine equiaxed grains in TMAZ of Inconel 718. The grain microstructure of 

TMAZ on both sides (i.e., in AS and RS) was deformed and found to be slightly larger than the 

SZ. The grain size variation was observed due to the difference in thermal cycles, and plastic 

deformation in the SZ was higher than in the TMAZ, resulting in incomplete recrystallization 

in the TMAZ region. Shamanian et al. [109] and Fernandez et al. [164] also reported similar 

observations about TMAZ formation during the FSW of Ni-based alloy with stainless steel. In 

the SZ, the material flow pattern at the bottom portion near the AS is shown in Fig. 6.4 (e) and 

at the upper portion in Fig. 6.4 (g). The macrostructure at the bottom portion of the SZ had a 

vortex-like pattern, and the lamella pattern was observed at the upper part. The difference in 

temperature distribution and the difference in mechanical properties of dissimilar materials 

may cause disruptive material flow in the SZ. Pankaj et al. [113] also reported a similar material 

flow pattern during the FSW of DH36 with the AISI-1008 steel. 
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Fig. 6.4 Microstructure of welded joint obtained at traverse speed 70 mm/min in a different 

region (b) TMAZ of Inconel 718, (c) SZ of Inconel 718, (d) SZ of AISI 204Cu, (f) TMAZ of 

AISI 204Cu and (e and g) material flow behaviour. 

The microstructure of SZs obtained at the different traverse speeds 40, 70, 90 and 140 mm/min 

were analyzed to study the significant effect of varying traverse speeds on the grain refinement. 

The measured average grain size of Inconel 718 was 5.5, 4.3, 3.2 and 2.6 µm, whereas it was 

7.15, 7.04, 6.07 and 6.2 µm for AISI 204Cu at traverse speeds 40, 70, 90 and 140 mm/min, 

respectively, as shown in Fig. 6.5. In the weld nugget zone, both the materials' average grain 

size was observed fine at 40 mm/min, whereas it was finest at 140 mm/min. The grain size 

variation with traverse speed was observed due to the difference in heat input and cooling rate 

during the FSW.  
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Fig. 6.5 Optical microstructure of (a-d) Inconel 718 SZs and (e-h) AISI 204Cu SZs, both 

obtained at varying traverse speeds (40, 70, 90 and 140 mm/min), respectively. 

6.3.1.3. Metallurgical characterization of welded joints 

Figure 6.6 shows the microstructure of the weld nugget zone of the Test 2 sample obtained at 

70 mm/min. The cross-sectional view of the nugget zone reveals the alternate layer of steel 

corresponds to the dark-etching regions, and Ni-alloy corresponds to the light-etching regions, 

as shown in Fig. 6.6 (a). SEM analysis was performed corresponding to the borders of steel 

and Ni-alloys, SZ of steel and Ni-alloy and deformed zone, which is distinct from the similar 

FSW joint. Figures 6.6 (b) and (c) show typical SEM images of two different interface regions 
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found in the stir zone. The formation of the intermetallic layer at the interface regions was not 

observed, which is generally formed in dissimilar FSW welding of low melting point (Al/Mg) 

with steel [25,165]. In the Ni-alloy region corresponding to the stir zone, some more refined 

carbide particles than base material were observed, as shown in Fig. 6.6 (c). The point EDS 

spectrum 1 confirmed the presence of (Nb)C carbide particles. In contrast, a magnified SEM 

image of the selected area (Fig. 6.6 (c)) corresponding to spectrum 2 confirmed (Ti, Nb)C 

particles. The presence of low-temperature carbide particles was also observed by Song et al. 

[40] during the FSW of Inconel 718. 

However, the microstructural details of fine-grained AISI 204Cu and Inconel 718 of different 

regions d & e (in Fig. 6.6 (a)) were examined with Fig. 6.6 (d) and (e), respectively. The 

microstructures of the Inconel 718 show more refined grains (i.e., 4.3 µm) than those of the 

base material grains (i.e., 55 µm). The random distribution of the fine carbide particles (marked 

with a yellow arrow) within the grain and its boundaries were observed, as shown in Fig. 6.6 

(e). The grain refinement in the SZ resulted from the combined effect of high strain and high 

temperature produced during the FSW. The dynamic recrystallization (DRX) mechanism 

inside the weld nugget zone is generally influenced by the stacking fault energy (SFE), 

deformation temperature, strain rate and initial microstructure of grains of the material [166]. 

It is well reported that Ni-alloy has low stacking fault energy (SFE) face-centered cubic (FCC) 

material due to the presence of alloying elements [167]. Mishra [5] and Song et al. [40] reported 

that alloys with low SFE lead to discontinuous dynamic recrystallization (DDRX) mechanisms. 

In contrast, the high SFE lead to continuous dynamic recrystallization (CDRX) during the 

FSW. Material with low SEF exhibits accumulation of dislocation inside the grains because of 

the difficulty of the cross-slip and climb mechanism, leading to grain refinement. Similarly, 

the grain refinement of the AISI 204Cu alloy in the nugget zone was observed with optical 

microstructure (Fig. 6.5 (f)), which was an average grain size of 7.04 µm compared to the base 

material (average grain 35 µm). The presence of the delta ferrite in the matrix of ϒ austenite 

can be observed in a high-magnification SEM image, as shown in Fig 6.6 (d). Shamanian et al. 

[109] and Cui [166] reported that during the FSW of austenitic stainless steel, ferrite (as low 

SFE) and austenite (as high SFE) phases undergoes CDRX and DDRX mechanism, 

respectively. In the SS 224Cu region, some ferrite phase was also observed in the austenite 

matrix, which is represented with a red arrow inside Fig 6.6 (d). The little ferritic phase was 

confirmed by the point EDS spectrum 3, which was chromium-rich crystallization within the 

original austenitic structure. In the previous chapter 5 authors mentioned the weld centre 
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temperature during FSW of 3 mm thick Inconel 718 at 140 mm/min and reported that the 

nugget zone temperature reached 937 oC. Furthermore, Rodriguez et al. [60] reported that the 

peak temperature during the dissimilar FSW of mild steel/ Inconel 625 reached as high as 1200 

oC under 300 rpm and 100 mm/min parameters. In this study, the tool traverse speed (70 

mm/min) is lower than the speed which was used by Rodriguez et al. [60] and the previous 

study. The lower traverse speed with the same tool rotational speed (300 rpm) would result in 

a higher temperature in the weld centre zone. Therefore, the materials in the nugget zone 

experienced severe plastic deformation and possibly achieved the transformation of austenite 

to the ferrite phase. The incorporation of copper in the austenitic structure of AISI 204Cu was 

also observed, which was confirmed with the EDS spectrum 4 (Fig. 6.6 (d)). The presence of 

some spherical-shaped particles of copper leads to an austenite stabilizer and reduces the work 

hardening problem [168].  

A particular SEM microstructure of the layered mixing pattern obtained in the nugget zone 

near the bottom of the advancing side is shown in Fig 6.6 (f). A magnified image of the layered 

mixing pattern illustrates the dark and light etched band pattern was AISI 204Cu and Inconel 

718, respectively. The point EDS analysis performed the elemental analysis of the dark band 

(spectrum 5) and light band (spectrum 6). In the layered pattern region of AISI 204Cu, some 

nickel (Ni) element was observed, which could come from the nearest Inconel 718 material. 

However, inside the Inconel 718 layered pattern, the presence of AISI 204Cu material was not 

found, whereas some refined (Ni, Nb, Ti )C carbide particles were confirmed with spectrum 6.  
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Fig. 6.6 SEM examination of the nugget zone of Test 2 specimen: (a) cross-section view of 

joint, (b-e) Magnified view of the area marked in (a), (f) Material flow pattern near AS of the 

joint, and EDS result of the corresponding spectrum 1to 6. 

EDS mapping on the separated region in the stirring zone of the welded sample was used to 

analyze the distribution of elemental particles. For Test 2, the concentration of Fe and Mn 

elements in the central region was detected as high, which shows the stainless steel 204Cu, as 
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shown in Fig. 6.7. However, the distribution of Ni elements in the U-shaped region was 

maximum, and it was negligible in the steel region. A clear separate boundary of Inconel 718 

and AISI 204Cu was observed at the interface region. The concentration of Cr elements in both 

areas was observed to be almost equal. Therefore, this analysis shows that both materials were 

fully separated in the stir zone. The EDS map analysis shows that the distribution of W and Co 

elements in both the region of the stir zone was found, which shows the presence of external 

elements from the tool wear. 

U 

shaped

 

Fig. 6.7 EDS mapping in the nugget zone of the welded sample Test 2. 

In the stir zone, an EDS line scan at the interface was also performed in the form of a chemical 

composition profile, as shown in the FESEM micrograph (Fig. 6.8 (a)). Two distinct positions 

at the joint interface region of steel and Ni-based alloy have been taken better to analyze the 

chemical composition and differentiated phase morphology. Fig. 6.8 (b) and (c) represent the 

EDS line scan results of the large scan region (denoted by ∆) and small scan region (denoted 

by *), respectively. The large scan region shows the distribution profile of all major elements 

(i.e., Ni, Fe, Cr, Mn, Nb and Mo) across the interface. In contrast, the small scan region shows 

the distribution profile of Ni, Fe and Mn elements. The line scan profile shows that an increase 

of Fe and Mn and a decrease of Ni, Cr, Nb and Mo were observed in the steel. The diffusion 
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of main elements at the interface region was 18-25 wt.% Ni, 15 wt.% Cr, 6 wt.% Mn and 50-

60 wt.% Fe and its width were 1.5 µm. The EDS scan results show the high percentage of Ni 

elements at the interface resulted in an austenite stabilizer with an fcc structure. 

 

Fig. 6.8 EDS line scan analysis in the interface region. (a) SEM image (b) All chemical 

composition profiles present in the large scan region and (c) Chemical composition profiles 

for Ni, Fe and Mn elements in the small region. 

In this study, XRD analysis was executed to confirm the presence of bulk-phase composition 

and different phases. The combined XRD pattern of the weld nugget zone with Inconel 718 

and AISI 204Cu base materials is represented in Fig. 6.9. The base material's XRD pattern 

exhibited only the major peak of face-centered cubic (FCC) ϒ austenite. A clear indication of 

major and minor peaks was observed in the weld joint. The XRD pattern of the weld joint 

depicts the M23C6 carbide, ferrite and ϒ austenite phases.  
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Moreover, the presence of (Fe12W)0.15 phase having face centered cubic (fcc) structure with a 

lattice parameter a = 2.56 Å confirmed the existence of external element W (tungsten) in the 

SZ. Previous studies have also reported the presence of external elements caused by the WC-

Co tool wear during the FSW process [40].  
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Fig. 6.9 XRD pattern of the weld joint and as received base material. 

Figure 6.10. represents the typical TEM micrographs of the stir zone obtained at 70 mm/min 

traverse speed. Figure 6.10 (a) presents the bright field image and selected area diffraction 

(SAD) pattern of an austenite matrix with carbide precipitates. EDS peaks of spectrum 1 

confirm the presence of (Fe, Mn, Cr)C precipitates (i.e., M23C6) in the austenitic stainless steel. 

Long needle-shaped carbide precipitates around the grain boundaries were observed in the 

bright field image. The generated temperature (around 1050 oC) during the FSW process was 

sufficient to precipitate the carbide particle [169]. Fig. 6.10 (b) shows that some spherical 

particles with a mean diameter of 40 nm near the grain boundary were observed at the Ni-base 

region. The EDS peaks of spectrum 2 results show that these particles belong to the (Ni, Cr)C 

carbide phase. 

Furthermore, Fig. 6.10 (c) shows the random distribution of round-shaped carbide particles 

with external tungsten (W) and cobalt (Co) particles inside the grain. The high resolution of 

region A (Fig. 6.10 (c)) confirms the morphology of these particles, and spectrum 3 reveals the 

existence of Co particles. The tool wear caused the presence of external elements (i.e., W and 
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Co) during the FSW process [62]. Apart from the carbide particles, high dislocation densities 

with the presence of the delta (δ) phase were observed, as shown in Fig. 6.10 (c). The heat input 

per unit length in the stir zone increases at a lower traverse speed and lowers the cooling rate. 

The high temperature decomposed the δ phase in the stir zone, and a very small amount of δ-

ferrite was observed (marked as a black arrow).   

 

Fig. 6.10 TEM micrographs of the stir zone showing bright-field image and SAD pattern of 

(a) M23C6 carbide particle, (b) (Ni, Cr)C carbide phase and (d) morphology of the external 

elements. 
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The microstructural characterization of the joint interface of Inconel 718 and AISI 204Cu, 

which was obtained at a traverse speed of 70 mm/min, is shown in Fig. 6.11. The bright-field 

image of the interface region shows that no intermetallic layer was generated during the FSW, 

and these alloys were separate with a clear boundary at the interface region. The EDS spectrum 

in the region of Ni-base alloy (marked as A) and austenitic steel alloy (marked as B) confirmed 

the presence of separate regions. Figure 6.11 (a) shows the presence of some deformed M23C6 

carbide phase particles with a size of 40 nm at the interface region with dislocation (marked as 

a red arrow) in the deformed grains. The SAD pattern at the interface region reveals that the 

diffused grains are crystalline with an fcc structure. The cubic structure having (111), (200), 

(220) and (211) planes with the d-spacing value 2.083, 2.042, 1.89 and 1.802 Ao, respectively, 

also matched with the XRD analysis. The high presence of the Fe and Ni elements at the 

interface region reveals the fcc structure. The main elements Ni, Fe, Cr, and Mn, were also 

analyzed with line spectrum, as shown in Fig. 6.8. 
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Fig. 6.11 TEM micrograph at the (a) interface region and its (b) corresponding SAD pattern. 
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6.3.2. Mechanical properties 

6.3.2.1. Hardness 

Figure 6.12 shows the micro-hardness profile of the welded sample obtained at a varying 

traverse speed. The average microhardness value of the base metals was 210 HV0.5 and 280 

HV0.5 for Inconel 718 and AISI 204Cu, respectively. The microhardness tests of the welded 

samples were performed at the shoulder side, a middle portion and the bottom side, which was 

perpendicular to the joint line, as shown in Fig. 6.12 (a). Figures 6.12 (b-e) shows the 

inhomogeneous distribution of the hardness curve obtained at varying traverse speeds (i.e., 40, 

70, 90 and 140 mm/min). In all the welded samples, the microhardness values of the nugget 

zone were higher than those of the base metal. It was also observed that the hardness value at 

the bottom side (i.e., 2.25 mm from the surface) was higher than the shoulder side (i.e., 0.75 

mm from the surface). In the Inconel 718 region, a slight increase in hardness value in the 

TMAZs was observed (220-240 HV0.5), whereas, in the SZ, the hardness distribution curve 

revealed the maximum value. The average values at 40 and 140 mm/min were shown 310 HV0.5 

and 345 HV0.5, respectively. In the SZ, the average hardness value of the Inconel side increased 

with the increase in traverse speed. 

