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ABSTRACT 

 

A SS316L steel is known as a marine-grade material, which is frequently used in a shipbuilding 

structure and marine industries. In the present study, a shielded metal arc welding (SMAW) 

process was used for similar welding of SS316L steel plate with dimension of 60 mm x 60 mm 

x 2 mm. A two different electrode E316L-16 and E308L-16, welding currents of 70 A, 80 A 

and 90 A and constant voltages of 24 V has been used for weldment. The impact of electrodes 

and current on the microstructure and mechanical properties of welded specimens was 

thoroughly investigated. To evaluate the flaw in the fusion zone (FZ), a surface macrograph 

and microstructure were analysed using scanning electron microscopy (SEM). In order to study 

the surface characteristics and ascertain the elemental composition of the samples, energy 

dispersive spectroscopy (EDS) was used. The hardness tests have been carried out in the base, 

heat-affected zone, and fusion zone of the welded joint. Tensile tests were carried out to study 

the effect of heat input on the yield strength (Y.S), Ultimate tensile strength (UTS) and 

elongation of a welded sample. According to the microstructure results, as the heat input 

increases, the grain structure of the welded zone gets finer in comparison to the base material. 

A hardness and tensile result shows that the properties of electrode and applied current has an 

effect on the mechanical properties of the SMAW welded sample. The hardness of the fusion 

zone increases compared to base material. The hardness result shows that as the current 

increases from70 A to 80 A by using the electrode of E316L-16 the hardness increases from 

214 HV to 223 HV while the hardness further decreases to 208 HV for 90 A. Similarly, for 

E308L-16 electrode the hardness increases from 190 HV to 218 HV, and further it decreases to 

168 HV for the applying current of 70A, 80A and 90 A respectively. A tensile result shows that 

the UTS of the SMAW welded sample varies from 190 to 262 N/mm2 compared to base 

material, i.e., 565 N/mm2Furthermore, thermal analysis was performed using ANSYS software 

to look at the impact of heat input at various welding arc times and identify the temperature 

distribution on the plate across various regions. In addition, the effect of heat input on the 

microstructure behaviour were studied in detail. 

The current thesis has been broken into six chapters. The first chapter presents an overview of 

steel welding and its applications in numerous fields. It also emphasises the distinguishing 

feature of the SMAW welded 316L stainless steel. Chapter 2 discusses the literature on various 

stainless steel processing processes, as well as the reported literature on the properties of 316L 
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stainless steel, such as microstructural, mechanical, and thermal analysis of steel using the 

ANSYS software tool, and their applications. This is followed by identifying gaps in the 

literature and developing targets for addressing the issues related with SMAW welded 316L 

stainless steel. The materials and procedures employed in the current study are described in 

Chapter 3. Furthermore, this chapter discusses the various characterization strategies used in 

the current work. SMAW welded 316L stainless steel results and discussion in Chapter 4. A 

detailed investigation on the influence of changing current and electrodes on the microstructure 

and mechanical properties of SMAW welded 316L stainless steel was also conducted. 

Furthermore, the ANSYS software tool was used to study the temperature distribution during 

the SMAW welded 316L stainless steel. The study's summary and results are detailed in 

Chapter 5. Finally, in Chapter 6, the future scope and additional possibilities of current research 

work on SMAW welded 316L stainless steel were thoroughly examined. 

Keywords: SS316L, Electrode Material, Shielded Metal Arc Welding, Microstructure, 

Mechanical Properties 
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CHAPTER 1 

INTRODUCTION 

 

1.1 INTRODUCTION 

Stainless steels have excellent weldability, mechanical properties, and corrosion resistance at 

sea environment. Because of that it is widely accepted in several industries such as marine 

engineering, chemical processing plants, steam generator tubes, fusion plants, and nuclear 

reactors [1]. Stainless steel is distinguished by having a minimum chromium concentration of 

10.5% and the potential for additional alloying elements and encompasses a wide variety of 

corrosion-resistant alloy [2]. The alloy's suitability for a given environment is determined by 

its crystallographic structure and the specific amounts of chromium and molybdenum present, 

which can vary across multiple grades of stainless steel [2]. Austenitic stainless steel is highly 

formable, weldable, non-magnetic, and ductile at cryogenic temperatures. It is categorized in 

two subgroups, i.e., the 200 series and the 300 series. The 200 series have a lower content of 

nickel and increased manganese content because of that it has a higher yield strength but a 

weaker corrosion resistance which restricts its application in a broad range. The 300 series, 

including Type 304 and Type 316, are mainly alloyed with nickel. and manganese and nitrogen 

is used to reduce the usage of nickel and it is widely used.  316 stainless steels, known as 

marine-grade stainless steel, demonstrates resistance to specific corrosive environments. In 

316L, the "L" classification indicates that this grade of steel contains lower carbon content 

which helps to prevent stress corrosion cracking compared to regular 316 steel [3]. AISI 316L 

austenitic stainless steels (ASS) are extensively utilized in various manufacturing organizations 

due to their enhanced mechanical properties, exceptional resistance to corrosion, ease of 

fabrication, and good weldability. They find application in the construction of large structures, 

pipe systems, heavy plates, different types of boilers, pressure and marine vessels, tanks, large 

ships, heat exchangers, nuclear reactor equipment, pumps, valves, fasteners, paper/pulp 

industry, oil and gas industry, and the petrochemical industry, among others.  

      In manufacturing industries, welding is a crucial process which is widely employed to join 

metals either by using fillers or metals. Welding is a process used to join the two work piece 

surfaces together to form a single product. This process is utilized to metallurgically connect 

two metal pieces, effectively forming a unified metal piece. Welding's significance arises from 
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its ability to fabricate intricate geometries by constructing individual parts and subsequently 

assembling them through joining. There are numerous types of welding techniques, such as 

friction welding, laser welding, arc welding, metal inert gas (MIG) welding, oxy acetylene 

welding, TIG welding and Shielded metal arc welding (SMAW). SMAW is typically performed 

manually. According to the American Welding Society, common applications of welding 

encompass construction, pipelines, machinery structures, shipbuilding, job shop fabrication, 

and repair work [4]. Welding technology enables the creation of complex configured parts, with 

SMAW being one of the most commonly employed methods [5]. SMAW is a simple and 

affordable welding technique it is also known as "stick welding" or manual metal arc welding 

[6].  

      ANSYS is the software utilized for the analysis of mechanical product design and civil 

structure designs. It employs computer-based numerical techniques to address various 

problems and is specifically known as Finite Element Analysis (FEA) software which is 

developed by ANSYS Inc. It finds extensive application in the industry for analysing diverse 

solutions. Its capabilities encompass a wide range of problems, enabling engineers to tackle 

complex, highly nonlinear, and large-scale models. It serves as a valuable tool for simulating 

computer models of structures, electronics, and machine components, allowing for the analysis 

of strength, elasticity, and temperature effects. ANSYS Workbench system is predominantly 

employed for most of its simulations. Additionally, ANSYS also develops software for data 

management and backup purposes. The advantages of ANSYS include its ability to import 

diverse CAD geometries (both 2D and 3D) from various CAD software applications. It is 

equipped with advanced engineering simulation capabilities, ensuring accurate results. By 

utilizing specific inputs, ANSYS evaluates the behaviour of products in relation to physics, 

making it a versatile software for simulating interactions among different physics domains like 

dynamics, statics, and fluids. It can also import different geometric shapes from various CAD 

software platforms, utilizing them for simulation purposes [7].  In ANSYS, the transient 

thermal analysis comprises the solution of the heat conduction equation in conjunction with 

the energy equation. The heat conduction equation elucidates the flow of heat within the plate, 

while the energy equation factors in heat generation resulting from welding. In order to conduct 

a transient thermal analysis of a welding plate in ANSYS, the procedure involves the following 

stages: creating the geometry, defining material properties, generating the mesh, applying 

boundary conditions, and obtaining the solution. The current research employed the Transient 

thermal analysis technique in ANSYS, which is a computational approach utilized for 

simulating and examining the evolving thermal characteristics of a welding plate. This form of 
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analysis is essential for comprehending the heat transfer and temperature distribution 

throughout the welding process, as well as forecasting the thermal stresses and deformations 

experienced by the plate. 

 In the current work, an attempt was made to weld SS316L utilising the SMAW 

technique with changing current and electrode. Microstructure, mechanical, and thermal 

analyses were used to investigate the effect of process factors on weldments. To optimise the 

welding parameters, detailed microstructural and mechanical property characterizations were 

performed. Finally, ANSYS was used to investigate the effect of heat input, temperature 

distribution along the weld bead, and microstructure evaluation. 
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CHAPTER 2 

LITERATURE REVIEW 

Stainless steel has a density of 7.87 g/cm3, and it exhibits multiple advantages including 

remarkable high-temperature resistance, corrosion resistance, and great mechanical qualities 

like high strength, elasticity modulus, toughness, and stress resistance [8]. The primary material 

under investigation in this study is 316L stainless steel, also referred to as marine-grade 

stainless steel. It is a high-quality metal alloy composed primarily of Iron, Chromium, Nickel, 

and Molybdenum. Due to its exceptional corrosion resistance, 316L stainless steel is the 

preferred option for applications in wet or corrosive environments [9]. In addition, it also has 

excellent durability, thermal conductivity, and electrical resistivity, these properties have 

contributed to its widespread utilization in various industrial applications. However, despite 

these desirable attributes and extensive industrial usage, austenitic 316L stainless steel is 

nevertheless vulnerable to intergranular corrosion damage and pitting corrosion, especially in 

very corrosive settings. It is commonly employed as a metallic structure in industrial equipment 

such as food processing, petrochemical applications (atmospheric distillation overhead 

systems), domestic use, marine applications, shipping, and heavy-duty applications [10]. 

Austenitic 316L is highly regarded for its exceptional performance in industrial settings against 

corrosion reactions. It possesses unique alloys that set it apart from other types of steel used in 

industrial applications. Compared to austenitic 316, austenitic 316L is characterized by lower 

carbon content, denoted by the "L," which imparts increased strength and enhanced corrosion 

resistance [10]. The chromium content in 316L ranges from 16 to 28%, contributing to its 

improved resistance to corrosion damage [10]. Chromium also promotes passivation, and a 

chromium weight content of approximately 11% is necessary to achieve permanent stability of 

the passive layer that protects the surface of 316L stainless steel from general corrosion 

damage. The mechanical qualities of the steel, such as ductility, strength, and rigidity, are 

improved by nickel, which, unlike chromium, enables the steel to function effectively at high 

temperatures. Nickel also protects surfaces from corrosion damage and pitting. [10]. 

Molybdenum strengthens 316L stainless steel and increases its resistance to corrosion. It 

greatly increases resistance to pitting corrosion, especially in chloride conditions, and protects 

the steel's surface's existing thin passive film layer from oxidation effects. 

 



 
 

5 
 

2.1 Different Welding Techniques  

These are some common welding techniques used in shipbuilding and marine industry [11]. 

1. Submerged arc welding  

2. Gas metal arc welding (GMAW) 

3. Gas tungsten arc welding (GTAW)  

4. Oxyacetylene welding (OAW) 

5. Flux Core - Flux-cored arc welding (FCAW) 

6. High-energy welding processes such as Laser welding  

7. Shielded metal arc welding (SMAW) 

2.1.1 Submerged Arc Welding  

Submerged arc welding (SAW), an automated method of arc welding, was among the earliest 

processes to undergo automation. It utilizes a continuous bare wire electrode that can be reused, 

with the arc protected by a layer of granular flux. The electrode wire is supplied into the 

welding arc automatically from a coil, while the flux is fed into the joint by gravity just before 

the arc is formed. By completely submerging the welding process, this technique eliminates 

common hazards such as radiation, sparks, and spatter that are often present in other arc 

welding methods. As a result, the welding operator employing SAW does not need to wear a 

bulky face shield, but they still need to wear safety glasses and gloves to protect their hands 

while working. [12]. The flux in close proximity to the arc melts during welding and combines 

with the liquid weld metal to eliminate impurities and create a glass-like slag on top of the weld 

joint. The unfused flux grains and the slag together offer the welded region good weather 

resistance and thermal insulation. Due to the delayed cooling process, excellent weld joints that 

are known for their strength and ductility are produced. The illustration demonstrates how the 

unused flux can be recovered and used again. However, the weld-covering hardened slag needs 

to be manually removed via chipping. To generate structural elements such as welded I-beams 

and the lateral and circumferential seams in large diameter pipelines, tanks, and pressure with 

vessels, submerged arc welding is frequently employed in the manufacture of steel. This 

method is frequently used to weld steel plates that are at least 25 mm (1.0 in) thick. High-

carbon steels, tool steels, and the bulk of nonferrous metals cannot use; only low-carbon, low-

alloy, and stainless steels can. Because gravity supplies the granular flux, the welding 

components must always be horizontal [12].  In the past Labanowski et al. [13]  have conducted 

research into the joints' susceptibility to stress corrosion when they are welded in austenitic and 
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duplex steels, particularly in the context of building ship tanks for chemical transportation. 

Austenitic steels with the specification AISI 316 (316L and 316LN) were the primary materials 

utilised to build these tanks. High-yield welding techniques are extensively utilised in the naval 

construction sector, which is crucial for prefabricating big sections. One of the most frequently 

employed methods for welding thick plates is automatic welding with submerged arc welding. 

Although welding duplex and austenitic steels using this technique have several limits, it still 

offers excellent welding efficiencies and produces joints of good quality.  

 

 

Figure 2.1: Diagram of the Submerged Arc Welding Procedure [14]. 

 

2.1.2 Gas Metal Arc Welding  

 When using a consumable bare metal wire electrode in gas metal arc welding (GMAW), the 

arc is protected by a gas. The welding gun automatically and continuously feeds wire from a 

spool. Depending on the ideal deposition rate and the thickness of the fragments that are joined, 

a wire diameter within 0.8 and 6.5 mm (1/32-1/4 in) might have to be employed [12]. Inert 

substances such as argon and helium, which as well as active gases like as carbon dioxide, are 

used as shielding gases. Other elements that influence the use of gases or gas combinations 

include the type of metal being welded. While the carbon dioxide is commonly used to weld 

low- and medium-carbon steels, inert gases work well for welding aluminium and stainless-

steel alloys. By combining the bare electrode wire with shielding gases, the necessity for 

manual slag layer removal from the weld bead and grinding is removed. Therefore, numerous 

welding passes on the same joint can be done using the GMAW method [12].  As part of his 

study Ekaputra et al. [15]  studied how the mechanical characteristics of 316L steel austenitic 
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material SS were affected by various welding speeds during GMAW. This sort of material is 

used in a wide range of items, such as nuclear reactors, valves and pumps, marine fittings, 

fasteners, pulp and paper manufacturing machines, and petrochemical sectors. They joined the 

316L stainless steel for the study using the versatile, quick, economical, and high-quality 

(GMAW) procedure, also known as (MIG) welding. At various welding facilities, the GMAW 

process can be performed semi-automatically or automatically using a welding robot. 

 

Figure 2.2: The Gas Metal Arc Welding Process is Shown in A Diagram [16]. 

 

2.1.3 Gas Tungsten Arc Welding   

GTAW, commonly referred to as TIG welding, is a method of fusing and joining metals through 

the use of an arc created between a non-consumable tungsten electrode and the metals being 

worked on. To prevent overheating, the tungsten electrode is usually connected to a water-

cooled copper tube, which is in turn linked to the welding wire [17]. The torch body and nozzle 

deliver a shielding gas (such argon or helium) to protect the weld pool from the atmosphere. 

Filler metal can be either manually or mechanically introduced to the arc when dealing with 

thicker materials. The electron emissivity, current carrying capacity, and contamination 

resistance of tungsten electrodes containing 2% cerium or thorium are superior to those of pure 

electrodes, producing a more constant arc. Since Ar is denser and provides more effective 

shielding than He, it is a more cost-effective alternative [17].  Azadkumar Vegda et al. [18] 

analysed and optimised the TIG welding process for SS 316L, a material that is often used in 

fabrication due to its strong weldability and low carbon content. The development of nuclear 
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fusion reactors, boiler parts and cryogenic structures all depend on the welding of SS-316L.The 

quality and strength of the weld are greatly dependent on the penetration, microstructure, 

mechanical characteristics, and residual stresses that are present during welding. The wrong 

choice of weld settings may result in system failure. The experiment covered several tests, and 

the analysis showed that welding factors including current, voltage, and filler material had a 

substantial impact on the weld joint. 

 

 

Figure 2.3: Process Flow Diagram for Gas Tungsten Arc Welding  [19]. 

 

2.1.4 Oxy-Acetylene Welding (OAW) 

The process of gas welding, also known as oxy-fuel gas welding (OFW), produces heat by 

burning fuel gas, usually acetylene, with oxygen [20]. The high flame temperature of acetylene 

makes it the preferred fuel gas for this process, leading to the alternative term oxy-acetylene 

welding. OAW uses oxygen and acetylene regulators, a torch, and gas mixing to completely 

melt the joint in order to achieve fusion. While acetylene is kept in cylinders packed with a 

range of 80 to 85% porous material, such as calcium silicate, and acetone to maintain a higher 

pressure, oxygen is kept in cylinders at pressures ranging from 13.8 to 18.2 MPa. However, 

acetone causes an unfavourable purple colour and lower flame temperature, thus measures must 

be made to prevent acetone and acetylene from combining during release. An alternative 

method is to use an acetylene generator, that consists of a water-filled cylinder and a valve that 

regulates the calcium carbide's passage into the water to make acetylene. The thickness of the 

metal being connected should be taken into consideration when choosing the OAW torch, 
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which should be held at an angle of between 30 and 50 degrees from the horizontal. At a 

distance of 1.5 to 3.0 mm, place the torch tip above the metallic plate with the white cone. The 

movement of the torch can be oscillatory or circular. When forehand welding, the torch is 

moved to the direction of travel of the tip. OAW does have some drawbacks, though, such as 

rougher weld lines that need more finishing for a neat appearance, significant heat affected 

zones surrounding the line of welding that affect the mechanical characteristics of the material, 

and the manual control that the welder must use to control torch movement and filler rod 

application [20]. Jakub Kowalski et al. [21] did research on the effects of straightening ship 

hull structures composed of 316L SS on their mechanical qualities and corrosion resistance. 

Determining the applicability of the flame straightening procedure for 316L steel ship 

constructions was the aim of his research. The tests were performed on 316L steel plates that 

had been flame heated. These plates are used often even in cold environments due to their 

excellent flexibility, adaptability, and corrosion resistance. They are frequently employed in 

shipbuilding to create RSW (refrigerated seawater) holds, which are used to carry fish in the 

water close to 0°C, and LNG petrol tanks, which operate at about 155°C.In the investigation, 

an oxyacetylene torch was used to hot straighten a 316L material plate, which is unusual for 

this kind of steel. The lack of a fair assessment of the stability of the heat treatment process and 

the achievement of the austenitizing temperature has been the primary factor in its limited 

utilisation. By employing water super saturation at 1100°C, the study aimed to achieve a single-

phase austenitic structure with excellent corrosion resistance and no carbide precipitation in 

the steel. All three groups of test plates were put through a tensile test, which highlighted 

distinct variations in their mechanical characteristics. Particularly, the longitudinal direction 

showed a about 4% lower strength limit and a roughly 7% higher flexibility. The strength was 

about the same but slightly greater in the transverse direction of the reference plate in both 

heating settings, and the uncertainty for the tensile and an indication strength was calculated to 

be 0.27%, while the uncertainty for the elongation after fracture was 0.014%. Notably, fractures 

primarily occurred on the exterior or next to the burner's path. The hardness distribution of the 

examined objects' surfaces proved to be non-uniform and to have patterns in both situations. 

The hardness increased between the tracks, where the direct effect of the heat source was 

absent. This hardness distribution resembled a welded joint in that the heat impacted zone, 

particularly close to the fusion path, a region not directly affected by the heat source, showed 

a noticeable hardness increase. Notably, hardness levels measured 1 mm below the heated sheet 

surface showed noticeably less variation. Average hardness for sheets that were naturally 

chilled was 186.5 HV10, but it was 198.0 HV10 for sheets that were cooled in water. The 
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hardness distribution across the thickness of sheets that had been naturally straightened and 

cooled was almost symmetrical. However, the thermal process definitely had an impact on test 

plates that were cooled in a water bath because the distribution of hardness became 

asymmetrical and the minimum hardness plainly migrated towards the heated surface. 

 

 

Figure 2.4: Schematic of Oxy-Acetylene Welding (OAW) Process [22]. 