In contrast, the increase of hardness value with the traverse speed in the stainless-steel weld 

region was slightly lower than in the Inconel weld region. It could be seen that a slight increase 

of hardness values in the TMAZs of steel was found in the range of 290 to 310 HV0.5, whereas 

in the SZ, significantly higher hardness (350 HV0.5 at 140 mm/min) was observed than the 

parent metal. An increase of average hardness value in the TMAZs and SZ of both materials 

can be explained in terms of grain refinement induced by FSW. According to the Hall-Petch 

relation, the decrease in the grain size increases the hardness of the crystalline material [60]. 

As the welding speed increases from 40 to 140 mm/min, the grain refinement in both materials 

was observed, as shown in the previous section (Fig. 6.5), which could increase the hardness 

value. Indeed, the fluctuation of hardness value observed in the nugget zone could be related 

to the presence of fine carbide particles, chromium precipitation and the generation of some 

phases (i.e., austenite to ferrite) [62,115]. Shamanian et al. [109] and Song et al. [62] reported 

similar trends for microhardness values in the study of dissimilar FSW of Ni-based alloy with 

stainless steel.  
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Fig. 6.12 Microhardness variation across the centerline of the welded sample obtained at 

different traverses peed. 

6.3.2.2 Tensile test results  

Mechanical properties in terms of the average ultimate tensile strength (UTS) and the 0.2% 

offset yield strength (YS) for all specimens with corresponding error bands are shown in Fig. 

6.13 (a). Figure 6.13 (b) shows the top view of fractured tensile-tested samples of welded joints 

obtained at various parameters. From the plotted test results, the average ultimate tensile 

strength was 731, 856, 550, 735, 725, and 186 MPa, and yield strength was 310, 465, 307, 325, 

337 and 110 MPa for base metal Inconel 718 and AISI 204Cu, and tested sample 1, 2, 3 and 4, 
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respectively. The tensile strength of all the welded samples was lower than the tensile strength 

of both the base metals except for the sample welded at 70 mm/min. The obtained UTS and 

yield strength of Test 2 were 735 MPa and 325 MPa, respectively, higher than the Inconel 718 

and lower than the AISI 204Cu. The fractured tensile specimens showed that all fractures were 

located inside the weld zone on the AS, except for the Test 2 sample. The Test 2 sample 

fractured away from the weld zone on the RS. The fractured Test 2 specimens indicate that 

FSW could achieve the dissimilar Ni-base/steel sound joint.   

The effects of traverse speed on the grain refinement, flow of material and defects like voids 

and groove formation were discussed in previous sections. When the traverse speed was set to 

40 mm/min, dissimilar joints showed lower tensile strength compared to the base materials. 

This could be due to the presence of a crack in the TMAZ near AS, which was observed in the 

cross-sectional view (Fig. 6.3). The dissimilar joint welded at a traverse speed of 140 mm/min 

exhibited the lowest strength due to the generation of large groove defects during welding. This 

defect is generally formed by improper mixing of material caused by low heat input and high 

cooling rate obtained at the high traverse speed. On the contrary, the tensile strength of the 

weld obtained at 70 and 90 mm/min traverse speed resulted from 100.5% and 99.1% of the Ni-

based alloy material, respectively. The obtained high weld strength at 70 and 90 mm/min 

traverse speed was due to the welding thermal cycle effect, which highly influences the proper 

mixing of material, grain refinement and phase precipitation in the SZ. High weld strength may 

be due to the welding cycle thermal effect which significantly affects the proper mixing of 

material, grain refinement and phase precipitation in the SZ. Furthermore, the microstructure 

observations of the nugget zone near the AS showed a high density of fine-grained dragged 

Inconel 718 material (shown in Fig. (6.3)), which may also improve mechanical strength. 

Figure 6.14 shows the SEM fractography of fractured tensile samples of weldments obtained 

at welding speed 70 and 90 mm/min, which was performed to examine the fracture 

characteristics. The deformed Test 2 tensile specimen fractured with necking in the Ni-base 

alloy region, shown in Fig. 6.13 (b). From the fractography image (Fig. 6.14 (a)) of Test 2, no 

crack boundaries and/or cleavage facets were seen on the fracture surface. In contrast, 

inhomogeneous distribution of dimples was observed on the fracture surface, which 

demonstrates the quality of fracture was ductile modes of fracture. The cause of failure 

initiation was deep dimples like voids, and some large carbide particles present in the base 

material act as the crack initiation. However, the fracture location of the welded tensile sample 

of Test 3 was inside the weld zone, which is demonstrated with two different regions marked 
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as A and B, as shown in Fig. 6.14 (b). At high magnification, of fractured surface marked as A 

showed cleavage facets, whereas the surface marked as B showed fine and deep dimples with 

carbide particles. This sample has experienced mixed modes of failure.   

 

Fig. 6.13 (a) UTS and 0.2% YS of the base material and welded sample, and (b) top view of 

the fractured tensile sample. 

 

Fig. 6.14 SEM fractography of (a) tensile sample of Test 2 and (b) Test 3. 
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6.3.2.3 Impact test 

Impact studies on the dissimilar weld joints were also performed to estimate the mechanical 

impact response. The fractured samples and test results are shown in Fig. 6.15. Visual 

inspection of broken samples reveals that the all-welded samples were completely separated 

from the centre of the V-notch due to the impact test, as shown in Fig. 6.15 (a). The impact 

toughness test results of the base material and the welded joints obtained at various traverse 

speeds are shown in Fig. 6.15 (b). The result shows that the average impact value of welded 

joint obtained at 40 and 140 mm/min traverse speed was lower than the measured impact value 

of the parent Inconel 718 (i.e., 55 J) and AISI 204Cu (i.e., 32 J) metals. The average toughness 

value of the welded joints obtained at 70 and 90 mm/min traverse speed was 32.5 J and 34 J, 

respectively, which was higher than the AISI 204Cu and lower than the Inconel 718. The 

impact toughness value increased with increasing traverse speed and was found to maximum 

(34 J) at 90 mm/min. At high traverse speed, a minimum value (15 J) was observed due to the 

presence of groove defect in the AS of the improper welded joint. SEM fractography analysis 

of the highest (i.e., Test 3) and the lowest (i.e., Test 4) impact-valued fractured surface was 

carried out in this work, as shown in Figs. 6.15 (c) and (d), respectively. The high impact 

fractured surface morphology clearly shows a more fined dimple population with some voids, 

resulting in a typical plastic fracture. However, the low impact valued sample shows elongated 

dimples and cleavage with some cracks resulting in a mixed fracture mode. Fig. 15 (d) also 

shows the groove-like surface (denoted by red arrow) with the fibrous region found in the 

fractured surfaces of welded joints obtained at high traverse speeds, resulting in a minimum 

impact value. The result showed that the grain refinement and precipitated phase highly 

influenced the impact toughness value. Fine grain with a highly distorted precipitate phase 

restricts dislocation movement and crack propagation [170].  
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Fig. 6.15 (a) Fractured impact tested specimens with corresponding (b) measured toughness 

value and SEM micrograph of the fractured region of (b) high toughness weld and (c) low 

toughness weld. 

6.3.2.4 Tool wear characterization 

The wear of welding tools always happens during the FSW of high strength materials such as 

steel and nickel alloy. During the FSW process, the generation of high welding temperature 

and high load on the FSW tool is highly responsible for the degradation of the welding tool 
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[144]. Figure 6.16 shows the top views of the WC-Co tool surface with the EDS analysis. 

Figure 6.16 (a) shows the tool pin height of 2.7 mm before the welding process, whereas, Fig. 

6.16 (b) illustrates the tool pin height was 2.5 mm after the welding used in traverse speed 70 

mm/min. The magnified views of the tool shoulder portion illustrate the change of original 

surface geometry after the weld. After a single pass of the weld, the maximum wear position 

of the tool was observed in the tool pin height. The formation of an oxide layer was also 

observed near the tool shoulder edge, as shown in Fig. 6.16 (b). EDS area scan analysis on the 

tool shoulder was performed before and after the weld, shown in spectrum 1 and 2, respectively. 

It can be observed that a reduction of wt.% of tungsten (W) and cobalt (Co) elements and an 

increment of oxygen (O) and carbon (C) elements occurred after the welding. In addition, 

analysis of spectrum 2 of the tool shoulder surface shows the presence of Ni, Fe and Mo 

elements apart from the base WC-Co tool elements due to the adhesion nature of WC-Co tool 

elements [122]. In order to reduce tool wear and extend the tool's lifespan, it is essential for 

future research to gain a deeper understanding of the mechanism behind tool degradation 

during the joining of dissimilar high strength materials. 

 

Fig. 6.16 FSW WC-Co tool surface analysis (a) before welding and (b) after welding. 
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6.4 Brief scientific discussion  

From the above results of dissimilar FSW, the microhardness profiles across the welded region 

were observed directly affected by the microstructures. The microhardness of a material refers 

to its resistance to penetration or indentation, and it can be influenced by factors such as grain 

size, phase distribution, and dislocation density. The results in all the welded samples shows, 

the microhardness values of the nugget zone were higher than those of the base metal. An 

increase of average hardness value in the TMAZs and SZ of both materials can be explained 

in terms of grain refinement induced by FSW. According to the Hall-Petch relation, the 

decrease in the grain size increases the hardness of the crystalline material. Similarly, the tensile 

strength variation in the FSW of dissimilar materials, such as Inconel 718 and stainless steel 

AISI 204Cu, has a critical aspect that affects the mechanical performance of the welded joint. 

The obtained high weld strength at 70 and 90 mm/min traverse speed was due to the welding 

thermal cycle effect, which highly influences the proper mixing of material, grain refinement 

and phase precipitation in the SZ. High weld strength may be due to the welding cycle thermal 

effect which significantly affects the proper mixing of material, grain refinement and phase 

precipitation in the SZ. 

6.5 Summary 

In this study, the Inconel 718 Ni-based superalloy plate was successfully joined with the AISI 

204Cu stainless steel by friction stir welding using the WC-10wt.%Co tool. Also, the effect of 

traverse speed on the surface appearance, microstructure and mechanical properties of the 

dissimilar FSWed joints was widely investigated. Thus, based on the results and discussion, 

the most prominent points are summarized as follows: 

• A sound weld can be obtained with an FSWed dissimilar joint on Inconel 718 to AISI 

204Cu at medium traverse speed (i.e., 70-90 mm/min) under the rotational speed of 300 

rpm.   

• Microstructural characterization at the cross-section view determines only SZ and 

TMAZ on both metals. The application of FSW led to grain refinement in the nugget 

zone, resulting in an increment of hardness value directly proportional to the traverse 

speed. These features were attributed to dynamic recrystallisation. 
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• In the nugget zone, a soundly mechanically joined weld interface with homogeneously 

distributed primary (NbC, (NbTi)C)) and secondary (M23C6) carbide particles across ϒ 

matrix were formed, which improved the mechanical properties of joints. 

• The EDS and XRD analysis confirmed the presence of external elements, i.e., W and 

Co, inside the nugget zone caused by the wear of FSW tool material during joining. 

• The weldments obtained at a traverse speed of 70 mm/min showed a higher ultimate 

and yield strength, which was higher than the Inconel 718 parent metal but lower than 

the AISI 204Cu parent metal.  

• The impact toughness value of the weldments increases with the increase of traverse 

speed due to grain refinement. The obtained maximum impact value (at 90 mm/min) 

was higher than the AISI 204Cu base metal but lower than the Inconel 718 base metal. 

However, the toughness value at high traverse speed was lowest due to weld defects.   

 

………………..………………..……………….. :
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CHAPTER 7 

7. Comparative Study of Conventional and Induction-Assisted Friction Stir 

Welding of Dissimilar Alloy, i.e., Inconel 718 and SS316L 

7.1 Introduction  

In this study, conventional and induction heating-assisted friction stir welding (I-FSW) in 

joining dissimilar Inconel 718 and stainless steel (SS316L) alloy using the WC-10wt.%Co tool 

was experimentally investigated. Nowadays, the welding of dissimilar materials is becoming 

increasingly popular in manufacturing because of flexible design considerations. Several fusion 

welding processes have been used in joining Ni-alloy with stainless steel. Conventional 

welding presents numerous challenges, including the need to accurately select appropriate filler 

materials, the risk of liquation and solidification cracking in the fusion zone, and the 

development of intermetallic phases that may undermine the weld's overall quality. FSW is a 

solid-state joining technique that has been used to minimize the major difficulties associated 

with the inconsistency of chemical and physical properties of distinct IN718 and SS316L 

materials. In addition, an induction preheating source has been used for customizing the FSW 

process in high-strength material and minimizing the degradation of the FSW tool. The primary 

area of interest is to check the feasibility of the FSW process and examine the effect of 

induction preheating on temperature distribution, axial force, mechanical properties, and 

microstructure of dissimilar joints made by FSW of Inconel 718 and SS316L alloy. 

Additionally, the study investigated the influence of induction preheating on tool wear. 

7.2 Materials and methodology 

In this study, annealed Inconel 718 and stainless steel SS316L sheets with identical dimensions 

of 200 mm length, 80 mm width, and 3 mm thickness were joined. The joining process was 

performed in position control mode on a FSW machine fitted with a WC-10wt.%Co tool and 

the auxiliary induction preheating system (I-FSW). The average chemical compositions and 

mechanical properties of the as-received base materials from the supplier (Shanti metal supply 

corporation, India) are mentioned in the methodology section in chapter 3. The specification 

of the high-frequency induction heating machine and FSW tool, the experimental setup, the 

working principle, and the methodology used in this experiment are explained in chapter 3, 

sections 3.2 and 3.3. The welding was performed at a constant rotational of 300 rpm and 
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traverse speed of 70 and 140 mm/min, respectively. The welding parameters were based on our 

previous investigation and experimental trials. The transient temperature distribution was 

measured during the welding with the K-type thermocouples. It was spot welded on either side 

of the base plate at 20 mm (i.e., marked as TC1 & TC2) and 23 mm (i.e., marked as TC3 & 

TC4) distances from the weld center line in the advancing side (AS) and retreating side (RS), 

respectively, as shown in Fig. 7.1. In addition, tool wear after 600 mm weld length was 

measured in terms of weight loss and tool pin length shortage with a micro balance and Vernier 

caliper, respectively. 