 

2.1.5 Flux Core - Flux Cored Arc Welding  

When using the flux-cored arc welding (FCAW) technique, the electrode is a continuous 

consumable tube having flux and other materials within. Deoxidizers and alloying components 

are examples of these extra additives. Due to its flexible tubular shape and delivery in coil 

form, the flux-cored "wire" can be continually fed through the welding arc gun. FCAW is 

available in two varieties: self-shielded and gas-shielded. The initially developed type of arc 

welding, self-protected flux-cored welding, gained its name because the arc was covered by a 

flux core. This FCAW type's core is made up of fluxes and other components that produce 

shielding gases to shield the arc. The creation of the second variety, gas-shielded flux-cored 

arc welding, used steel as its primary material. It depends on gases that are supplied from 

outside to shield the arc, similar to gas arc welding. welding with a flux core protected by gas, 

often known as this variation, is a hybrid of (GMAW) and (SMAW) since it uses an electrode 

with its flux in conjunction with separate shielding gases. For mild steels, carbon dioxide is a 

usual shielding gas, while a combination of argon and carbon dioxide has been used for 

stainless steels [12].  Ramazan Yilmaz et al. [23] The impact toughness and microstructural 
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properties of several weldments between AISI 316 L and AH36 steels were investigated using 

(FCAW). The major goal of the study was to look into the effects of different carbon dioxide 

(CO2) ratios on the microstructure, impact toughness, and distribution of microhardness in the 

region between AH36 steel and the weld metal. The results revealed that as the CO2 percentage 

of the shielding gas increased, the impact toughness of the weldment decreased. As the CO2 

level grew, the percent of ferrite in the weld metal dropped and the shielding gas composition 

influenced the microhardness data. Due of the inclusions in the weld metal, the transition zone 

between AH36 and the weld metal enlarged, lowering the notched impact toughness values. 

Flux-core arc welding (FCAW) has grown in renown due to its benefits, which include high 

deposits of weldable metal capability, suitability for automation, versatility in welding 

positions, ease of use, and cost-effectiveness for joining thick-sectioned materials in 

applications including chemical & cargo tanks in the construction of ships. The effects of 

shielding gas composition on weld metal microstructure, microhardness, and notched impact 

toughness were studied. The study includes employing the flux-cored with various shielding 

gas compositions to weld AH36 steel and AISI 316 L. 

 

 

Figure 2.5: Schematic Diagram of Flux-Cored Arc Welding (FCAW) Process  [24]. 

 

2.1.6 High Energy Beam Welding  

 Electron and laser beam welding are both high energy beam welding techniques. High-power 

laser applications are desirable because they can quickly weld the thin [25]. Laser welding has 
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several benefits, including smaller flange widths, greater structural strength, and automated 

processing at rapid speeds [26]. In the past, CO2 lasers were commonly employed in 

automotive body applications. However, recent improvements in Nd: YAG laser science have 

made it possible for them to generate beam energies through optical fibre cables with capacities 

greater than 2 kW. This is particularly beneficial for robotic operations that call for leading the 

laser beam around fixed components. There are several different laser welding systems on the 

market right now, including those that are already used in industries that use CO2 and Nd: YAG 

lasers. It is crucial to distinguish between heat conduction welding and deep penetration 

welding when employing laser beams for welding. At lower power densities or faster welding 

speeds, heat conduction welding occurs. A large and shallow pool of molten material is 

produced when the energy that was absorbed is transmitted into the volume of the workpiece. 

The laser beam is concentrated to a small point for deep penetration welding, and the power 

density can exceed 5x106 watts/m2. The laser beam is fully used, deep seams are produced, and 

absorption efficiency is increased. The amount of energy required to melt and vaporise a 

material is dependent upon its physical properties such as absorption coefficient, heat 

conduction, the wavelength of the light from the laser and the workpiece's surface traits. 

 

 

Figure 2.6: Schematic of Laser Welding Process [27]. 

 

 A tiny heat-affected zone (HAZ), and deep, brittle, and slightly distorted weld profiles are 

typical outcomes of deep penetration welding. Due to its superior energy utilization and larger 

depth-to-width ratios, deep penetration welding is the primary [26].  Kumar et al. [28]  
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investigated the mechanical as well as microstructural characteristics of stainless steel 316L 

samples that were welded with a CO2 laser and had a thickness of 8 mm. The welding procedure 

used 3.5 kW of power, 600 mm/min of speed, and shielding gas Argon. When the welded 

samples were examined, they showed excellent joints with full penetration and no discernible 

porosity or cracks. Impact fracture research discovered that the base metal had a higher energy 

absorption capacity (188 J) than the welded specimens (172 J). Tensile testing revealed that the 

weld joints had stronger strength values (600MPa) compared to the base metal (592 MPa), 

demonstrating that they were dependable.  Additionally, the weld joints passed both the face 

and root bend tests without any obvious holes on the joint surfaces. 

 

2.1.7 Shielded Metal Arc Welding   

Shielded metal arc welding (SMAW), commonly known as stick welding, is a welding 

technique that utilizes heat to produce metal fusion. Heat is generated during this method by 

forming an electric arc between the surface of the base metal and the tip of a covered electrode. 

The SMAW technique employs welding technology to create an electrical circuit, which is 

accomplished by attaching a ground cable with a clamp to the workpiece and a welding cable 

with an electrode holder to maintain the electrode in place. When the electrode makes contact 

with the workpiece, it closes the electrical circuit, causing the electrode to melt and create the 

weld. 

 

Figure 2.7: Shielded Metal Arc Welding Process Diagram [29]. 

 

The consumable electrode serves various purposes, including shielding the arc to prevent 

atmospheric contamination, modifying the mechanical properties of the welded metal to 

prevent excessive grain growth, and enhancing the weld's mechanical characteristics and 
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promoting the cleanliness of its surface. This welding technique is used in a variety of sectors, 

including maintenance and repair, shipping-related activities, pipeline installations, offshore 

development of platforms, and steel structure construction. It is appropriate for welding carbon 

steel, low and high alloy steel, stainless steel, cast iron, aluminium, nickel, and copper alloys. 

[11]. 

 

2.2  Shielded Metal Arc Welding Parameter Determination 

1. Selection of Electrode Diameter 

The electrodes utilized in shielded metal arc welding can be classified into two main types: 

joining electrodes and filler welding electrodes [30]. Depending on its intended application, 

joining electrodes are made specifically to join two metal pieces together, whereas filler 

welding electrodes are used to add material and fill gaps during the welding process. In 

contrast, classified based on various factors, including the strength of the weld metal, suitable 

welding positions, preferred current and polarity, and the type of coating, are the coated 

electrodes. The welding process employs a metal wire ranging from 1.5 to 6.5 mm in diameter 

and 20 to 45 cm in length. When selecting an electrode material, it is important to consider its 

desired qualities, such as high strength, ductility, and toughness. Shielded metal arc welding 

uses molten electrodes to both fill the welding region and produce an arc for the welding 

process. Various factors are considered when choosing the appropriate electrode, such as the 

material type, welding position, welding current, welding slot shape, and workpiece thickness. 

The electrode's diameter is adjusted based on the material thickness and welding slot design. 

In shielded metal arc welding applications, electrodes with core sizes of 2.50,3.25and 4.00 mm 

are commonly used [30]. 

Table 2.1: Various Workpiece Thickness and Their Respective Electrodes. 

Work Piece Thickness 

(D) 

Electrode Core Diameter 

(d/mm) 

D≤ 3 2.5 

3 < D≤20 3.25 

D<20 4.00 

 

The selection of welding current in Shielded Metal Arc Welding greatly impacts the rate of 

deposition, the size and shape of the weld bead, and the depth of penetration. In SMAW, it is 
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common to use direct current polarity with the electrode as positive, as this configuration 

delivers the highest heat input to the workpiece, allowing for greater penetration. When other 

welding parameters remain constant, increasing the current results in deeper and wider weld 

penetration, as well as larger weld bead size.  Additionally, a higher welding current provides 

a larger weld pool, facilitating better fusion between the base metals [31]. 

2. Welding Voltage  

The control of arc length (arc voltage) is crucial in SMAW, and it depends on various factors 

such as electrode composition, sizes, and welding technique. The arc length directly influences 

the arc voltage while these factors remain constant. Both high and low voltages have the 

potential to produce an inadequate circular section. Excessive spatter, porosity, undercut, and 

decreased convexity in fillet welds are all effects of excessive voltage. Conversely, extremely 

low voltage can result in the formation of pores and inadequate coverage along the edges of 

the welded area. Additionally, if a power source with a stable voltage is utilised, the welding 

current rises when the electrode feeding rate is raised and falls when the electrode speed is 

lowered, while all other variables stay constant. This factor is crucial for SMAW welding 

because it affects how quickly droplets move over the arc, which in turn dictates the type of 

metal transfer [31]. 

3. Welding Speed 

The movement of the arc welding along the workpiece or the length of the weld seam formed 

in a certain time frame is referred to as welding speed. Slow welding speeds cause surplus weld 

metal to build up down the length of the unit, ultimately expanding the welding pool. As the 

weld metal accumulates and the heat input increases, the molten metal begins to move towards 

the front of the welding slot, causing disruptions to the formation of a stable arc. Conversely, 

raising the welding speed reduces the amount of heat delivered per unit length, resulting in a 

reduction in the volume of molten primary metal. This reduction adversely affects the wetting 

of the weld seam [30]. 

4. Arc Length 

The occurrence of an arc depends significantly on the distance separating the electrode and the 

workpiece. Having a grasp of the concept of arc length is vital in diverse welding scenarios 

since it enables the differentiation of various arc lengths. The term "normal arc length" pertains 

to an arc length that matches the diameter of the electrode. On the other hand, a long arc occurs 
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when the arc length exceeds the electrode diameter, while a short arc length refers to distances 

smaller than the electrode diameter. Experience has demonstrated that arc blowing is more 

pronounced with a long arc length compared to a short one.  As a result, using a small arc length 

for the task at hand is always advised [30]. Moreover, the arc blowing is reduced when welding 

with coated electrodes as opposed to uncoated or cored ones. Additionally, the blowing effect 

is more noticeable in thin coated electrodes compared to thick ones [30]. 

5. Electrode Angle 

The electrode angle in Shielded Metal Arc Welding determines the weld quality and 

characteristics. It affects penetration, weld profile, heat distribution, and slag control. A steeper 

angle increases penetration and concentrates heat, while a shallower angle reduces penetration 

and distributes heat evenly. The shape and flow of the weld bead, along with the control of slag 

movement, are also affected by the angle [30]. 

2.3 Different Types of Currents 

Welding utilizes three distinct types of electrical currents: direct-current electrode negative 

(DCEN), direct-current electrode positive (DCEP), and alternating current (AC) [32]. 

1. DCEN (Direct Current Electrode Negative) 

In the direct-current electrode negative configuration, the electrode carries a negative charge, 

while the work is positively charged. From the electrode, electrons travel through the arc until 

they touch the surface of the metal being joined. Consequently, the electrode absorbs 

approximately one-third of the welding heat, leaving the remaining two-thirds to be transferred 

to the metal being welded. Formerly referred to as DCSP (direct-current straight polarity), 

DCEN welding current induces rapid melting of the electrode. 