 

Fig. 7.1 Schematic diagram of thermocouple wire positioning on the base plate. 

7.3 Results and discussion 

This section discusses the thermal, microstructural and mechanical analysis outcomes in detail. 

7.3.1. Thermal analysis 

7.3.1.1. Temperature distribution due to induction heating under the stationary case. 

To evaluate the heating performance of a high-frequency induction machine, first, we 

determined the variation of temperature profile with the output power on the stationary Inconel 

and stainless-steel plates. Fig. 7.2 (a-b) shows different temperature profiles with the variable 

output power of 9 kW, 11 kW and 13 kW under the fixed coil position (5 mm) above the 

workpiece surface and fixed heating time (40 s). From the temperature profile, it was observed 
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that the maximum surface temperature of both the workpiece plates changed according to the 

output power of the induction machine. The generated maximum temperature in the Inconel 

plate was higher than the stainless steel under the same output power. The maximum 

temperature of the Inconel 718 plate changed from 400 oC to 480 oC, whereas it changed from 

300 oC to 380 oC in the stainless-steel plate under the same induction output power. The high 

heat generation in the Inconel 718 plate compared to the stainless steel under the same output 

power may be caused by the high electrical resistivity of the Inconel material [171].  

7.3.1.2. Temperature distribution under the moving case. 

After getting the temperature variation of the stationary workpiece with the induction output 

parameter, the thermal analysis was conducted on the moving plate under the parameters 70 

and 140 mm/min to find out the inline preheating effect in the FSW process. Figures 7.2 (c) 

and (d) show the temperature profile variation with the moving plate at parameters 70 and 140 

mm/min, respectively. In this analysis, 9 kW induction output power was used because the 

heating temperature goes above 300 °C, which confirm from the above Figs. 7.2 (a-b). The 

yield strength of the Inconel 718 and stainless steel 316L began to decrease above 350 oC and 

200 oC, respectively [172]. The temperature profile shows, in both cases, that the generated 

temperature at the center of the induction coil was higher than the coil periphery, and it was 

higher in the case of 70 mm/min (i.e., 300 oC or more) than the 140 mm/min (i.e., 200 oC or 

more) due to the more heating time. The generated maximum temperature on the moving plate 

confirmed that the heating temperature was adequate, at which the yield strength of the material 

started to diminish. 
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Fig. 7.2 The variation of temperature with output power under the (a-b) stationary workpiece 

condition and (c-d) moving workpiece condition. 

After finding out the temperature variation in the moving plate by the high-frequency induction 

heating, we proceeded with this thermal analysis experiment with/ without the Induction FSW 

process to find the inline preheating effect. Figures 7.3 (a-b) and 7.3 (c-d) show the transient 

temperature profiles obtained using the conventional FSW and induction-assisted FSW 

processes, respectively, at a constant rotational speed of 300 rpm and traverse speed of 70 and 

140 mm/min. The temperature curve analysis shows that the obtained temperature on the 

advancing side (i.e., TC1 and TC3) was higher than the retreating side (i.e., TC2 and TC4) in 

all conditions. In the FSW process, the generated maximum temperature in the Inconel 718 

(i.e., AS) plate and SS316L (i.e., RS) plate at 70 mm/min was 250 oC and 140 oC, respectively, 

whereas it was 220 oC and 130 oC at 140 mm/min. The cause of higher temperature in the AS 

is mainly due to the beginning of the transformation of solid material into semi-solid and the 

flow of material on the AS experiencing additional frictional heat [173]. Also, the generated 

temperature at a high traverse speed (i.e., at 140 mm/min) was lower than the low traverse 

speed (i.e., at 70 mm/min) because of the low rate of heat input and less tool stirring time. 
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Furthermore, two peaks in the heating step were noticed from the temperature profile created 

in the induction-assisted FSW process, as illustrated in Figs 7.3 (c-d). The first peak at the 

beginning of the heating stage was generated due to induction heating, and the second peak at 

the end of the heating stage was due to tool rotation. The generated maximum temperature in 

the AS (i.e., TC1) reached 530 oC and 400 oC, during the I-FSW process at the welding speed 

of 70 and 140 mm/min, respectively, which was 2.12 and 1.8 times the conventional FSW 

temperature. The use of induction heating as an external energy source in the FSW process 

showed a remarkable increase in material temperature than the conventional FSW. The 

measured temperature results in the stainless steel and Inconel 718 plates during the 

conventional and induction-assisted FSW process were almost similar to the previous study 

[72]. 
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Fig. 7.3 The variation of temperature distribution under (a-b) FSW and (c-d) I-FSW. 
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7.3.2 Weldment surface and force analysis 

Figure 7.4 (a) shows the top and cross-sectional views of the dissimilar FSW welds obtained 

at a constant rotating speed of 300 rpm with varying welding speeds of 70 and 140 mm/min 

under conventional and induction-assisted FSW. The welded surface appearance obtained 

under the conventional FSW at 70 mm/min was smooth with defect-free joint and insignificant 

flash, whereas it had surface defects like macro-groove at 140 mm/min. The generation of 

surface defects like grooves and cracks is formed because of insufficient heat input resulting 

in the inadequate flowing of materials [24]. However, the surface appearance under the 

induction-assisted FSW process at 70 and 140 mm/min was very smooth with generated thick 

(thickness ∼0.30 mm) and thin flash (thickness ∼0.22 mm), respectively. The preheating 

temperature and traverse speed significantly influence flash generation in the AS of the weld. 

Welding at a high traverse speed of 140 mm/min with a preheating temperature of ∼300 oC 

(i.e., generated at 9 kW) appeared smooth surface without grooves or crack defects. Additional 

heat input facilitated the proper intermixing and flow of materials resulting in good welding at 

a high traverse speed [72]. Previous investigation shows (mentioned in chapter 5) that joining 

the Inconel 718 sheets with the I-FSW process under a preheating temperature above 400 oC 

resulted in excess thinning of the weld plate and large groove defects. Therefore, this 

experiment was conducted at low (i.e., 9 kW) output power gives a better result. Apart from 

grooves and flash defects, plate thinning due to tool plunging and end keyhole defects were 

also observed in all the weld conditions.   

The optical macrograph of the cross-sectional views of all the joints obtained in the FSW and 

I-FSW process shows a basin-shaped morphology due to the tapered shape of the tool pin, as 

shown in Fig. 7.4 (a). Material flow patterns in the cross-sectional image showed the impact of 

welding speed and induction preheating. The bright region (RS) in the cross-sectional images 

is SS316L, whereas the dark region (AS) is Inconel 718. The material flow pattern in all the 

cross-sections shows a vortex-like shape. The weld strength in the FSW process generally 

depends on the plastic deformation and intermixing of the material. Under the conventional 

FSW, the weld macrograph obtained at 70 mm/min shows that some portion of stainless-steel 

material pulled from RS to the AS, whereas, at a welding speed of 140 mm/min, layers of steel 

material inside the Inconel material were observed. The weld cross-sectional image obtained 

at 140 mm/min reveals a large cavity defect in the bottom area of the AS. The presence of 

cavity defect at high speed may be due to less heat input resulting in insufficient material flow 

and abnormal mixing. However, the material flow pattern obtained in the induction-preheated 
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FSW process under the same welding parameters was almost the same as the conventional 

FSW process. The macrograph of the welded sample obtained in the I-FSW process at 70 

mm/min shows a wormhole defect near the AS, which might be caused by excess heat supply 

by the mutual effect of induction heating and low traverse speed resulting in insufficient bond 

formation. However, the macrograph of the weld obtained at high traverse speed (i.e., at 140 

mm/min) under the I-FSW process does not appear defects like a wormhole. At high traverse 

speed, the combined effect of heat accumulation by the tool movement and induction heating 

was low, and the cooling rate was high, resulting in the proper weld. From the visual 

examination of the joined surface and the macrograph of the weld, obtained under FSW at 70 

mm/min and I-FSW at 140 mm/min, we could say that the weld obtained under these 

parameters, there was no defect with complete intermixed material. 

Figure 7.4 (b) depicts the generated downward axial force during the dissimilar FSW and I-

FSW welding of Inconel 718 with SS316L. The axial force profile was obtained under the 

welding parameters, i.e., a constant rotational speed of 300 rpm and variable traverse speed of 

70 and 140 mm/min. The generated force profile over time contains plunge, dwell and weld 

zone. In the initial welding stage, as the rotating tool pin penetrates into the workpiece, the 

axial force increases sharply, known as the plunge stage. In the plunge stage, maximum force 

is generated due to inadequate thermal softening of the material. After this, the rotating tool 

steadily rotates for some time (i.e., 15 s) at a fixed position known as the dwell period 

generating higher frictional heat, resulting in softening of the material, causing the reduction 

of vertical force. Following this, the rotating tool moves along the weld line as per the given 

traverse speed and produces welding known as the weld zone, where axial force continuously 

produces a steady manner. The traverse speed and induction preheating significantly affected 

the axial force profile, as shown in Fig. 7.4 (b).  

In the conventional FSW process, the generated average axial force during the welding stage 

at 70 mm/min and 140 mm/min was 25 kN and 28 kN, respectively. On the other hand, in the 

preheated (i.e., I-FSW) case, the average axial force was 18 kN and 20 kN at 70 mm/min and 

140 mm/min, respectively, which decreased by 28% and 24% compared to the conventional 

FSW. Based on the previous thermal analysis results, it could be noted that the temperature 

distribution in the I-FSW process was higher than the conventional FSW process, and it was 

higher on the Inconel 718 plate than on the steel plate. Also, the Inconel plate was used on the 

advancing side in this experiment, where the generated frictional temperature was higher than 

on the retreating side. Therefore, using an induction preheating source before the FSW tool 
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gives the additional thermal softening of the material, which naturally reduces the material's 

plastic deformation resistance and flow stress, resulting in a reduction of axial force. Some 

researchers [88] reported that using induction preheating during friction stir welding lowers the 

axial force. Furthermore, in all circumstances, the average axial force with high welding speed 

was larger than with low welding speed. At a higher traverse speed, the thermal softening and 

materials flow occurs less due to a decrease in stirring time and frictional heat input than at the 

lower traverse speed, causing the increment of the average axial force.   
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Fig. 7.4 (a) Visual inspection of the welded plate with their cross-sectional views and (b) 

corresponding generated axial force diagram during the FSW and I-FSW at different 

parameters. 
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7.3.3 Microstructure characterization 

Figure 7.5 (a) shows the macrograph of the welded joint obtained at 140 mm/min using the 

induction-assisted FSW technique, in which various weld zone based on grain structure was 

observed, as highlighted in Figs. 7.5 (b-g). The optical microstructure of the base material (BM) 

SS316L and IN718 are shown in Figs. 7.5 (b) and (g), respectively, which are outside the 

nugget zone. Some circular-shaped carbide particles could be seen in the base material of 

SS316L. Whereas the presence of MC-type carbide particles (as blackspot) enriched with Ti 

and Ni elements with some twin boundaries in the fully equiaxed ϒ austenitic matrix might be 

seen in the Inconel 718 base material. The existence of the carbide particles in the grain and its 

boundaries were examined with the FESEM-EDS spectroscopy. From the microstructure study 

of the base materials, the BMs-SS316L and IN718 had coarse grain with average grain sizes of 

35 µm and 65 µm, respectively.  

However, the details of the microstructure obtained inside the basin-shaped region are 

illustrated in Fig. 7.5 (c-f). As stated by Mishra and Ma [5], the areas (at the weld centre) where 

materials underwent high deformation and recrystallization phenomenon are typically known 

as the stir zone (SZ), and adjacent to this is the thermo-mechanical affected zone (TMAZ), 

where the materials are affected by the thermal cycle and plastic deformation. Figs. 7.5 (c) and 

(f) show the narrow region of TMAZ generated near the parent material of SS316L and Inconel 

718, respectively. In contrast, Figs. 7.5 (d) and (e) show the full SZ in the flow region of 

SS316L and Inconel 718 at the centre of the weld, respectively, which exhibits a more refined 

grain structure than the other weld zones. Due to changes in the material flow pattern and grain 

structure produced during the FSW process, several microstructural zones appear. The average 

grain size in the TMAZ at the SS316L and Inconel 718 side was found to be 17 µm and 22 µm, 

respectively, whereas it was 8 µm and 11 µm in the SZ. In the TMAZ of SS 316L, some 

elongated grains with fine grains were found, compared to entirely fine equiaxed grains in the 

TMAZ of IN718. The differential in heat generation and cooling rate during the FSW led to 

the grain size variation that was seen. In this research, the heat-affected zone (HAZ) near the 

base metals was not observed in both SS316L and Inconel 718 sides because there is a fast 

cooling rate during the FSW process that does not affect the microstructure [109]. In the weld 

nugget zone, observing the flow patterns reveals the flow of SS316L material from the RS to 

the AS was high. The upper section was in a lamellar pattern, while the below portion was in 

a vortex-like pattern. According to Kangazian et al. [116], variations in flow patterns in the 
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weld zone are mainly caused by differences in temperature distribution and material 

mechanical and physical characteristics. 

 

Fig. 7.5 Cross-sectional view of dissimilar I-FSWed joints under 140 mm/min. 

To better understand the effect of induction preheating and welding parameters on the welded 

joint, the study of TMAZs and SZs is significant. Figure 6 shows the optical microscopic views 

of the TMAZ and SZ microstructures obtained at 70 and 140 mm/min under the conventional 

and induction-assisted FSW process. Under the conventional FSW, the average grain size of 

the SZ at welding speeds of 70 and 140 mm/min was 7.2 and 5.5 µm, respectively, for the 

SS316L, whereas it was 10 and 7.5 µm for Inconel 718. A narrow region of the TMAZ 

(between the marked yellow line) between the base and the SZ was observed in the 

conventional FSW, as shown in Fig. 7.6. The measured average grain size of the TMAZ in the 

SS316L was 15.6 and 14 µm, whereas it was 22 and 16.2 µm for the Inconel 718.   