2. DCEP (Direct-Current Electrode Positive) 

When using a direct-current electrode positive (DCEP), the work has a negative charge while 

the electrode has a positive charge. Consequently, the movement of electrons occurs through 

the arc, transferring from the electrode to the metal surface being welded. Due to the dispersion 

of electrons, the electrode receives approximately two-thirds of the welding heat and the weld 

metal receives the remaining third. Direct-current reverse polarity (DCRP), which used to be 

the term for this kind of current flow, is now more commonly referred to as DCEP. The best 

welding arc characteristics are known to be produced by DCEP current [32]. 
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3. AC (Alternating current) 

In an AC system, the electrons change direction every 1/120 of a second, causing the electrode 

and work to alternate between anode and cathode. This rapid reversal of current flow ensures 

that the welding heat is evenly distributed between the workpiece and the electrode, dividing 

the heat equally. As a result, a weld bead with both penetration and buildup is produced. The 

amount of buildup and penetration in the weld is affected by the heat applied to the electrode 

and workpiece. However, the choice of electrode also plays a role in determining the actual 

heat input to the metal being welded. A stronger arc that more forcefully fused with the base 

metal and produced a deeper weld in some circumstances was caused by a higher heat 

concentration at the electrode end. Therefore, just as choosing the right current type, choose 

the right electrode type is essential in defining the shape and penetration of the weld. [32]. 

 

2.4 Literature Review of Different Researchers  

 Several research studies have been conducted on materials, microstructural and mechanical 

properties, employing SMAW welding techniques along with other techniques. Various 

methods, involving different welding parameters, have been taken into consideration. 

 M. Mosaad (2020) et al. [33] Utilising the SMAW technique, it was investigated how the kind 

of electrode affected the welding properties exhibited by AISI 316 stainless steel. Around 30V 

voltage and 100A of steady current in reverse polarity were used to weld. Four passes were 

made at a speed of 8 mm/sec. Stainless Steel was welded in this study E312-17 and E316L-16 

AWS electrodes. Figure 1.8 Show the macrographs of the welded specimens. Which showed 

complete penetration without any cracks or voids. The micrographs of fusion zones show a 

ferrite (dark) and austenitic (light) microstructure, along with coarse columnar grains. 

According to their findings, the welded specimen exhibited increased tensile strength, but the 

percentage of elongation in the welded sample was lower compared to the base alloy. 

Furthermore, the electrode used has an effect on the strength of the steel of the welded junction. 

Electrode E312-17 show higher tensile strength (950 MPa) and a lower elongation percentage 

(48%), while E316L-16 electrodes showed moderate tensile strength (850 MPa) and elongation 

percentage (52%). The fusion zone exhibited higher hardness values at its centre, with a gradual 

decrease observed along the specimens. E312-17 electrodes resulted in higher hardness (60.5 

HRN) compared to E316L-16 electrodes (58 HRN). The heat-affected zone (HAZ) displayed 

a smaller grain size and greater hardness in compared to the base metal. Microstructure was 
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influenced by the cooling rates, wherein the weld zone experienced faster cooling, while the 

base metal underwent slower cooling. In general, the hardness measurements exhibited a 

declining pattern from the WM to the HAZ and finally to the base metal. 

 

Figure 2.8: Macrostructure of (a) E312-17, and E316L-16 electrode [33]. 

 

Figure 2.9: The micrographs display the Microstructure of SS 316 after welding using two types of 

electrodes: E312-17 (a, b) and E316L-16 (c, d) [33]. 

 

Salman et al. (2020) [34] examined the impact of the welding procedure and electrode 

composition on the corrosion properties. They were delivered for connecting, various 

electrodes were utilised. Using (SMAW) and (GTAW) procedures, two sets of samples were 

produced, consisting of AISI 304 & 316 stainless steel plates, respectively. E312-17 or E316L-

16 electrodes were used in SMAW for AISI 304 SS, while ER316L or ER312 electrodes were 

utilised in GTAW. They examined the microstructures of AISI 304 stainless steel SMAW welds 
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made with E308L-16 & E312-17 electrodes and GTAW welds made with ER308L & ER312 

electrodes in the (FZ) and (HAZ). GTAW FZs showed a cellular primary austenitic grain 

structure, while HAZ exhibited a coarser grain structure. In an austenite matrix, SMAW FZs 

displayed skeletal ferrite structure. Observation of AISI 316 stainless steel welds in the fusion 

zone and heat-affected zone revealed the use of E316L-16 and E312-17 electrodes for (SMAW) 

and ER316L and ER312 electrodes for gas tungsten arc welding (GTAW), respectively. In 

GTAW FZs, the presence of acicular ferrite within an austenite matrix was observed, while 

SMAW FZs using E312-17 exhibited a cellular austenitic grain structure, whereas those using 

E316L-16 electrodes displayed an equiaxed grain structure. The microstructures in the HAZ 

changed due to various factors such as temperature, heating rate, duration at elevated 

temperatures, and cooling rate. 

Osoba et al. (2021) [35] conducted a research project examining the impact of heat inputs on 

the mechanical properties and weld profiles of carbon and stainless steel. Materials used in the 

study included steel with a low carbon content plates as well, 316 austenitic stainless-steel 

plates, 6 mm E7018 electrodes, and 6 mm, 308l-15 electrodes. The studies focused on 

integrating 316 austenitic stainless steel in a single V joint configuration with a consistent 3 

mm root clearance. The welding process used was SMAW, with welding parameters set at 80A, 

130 A welding currents, 20 V voltage, and welding speeds of 100 mm per minute. Heat inputs 

of 1.25 and 2.03 kJ/mm have been achieved as a result. The optical microstructures of the initial 

steel with low carbon and austenitic steel used were thoroughly examined in the study. In 

comparison to stainless steel, the steel with a low carbon microstructure had ferrite-ferrite 

boundaries of grain with carbide precipitates, however the stainless steel had a clean ferrite 

matrix. However, deformation was observed in the weld's microstructure, indicating that the 

applied heat input during the welding process caused a redistribution of the phase orientation. 

Microstructural analysis was used to identify the (HAZ) and (FZ) in the welds of low-carbon 

steel. The welds were created using heat inputs of 1050 and 2030 J/mm. The impact of welding 

current on microstructural inhomogeneity can be evaluated using this method. Different 

solidification routes and transformation sequences occur during steel welding, with the 

majority of welds commencing with the formation of ferrite and frequently followed by 

austenite nucleation on the ferrite grain boundaries. The existence of large ferrite grains in the 

heat-affected zone (HAZ) of the weld suggests that the cooling rates were inadequate when 

using high welding currents, resulting in the conversion of austenite into ferrite. There was 

detectable ferrite, its martensite, also and carbide precipitates in the HAZ of the 130 A weld, 
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while the fusion zone revealed particular microstructural characteristics such as martensite 

along the grain boundaries. Martensite development in the Heat affected zone indicated a quick 

cooling process during weld solidification. The study also examined the impact of welding 

current on the microstructure of stainless steel (SS). A welding current of 80 A and a heat input 

of 1.25 kJ/mm was utilized to create the weld. The microstructure analysis revealed that the 

fusion zone primarily consisted of columnar grains, while the heat-affected zone (HAZ) 

exhibited ferrite, grain boundary martensite, and some carbide precipitates. The hardness 

testing indicated increased hardness values in the HAZ, which were attributed to the presence 

of grain boundary martensite. Conversely, the weld fusion zone displayed equiaxed grains and 

inter-dendritic martensite, whereas the heat affected region of the weld produced with a higher 

welding current (130 A) exhibited coarse grain ferrite and grain boundary martensite. The 

presence of coarse grain ferrite in the HAZ, when compared to welds created with a lower 

current of 80 A and heat input of 1.25 kJ/mm, suggested slower cooling rates in certain parts 

of the HAZ. This slower cooling could potentially result in microstructural non-uniformity, 

which may adversely affect the material's strength. Increasing the heat input for welding low 

carbon and stainless-steel samples results in greater hardness in both the zone. In carbon steel, 

adding more heat causes both zones to become harder. However, no matter how much heat is 

applied, the hardness levels in the steel welds remain consistent. Stainless steel welds generally 

exhibit superior tensile properties compared to carbon steel welds, regardless of heat input, due 

to variations in alloy composition. 

Wanees et. al (2020) [36] used the SMAW technique to complete identical welding joints on 

AISI 304 SS plates. They used reverse polarity constant DC welding current on a piece of metal 

that was 600 mm x 50 mm x 10 mm thick. The welding speed was 8 mm per second. The 

welding process was done in four passes. Two different electrodes, E312-17 and E308L-16, 

were used for welding AISI 304 SS plates. They discovered perfect penetration in the welded 

zone without any flaws, such as absence of fusion or the formation of voids, when they 

examined the microscopic image of AISI 304 SS that was welded together with the E312-17 

electrode. The austenitic matrix in the fusion region of AISI 304 SS showed some acicular 

shape and a discontinuous network with vermicular ferrite structure, according to the 

microstructure of the region. In addition, coarse columnar dendritic crystals were seen at the 

fusion zone and along the direction of heat dispersion. Near the fusing line, there were heat-

affected zones (HAZs). When the AISI 304 SS steel's mechanical properties were investigated, 

it was found that the welded joints' values for hardness, tensile strength, & elongation exceeded 
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those of the base material. Due to differences in alloying materials, microstructure, and grain 

sizes, the hardness was particularly higher in the fusion zone compared to the heat-affected 

zone (HAZ) and the base material. The choice of electrodes also influenced the hardness, with 

E312-17 exhibiting higher hardness than E308L-16. After reaching its maximum level, the 

hardness in the heat affected area starts to drop. The area of the HAZ next to the fusion 

boundary exhibits a finely textured composition and greater hardness, while the HAZ 

connected to the base metal demonstrates a coarser grain structure and reduced hardness, all 

within the welded portions. Unlike the vicinity of the base metal where cooling is slower, 

leading to a coarser grained microstructure, the HAZ regions neighbouring the weld/fusion 

zone experience rapid cooling rates. In general, the hardness data indicate that the trend is in 

the direction of declining hardness for base metal, weld metal, and HAZ. For E312-17, the 

hardness ranged from 53 to 59.5 HRN, while for E308L-16, it varied from 51.5 to 58 HRN. 

Moreover, the original alloy showed greater tensile strength and elongation percentage in its 

welded joints. When comparing the welded joints created with E308L-16 electrodes to those 

made with E312-17 electrodes, it was observed that the former had decreased strength but 

improved elongation. The initial alloy displayed a maximum tensile strength of 520 MPa and 

a 70% elongation rate. Following the welding process using E308L-16 electrodes, the tensile 

strength reached 845.8 MPa while the elongation rate decreased to 64%, while findings after 

welding with E312-17 electrodes were somewhat 927.08 MPa and 50.5%. 

In a study conducted by Yousaf et al. (2021) [37] The three separate filler elements (E308, 

E309, and E316L) were employed to weld AISI 316L plates through the SMAW process. The 

study concentrated on the mechanical characteristics of welded AISI316L plates. To assess 

qualities including yield stress, UTS & (%) elongation, tensile tests were performed 

accordingly. According to the results, E308 filler material produced greater yield strength 

(3.66% greater than E309 and 3.94% greater than E316L), greater tensile strength (1.18% 

greater than E309 and 3.00% greater than E316L), and greater percent elongation (2.36% 

greater than E309 and 2.76% greater than E316L) in comparison to the other filler materials. 

Three distinct filler types E308, E309, and E316L were used in the hardness testing.  According 

to the findings, E316L, E308, and E309 had the highest and lowest hardness values of AISI 

316L ASS when SMAW welded. E316L, E308, and E309 each have a hardness value of 

93HRB, 88HRB, and 84HRB, respectively. Similarly, Charpy V-Notch tests were performed 

using the same three filler materials at room temperature. The research results demonstrated 

that E308 exhibited higher impact properties than E309 and E316L, especially when measured 
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in terms of fracture toughness and fracture strength. In contrast to E309 and E316L, the fracture 

toughness and fracture strength of the E308 weldment are 8.27% and 7.86% greater, 

correspondingly. For example, for E308, the values were 141.12 J and 176.4 J/Cm2, for E309 

they were 130.34 J and 162.925 J/Cm2, and for E316L they were 130.83 J and 163.5375 J/Cm2. 

Zumelzu et al. (1998) [38]  research focused on examining how the microstructure affected the 

mechanical properties of welded joints made from 316 L stainless steel (SS). The presence of 

ferrite in the joints varied based on factors such as thermal contribution, WM, & welding 

process employed. Increasing the thermal contribution resulted in a higher ferrite content and 

a notable difference of 50% was observed when using type E 316 L-16 WM and the SMAW 

process. The tensile strength was directly influenced by the thermal contribution, as well as the 

chemical composition of the weld metal and variations in welding speed. To achieve consistent 

tensile strength, it was critical to discover any faults in the welding bead. Chemical differences 

caused the proportion of ferrite in the welding bead to go down. The best mechanical results 

were obtained for 316 L SS weldments by using type E 316 L-16 weld metal, a low thermal 

contribution of 15 KJ/cm, and a 5% ferrite content in the welded connection. The overall 

microstructure of the weld was defined by the process of solidification phase and subsequent 

solid-state transformation, according to SEM measurements. Fusion welding introduced 

modifications to the composition that affected the metallurgy and mechanical strength of the 

joint, highlighting the significance of controlling the weld metal type and welding arc energy 

to attain the desired attributes. Mechanical trials and SEM characterization proved helpful for 

evaluating and estimating the behaviour of welded joints in operation. 

Choubey et al. (2014) [39] The investigation focused on studying the impact of heat input on 

the microstructure and mechanical characteristics of welded austenitic 202-grade stainless 

steel. The joining process employed was shielded metal arc welding (SMAW). They used a 

solid electrode filler called "AWS E308L-16" and tested three different heat inputs with voltage 

settings of 35 V and current settings of 75A, 100A, and 125A. The rate of welding was 2.50 

mm per second, leading to heat inputs of 0.787 KJ/mm, 1.050 KJ/mm, and 1.312 KJ/mm 

consecutively. Microhardness was measured perpendicular to the base plate surface, showing 

varying values within the welded joint based on heat input. The top of the weld bead had the 

highest microhardness, decreasing towards the centre due to different cooling speeds. In the 

heat-affected zone, microhardness was highest for low heat input, followed by medium and 

high inputs. The base metal consistently measured at a specific microhardness value. The 

fusion boundary zone exhibited different microhardness values based on the heat input levels. 
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The existence of partially unmelted grains that serve as nuclei for new precipitating phases 

throughout the solidification process accounts for the elevated microhardness in the fusion 

boundary zone. The microhardness decreases in the HAZ after reaching its peak value, with 

the coarse-grained HAZ exhibiting lower microhardness and the fine-grained HAZ showing 

higher microhardness. Different cooling rates and microstructure in the HAZ and surrounding 

areas account for the observed trends. Order of joint hardness: weld metal, HAZ, base metal, 

fusion boundary. Higher heat input leads to grain coarsening in HAZ, backed by micrographs. 

Tensile strength: low heat input 640 MPa, medium heat input 605 MPa, high heat input 586 

MPa. Elongation: low heat input 28.771%, medium heat input 24.450%, high heat input 

20.083%. Lower heat input provides greater tensile strength and ductility due to smaller 

dendrite diameters and reduced inter-dendritic spacing in fusion zone. Higher heat input causes 

decreased tensile strength and ductility due to larger dendrite diameters and wider interdendritic 

spacing in fusion zone. In addition, the heat-affected region in all tensile specimens shows 

fracture. High tensile strength and ductility can be seen on the fractured surfaces of specimens 

made with low heat input, while dimples made with more heat provide coarser, longer fracture 

surfaces. 

2.4.1 FEM Model for Predicting Thermal History  

Miftin et al. (2020) [40] develop a dependable FEM model that can be used to predict the 

thermal history and residual stresses in welds of carbon steel pipes. The residual stress was 

measured at the welding centre using the hole drilling method and was found to be 611.78 MPa, 

which closely matched the predicted residual stress by the Ansys program. Due to material 

contraction during cooling, high residual stress was seen at the welding centre and increased in 

the areas nearby the weld. The numerical findings demonstrated steady residual stress 

distribution around the weld zone's centre, with a value of around 628.56 MPa, increasing 

towards the weld zone's interface with the heat affected zone, and peaking at about 747.59 

MPa. Relative to the weld location, residual stress dropped quickly in the HAZ and fell to a 

minimum value of 50 mm. While there were some small discrepancies between experimental 

and numerical findings, they were reasonably close. These discrepancies could be attributed to 

differences in assumptions, simplifications, and uncertainties in measurement techniques. The 

position of the gauge for strain on the welded specimen and the non-smooth surface produced 

by welding may affect how precisely the residual stress measurements are made. However, the 

reproducibility of the experimental findings indicated that the positioning of the strain gauge 

had little impact. Overall, the computational method aligned well with the actual distribution 
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of residual stress and agreed with the experimental results. The study's findings can be 

considered reliable engineering data applicable in practical settings. Increasing voltage in 

welding simulations leads to higher levels of induced residual stresses, as the heat input energy, 

which is dependent on voltage, also increases. Similarly, increasing amperage in welding 

simulations causes an overall increase in input heat, increasing residual stress levels in welded 

structures and changing the temperature distribution, assuming constant linear welding speed 

and other variables. 

Vemanaboina et al. (2020) [41] conducted a study on the multipass GTAW welding of SS316L. 

The weldment displayed good welds at temperatures above melting points and was devoid of 

flaws. Between the second and third passes, they successfully resolved faults related to hot 

cracking by integrating interpass temperatures. The results were nicely matched by the a priori 

thermal and mechanical boundary conditions. Peak temperatures in the weldment varied by 

7.24%, as determined by infrared thermography and modelling. From X-Ray diffraction, 

residual stresses were shown to be symmetric and bell-shaped. By incorporating a safety 

margin of 1.025, the combined examination indicated that the distribution of maximum stress 

remained within acceptable limits, ensuring structural durability. Following the final iteration, 

a comparison between residual stress measurements and ANSYS simulation indicated a 

disparity of 16.66%. The authors recommend utilizing a higher heat input during the initial 

pass to achieve a thorough blending of the base and filler materials. Subsequently, for the 

second and third runs, the heat input should be reduced while retaining interpass temperatures 

to minimize temperature fluctuations and residual stress peaks. 

Sojitriya et al. 2015 [42] conducted a study on predicting temperatures during the Single Pass 

Shielded Metal Arc Welding (SMAW) procedure. Utilising the finite element analysis 

programme ANSYS, the study involves doing a 3D thermal analysis of the SMAW procedure. 

The study employed Goldak's dual ellipsoidal heat source model, simulated the filler material 

through the element birth and death method, and considered thermal and mechanical properties 

that vary with temperature. Two K-type thermocouples were utilised in an experimental setup 

to validate the numerical model. The numerical analysis's findings closely matched the 

experimental data, showing that the proposed model's ability to forecast temperature 

distribution during welding was successful. Notably, there was a noticeable temperature 

gradient close to the weld bead and a nonlinear declining pattern in the temperature distribution 

along the transverse direction. 
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Pandi et al. (2014) [43] performed a thermomechanical finite element analysis to evaluate the 

residual stress in butt weld joints of AA7075 aluminium alloy. In order to determine the 

temperature distribution and heat flux in a plate measuring 300x300x6mm, they utilized 

ABAQUS for a basic thermal analysis. By considering heat generation, temperature 

distribution, and residual stress, they developed a three-dimensional finite element model to 

simulate the butt-weld process. In comparison to experimental methods, this strategy is more 

affordable. The simulation results indicate that heat input and welding speed significantly 

influence the weld response. The study's main conclusions and findings are outlined below: Al-

Cu-Mg alloy AA7075 was the subject of a computational finite element analysis of butt 

welding. Using AA7075 Aluminium plates, a method for butt-welding was devised. Increasing 

the welding speed reduces the induced stresses in the plate because faster welding leads to less 

heat absorption by the base metal, resulting in lower stress. Residual stress was estimated by 

changing welding current (50A to 60A) and adjusting welding speed (3, 3.5, and 4 mm/sec) 

using the birth and death element technique in finite element analysis. 

Syukri et al. (2015) [44] conducted research to explore the APDL Graphical User Interface 

approach in thermal simulation for the Butt-joint SMAW process. The research focused on the 

weld specimen of carbon steel ASTM A36 for butt joint SMAW process, with the electrode 

E6013 chosen for the experiment. The study examined various welding parameters, including 

plate thickness (2, 4, 6) mm and welding speed (10, 12.5, 15, 17.5, 20, 22.5 25, 27.5, 30, 32.5) 

mm/sec, Employing the ANSYS software, an investigation is conducted to showcase the 

influence of various welding parameters on the plate as it undergoes the joining procedure. The 

analysis of the thermal simulation yielded several conclusions, including the determination of 

optimal welding speeds for different metal thicknesses. Additionally, the simulation results 

provided evidence that thinner metal plates dissipate heat at a slower rate compared to thicker 

plates, necessitating higher welding speeds for satisfactory welding quality on thinner plates. 