In comparison, the effect of induction preheating on the grain refinement was also observed 

under the joint obtained at the same traverse speed. The microstructural observation of the I-

FSW joint obtained at 300 oC preheating temperature reveals that the measured average grain 

size of the SZ in the SS316L was 8.6 and 7.2 µm, at 70 and 140 mm/min, respectively, whereas 
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it was 11 and 8.7 µm in the Inconel 718. Also, the average grain size of the TMAZ was 16 and 

15.5 µm in the region of SS316L, and it was 23 and 17 µm in the region of Inconel 718. The 

microstructure observation shows that the grains of the SZ and TMAZ were more refined at 

high traverse speed (i.e., 140 mm/min) than at low traverse speed (i.e., 70 mm/min) under the 

constant rotational speed of 300 rpm. The region of the TMAZ was found larger in the case of 

I-FSW than the conventional FSW, and it was higher on the Inconel 718 side than on the 

SS316L side. The difference in the TMAZ region could be the relatively low temperature, 

variations in the materials' physical characteristics, and variations in cooling rates. 

The generated temperature highly influences the nugget zone's microstructure during the FSW. 

The temperature recorded (mentioned in chapter 5) during the FSW and I-FSW of Inconel 718 

at 140 mm/min was 937 oC and 1055 oC, which was sufficient to recrystallize the grains of 

Inconel 718 and stainless steel 316L. Apart from temperature, the rate of heat generation and 

rate of deformation was also responsible for the microstructure growth. The responsible cause 

for forming small grains at high traverse speed was the high cooling rate and low heat input 

per unit length, giving less grain growth time [116]. At low welding speed, the rate of heat 

generation dominates over the deformation resulting in the grain coarsening. However, the 

grains obtained in both Inconel 718 and SS316L with the I-FSW case were slightly larger than 

in the FSW case. This shows that local preheating significantly improved the recrystallization 

process. The effect of preheating resulted in sufficient heat input and a high strain rate at high 

welding speeds resulting in successful dynamic recrystallization of the grains. In addition to 

the material's temperature, strain rate and initial grain size, the stacking fault energy (SFE) 

influences the dynamic recrystallisation mechanism. The materials used in this investigation 

were Ni-alloy and stainless steel, which have low stacking fault energy and lead to 

discontinuous dynamic recrystallization (DDRX) mechanisms [174]. Material with low 

stacking fault energy can easily form recrystallization nuclei than the material (i.e., Al) of high 

SFE. Ji et al. [71] have also reported similar results on the effect of preheating in their research. 
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Fig. 7.6 Optical microstructure of TMAZ and SZ of the welded sample obtained under 

conventional and induction-assisted FSW. 

7.3.4. Bonding characterization.  

The study of the material flow and bond formation in the nugget zone of the joint obtained 

under the FSW and I-FSW process at a welding speed of 140 mm/min was performed with the 

help of the FESEM-EDS micrographs, as shown in Fig. 7.7. SEM images of the nugget zone 

of the joint corresponding to the FSW process are shown in Fig. 7.7 (a), whereas images 

obtained under the I-FSW process are shown in Fig. 7.7 (e). The cross-sectional view illustrates 

the layer of the SS316L and Inconel 718 in the nugget zone. The detailed analysis of the SEM 

images obtained under the FSW process corresponding to the stir zone of the IN718, interface 

regions between IN718 and SS316L and the stir zone of SS316L are shown in Figs. 7.7 (b), (c) 

and (d), respectively. Similarly, the corresponding regions obtained under the I-FSW process 

are shown in Figs 7.7 (f), (g) and (h). The occurrence of refined MC-type carbide particles and 
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intermetallic phases in the SZ of the IN718 region under the FSW and I-FSW cases was 

observed. The magnified stir zone image of the Ni-alloy region reveals the uniform distribution 

of the carbide particles ranging between 5- 12 µm, as shown in Fig. 7.7 (b) and (f). The EDS 

point spectrum 1 and 2 confirm the presence of low-temperature carbide particles such as (Nb, 

Ti)C and (Nb)C in the SZ of the weld. The magnified image (Fig. 7.7 (d)) of the SZ of the 

SS316L region shows the presence of some microvoids in the conventional FSW joint, whereas 

it was not found (in Fig. 7.7 (h)) in the I-FSW joint. The presence of the microvoid in the 

nugget zone is generally observed due to insufficient heat input and improper intermixing of 

the materials, which decrease the weld strength [24]. Figs. 7.7 (c) and (g) show the SEM images 

of the interface regions of IN718 and SS316L corresponding to the SZ obtained under FSW 

and I-FSW, respectively. In both cases, no intermetallic compounds were observed at the 

interface regions, which is often observed with dissimilar FSW of low melting alloys [120]. In 

addition, the EDS analysis of the SZ shows the existence of some external elements like 

tungsten (W) and cobalt (Co), which were found due to tool wear that occurred during the 

FSW. The EDS result of the SZ obtained under the FSW shows 1.7 wt.% of tungsten elements 

(spectrum 3 and 4), whereas it was 0.1 wt.% of tungsten elements (spectrum 6) in the case of 

I-FSW. The presence of low wt.% of tungsten element in the I-FSW joint reveals less wear to 

the tool due to softening of the base material. The microstructural analysis of the SZ of the 

SS316L region explored the presence of some ferrite phase between the austenite grain 

boundary. The EDS spectrum 5 confirms the appearance of delta ferrite in the stainless-steel 

region, which shows less amount of austenite stabilizing element Ni and high ferrite stabilizing 

elements Cr and Mo compared with the base steel. The result of EDS spectrum 7 at the interface 

layer of the I-FSW joint shows the existence of some oxide particles, which may be caused by 

local preheating of the BM.  
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Fig. 7.7 SEM examination of SZ obtained under (a) FSW and (e) I-FSW processes with 

corresponding EDS spectrum. 

Furthermore, the EDS area mapping on the interface region of Ni-alloy and steel in the nugget 

zone of the I-FSW sample was performed to analyze the element diffusion. The EDS mapping 

reveals the high concentration of Ni and Fe elements in two separate regions, confirming 
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Inconel 718 and SS316L regions, as shown in Fig. 7.8. A clear boundary in the interface region 

was observed, revealing the good diffusion of the Ni and Fe elements. The high concentration 

of the Mo and Nb elements in the region of high Ni concentration was observed, whereas the 

concentration of the Cr was almost the same in both regions.  

 

Fig. 7.8 EDS mapping in the SZ was obtained under the I-FSW process. 

Moreover, the EDS line scanning across the interface was used to investigate the chemical 

composition of the diffused elements. Figures 7.9 (a) and (b) show the FESEM image and EDS 

line scan results of the interface region obtained under the FSW and I-FSW joint, respectively. 

The EDS line scan results show that no intermetallic compound layer is formed at the interface 

region. The distribution profile of the elements across the interface shows the presence of major 

elements Fe, Cr, Ni, Mo, and Nb. In both cases, the chemical composition profile shows a 

decrease in Fe and Cr and an increase in Ni and Nb in the diffusion zone. At the interface 

region, the chemical composition (in wt.%) of the major diffused elements Ni, Cr, Fe and Nb 

was 12%, 22%, 60% and 1% in the FSW joint, respectively, whereas, in the I-FSW joint, it was 

11%, 28%, 64% and 0.9%. The width of the diffusion zone of the joint obtained under the FSW 

joint was approximately 1.9 μm, whereas, in the I-FSW joint, it was 2.4 μm. The enhanced 

atomic diffusion zone with the I-FSW may be explained by the additional heat input resulting 

in more materials' softening. Li et al. [140] also observed the variation of the diffusion zone in 

the electrically assisted pressure welding of the Ni-alloy and steel. Additionally, the high 

concentration of the Cr and Nb elements in the interface region, especially for the I-FSW joint, 
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indicates the segregation of secondary phases like carbides. Because of the high concentration 

of Fe and Ni elements, the EDS scan findings show that the structure of the interface region is 

fcc. 

(a) (b)

 

Fig. 7.9 EDS line scan at the joint interface was obtained with (a) FSW and (b) I-FSW. 

Figure 7.10 displays the combined X-ray diffraction pattern of the welded sample under the 

FSW and I-FSW joint with the base materials. The base material, i.e., Inconel 718 and SS316L, 

shows only the diffraction pattern of the face-centered cubic austenitic (ϒ) matrix with a 2θ 

value of 43.4o, 50.58o, 74.50o and 90.51o. The diffraction pattern of the welded samples 

obtained under the FSW and I-FSW shows some minor peaks with the ϒ austenitic peak. The 

presence of (Fe12W)0.15 and CrNi3 phases with an fcc structure were found in the welded 

sample. The XRD pattern of the welded joint reveals a low-intensity peak, which confirms the 

presence of components (such as W and Co) with carbide phases. The existence of external 

elements in both cases confirms the occurrence of tool wear during the welding.  
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Fig. 7.10 XRD patterns of the welded sample under the FSW and I-FSW with parent 

materials. 

More details of the microstructure and phases present in the SZ of the joint obtained at 140 

mm/min under the FSW and I-FSW process were studied by transmission electron microscopy 

(TEM) observations. Figures 7.11 (a) and (c) show the TEM image and the corresponding 

selected area diffraction (SAD) pattern (Figs. 7.11 (b) and (d)) taken from the FSW joint. The 

TEM image and the corresponding SAD pattern obtained under the I-FSW are shown in Figs. 

7.11 (e) and (f). The presence of primary carbide (Ni3Nb)C particles with some precipitates 

M23C6 was observed with the magnified bright-field TEM image (Fig. 7.11 (a)). These 

precipitates had circular and long needle-like morphology observed in the grains and at their 

boundary. The existence of primary carbide particles and the precipitates (Fe, Cr, Mo, Mn)C, 

i.e., M23C6  in the ϒ austenite matrix, was confirmed by the results of EDS point spectrums 1 

and 2. The previous investigation (mentioned in chapter 4) showed that during the FSW of 

Inconel 718, the generated temperature in the SZ reached around 1050 oC. This temperature 

was sufficient for generating the low-temperature carbide particles, which are generated 

between 760 to 980 oC [175]. The comparative study of induction-assisted FSW with 
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conventional FSW was performed with the bright-field image, as shown in Figs. 7.11 (c) and 

(e). The effect of preheating on the carbide particles and grain size, along with dislocation 

densities, was observed. In the grain study, the microstructural grain size of the nugget zone in 

the case of I-FSW was observed to be slightly larger grain size than the FSW, which also 

generated the difference in the dislocation density. The dislocation density near the grain 

boundaries in the case of preheating was higher than convention FSW because of the more 

dynamic recrystallisation observed in I-FSW. The TEM image of SZ obtained with FSW (i.e., 

Fig 7.11 (c)) shows a round-shaped carbide particle with an average diameter of 80 nm, 

whereas it was found between 25 to 45 nm in the SZ obtained with I-FSW (i.e., Fig. 7.11 (e)). 

In the corresponding SAD pattern, the big and small spots related carbide and intermetallic 

phase were observed with a [001] zone axis. The diffraction pattern corresponding to the bright 

field image of the carbide particles is illustrated in Figs. 7.11 (c) and (e) observed in the face-

centered cubic crystalline (fcc) structure with the [221] and [211] index. 

Furthermore, Figs. 7.11 (g) and (h) show the HRTEM image and the corresponding d spacing 

value taken from the SZ obtained under the I-FSW. The GATAN graph showed the d-spacing 

value of the selected area of the HRTEM was 2.8 Å. These analyses confirm the crystalline 

structure nature of the intermetallic phase, which matched the result obtained in the XRD 

analysis. The binary and ternary phase diagram of the SS316L exhibits the most commonly 

precipitate phases M23C6, σ, η and χ, whereas the phase diagram of Inconel 718 shows carbides 

(i.e., MC, M6C, M23C6 and M7C3), δ and ϒ′′ [24,172]. The composition, thermomechanical 

treatment and temperature generally influence the characteristics of the phases. The existence 

of high-temperature carbide (i.e., MC, M6C), σ, η, χ and δ in the weld zone generally require 

high energy with a long ageing time and temperature [176]. In this study, it should be noted 

that only low-temperature carbide precipitates were observed during the FSW process. This 

might be due to the low heat input, short thermal cycle, and different properties of the 

precipitates.  
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Fig. 7.11 A bright-field TEM image with the SAD pattern of the SZ was obtained under (a, c) 

FSW and (e) I-FSW, along with the HRTEM image. 

Furthermore, the microstructural analysis of the interface region of Inconel 718 and SS316L 

joint obtained under the I-FSW process was performed with the TEM image, which is shown 
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in Fig. 7.12. The TEM bright-field image shows that it consists of two separate regions of 

Inconel 718 (noted by A) and SS316 (noted by B), confirmed by the XEDS analysis. At the 

interface layer, no intermetallic layer was observed. The bright-field image also shows the 

presence of carbide particles and deformed and recrystallised grains. The presence of deformed 

M23C6 precipitates with 35 nm was seen at the interface region. Moreover, the HRTEM of the 

bright filed interface region was analyzed to calculate the d-spacing value. The measured d 

value at three different positions near the interface region was 2.6, 2.8 and 2.6 Å. The SAD 

pattern of the interface region shows the fundamental reflection of the ϒ matrix along with the 

intermetallic phase, an fcc crystalline structure.  