Shenbagavalli et al. (2020) [45] dynamically simulate the projection welding of steel sheets, 

research was conducted and a finite element model with three dimensions was produced. By 

altering the welding parameters and using a non-linear transient thermal analysis, a numerical 

simulation was carried out. For our study state thermal analysis, we used ANSYS 2022R2 to 

create a moving Gaussian-distributed heat source and calculate the temperature distribution on 

the nut and plate. Work plates and weld tool tips are successfully created and imported in 3D 

form for joining two similar types of steel. On the nut and plate, a finite element analysis is 

conducted. Temperature distribution and thermal flux are discovered through thermal analysis. 
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According to the findings, stage 3 has a higher thermal flux and temperature than stage 2. 

During stage 2, the maximum temperature recorded was 1375°C, accompanied by a heat flux 

of 42396 W/cm2. However, in stage 3, the maximum temperature reached was 1461.3°C, with 

a heat flux of 21609 W/cm2. The temperature achieved in stage 3 is deemed adequate to attain 

the melting points of the plates. According to the results of the FEA analysis, stage 3 of 

projection welding is preferred over stage 2. not clean up the burr during projection welding. 

not clean up the burr during projection welding. successfully fixed on the plate and nut by 95% 

projection welding. 

Gohel et al. (2016) [46] conducted a study on the use of 304 austenitic stainless steel as 

the material for the existing work. The workpiece measures 120 mm x 50 mm x 3 mm. Argon 

gas was used as a shield. A symmetrical plate was created to study temperature distribution. 

The analysis considered a convection boundary condition while neglecting the radiative 

boundary condition. Experimental measurements of temperature were taken at distances of 10 

mm, 20 mm, and 30 mm from the weld centre line. The numerical temperature profile was 

validated against the results obtained from ANSYS. The welding parameters used were current 

70 A, voltage 20 V, and welding rate of 3.84 mm/sec. Based on simulation results, the 

temperature at the first distance of the node, which was 10 mm away from the welding centre 

line, showed that two temperatures a highest one of 180.54°C and a lowest one of 165°C had 

an impact on the results. 20 mm from the weld centre line, the second node distance, also 

revealed a highest temperature of 31.785°C and a lowest temperature of 30.176°C. At a 

distance of 30 mm from the weld centre line, the third node experienced two temperatures: a 

highest of 22.211°C and a lowest of 22.165°C. Temperatures at 10, 20, and 30 mm were 

respectively 168°C, 29.5°C, and 20°C higher than the experimental values. 
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CHAPTER 3 

EXPERIMENTAL INVESTIGATIONS 

 

In this chapter, the experiment focuses on studying welding techniques where the molten 

electrode metal is used to join workpieces by filling the weld gap. For welding stainless steel, 

specialized electrodes suitable for the specific marine grade of stainless steel are typically 

required. These electrodes are created to give the required mechanical properties and corrosion 

resistance in the welded joint while also matching the chemical composition of the base metal. 

Various welding parameters are adjusted to ensure proper heat input, preventing issues such as 

excessive heat distortion, grain growth, and metallurgical problems. The microstructure 

analysis involves examining the arrangement, composition, and characteristics of microscopic 

constituents within the weld. It also includes studying the phases present, grain structure, 

solidification structure, heat-affected zone, and detection of defects. To analyse these aspects, 

techniques such as optical metallurgical microscope and scanning electron microscope (SEM) 

are utilized. The mechanical properties of both the original material and the welded samples 

are assessed, focusing on microhardness, compressive properties, and tensile properties. 

ANSYS software was utilized to conduct thermal analysis and examine temperature 

fluctuations in different sections of the plate. 

3.1 Work Materials  

The SS316L austenitic stainless steel has been used as a base material (BM) for present study, 

which was obtained from the Metal World Kolkata, W. B, India. The welding process involved 

the use of filler materials, namely AWS A5.4 E316L-16 and AWS A5.4 E308L-16, which were 

sourced from Excellent Weld-Aids in Kottayam, Kerala, India. The detailed chemical 

composition of base alloy AISI 316L is shown in Table 3.1, and the chemical composition of 

filler materials, electrode E316L-16 and E308L-16 is shown in Table 3.2. In addition to the 

welding materials, cutting-off wheels and flap discs were also utilized. The chemical 

composition of both the base alloy and the filler materials is provided in the table below. 
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Table 3.1: Chemical composition of base alloy SS 316L.  

 

Table 3.2: Chemical composition of filler materials E316L-16 and E308L -16. 

Filler 

Materials 

Elements (wt.-%) 

C Cu Mo Mn Ni Cr Si P S Fe 

E316L-16 0.02 0.05 2.8 0.6 11.6 18.6 0.61 0.03 0.01 Balance 

E308L -16 0.03 0.03 0.02 0.7 9.7 19.4 0.78 0.02 0.01 Balance 

 

3.2 Techniques Adopted for Welding of SS316L  

 
The SS316L austenitic stainless steel is cut using a cut-off wheel to produce plates measuring 

60 mm in length, 60 mm in width, and 2 mm in thickness. Once cut, the plates are filed using 

a stainless-steel flat file and a universal grinding machine to achieve the desired dimensions. A 

total of three sets of samples with identical dimensions are prepared. Before welding, the steel 

plate is polished with the help of emery paper to ensure flat edges. The SMAW technique is 

used for welding of SS316L steel using different filler materials (electrodes). The DCEN 

polarity is employed, where the electrode possesses a negative charge, while the workpiece is 

positively charged. Previously known as DCSP (direct-current straight polarity), this 

configuration is utilized. Using the SMAW technique, the samples are welded in the down-

hand position at a 70-degree angle, employing a single square groove type weld. To reduce 

possible hazards, the welding safety measures ensured the proper utilization of personal 

protective gear, efficient ventilation, and adherence to safe work protocols throughout the 

welding process. The details welding procedure is shown in Figure 3.1.   

Base 

Alloy 

Elements (wt.%) 

C Mn P S Si Cr Ni Mo N Fe 

AISI 

316L 
0.03 2.0 0.045 0.03 0.75 16.0  10.0 2.0 0.1 Balance 
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Figure 3.1: Schematic of SMAW Welding Techniques. 

 

A varying current of 70 A, 80 A and 90 A with a constant voltage of 24 V was utilised to weld 

the specimen using (a) AWS A5.4 E316L-16 and (b) AWS A5.4 E308L-16 electrodes of 2.5 

mm diameter as a filler material, arc length of 3 mm, and the number of passes is one. The 

detailed welding input parameter to weld the specimen using E316L- 16 (designated as A) and 

E308L– 16 (designated as B) filler material is shown in Tables 3.3.  

 Table 3.3: Welding input for specimen by using an electrode of E316L- 16 and E308L – 16 at various 

current.  

Sample 

(ID) 

Welding 

Current (A) 

Arc Voltage 

(V) 

Weld length 

(mm) 
Time (min) 

Travel 

speed 

(mm/min) 

Heat Input 

(KJ/mm) 

A1 70 24 60 0.284 211.26 0.477 

A2 80 24 60 0.229 262.00 0.433 

A3 90 24 60 0.179 335.19 0.386 

B1 70 24 60 0.316 189.57 0.530 

B2 80 24 60 0.243 250 0.460 

B3 90 24 60 0.162 370.37 0.349 

 

After successfully using the welding parameter the welded specimen prepares for further 

characterisation. Figure 3.2 shows the sample of (a) SS 316L plate before welding, and after 

the welding by using an electrode of (b) E316L-16, and (c) E308L-16 respectively. 
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Figure 3.2: Photograph displays the preparation of samples (a) before welding after the welded samples 

using an applied current of 70 A, 80 A, and 90 and electrode of (b) E316L-16 and (c) E308L-16. 

 

To calculate the heat input in Shielded Metal Arc Welding (SMAW), it is necessary to determine 

the amount of energy transferred to the workpiece per unit length by the welding arc [47].This 

can be achieved by applying the following equation. 

                                      Heat input (HI) =
𝑉×𝐼×60

1000×𝑆
                                                                    (1) 

Where, HI is Heat Input in (kJ/mm), V is Arc voltage in volt, A is Welding Current in ampere, 

and S is Travel speed in (mm/min). 

3.3 Characterization Techniques 

After the successful welding of AISI 316L steel the effect of varying current and electrode on 

the microstructure and mechanical properties of the welded specimen has been characterised. 

Before conducting any characterization, a visual inspection was performed on the welded 

samples to detect any surface defects, cracks, or inconsistencies. Following the visual 

inspection, the prepared samples underwent a series of characterization techniques. 

3.3.1 Microstructural Evolution  

The optical microscopic examination was performed to understand the overall morphology of 

the welded samples. To analyse the microstructure, all the welded specimens were prepared 

following the standard ASTM E407. Epoxy resin was used to mount the surface and cross-
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section of the samples, and they were then polished using various grades of emery paper, cloth, 

and diamond polishing to achieve a mirror finish. Following standard metallographic practices, 

the polished samples were etched with Kellings reagent (CuCl2-5gm, HCL- 40 ml and Alcohol- 

40 ml). The microstructural characterization of representative samples was performed using an 

optical microscope Scanning Electron Microscope (SEM). SEM micrographs (Zeiss SMT AG) 

were used to examine the fusion zone (FZ), heat affected zone (HAZ) and any surface 

irregularities, aiding in the identification of features such as surface crack, inclusion or weld 

defects. Compositional analysis was performed using an Energy Dispersive Spectroscopy 

(EDS) system.  

3.3.2. Microhardness  

 The hardness of the polished SS316L and the welded samples was measured using the Vickers 

micro-hardness tester). The measurements were taken on the base, heat-affected zone, and 

fusion zone. Before the hardness tests, the machine was calibrated using a standard test block 

of known hardness. The hardness measurement was started from one end of base region to 

second the end through HAZ and FZ. The average reading of welded zone was used to compare 

with the base material. The hardness was assessed under a normal load of 100 gf with a dwell 

time of 15 seconds. 

3.3.3. Tensile Test  

Transverse tensile specimens (length perpendicular to welding direction) were prepared using 

Electrical discharge machining (EDM) and evaluated in accordance with ASTM E8 standard 

for room temperature tensile tests. The sample design and dimensions for tensile tests at room 

temperature. Cross-head speed (displacement rate) of 1 mm/min was selected for tensile test. 