 

Fig. 7.12 TEM Images and SAD pattern of the interface region under the I-FSW process. 
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7.3.5 Mechanical properties 

The mechanical properties of FSW and I-FSW joints produced at 70 and 140 mm/min are tested 

to demonstrate the advantages of induction preheating in the FSW joints. Figure 7.13 (a) shows 

the microhardness measurement position along the weldments' transverse cross-sectional 

position at 0.75 mm, 1.5 mm and 2.75 mm below the top surface. Figures 7.13 (b) and (c) show 

the inhomogeneous average hardness distribution curve obtained at the FSW and I-FSW joints, 

respectively. The microhardness values of the BM of Inconel 718 and SS316L were obtained 

from the combined Figs. 7.13 (b) and (c) are 260 ± 5 and 190 ± 5 HV0.5, respectively. It is 

important to note that the average microhardness value of the nugget zone in all cases was 

higher than the base metals, and it was maximum in the Inconel region. The average 

microhardness values in the SZ of the FSW joint at 70 and 140 mm/min were 315 and 325 

HV0.5, respectively. The variation of hardness value with traverse speed was due to grain size 

variation at different welding parameters [42]. In the FSW joints, a slight increment of the 

hardness value in the TMAZ of the stainless-steel region was observed, whereas it was lower 

in the Inconel region. According to previous work [42,115], the microhardness value in the 

weld zone was highly influenced by the refined recrystallized grains and refined carbide 

precipitates caused by dynamic recrystallisation during the FSW of Ni-alloy and stainless-steel 

joints. 

Compared with the FSW joint, the measured average hardness value in the nugget zone of the 

induction preheated I-FSW joint was found to increase slightly due to the more refined carbide 

microstructure, as shown in Fig. 7.13 (c). The hardness value in the SZ of the I-FSW joint at 

70 and 140 mm/min was 325 and 355 HV0.5. Furthermore, fluctuation of the hardness curve in 

the nugget zone was observed because of some refined carbide particles and the generation of 

some fine precipitates in the nugget zone of the I-FSW joint [91]. Thus, an increase in hardness 

value in the weld zone of both materials in the FSW and I-FSW can be explained by grain 

refinement. According to the Hall-Petch equation [60], the microhardness of crystalline 

materials increases as grain refinement improves. Li et al. [140] also observed similar trends 

of variation of microhardness in the FSW joints of stainless steel with Ni-alloy. 
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Fig. 7.13 (a) Schematic representation of measured hardness position with hardness 

distribution curved obtained under (b) FSW and (c) I-FSW joints. 

The ultimate tensile strength (UTS) and 0.2% offset yield strength (YS) of the base material 

with the welded sample obtained at various parameters are shown in Fig. 7.14 (a). Figure 7.14 

(b) shows the engineering stress-strain curves of FSW and I-FSW joints obtained at optimal 

parameters. The UTS of the base materials Inconel 718 and SS316L were 945 ± 5 and 680 ± 5 

MPa, respectively. Under the conventional FSW, the tensile strength of the welded sample was 

maximum (i.e., 688 MPa) at low traverse speed (i.e., at 70 mm/min), whereas it was minimum 

(i.e., 210 MPa) at high traverse speed (i.e., 140 mm/min). The high tensile strength at low speed 

may be caused by a defect-free weld joint with refined grains in the weld zone. In contrast, at 

high traverse speed, weld defect like a large cavity in the bottom of the joint was observed (as 

shown in Fig. 7.4), which was highly responsible for the decrease in weld strength. The defects 

like micro-voids, cavities and wormholes produce stress concentration during the tensile test, 

which is generally responsible for the strength of the welded specimens [77]. On the other hand, 

in the I-FSW joint, the maximum tensile strength (i.e., 683 MPa) was observed at the high 

traverse speed, whereas it was 559 MPa at the low traverse speed. The yield strength of the 

welded samples obtained at low and high traverse was 336 and 380 MPa, respectively. 
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However, the optimal tensile strength of the welded samples obtained with the FSW at 70 

mm/min and the I-FSW at 140 mm/min was lower than the Inconel 718 and higher than the 

SS316L. Compared with the FSW, the I-FSW gives better advantages in enhancing the 

mechanical properties at high speed. The dissimilar I-FSW joint welded at high traverse speed 

(i.e., 140 mm/min) exhibited good weld strength because a defect-free joint with proper 

intermixing of material in the nugget zone was observed, as discussed in the previous section. 

The formation of more refined carbide particles with phase precipitation in the SZ due to local 

preheating may be caused enhancement of the mechanical properties of the joint. 

Furthermore, fracture characteristics of the defect-free joints obtained under conventional FSW 

(70 mm/min) and preheated I-FSW (140 mm/min) were examined to establish the correlation 

between their mechanical and microstructure properties. To examine the tensile fracture 

characteristics, the fractured surfaces were analyzed by the FESEM. Figure 7.15 shows the 

welded joint's tensile fracture position and SEM surface morphologies. The macroscopic 

observation shows that the conventional FSW failure joint crack passes through the SS316L 

base metal. In contrast, the position of a crack in the I-FSW failure joint passes through the 

weld nugget zone (see Figs. 7.15 (a) and (c)). The observation of the SEM fractography image 

(Fig. 7.15 (b)) shows the formation of the neck in the region of base stainless steel before the 

failure. The magnified image of the fractured surface reveals the inhomogeneous distribution 

of deep and shallow dimples and carbide particles (marked yellow arrow), which shows the 

ductile mode of failure. Whereas the observation of the fractured tensile sample of the 

preheated I-FSW shows the fracture surface of the joint exists from two different 

morphological surfaces (denoted A and B region in Fig. 7.15 (d)). The magnified view of region 

A shows the fracture surface of dense shallow dimples and a few refined carbide particles 

dispersed in the Ni-alloy matrix. This observation indicates that this Ni-region underwent high 

plastic deformation. In contrast, the magnified view of region B shows that the fractured surface 

consists of some tear ridges with deep dimples. This indicates that region B (i.e., stainless steel) 

undergoes a mixed mode of deformation. The initiation of failure in the weld zone may be 

caused by the joint root failure and some carbide precipitates acting as the initiation of crack.     
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Fig. 7.14 (a) Tensile strength and corresponding 0.2% yield strength of the base and welded 

sample, and (b) engineering stress-strain curves of optimal FSW and I-FSW joints. 

 

Fig. 7.15 Fracture morphologies of tensile tested specimen: cross-sections of (a) FSW (300 

rpm-70 mm/min) and (b) I-FSW (300 rpm-140 mm/min) failure joints and their 

corresponding (b and d) FESEM images. 
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7.3.6 Estimation of tool wear 

Rapid tool wear is commonly observed during the FSW of high strength materials like Ni-

alloys and steel, which poses a significant challenge for defect-free joints. This study used the 

tungsten carbide with cobalt (WC-10wt.% Co) binder phase for the with and without preheated 

dissimilar FSW joints. The analysis was conducted after the joining of 400 mm weld length 

obtained under the FSW parameters 300 rpm and 140 mm/min and preheating temperature 300 

oC. Figure 16 shows the qualitative and quantitative tool analysis used in the conventional and 

induction-preheated FSW process. Figure 7.16 (a) shows the initial tool pin height of 2.7 mm 

with EDS analysis at the shoulder and contact tool surface. After the welding, tool pin height 

was observed at 0.8 mm and 2.4 mm under the FSW and I-FSW process, as shown in Fig. 7.16 

(b) and (c), respectively. The visual inspection of the deformed tool showed a change in the 

original tool geometry with the reduction of pin length and shoulder wear. The reduction of 

tool pin height after 400 mm weld length was observed at maximum (i.e., 70%) with 

conventional FSW, whereas it was minimum (i.e., 7.4%) with I-FSW. 

However, the degradation of the tool in terms of weight loss in grams (g) under FSW and I-

FSW was also weighted with microbalance before and after welding. After the welding, the 

residual base materials adhered to the surface of the shoulder and pin were eliminated and 

cleaned in the ultrasonic bath before the tools were weight. The initial weight of the received 

tool was 227.97 g, whereas, after 400 mm weld length, its reduced weight was 226.70 g and 

227.915 g in FSW and I-FSW, respectively. The maximum reduction of tool weight in the case 

of FSW compared with I-FSW was observed because of high shoulder wear, pin height 

reduction, and oxide layer formation with the FSW observed. EDS area mapping with point 

analysis of the FSW tool shoulder near the pin base area (marked as A) was performed, as 

shown in Fig. 7.16 (b) and spectrum A. The result indicates that a high reduction of wt.% of 

tungsten (W) element and increment of carbon and oxygen elements were observed. 

Furthermore, external elements such as Fe, Ni, and Mo were also found in the base metal due 

to the adhesion nature of the WC tool element [122]. The EDS spectrum B of the I-FSW tool 

shows the presence of a higher wt.% of W than the FSW but less than the as-received tool. 

Applying an external heat source reduces the generated stress on the tool by softening the base 

material [27]. During the welding, a high rate of heat is generated and reaches an elevated 

temperature of tool material leading to adhesion wear and oxidation of the tools [177]. In 

addition, tool shoulder surface roughness observation was performed, as shown in Fig. 7.16 

(d). The result shows the roughness value was high (Ra: 0.76) in the FSW tool and (Ra: 0.54) 
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in the I-FSW compared with the as-received tool (Ra: 0.16) due to high wear on the shoulder 

surface. Saving of tool degradation in the case of I-FSW was observed due to preheating, 

reducing axial force and softening of the base material. Understanding the tool wear during 

high strength dissimilar material is essentially required for future work to increase tool life.   

Tool 

holder

FSW tool

Conventional FSW after 400 mm weld length

IFSW after 400 mm weld length

2.5 mm

0.8 mm
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5 mm
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Oxide layer
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Spectrum B 

As received tool Used FSW tool Used IFSW tool

 

Fig. 7.16 Top view of friction stir welding tool (a) as received, (b) used in FSW, (c) used in I-

FSW and (d) its corresponding surface topology. 
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7.4 Brief scientific discussion 

The observation of the results obtained during the dissimilar I-FSW of Inconel 718 with 

SS316L, shows that the mechanical properties of the joint with preheating significantly 

improved at a high welding speed (i.e., at 140 mm/min). In this study, it should be noted that 

only low-temperature carbide precipitates were observed during the FSW process. This might 

be due to the low heat input, short thermal cycle, and different properties of the precipitates. In 

the FSW joints, a slight increment of the hardness value in the TMAZ of the stainless-steel 

region was observed, whereas it was lower in the Inconel region. Increase in hardness value in 

the weld zone of both materials in the FSW and I-FSW can be explained by grain refinement. 

According to the Hall-Petch equation, the micro- hardness of crystalline materials increases as 

grain refinement improves. Similarly, during the tensile test, defects like micro- voids, cavities 

and wormholes produce stress concentration, which is generally responsible for the strength of 

the welded specimens. Compared with the FSW, the I-FSW gives better advantages in en- 

hancing the mechanical properties at high speed. The dissimilar I- FSW joint welded at high 

traverse speed (i.e., 140 mm/min) exhibited good weld strength because a defect-free joint with 

proper inter- mixing of material in the nugget zone was observed. 

7.5 Summary 

In the present study, the stainless steel SS316L plate was successfully joined with the Inconel 

718 plate by using with and without heated friction stir welding process. The effect of induction 

preheating on the temperature distribution, applied axial force, microstructure characteristics, 

mechanical properties and tool wear analysis during the FSW process were performed. Thus, 

the following conclusions are summarized below based on the results and discussion.  

• Friction stir butt joints can be successfully obtained on Inconel 718 and SS316L under 

a constant rotational speed of 300 rpm and at 70 mm/min with conventional and at 140 

mm/min with induction-assisted FSW. 

• Analyzing the output power of the induction heating device and temperature confirmed 

that material surface temperature was proportional to the output power and inversely to 

the feed rate. Besides, the generated surface temperature on Inconel 718 was higher 

than on the SS316L.  

• The use of preheating reduces the axial force experienced by the tool by 24% under 140 

mm/min traverse speed. Induction preheating reduced the tool wear by 62% because of 

the reduction of axial force and improvement of material softening.  
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• Microstructural observation showed a highly deformed grain structure with refined 

carbide particles occurred in the SZ of both materials due to dynamic recrystallization. 

The combined effect of external preheat and welding speed resulted in more refinement 

in grain structure. Moreover, high dislocation densities near the grain boundaries in the 

SZ were noticed under the TEM of the preheated sample. In the SZ, the distribution of 

refined primary (NbC) and secondary (M23C6) carbide particles in the ϒ austenitic 

matrix was observed, which improved weld strength.  

• Besides mechanically intermixing, an increase in temperature during the I-FSW process 

led to increasing the width of the diffusion zone at the interface layer; however, no 

intermetallic compound layer was formed at the interface region.  

• Compared with the FSW, the I-FSW process significantly improved mechanical 

properties at a high traverse speed of 140 mm/min. The optimal tensile strength of the 

I-FSW joint was 683 MPa, being 473 MPa higher than that of the FSW joint. Reduction 

of the carbide precipitates size, along with grain refinement and proper intermixing of 

the materials, causes the primary mechanism for improvement of mechanical properties 

of the I-FSW joints. 

………………..………………..……………
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CHAPTER 8 

8. Corrosion Behaviour of Dissimilar Joints Formed with and without 

Induction-Assisted Friction Stir Welding  

8.1 Introduction  

Previous chapter 7 has discussed the feasibility of the FSW process and the effect of induction 

preheating on microstructure and mechanical properties of the FSWed dissimilar joint of 

Inconel 718 and SS316L. An improved joint strength at a traverse speed of 140 mm/min with 

the induction-assisted FSW process was observed. Generally, stainless steel and Ni-based 

alloys are utilized in severe environments such as aerospace, nuclear engineering, oil and gas 

production parts, and submarine parts, where high corrosion resistance and high-temperature 

mechanical properties are required. Therefore, a detailed analysis of the corrosion behavior of 

the friction stir welded joint of Ni-alloy and stainless steel is needed. The present work 

thoroughly investigated the electrochemical properties under the acidic and salt solutions of 

the dissimilar joint formed by the conventional and assisted FSW (I-FSW) processes. In 

addition, the influence of induction preheating on microstructural features as well as corrosion 

properties has been deeply studied and finding the relationship between the microstructure of 

the joint and corrosion behavior. 

8.2 Materials and methodology 

This experimental work used 3 mm thick Inconel 718 and SS316L sheets to perform dissimilar 

butt joints by the FSW and I-FSW process and performed a corrosion test. The average 

chemical composition and mechanical properties of the as-received plate are mentioned in 

chapter 3, Table 3.1. The details of the FSW tool, the experimental setup, the working principle, 

and the metallurgical investigation procedure used in this experiment are explained in chapter 

3, sections 3.2 and 3.3. Based on the previous work, the optimum parameters used in this study 

were the traverse speed of 140 mm/min and rotational speed of 300 rpm along with 9 kW output 

power of the high frequency (i.e., 120 kHz) induction heating machine. 

The electrochemical studies on the weldments obtained with and without the induction-assisted 

FSW along with the base metal (BM) were conducted in a conventional three-electrode cell 

arrangement. In the electrochemical test, two solutions, 1 M HCl and 3.5 wt.% NaCl was used 

for the analysis of the corrosion behaviour of the welded joint and the base metal. The details 
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of the electrochemical test setup and used methodology are explained in chapter 3, section 

3.3.3. 

8.3. Results and discussion 

This section discusses the microstructural and corrosion behavior of the joints.  

8.3.1. Microstructural characterization of the base materials 

The microstructure of the as-received base material SS316L and Inconel 718 alloys consisting 

of ϒ austenitic matrix is illustrated in Figure 8.1. The existence of small twin grains with some 

carbide particles and precipitates ϒ”(Ni3Nb) in the grains and at the boundaries of a full 

austenitic (ϒ) matrix of Inconel 718 is depicted in Figure 8.1 (a). The presence of carbide 

particles and precipitates was previously confirmed by means of the EDS spectrum. Figure 8.1 

(b) shows the existence of a tiny amount of ferrite phase in the austenite matrix with some 

carbide and twin boundaries in the SS316L alloy. Shamanian et al. [109] stated that the 

formation of the delta ferrite phase in the matrix of the austenite phase is observed during the 

solidification, where ferrite-promoting elements segregate. Furthermore, both base materials 

IN718 and SS31L showed naturally coarse microstructure with a distribution of 15-70 µm and 

10-52 µm, respectively. 

 

Fig. 8.1 Microstructure and EDS spectrum of parent metal (a) IN718 and (b) SS316L. 
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8.3.2. Macro and microstructural characterization of the welded samples 

The macrostructure across the cross-section of the joint obtained through the conventional 

FSW and preheated friction stir welding (I-FSW) processes is shown in Figures 8.2 (a) and (b), 

respectively. The whitish region or RS of the image is stainless steel, whereas the blackish 

region or AS is IN718. Similar to the previous different weld zone, three typical zones 

containing base metal (BM), thermo-mechanical affected zone (TMAZ), and stir zone (SZ) can 

be observed. This investigation should note that heat affected zone (HAZ) in both materials 

has not been found. The joint obtained through the FSW process was in the basin-like shaped 

stir zone (SZ) and found to have wormhole defects near the bottom of the SZ, whereas the joint 

formed under the I-FSW process shows no macro defects. The appearance of wormhole defects 

in the joint may be a result of inadequate heat input and inadequate mixing of the materials due 

to high traverse speed during the FSW process. Further observation on the mixing of stainless-

steel material from the left side (RS) to the right side (AS) in the case of I-FSW was found to 

be more than the FSW process. The high volumetric region of the stainless steel in the SZ (Fig. 

8.2 (b)) of I-FSW joints might be ascribed to excess heating, causing excessive plastic 

deformation.  

 

Fig. 8.2 Dissimilar cross-sectional view obtained during (a) conventional FSW and (b) 

assisted FSW process. 

Figure 8.3 illustrates the optical micrographs of the stir zone of the joints obtained by the 

conventional and assisted-FSW process. In both processes, the microstructure of the stir zone 

(SZ) revealed a highly distorted grain structure compared to the base material. During FSW, 
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the rotating tool generates high temperature and intense plastic deformation in the stir zone, 

which cause dynamic recrystallization (DRX) of the material. Under the FSW process, the 

deformed grains in the SZ of the IN718 (Fig. 8.3 (a)) and SS316L (Fig. 8.3 (b)) were within 

the 2 to 12 µm and 3 to 8 µm, respectively. However, the microstructure of the SZ of the joints 

produced by the I-FSW process, which operated at 300 oC preheating temperature and traverse 

speed of 140 mm/min, displayed a relatively slight increase in particle size. In the SZ of IN718 

(Fig. 8.3 (c)) and SS316L (Fig. 8.3 (d)), the observed grain size ranged from 3 to 15 µm and 4 

to 12 µm, respectively. The responsible cause for the slight increase in the grains under the I-

FSW could be attributed to the combined effect of induction preheating and the FSW tool pin, 

which generates high heat and results in a longer cooling time. The previous research showed 

that the weld cooling time of the I-FSW joint was found higher than the FSW joint. The strength 

of the I-FSW joint was not highly affected by the little increment of the grain size. The tensile 

strength of the I-FSW joint was higher than the FSW joint due to the proper intermixing of 

material and defect free joint formation.  

 

Fig. 8.3 Microstructure of stir zone obtained under the different conditions: (a) FSW-IN718, 

(b) FSW-SS316L, (c) I-FSW-IN718 and (d) I-FSW-SS316L. 
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Figure 8.4 shows the FESEM micrographs of the SZ of the joints obtained with and without 

induction-assisted FSW. Figure 8.4 (a) shows the SZ of the FSW joints, and it can be clearly 

seen that inside the nugget zone, a separate layer of IN718 (denoted by A) and SS316L (denoted 

by B) are presented. The magnified SEM image of SS316L material clearly shows the existence 

of distorted carbide particles M23C6 with an average size of 0.5 µm dispersed in the grains, 

confirmed with the EDS spectrum 1. Similarly, the magnified SEM image of Inconel material 

shows the existence of deformed carbide particles like (Nb, Ti, Cr)C and (Nb, Ti)C were 

distributed in the grains and grain boundaries, which was established by the EDS spectrum 2 

and 3, respectively. Additionally, the presence of external elements such as tungsten (W) and 

cobalt (Co) in the stir zone was confirmed through the EDS spectrum analysis, resulting from 

tool wear in the FSW joints. The FE-SEM images of the stir zone in the joints produced by the 

I-FSW process, as depicted in Fig. 8.4 (b), showcase alternate Inconel and stainless-steel layers. 

The magnified view of IN718 (denoted by C) and SS316L (denoted by D) shows a refined 

grain structure with carbide and intermetallic particles uniformly distributed in the SZ than the 

microstructure obtained under the FSW process. The existence of carbide particles and 

intermetallic phase were also revealed with the EDS spectrum 4 and 5.  

Figure 8.5 illustrates the SEM image of the I-FSW joint interface with the EDS line scan 

profile, which was performed to check the existence of the intermetallic phases. The result 

showed that at the interface region nickel (Ni) element profile from the IN718 surface to the 

SS316L surface side drastically decreased, and a similarly sharp increase of the Fe element 

profile in the SS316L region was observed. For all samples, the interface regions did not exhibit 

the formation of intermetallic compounds, which is a common occurrence in dissimilar FSW 

of low-melting alloys [178]. It is worth noting that the application of the external heat source 

during the FSW resulted in a more intermixing and flow of material than the conventional 

FSW, improving the joints' mechanical properties [77,91]. As depicted in Fig. 8.6, X-ray 

analysis confirmed the presence of precipitates and carbide particles in both the FSW and I-

FSW joints. The additional external element tungsten (W) peaks in the FSW joint may be 

attributed to the tool material. Hanke et al. [43] reported similar tool wear phenomena in the 

FSW of Ni-base alloy. The intensity of the external elements was not observed under the 

assisted FSW joint. 

According to the previous analysis, the maximum temperature in the region of the SZ reaches 

up to 950 to 1000 oC during the FSW of the Inconel 718 and SS316L and is also reported that 

FSW is a fast cooling process than other welding methods. Under the analysis of the FESEM 
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micrographs and XRD of the joint, no delta phase (δ) in the SZ was detected, which is generally 

formed above the solvus temperature of 1010 oC with sufficient cooling time. In the region of 

the SZ, only a few small gammas double prime (γ'') phase (Ni3Nb) and refined MC-carbide 

particles were detected. The TTT diagram of the Inconel 718 shows that the temperature 

reached above 910 oC caused the development of the gamma double prime γ'' phase. Previous 

studies have also noted that the FSWed joints of Inconel 718 and SS316L are significantly 

affected by deformed grains, precipitates, and carbide particles. The observation of the 

microstructure of the joint under the use of induction preheating showed that the external heat 

source did not highly influence it. The application of an external heat source increased the flow 

of material, and little increment of the grain size was observed.   
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Fig. 8.4 FESEM images with EDS analysis of the nugget zone of the (a) conventional and (b) 

assisted-FSW joint. 
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Fig. 8.5 EDS line scan analysis result obtained across the interface of IN718 and SS316L. 

 

Fig. 8.6 The X-ray diffraction (XRD) patterns of the nugget zones of the I-FSW and FSW 

joint. 

Figures 8.7 (a) and (b) show the typical TEM images of the SZ obtained with and without 

preheated FSW. Bright-field TEM images in both cases revealed the existence of carbide (Nb, 

Cr)C particles with some precipitates M23C6, which was confirmed by the EDS spectra 1 and 
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2, respectively. The morphology of the carbide particles in both cases was circular shaped, with 

an average diameter of 90 nm (under FSW) and 45 nm (under I-FSW) observed. The 

dislocation densities in the I-FSW joints were found to be higher than in the FSW joints due to 

the increased dynamic recrystallization observed in the I-FSW process, as shown in the bright 

images obtained through TEM analysis. The use of an induction preheating source leads to an 

increase in temperature in the weld zone, which in turn increase in dynamic recrystallization. 

This can lead to the formation of new grains, which can in turn lead to an increase in the 

dislocation density. Under the I-FSW process, high heat input per unit length and slow cooling 

rate due to external heating make the nugget zone a slight increase of grains with high 

dislocation densities.   

 

Fig. 8.7 TEM images showing the carbide particles with dislocation densities for (a) 

conventional and (b) preheated FSW joints. 
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8.3.3. Corrosion behaviour 

The resistance to corrosion of conventional and assisted friction stir welded joints was studied 

in both HCl and NaCl solutions through immersion corrosion testing, DC current-based 

potentiodynamic polarization testing, and AC current-based electrochemical impedance 

spectroscopy.  

8.3.3.1. Weight loss method 

The performance of the joint in terms of weight reduction under the immersion corrosion test 

was evaluated by exposing the samples to the solutions at room temperature. Table 8.1 depicts 

the normalized weight deviations of the welded and base samples while exposed to the 1M HCl 

and 3.5 wt.% NaCl solution. The weight loss at the end of the immersion test (i.e., after 240 h) 

was found maximum in the HCl solution (0.0155 g) and minimum in the NaCl solution (0.0009 

g) for the SS316L-BM, whereas it was lowest for IN718. The weight loss of the samples was 

detected to be highest with HCl solution compared with NaCl solution. However, the 

immersion test also shows the weight loss of the FSWed joint was lower than the I-FSWed 

joint sample in both solutions. 

Table 8.1 Experimental results of the normalized weight loss and normalized corrosion rate. 

 Specimen Initial weight wo (g) Final weight w1 (g) Weight loss w (g) 

HCL media IN718 3.2845 3.2772 0.0073 

SS316L 2.8289 2.8134 0.0155 

I-FSW 3.0640 3.0492 0.0148 

FSW 2.9578 2.9464 0.0114 

NaCl media IN718 3.2740 3.2739 0.0001 

SS316L 2.8079 2.8070 0.0009 

I-FSW 3.0312 3.0304 0.0008 

FSW 2.9570 2.9564 0.0006 

Macrographs of the corroded surface of the BM, I-FSW and FSW joints after 240 h immersion 

in 1M HCl and 3.5 wt.% NaCl solution is shown in Fig. 8.8. The optical micrographs of the 

corroded surface showed a major corrosion attack under the acidic medium (HCl) (Figs. 8.8 (a-

d)) compared to the salt solution (NaCl) (Figs. 8.8 (e-h)). Severe corrosion attack on the 

stainless-steel surfaces was observed in both solutions, and it was fewer on the Inconel surface. 
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The acidic corrosion attack on the weld joint clearly reflects an alternate layer of corroded steel 

and Inconel surface (Figs. 8.8 (c-d)), which was not observed under the salt solution (Figs. 8.8 

(g-h)). The observation of the micrograph images shows corrosion attack on the SS316L 

surfaces was severe compared to the Inconel surface.  
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Fig. 8.8 Images of the base metal and weld joints after being subjected to immersion testing 

in HCl (a-d) and NaCl (e-h) solution media were taken at both macro and micro levels. 
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8.3.3.2 Electrochemical techniques 

The electrochemical studies were conducted to gain insight into the welded samples' corrosion 

mechanisms and electrochemical behaviour in different conditions.   

In order to assess the potential difference between the working electrodes and the environment 

under the zero-current condition, first, the open circuit potential was determined. Before 

performing the electrochemical experiments, the stable potential of the working electrodes is 

required for the constant rate of corrosion reaction [179]. The graphs of the OCP for the base 

and dissimilar joint metals, as recorded in a 1M HCl solution and a 3.5 wt.% NaCl solution at 

a temperature of 22 ± 5 °C are shown in Figures 8.9 (a) and (b), respectively. Figure 8.9 shows 

that the FSW sample required more time in both solutions to achieve a stable OCP value than 

the I-FSW sample. At the same time, both BM in the NaCl solution takes less time to reach a 

steady state than the HCl solution. The time taken to reach the stable OCP value indicates the 

material's corrosion behaviour, which resists the action of the electrolyte. 