The 50 KN (Instron®: 8862) tensile testing apparatus used for the room temperature tensile 

tests. Figure 3.3 shows the dimension used to prepare a tensile specimen. 

 

Figure 3.3: Dimension of Tensile welded specimen prepared by WEDM 
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3.4 Transient Thermal Analysis  

In ANSYS, the process of conducting transient thermal analysis includes creating a finite 

element model of the object under study and determining the temperature distribution over 

time. The main steps involved in this procedure consist of (a) geometry creation, (b) meshing, 

(c) material assignment, (d) boundary condition definition, and (e) solution computation. By 

following these steps, a finite element model is generated, which enables the analysis of 

transient thermal behaviour and the acquisition of temperature distribution over time. The 

thermal analysis performed in this study employed the ANSYS 2023 R1 student version and 

encompassed all essential analyses within the transient thermal domain. 

3.4.1 Finite Element Modelling for 316L 

In transient thermal analysis, temperature field (T) of welded plate is a function of time (t). 

Thermal conduction will take place on the metal. The thermal equilibrium equation represents 

the governing partial differential equation for three-dimensional transient heat conduction with 

internal heat generation during welding is given by  [48]. 

𝜕

𝜕𝑥
(Κ𝑥

∂T

∂x
) +

𝜕

𝜕𝑦
(Κ𝑦

∂T

∂y
) +

𝜕

𝜕𝑧
(Κ𝑧

∂T

∂z
) + 𝑄 = 𝜌𝑐

𝜕𝑇

𝜕𝑡
                                            (1) 

Where, T represent the temperature (°C), K stand for thermal conductivity (W/m.°C), 

 c denotes the specific heat (J/kg°C), ρ represents the density (kg/m3), t represents the time 

(min), Q represent the rate of heat generation per unit volume (W/m3). 

Boundary conditions, the specific heat flow acting over surface will be that of surface 

convection and radiation is given by [48]. 

Κ𝑛
𝜕𝑇

𝜕𝑛
= ℎ(𝑇𝑤  − 𝑇𝑓) + 𝜀𝜎(𝑇𝑤

4 − 𝑇𝑓
4)                                                                  (2) 

where, h is the heat transfer coefficient at the model surface, Tw is the temperature of the model 

surface, Tf is the temperature of the surrounding, ε is the radiation coefficient of the black body, 

and σ is the Stefan-Boltzmann constant. 

 The calculation of heat input in (SMAW) involves determining the quantity of energy 

transmitted to the workpiece per unit length by the welding arc. This is done by applying the 

following equation [47]. 

               Heat input (HI) =
𝑉×𝐼×60

1000×𝑆
                                                                                    (3)           
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where HI is Heat Input in (kJ/mm), V is Arc voltage in volt, A is Welding Current in ampere, 

and S is Travel speed (mm/min) 

 

Heat Flux Equation can be calculated using this equation.  

                  Heat flux (q) =
𝐻

𝑆×𝐿
                                                                                        (4) 

where q is Heat Flux in (W/mm2), H = Heat Input in (joules/mm), S= welding Speed in 

(mm/s), L = length of the weld in (mm) 

 

This equation relates the heat flux to the heat input, length of the weld, and welding speed. The 

heat flux is a measure of the amount of heat energy transferred per unit area per unit time, the 

heat input is the total amount of energy delivered to the weld area per unit length of the weld, 

and it is determined by the welding process parameters. Assuming that the heat input is 

uniformly distributed throughout the length of the weld and there are no heat losses, the 

equation enables the calculation of the heat flux, which can be utilized to approximate the 

temperature distribution in the material. 
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CHAPTER 4 

RESULT AND DISCUSSION 

 

4.1 Surface Micrograph Examination of the Welded Region  

The surface micrograph and cross-section image of the SS316L welded plate by using electrode 

of E316L-16 (Figure 4.1 a-c and g-i) and E308L– 16 (Figure 4.1 d-f and j-l), and the current of 

70 A, 80 A and 90 A are shown in Figure 4.1.  

 

 

Figure 4.1: Surface micrograph and the cross-section image of SMAW welded SS316L using E316L-

16 electrode (a-c and g-i) and E308L – 16 (d-f & j-l), at the applied current of 70 A, 80 A and 90 

A respectively. 

 

The weldment of SS316L plate using E308L-16 electrode showed that all specimens exhibited 

partial penetration due to the square butt joint. The same observation has also been observed 

in the welded plate using E308L-16 electrode. At 70 A, the weld pool's depth and width were 

small, and no imperfections were present. At 80 A, the weld pool had a small depth, but some 

gaps were observed in the lower region. The presence of a gap can be attributed to an incorrect 

or inconsistent electrode angle, which can cause uneven heat distribution and insufficient 

fusion. Similarly, inadequate fusion and the formation of gaps can result from improper joint 
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cleaning or the presence of gaps or inconsistencies in the joint configuration. The detailed 

process parameter is shown in Table 3.3. From the table it is observed that as the current 

increases from 70 A to 90 A the heat input decreases from 0.477 to 0.386 KJ/mm; however, the 

decrement in heat input is more for increase in current from 80 A to 90 A. Figure 4.1, shows 

the wideness of the welded zone increases as the current increases from 70 A to 80 A while 

further increase in current from 80 A to 90 A the welded zone and the depth of penetration 

decreases. As the current increases from 70 A to 80 A, the decrement in heat input is less which 

increases the time of surface melting and intermixing resulting increasing the depth of 

penetration. As the current increases from 80 A to 90 A, less depth of penetration is observed 

which possibly occurred due to the high welding speed, less intermixing and melting time. 

Overall, it has been observed that as the welding current increases, the width of the welded 

region increases and depth of penetration is decreases. This observation aligns with the 

comparison of welding parameter data, indicating that these factors contribute to changes in 

the macrostructure. Based on the findings, it can be concluded that an increase in welding 

current leads to an increase in welding speed for each specimen. Additionally, an increase in 

welding current results in a decrease in arc time and heat input on the weld region for each 

specimen. 

4.2 Microstructure  

Figure 4.2 shows the optical microstructure of (a) base alloy, and optical microstructure of 

SMAW welded SS316L alloy using an electrode of (c) E316L-16 and (e) E308L-16 

respectively, and (b, d & f) is high magnification image of figure a, c, and d using 80 A current 

respectively. The microstructure of base material (SS316L) shows the presence of ferrite in 

austenitic matrix. Figure c and d shows the fusion zone & heat affected zone. In addition, the 

welded sample shows the fusion zone exhibited a microstructure consisting of a ferrite (dark) 

and austenitic (light) structure. The high magnification image (d and e) shows that the grains 

are finer and elongated along the heat decrement direction near the fusion zone.  
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Figure 4.2: Optical microstructure of (a) base alloy, and optical microstructure of SMAW welded 

SS316L alloy using an electrode of (c) E316L-16 and (e) E308L-16 respectively, and (b, d & f) is high 

magnification image of figure a, c, and d using 80 A current respectively. 

 

SEM microstructure of SMAW welded SS316L are shown in the Figure 4.3. Figure 4.3 a and 

c shows the welded specimen using an electrode of (a) E316L-16 and (c) E308L-16 

respectively, and Figure 4.3 b and d shows the high magnification image of the Figure 4.3 a 

and c. From the SEM results, it has been observed that the weld beads obtained from two 

different electrodes showed clearly the welded and heat affected zone. The high magnification 

image shows there is presence of micro porosity that occurs due to the inclusion of residual 

gases in weld pool and after cooling these gases are trapped into the melt matrix resulting 

porosity. The porosity in welded sample might be observed because of no shielding gases, 

inadequate gas coverage, and possibly incorrect electrode angle. Additionally, the composition 

of the base metal, including elements or impurities such as sulphur, phosphorus, or carbon, can 

contribute to porosity formation.  
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Figure 4.3: SEM microstructure of SMAW welded SS316L alloy using an electrode of (a) E316L-16, 

(c) E308L-16 respectively, and (b and d) is high magnification image of figure a and c, using 80 A 

current respectively. 

 

The EDS spectrum images of welded zone is shown in Figure 4.4. Figure 4.4 a and b shows 

the EDS image of welded zone (using an electrode of E316L-16) and the presence of elements 

in respective zone. Similarly, the Figure 4.4 c and d shows the EDS image of welded zone 

(using an electrode of E308L-16) and the presence of elements in respective zone. The 

elemental analysis confirms that there is not the presence of any secondary element, oxides and 

carbides. The percentage of elements are showing similar pattern. Figure 4.4 c shows the high 

magnification of fusion zone showing porosity, and not presence of any other secondary phase 

in this region. The elevated Fe content is associated with an increased formation of ferrite in 

the microstructure. The presence of higher Fe content resultant ferrite formation in the weld 

samples depend on several factors, including the specific welding process and the composition 

of the base metal.  
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Figure 4.4: EDS spectrum images of welded zone using an electrode of (a) E316L-16 and (c) E308L-

16, and (b and d) is showing the presence of elements (wt.%) in respective region. 

 

4.3 Mechanical Properties 

4.3.1 Microhardness 

The Vickers microhardness profiles of welded samples using electrode E316L-16 & E308L-16 

at an applied current of 70 A, 80 A and 90 is shown in Figure 4.5. The hardness has been taken 

from the one end of base region to second end of base region through the heat affected zone 

and welded zone at every 250-micron distance, to understand the hardness trend at base, FZ 

and HAZ region. From the figure it may be observed that the fusion zone (in the middle) 

exhibits higher hardness, which gradually decrease along the heat affected zone and the base 

sample. The higher hardness possibly occurs in the fusion zone due to fine grain structure. This 

phenomenon has also been attributed to the presence of electrode elements, variation in grain 

size, and the presence of ferrite structure within the internal composition of the SS 316L welds. 

The HAZ adjacent to the fusion boundary exhibits a fine grain size, resulting in higher 

hardness. Conversely, the HAZ adjacent to the base metal shows a coarser grain structure, 

leading to lower hardness values. The areas adjacent to fusion zone experience a relatively 

faster cooling rate, resulting in a finer-grained microstructure. On the other hand, the area 

adjoining the base metal undergoes a slower cooling rate. In general, the hardness 
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measurements indicate a decreasing trend in the weld metal and HAZ, following this order 

which is shown in Figure 4.5. 

 

 

Figure 4.5: The hardness trend of welded samples using electrode E316L-16 (designated as A) & 

E308L-16 (designated as B) and current of 70 A (A1 and B1), 80 A (A2 and B2) and 90 A (A3 and B3) 

at the fixed distance. 