Furthermore, it can be seen that in the HCl solution, the OCP value of welded sample shifted 

towards the positive value compared to the SS316L-BM but found more negative values 

compared to the IN718-BM. Therefore, the friction stir welded sample shows enhanced 

corrosion susceptibility than the SS316L base metal. Also, observing the OCP value in both 

solutions suggests that the IN718-BM sample shows the highest thermodynamic stability.   
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Fig. 8.9 Open circuit potential of the BM and welded sample in (a) 1M HCl and (b) 3.5% of 

NaCl solution. 
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Additionally, potentiodynamic polarization (PDP) tests were conducted on the base metal, 

FSWed joints, and I-FSWed joints to know the kinetics of electrochemical reactions that occur 

on the materials' surface. Figures 8.10 (a) and (b) show the Tafel plot obtained from the PDP 

test under the 1M HCl and 3.5 wt.% of NaCl solution, respectively. Moreover, Table 8.2 

summarizes the corrosion potential (Ecorr), corrosion current density (Icorr) and polarization 

resistance (Rp) obtained by Tafel extrapolation. As shown in Fig. 8.10, all the curves were 

almost identical and exhibited a negative hysteresis in both solutions. A close observation of 

Table 8.2 revealed that in both the solutions, the Ecorr of the IN718-BM was less negative value 

than that of the SS316L-BM, while the corrosion potential of the welded sample (nugget zone) 

was between the base metals. Moreover, the welded sample exhibited a lower Icorr value and 

higher polarization resistance (Rp) than the BM in acidic solution, whereas it was lower than 

BM-SS316L in salt solution media. In general, metals with less negative potential and low 

corrosion current density offer higher corrosion resistance [180]. The observation of the Ecorr, 

Icorr, and Rp value of the welded sample gives that the corrosion rate of the I-FSW sample is 

less than the corrosion rate of the FSW sample. Also, the corrosion rate of the samples under 

the 1M HCl solution media was higher than the 3.5 wt.% NaCl solution media. Mortezaie et 

al. [54] also observed similar results for Inconel and austenitic steel corrosion resistance under 

the 3.5 wt.% NaCl solution media.  
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Fig. 8.10 PDP curve of BM and welded sample under the (a) 1M hydrochloric acid (HCl) and 

(b) 3.5 weight percent (wt.%) sodium chloride (NaCl). 
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Table 8.2 Potentiodynamic polarization results of the BM and welded sample in acidic and 

salt solution. 

 Sample Ecorr (V vs AgCl) Icorr (µA/cm2) Rp (Ωcm2) 

1M HCl  IN718 

SS316L 

I-FSW 

FSW 

-0.2386 16.6111 785 

-0.3648 30.7184 386 

-0.3067 6.6895 1379 

-0.3353 9.0211 1492 

3.5 wt.% NaCl  IN718 -0.1242 0.5391 24310 

SS316L -0.1587 3.3978 5105 

I-FSW -0.1226 2.2080 5367 

    FSW -0.1304 2.5804 4679 

 

Electrochemical impedance spectroscopy was also performed in addition to the 

potentiodynamic polarization test in order to evaluate the detailed mechanism of corrosion or 

any charge transfer processes within a short testing time [180,181]. This technique confirmed 

the results obtained from weight reduction under the immersion corrosion test and 

potentiodynamic polarization test by providing an average electrochemical response.  

The representation of the EIS as the Nyquist and Bode plots of the BM, I-FSW and FSW joint 

obtained in 1M HCl and 3.5 wt.% NaCl solution is displayed in Fig. 8.11. The joint region of 

the dissimilar weld used for the EIS measurements comprised only the nugget zone. The 

obtained Nyquist plots of all the samples in the HCl (Fig. 8.11 (a)) and NaCl (Fig. 8.11 (c)) 

solution displayed a similar semicircular pattern in both media except a linear plot of the IN718 

base metal in the NaCl media. Because of the limited charge transfer capacity between the 

oxide layer and solution, the curve is semicircular, whereas a linear curve indicates a diffusion 

mechanism of ions through the metal/ solution interface [137,182]. The Nyquist plots of all 

samples show a single semi-circle which reflects the obtained impedance data had a high-

frequency single time constant. However, on the real impedance line, low frequencies are 

represented on the right side of the semi-circle, while high frequencies are represented on the 

left. The existence of large capacitive loops at higher frequencies suggests a formation of a 

capacitive layer on the surface. In a Nyquist diagram, the diameter of the capacitive loop is an 

indication of the polarization resistance at the metal-electrolyte interface [183]. From the 

Nyquist plots, we can observe that the IN718-BM joint sample showed a larger loop as 

compared to the remaining sample in both solution media, which shows higher corrosion 
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resistance. Additionally, in both solutions, the capacitive loop diameter of the welded sample 

was larger than that of SS316L-BM.  

Bode plots of impedance and phase angle vs. frequency are also represented in Figs. 8.11 (b) 

and (d). In bode plots, the phase angle represents the lead or lag by the current. Generally, a 

negative phase angle indicates the capacitive nature of the system, i.e., lagging the current, 

whereas a positive phase angle leads the current. The obtained phase angle in all the 

experimental data shows the capacitive electrochemical nature of the system. The impedance 

value at high-frequency (104–105 Hz) indicates the solution resistance, whereas at low 

frequency (10–2–100 Hz) represents the polarization resistance of the sample [134]. The 

obtained polarization resistance of the samples followed a specific order: BM-IN718 > I-FSW 

> FSW > SS316L, which is consistence with the PDP curves in both the solution media. Figure 

8.9 (e) shows the equivalent electric circuit (EEC) was used to fit the EIS spectra of different 

samples using Nova 2.1.5 software. For fitting, a simple Randles circuit consisting of constant 

phase elements (CPE), charge transfer resistance (Rct) and solution resistance (Rs) was used. 

The capacitor in the actual electrochemical processes does not behave ideally because of the 

inhomogeneity of the electrode geometry or surface roughness [184]. Constant phase elements 

(CPE) of the double-layer capacitor were used as a non-ideal capacitor capacitance in the 

equivalent circuit model, which represents the deviations from an ideal capacitance behaviour. 

The impedance of the CPE is expressed as ZCPE = [Yo (jω)n]−1, where Yo is the capacitance, ω 

is the angular frequency,  j is an imaginary number, and n is the power index number. The CPE 

transforms into an inductor, resistor, and capacitor, depending on the value of n, at n = −1, 0 

and 1, respectively [185]. After fitting in the equivalent circuit, the outcome of the extracted 

EIS parameters is provided in Table 8.3. The value of n observed from Table 8.3 was less than 

1 (n = 0.73 – 0.99), indicating the circuit behaves like the non-ideal capacitive properties of an 

oxide film. Table 8.3 shows that the solution resistance (Rs) of both the solution media is less 

than the charge transfer resistance (Rct), which was lowest in the HCl solution media. It can be 

seen that the Rct value of the samples in the NaCl solution was higher than the HCl solution. 

Higher Rct indicates better corrosion resistance [186]. The Rct value of the I-FSW and FSW 

samples in both solutions is larger than the SS316L-BM and lower than the IN718-BM sample, 

whereas the CPE (Yo) value is lower than both base materials. These parameters (Rct, Yo) 

indicate that the corrosion resistance of all the samples in the HCl solution was lower than the 

NaCl solution, whereas, in the case of the welded sample, the corrosion resistance of the I-
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FSW sample was higher than the FSW. This result was consistent with the experimental weight 

loss and PDP test. 
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Fig. 8.11 EIS test result of the BM and the welded sample as Nyquist plot (a and c), and Bode 

plot (b and d) under acidic (a and b) and salt solution (c and d), and their equivalent circuit 

(e). 

 

 

TH-3189_176103110



 

162 

 

Table 8.3 Electrochemical impedance spectroscopy (EIS) parameters for BM and welded 

corrosion sample in the HCl and NaCl solution. 

 Sample Rs (Ω cm2) Rct (Ω cm2)       CPE parameters 

    Yo (μ Ω-1 cm-2 sn) n 

1(M) HCl 

 

IN718 

SS316L 

I-FSW 

FSW 

2.7727 1484.5 438 0.852 

2.9412 275.01 222 0.872 

3.0308 516.46 217 0.9951 

3.0602 493.49 192 0.9985 

3.5 wt.% NaCl IN718 13.531 302,329 35.182 0.7589 

SS316L 11.761 2231.2 38.104 0.7517 

I-FSW 11.292 3619.2 32.438 0.7306 

FSW 13.903 3142.1 30.291 0.738 

 

In the current study, the immersion test, PDP, and EIS results indicate that the base IN718 

material exhibits more corrosion resistance compared to the other samples tested in both 

solution environments. The high nickel (52 wt.%) and high chromium (18.6 wt.%) content 

make this alloy highly corrosion resistant in chloride solution and oxidizing environment [187]. 

The corrosion properties of the metals are generally affected by several factors, including 

temperature, concentration, diffusion, oxidizing agents etc. Apart from the factors mentioned 

above, the corrosion properties are also affected by the grain size [188] and precipitated 

particles [189].  

In the FSW process, significant plastic deformation and dynamic recrystallization result in 

grain refinement in the nugget zone, impacting the material's bulk and surface characteristics. 

The results of the microstructural characterization in section 3.2 showed that the grain size in 

the nugget zone of the dissimilar welded joint was finer than in the base metal. Additionally, 

the FSW joints (Figs. 8.3 (a-b)) had a finer grain size compared to the I-FSW joints (Figs. 8.3 

(c-d)). The corrosion resistance of the I-FSW joint was higher than the FSW, which had the 

slightly bigger grain size. The large grain boundary area produced by the small grain size 

increases passivation and reduces the corrosion current [181]. Sarlak et al. [137] and Ralston 

et al. [188] have also stated that grain refinement prevents the initiation rate of local pitting 

corrosion, which improves the material's corrosion resistance. 
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Moreover, the presence of secondary particles like MC-carbide particles, ϒ’-Ni3(Al, Cr, Ti) 

and ϒ”- Ni3Nb in the welded joint also affects the corrosion behaviour. According to Chen et 

al. [190], the existence of the precipitates and carbide phases in the ϒ matrix of Inconel 718 

decreases its pitting corrosion resistance due to the galvanic effect. Carbide particles create a 

galvanic cell with the Ni and Fe-matrix because of the large potential difference. Therefore, 

intermetallic particles/precipitates form a preferential site for the galvanic effect. The corrosion 

resistance of the FSW sample was found to be slightly lower than the I-FSW, but it was better 

than the BM-SS316L sample. The use of induction preheating revealed a decrease in carbide 

particle size and the elimination of external particle contaminations (i.e., tool partials). Also, 

increased the volumetric presence of stainless steel in the nugget zone (as shown in Fig. 8.2 

(b)), which may have caused a slight increase in corrosion resistance.  

Furthermore, the pitting corrosion tendency of the weld joints (FSW and I-FSW) after the 

potentiodynamic polarization test in both solutions was studied, as shown in Fig. 8.12. After 

the PDP test of the FSW weld joints in the HCl solution, large circular-shaped isolated (370 

µm) (Fig. 8.12 (a)) pits were detected in the region of the SS316L surface, whereas the IN718 

region surfaces were comparatively smooth. At the interface region, some semicircular (Fig. 

8.12 (b)) pits in the SS316L region were observed. In addition, corrosion morphology in the 

stir zone of the I-FSW joint was found same as that of the FSW joint with small pits (105 µm) 

(Fig. 8.12 (c)). As a comparison, after the PDP test in the NaCl solution, the weld (FSW) sample 

surface displays very small pitting corrosion (3 to 5 µm), which was a relatively smooth surface 

as compared with the acidic solution, as shown in Fig. 8.12 (d). It was noted that the diameter 

of the pits on the IN718 surface was very small in both the solutions, and it was very large on 

the SS316L surface, which shows more severe pitting corrosion on the steel surface. The wt.% 

variation of the element inside the pits was analyzed for the conformation of the phases. EDS 

point spectrum 1 and 2 of the pits display the variation of the wt.% of the Fe and Cr elements, 

which form an oxide layer after the corrosion. The magnified views (Figs. 8.12 (a) and (c)) of 

the corrosion pits reveal the morphology of the pits, which shows the breakdown of the oxide 

film and the presence of some precipitates confirmed with the EDS spectrum 3. The formation 

of the small corrosion pits inside the SS316L surface after the polarization test with the NaCl 

reveals the formation of the oxide film, verified by the EDS spectrum 4. 

Stainless steel 316L and Inconel 718 alloy contain M23C6 as major carbide precipitates, which 

could act as a preferable site for the corrosion pits. Wei et al. [191] reported that the existing 

carbide precipitates have high interfacial energy, and a large difference in phase composition 
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in the austenite matrix shows the preferable site for the corrosion pits. The electrochemical 

potential of the joint that formed with the Ni-alloy and steel was more active (anode) than the 

carbide precipitates (cathode), which ultimately caused the dissolution of the austenite matrix 

adjacent to the carbide precipitates and caused the pits corrosion. Figure 8.13 illustrates the 

schematic mechanism of pitting corrosion of SS316L and IN718 under the acidic solution. 

Besides this, the size and number of pits reduction under the I-FSW joint sample may be 

attributed to the microstructure change. The microstructure observation of the preheated joint 

compared with the conventional (FSW) joint revealed the presence of a slight increase of grains 

and carbide precipitates which was confirmed with the TEM analysis, as shown in Fig. 8.6. 

Chen et al. [190] explored the impact of compressive residual stresses on the formation of 

corrosion pits. According to their findings, a combination of compressive residual stress, 

alterations in microstructure, and the presence of ϒ’/ϒ” precipitates and carbide particles 

significantly contributes to pitting corrosion. 
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Fig. 8.12 Surface morphologies after potentiodynamic polarization test of FSW joint under 

(a-b) HCl solution, I-FSW joint under (c) HCL solution and FSW joint under (d) NaCl 

solution and their related EDX spectrum. 

 

Fig. 8.13 Schematic pitting corrosion mechanism of a weld joint. 
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The XPS high resolution spectra taken from the interface surface of both IN718 and SS316L 

specimens, produced through FSW and I-FSW, are displayed in Figure 8.14. An XPS analysis 

was conducted to examine the oxide films that formed on the welded surface after exposure to 

an acidic environment where severe corrosion of the specimens in previous testing was 

observed. A comparison of the XPS peaks of the I-FSW surface (Fig. 8.14 (a)) and the FSW 

surface (Fig. 8.14 (b)) reveals differences in the intensities of peaks associated with Ni2p, Fe2p, 

Cr2p, Mo3d, Nb3d, and O1s, indicating varying chemical states within the surface layer. The 

observation shows that the corrosion resistance of the welded specimen is primarily attributed 

to the formation of a passive film rich in Ni, Fe, Cr, Mo, and Nb. Chen et al. [190] and Zhong 

et al. [192] conducted XPS analysis on Inconel 718 and SS316L material, respectively, and 

confirmed that the oxides of Ni, Cr, Nb, Mo, and Fe protect the surface of Inconel 718, while 

Ni, Fe, and Cr oxides protect SS316L. 

The core level spectra of Cr, Fe, Ni, and Nb revealed the presence of a passive layer composed 

of oxides and hydroxides. This result is consistent with previous XPS data [190,192–194] 

reported for Ni-based alloys and stainless steel 316L. The main peaks of Cr2O3, Cr (OH)3, 

Fe2O3, FeOOH, Ni(OH)2, Mo6+, and Ni15O16 oxide film were observed, which agree with the 

previous investigation  [193] and act as a corrosion inhibitor. Moreover, little difference in the 

relative intensities of the peak of Cr, Mo, and Nb at the same binding energy of the FSW and 

I-FSW was observed. The peaks associated with metallic NbO oxide in the FSW specimen 

were no longer present. The atomic percentage of the passive film formed on the interface 

surfaces of the FSW and I-FSW specimens is listed in Table 8.4. It could be noticed that the 

surface films primarily involved Cr, Ni, and Fe-enriched oxide, and their concentration in the 

I-FSW specimen is higher than in the FSW specimen. The changes in atomic concentration 

may stem from the variations in carbide precipitates and grain size previously discussed in 

Section 8.3.2. According to Wei et al. [191], carbide particle distribution influenced the surface 

elements' distribution, leading to local variations in electrochemistry.  

Table 8.4. Employing XPS analysis, observed atomic concentrations (%). 

 O Cr Ni Fe Nb 

I-FSW 94 5.13 2.05 1.45 0.48 

FSW 89.96 2 3.72 0.47 - 
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Fig. 8.14 The high resolution of the XPS spectra obtained on the (a) preheated and (b) 

conventional FSW sample after immersion in 1M HCl solution. 

8.4 Brief scientific discussion 

In the current study, the results from the immersion test, PDP, and EIS indicate that the base 

IN718 material exhibits more corrosion resistance compared to the other samples tested in both 

solution environments. The presence of secondary particles like MC-carbide particles, ϒ’-
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Ni3(Al, Cr, Ti) and ϒ”- Ni3Nb in the welded joint affected the corrosion behavior. The 

existence of the precipitates and carbide phases in the ϒ matrix of Inconel 718 decreases its 

pitting corrosion resistance due to the galvanic effect. Carbide particles create a galvanic cell 

with the Ni and Fe-matrix because of the large potential difference. Therefore, intermetallic 

particles/precipitates form a preferential site for the galvanic effect. The corrosion resistance 

of the FSW sample was found to be slightly lower than the I-FSW, but it was better than the 

BM-SS316L sample. The use of induction preheating revealed a decrease in carbide particle 

size and the elimination of external particle contaminations. Increased the volumetric presence 

of stainless steel in the nugget zone, which caused a slight increase in corrosion resistance. 

8.5. Summary 

This study aimed to examine the influence of induction preheating on the microstructure 

development and corrosion resistance of dissimilar friction stir welding joints between IN718 

and SS316L materials. The key insights derived from the study are:  

• Microstructural observation showed more refinement of the grains in the FSW nugget 

zone than in the I-FSW nugget zone. The combination of external preheat and welding 

speed resulted in little increment of the grain structure and increased flow of SS316L 

into the IN718 region.  

• The grain size of the M23C6 carbide particles and Ni3(Nb, Ti) precipitates decreased in 

the nugget zone by the use of preheating during the FSW.  

• The immersion corrosion test, potentiodynamic polarization test, and electrochemical 

impedance spectroscopy all showed a lower level of corrosion resistance in all the 

samples when exposed to 1M HCl solution compared to 3.5 wt.% NaCl solution 

• In agreement with the results of the immersion corrosion test, PDP and EIS in both the 

solution, corrosion resistance of the BM-IN718 > I-FSW joint > FSW joint > BM-

SS316L. More refinement of carbide particles and absence of external elements 

improves the corrosion resistance of the I-FSW joints than the FSW joints.   

• High pitting corrosion with the HCl solution in the region of SS316L is mainly related 

to the refined M23C6 carbide particles in the nugget zone, which act as cathodes relative 

to the ϒ-austenite matrix.  

• Welded samples showed signs of the formation of Cr2O3, Fe2O3, FeOOH and Ni(OH)2 

oxide film after the corrosion test, which acts as a corrosion inhibitor. 

………………..………………..……………
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CHAPTER 9 

9. Conclusions and Scope of the Future Work 

 

9.1 Conclusions  

In this thesis, research work has been carried out on providing an alternate and effective joining 

technique (FSW) to tackle disadvantages being faced by a conventional joining of 3 mm thick 

similar (Inconel 718) and dissimilar (Inconel 718 - SS316L/AISI 204Cu) materials. In addition, 

measures have been taken to minimize the problems associated with tool wear during FSW of 

high strength materials. To continue supporting this current research trend and rapid growth of 

FSW for high strength material, it needs to have a deeper understanding of the effects of 

preheating on mechanical, microstructural and corrosion properties evaluation as well as the 

tool wear. This deeper understanding is important because it will help to optimize the FSW 

process and improve the quality of the welded joints. The following important conclusions and 

recommendations from the thesis work are summarized below.  

❖ A high-strength joint between similar Inconel 718 sheets without defects was achieved 

using the FSW method at low rotational and medium traverse speeds.  

❖ Grain refinement in the SZ increased with increasing traverse speed and decreasing 

rotational speed due to stirring deformation accompanied by dynamic recrystallization.  

❖ Under the conventional FSW, highly deformed grain structure and uniform distribution 

of carbide particles in the weld zone led to good weld quality. 

❖ The application of a high-frequency induction preheating system during the hybrid 

FSW of Inconel 718 reduces the axial force of conventional FSW by 26% and increases 

its weld speed by 55%. This reduction of axial force effectively reduces tool wear and 

improves the tool life due to the softening of the material. 

❖ Preheating during FSW retarded the cooling rate, which gives a slight increase in the 

grain structure in the stir zone and the presence of cluster distribution of carbide 

particles (i.e., NbC and M23C6) in the grain. Compared to conventional welding, this 

approach resulted in improved weld quality at around two times higher traverse speed. 

❖ For the dissimilar joint of Ni-based alloy and Ni-free austenitic steel, in the nugget zone, 

a mechanically sound weld interface with uniformly distributed primary (NbC, 

(NbTi)C)) and secondary (M23C6) carbide particles across ϒ matrix were formed, which 

improved the mechanical properties of joints. 
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❖ For the dissimilar joints between Inconel 718/AISI 204Cu, the ultimate and yield 

strength of the good quality weldments reached higher than the Inconel 718 parent 

metal but lower than the AISI 204Cu parent metal. 

❖ For the experimental investigation on the dissimilar FSW of Inconel 718 with SS316L, 

the use of preheating reduces the axial force experienced by the tool by 24%. Induction 

preheating reduced the tool wear by 62% due to the reduction of axial force and material 

softening.  

❖ For the dissimilar FSW joints of Inconel 718 with SS316L, besides mechanically 

intermixing, an increase in temperature during the I-FSW process led to increase the 

width of the diffusion zone at the interface layer; however, no intermetallic compound 

layer was formed at the interface region. 

❖ The micro-hardness and tensile properties of I-FSW joints improved due to reduction 

of the carbide precipitates size, along with grain refinement and proper intermixing of 

the materials. 

❖ The corrosion test of dissimilar Inconel 718/SS316L joint revealed a lower level of 

corrosion resistance in all the samples when exposed to 1M HCl solution compared to 

3.5 wt.% NaCl solution. 

❖ In agreement with the results of the immersion corrosion test, PDP and EIS in both the 

solution, corrosion resistance of the BM-IN718 > I-FSW joint > FSW joint > BM-

SS316L.  

❖ More refinement of carbide particles and absence of external elements improved the 

corrosion resistance of the I-FSW joints than the FSW joints. 

❖  High pitting corrosion with the HCl solution in the region of SS316L is mainly related 

to the refined M23C6 carbide particles in the nugget zone, which act as cathodes relative 

to the ϒ-austenite matrix. 

Overall the current work proposes a detailed experimental investigation and concludes that the 

FSW process is advantageous for creating similar and dissimilar joints. The use of an induction 

preheating system improves tool life and increases weld speed. Finally, by applying the 

preheating source, one can commercialize this process for the joining of high strength similar 

and dissimilar materials 
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9.2 Scope of future work 

The present research confirmed the feasibility of friction stir welding of high strength material 

by implanting preheating source. However, this experiment opens the door for future 

investigators to explore many other aspects regarding developments of the process, which may 

allow one to use this process commercially. 

❖ The present work mainly focused on the experimental investigation of joining, a 

numerical simulation model for the I-FSW process can be proposed for the current work 

for a better understanding of the material particle deformation and flow behaviour. 

❖ Determination of residual stresses as well as fatigue analysis using numerical and 

experimental techniques during FSW of Inconel 718 and SS316L, is also important for 

further investigations. 

❖ Furthermore, to adopt the I-FSW process for high-strength materials in the industries, 

more improvement of tool life is essential. Therefore, a detailed investigation of the 

tool's life with other methods, like the use of another external heat source or 

configuration change, is required.     

 

………………….………………..……………….. : 
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Appendix A 

A.1 FSW machine specifications: (Model: BMacT, Universal Milling Machine- India) 

Spindle  BT 40 

Spindle motor  20 HP/440V 

FSW tool holder BT 40 Arbor 

Feed motor 3 HP- preferably 960 RPM 

Z axis thrust 6500 kgf/65kN (max.) (adjustable in steps of 100 kgf) 

Feed Requirements:  

Quill stroke 100 mm by hydraulic pressure 

X-axis stroke 1000 mm (feed rate 20 − 300) 

X-axis feed 23-300 minimum 15−18 levels 

Y-axis stroke 200 mm/manual 

Z-axis stroke 300 mm (feed rate 2 mm −50 mm) 18 steps 

Table size 1800 × 400 mm 

Table surface ′T' Slot as per standard 

Hydraulic System:  

Hydraulic power pack motor Minimum 5HP/440V 

Hydraulic tank capacity liters 

Hydraulic oil ISO 68 

Lubrication System  

Lubrication Centralised lubrication system 

Lubrication oil SAE40 

Vibration Anti-vibration pad 

A.2 High-frequency induction machine: (Model: KX-5188, Zhejiang, China) 

Input voltage (v) Single phase 220 V ± 10  

Oscillation power (kW) 20 kW 

Maximum input current  40 A 

Maximum output supply current  750 A 

Oscillation frequency (kHz) 100-120 kHz 

Colling water desire  Hydraulic pressure > 0.2 MPa 
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Self-sucking water pump  370 W 

Coil type  Copper made pancake type.  

A.3 Machine specification used for characterization. 

Machine Name Make and Model Specifications 

Universal testing 

machine (UTM) 

Instron, UK • Hydraulic power pack pumping 

capacity 25 Ltr/min 

• Testing Method: Load control and 

position control (strain and 

displacement) 

Micro hardness tester Make: Buehler, 

Model: 

Micrometer- 2101 

• Indentation force 50, 100, 300, 500, 

2000 gF 

• Dwell time: 5 to 60 s  

Drop weight impact 

tester 

Make: FIE group, 

Model: IT30 

• Impact energy scale: 30−120 J 

• Height of impact: 0.3 −1.7 m 

• Test: Impact energy, impact force 

Stereo microscope Make: Nikon, 

Model: SMZ25 
• Zoom ratio: 25: 1 

• Magnification rang𝑒: 0.63X −15.75X 

• Motorized zoom 

• Zooming observation: 

BF/DF/FL/Simple polarizing 

Optical microscope Make: Carl Zeiss, 

Model: Axiotech- 

100HD, 3D 

• Magnification: 50X−5000X 

• Table movement: 3- axis measuring 

system, reflecting light measuring step 

75 mm ×55 mm ×50 mm 

• Lens: Binocular photo type, 20°/23 

• Camera: Axio-Cam and Axiovision 

4.8.2 software (inbuilt) 

Field emission 

scanning electron 

microscope 

(FESEM) with EDS 

detector 

Make: Zeiss, 

Model: Sigma 300 
• Specimen chamber: 330 mm inner dia.  

270 mm height 

• Specimen weight: up to 0.5 kg tilted; up 

to 2kg not tilted 

• Movement: X =125 mm, Y= 125 mm, 

Z =50 mm, T = −10° to 360°, R = 360° 

continues 

• Specimen stage: 5 axis motorized 

cartesian 

Infrared (IR) 

camera 

Make: 

INFRATECH, 

Model: Variocam- 

hr − 400 

• Frequency range: 1−8 Hz 

• Emissivity range: 0.01−1 
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X-ray photoelectron 

spectroscopy (XPS) 

Make: PHI 5000 

Versaprobe 
• High flux X-ray source with Aluminum 

anode for X-ray generation 

XRD Make: Rigaku 

Model: Smartlab 
• 9 kW generator and direct optical 

positioning 

• Prefix incident and diffracted beam 

• X- ray lens with attenuator, fixed 

divergence slits 1/32° 

• High-resolution goniometer with 

optically encoded sample positioning 

enables a minimum step of 0.0001o 

Field Emission 

Transmission 

Electron Microscope 

(FETEM) 

Make: JEOL 

Model: 2100F 

• Electron Source: Schottky Field Emitter 

• Operating Voltages: 200.0 keV and 

120.0 keV 

• Objective Lens Polepiece: High 

Resolution (HR)  

• Resolution @ 200 keV: point = 0.23 nm 

and lattice = 0.14 nm 

• Tilt-ranges (Double Tilt Holder): X axis 

= +/-35º and Y axis = +/- 30 

Potentiostat/ 

Galvanostat 

instrument 

Make: Metrohm 

Autolab -

PGSTAT302N 

• Maximum current +/- 2A 

• Maximum scan rate 1000 V/s  

• Application software: NOVA 

Micro balance Make: Sartorius 

Model: BSA4S-

CW 

• Accuracy 0.1 mg 

• Rated load 200g  

Single disc 

polisher/grinder 

machine 

Make: Chennai 

Metco 

Model: PVM 008 

Banipol VT 

 

• 8"disc dia. Standard 

• 0.5 HP high torque AC motor 

• Single phase input 220v/50Hz or 

110v/60Hz 

• Speed: 50 to  1000 RPM  

High-speed precision 

cutter  

Make: Buehler 

IsoMet 4000 

USA 

• Automated three-axis movement 

• ISOMET 4000, 85-264V, 50/60HZ 

 

Strain gauge-based 

force-dynamometer 

Make: MP31C09, 

DIGITECH, India 
• 20×4 LCD display 

• ± 0.1% ± 1 digit 

• 200 to 250VAC ± 10%, 50 Hz 

• Range: ±10,000 micro strain 
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