 

The hardness at the fusion zone has been taken in both the samples and the average of 15 

readings has been taken to draw a bar graphs which is shown in Figure 4.6. From the bar graphs, 

it can be observed that the welded using E316L-16 electrodes displayed greater hardness 

compared to those welded using the E308-16 electrodes. It was also noted that among all the 

samples, as the current is increasing the hardness at the fusion zone increasing. The welded 

sample A2 (E316L-16 and current 80 A) shows a highest value of 223.38 HV compared to 

other welded samples. This could be attributed to the lower heat input and higher welding 

speed. As a result, the width of the weld pool increased, as observed in the macro structure, and 

the less penetration was also consistent in both samples. 
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Figure 4.6: The diagram shows the hardness of fusion zone of welded samples using an electrode of 

E316L-16 and E308L-16 and current of 70 A, 80 A and 90 A. 

 

4.3.2 Tensile strength 

Tensile testing was performed on all the welded samples to study the relationship 

between applied stress and strain which is shown in Figure 4.7. The graph depicts the tensile 

stress versus tensile strain, with the x-axis representing the applied strain (fractional change in 

length) and the y-axis representing the corresponding tensile stress (force per unit area). As the 

stress increases, the material reaches the yield point, where it undergoes plastic deformation 

and does not fully regain its original shape upon stress removal. The strain increases more 

rapidly than the stress during this phase. Beyond the yield point, the material enters the plastic 

region. In this region, the graph shows a gradual and nonlinear increase in stress with strain. 

The material continues to deform plastically, and the strain increases at a relatively constant 

rate. This leads to permanent deformation. After reaching the peak, the stress begins to decline 

before the material ultimately fails or fractures. The stress at which fracture occurs is ultimate 

tensile strength (UTS), representing the maximum stress the material can withstand before 

failure. At this point, the material starts experiencing necking, resulting in narrowing and 

eventual fracture. The figure shows that the base sample exhibited the highest yield stress 

compared to all the welded samples. The detailed tensile results, i.e., yield strength, ultimate 

tensile strength and elongation percentage are demonstrated in Table 4.1.  
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Figure 4.7: The diagram shows the Tensile stress vs strain graph of welded sample using an electrode 

of E316L-16 and E308L-16 and current of 70 A, 80 A and 90 A. 

 

The tensile test results shows that the yield strength for E316L-16 electrode welded 

sample is decreasing from 253 N/mm2 to 232 N/mm2 and for E308L-16 electrode welded 

sample decreasing from 211 N/mm2 to 164 N/mm2 by increasing the welding current of 70 A 

to 90 A. However, the ultimate tensile strength of welded sample first increasing from 253 to 

262 N/mm2 as welding current increasing from 70 A to 80 A and further increasing in current 

from 80 A to 90 A it decreasing to 233 N/mm2. The similar trend has also been observed for 

the E308L-16 electrode welded sample.  

Table 4.1: Hardness of SMAW welded SS316L alloy using an electrode of E316L-16 and E308L– 16 

at the applied current of 70A, 80A, and 90A. 

 

Sample (ID) Hardness (HV) 
Yield stress 

(N/mm2) 
Elongation (%) 

Ultimate Tensile 

stress (N/mm2) 

Base 212 552 42 565 

A1 214 253 3.1 253 

A2 223 246 2.8 262 

A3 208 232 2.6 233 

B1 190 211 2.7 211 

B2 218 189 2.0 202 

B3 168 164 1.9 190 

 

The increasing in UTS with increasing in applied current occurs due to higher depth of 

penetration and uniform intermixing at the welded region while 90 A applied current has lower 
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strength because of lower depth of penetration and higher welding speed. The microstructure 

also confirms that the higher current has less depth of penetration and relatively higher trapped 

porosity. The elongation percent of all the welded sample varies from 1.9 to 3% which is lower 

compared to the base material. The tensile results confirmed that the mechanical strength of 

the welded sample depends on the welding parameter and welding technique. 

4.4 Methodology of Thermal Analysis 

The thermal analysis of welded zone was carried out using ANSYS 2023 R1 student version. 

For thermal analysis all the necessary analyses have been carried out in the transient thermal 

domain. 

4.4.1 Geometry Creation 

The geometry of the model was generated using the design modeler in ANSYS. The experiment 

involved two different dimension plates for two different electrodes. The first model consisted 

of two plates measuring 60 mm x 60 mm x 2 mm, which were welded together using SMAW 

techniques as depicted in the Figure 3.2. To represent the welding area, a half-circle with a 

diameter of 1 mm was incorporated into the models, and a penetration depth of 2 mm was 

included in the welded region. The entire model was constructed within ANSYS. 

 

Figure 4.8: (a) The dimensions of the initial model are 60mm x 60mm x 2mm (b) Displays the side 

view of the welded region. 
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4.4.2 Meshing 

The ANSYS default meshing provided in this model is sufficient for simple analyses due to its 

appropriate meshing. However, for more complex investigations, it becomes essential to 

customize and refine the mesh size in critical areas to enhance accuracy and achieve better 

results. The figure presented illustrates the usage of a refined meshing, indicating the model's 

geometry with excellent skewness, which signifies a well-optimized mesh using ANSYS's 

default meshing. 

 

Figure 4.9: (a) Shows meshing, (b) showing the geometric area of welded region (c) shows the 

skewness meshing for welding specimen. 

4.4.3 Material Assignment and Boundary Condition 

SMAW techniques were employed to weld the stainless steel 316L material. The thermal and 

mechanical properties of the base material is shown in Table 4.2 [49]. These properties were 

subsequently inputted into Ansys engineering data to analyse the geometry of the two plates 

and the welded region. The plates and the welded region both utilized the same SS316L 

properties in the model, considering that the material melts during welding and forms a joint. 

An ambient temperature of 33°C has been set as a boundary condition for the transient thermal 

analysis. Both the plate body geometry has been assigned a convection heat coefficient, also 

known as the film coefficient, of 25.32W/ (m2 K) for steel is considered. The heat flux obtained 
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from the calculation has been applied to the welded region based on the corresponding time 

required to complete the weld, determined experimentally.   

Table 4.2: Thermal and mechanical properties of the base materials [49]. 

Materials 
Thermal 

Conductivity 
Density 

Specific 

Heat 

Yield 

Strength 

Poisson’s 

Ratio 

Coefficient of 

Thermal Expansion 

Units W/m K Kg/m3 J/kg K MPa - - 

SS 316L 21.26 7817 572 193 0.3 15.6 e-6 

 

4.4.4 Solution 

Two different types of electrodes, namely the E316L-16 and E308L-16, were employed in the 

welding process. These electrodes were used to weld 316L material using the SMAW 

technique. The heat input and heat flux were determined by utilizing the welding parameters 

and equations (3) and (4). The analysis results are presented in the table below. 

Table 4.3: The utilization of electrode E316L-16 & E308L-16. 

Specimen ID 

(A) 

Current Voltage Welding Speed 

[mm/min] 

Heat Input 

(kJ/mm) 

Heat Flux 

(W/mm2) 

A1 70 24 211.26 0.477 2.25 

A2 80 24 262.00 0.433 1.65 

A3 90 24 335.19 0.386 1.15 

B1 70 24 189.87 0.530 2.80 

B2 80 24 250 0.460 1.86 

B2 90 24 370.37 0.349 0.948 

 

Observations indicate that when specimen sample A is welded with electrode 316L-16, an 

increase in welding current corresponds to an increase in welding speed for all A specimens. 

This implies that the electrode spends less time in contact with the base metal, resulting in 

reduced heat input. For instance, when using electrode E316, specimen A1 with a current of 

70A and a welding speed of 211.26 mm/min yielded the highest heat input value among all A 

samples, measuring 0.477 KJ/mm. However, at 90A, the welding speed increased to 335.39 

mm/min, resulting in a lower heat input value of 0.386 KJ/mm. Consequently, this may reduce 

the size of the overall heat-affected zone (HAZ), potentially minimizing distortion and heat-

related issues in the weldment, as observed in the macro structure of all A samples. 

Furthermore, the faster welding speed leads to quicker cooling of the deposited weld metal. 

This rapid cooling can influence the microstructure, potentially resulting in a finer grain 
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structure, as seen in the microstructure of A samples. This finer grain structure enhances the 

mechanical properties of the weld, including increased strength and toughness. Additionally, 

increasing the welding speed can reduce weld penetration, as observed in the macrostructure 

of all A samples, indicating partial penetration. This is due to the shorter duration of the arc in 

contact with the base metal, limiting the depth of weld penetration into the joint. Faster welding 

speeds often produce narrower and more elongated weld beads, which can affect the overall 

appearance of the weld. Similar results were observed in specimen samples of B, where 

electrode E308l-16 was used. Increasing the current also increased the welding speed, leading 

to a decrease in heat input. when using electrode E316, specimen A1 with a current of 70A and 

a welding speed of 189.87 mm/min yielded the highest heat input value among all A samples, 

measuring 0.530 KJ/mm. However, at 90A, the welding speed increased to 370.37 mm/min, 

resulting in a lower heat input value of 0.349 KJ/mm. 

4.4.5 Temperature Distribution 

The temperature distribution and the maximum and minimum temperatures on the welding 

plate were determined by analysing the specimen A1, along with various data obtained from 

the welding parameters and equations. These values were inputted into the transient thermal 

analysis in ANSYS. Temperature distribution on specimen (A1) with a current of 70 A welded 

by Electrode E316L-16 is shown in Figure 4.10. 

 

 

Figure 4.10: Temperature distribution on specimen (A1) with a current of 70A welded by Electrode 

E316L-16. 

 

The figure illustrates the temperature distribution, typically represented using a colour map, 

where colours like blue or green indicate lower temperatures, transitioning through 



 
 

46 
 

intermediate colours like yellow or orange, and ultimately ending with a warmer colour like 

red to represent higher temperature regions. Furthermore, the figure demonstrates that the 

temperature decreases from the red-coloured welded region towards the blue-coloured area 

along the plate.  

Table 4.4: Electrode Utilized for Specimen (A) is E316L-16 & E308L-16. 

 

 

  

 

 

 

The heat flux applied at the welded region for specimen A1 is 2.25 W/mm2. The corresponding 

welding time required to complete the welding is 17.06s. The analysis results show that the 

maximum temperature at the welding region reaches 1637.5°C, indicated by its red colour. On 

the other hand, the minimum temperature at the end of the plate is 34.806°C, represented by 

its blue colour. Table 4.4 shows the maximum and minimum temperature in welded sample 

using an electrode of E316L-16 & E308L-16analysis on the A1 and other remaining specimens 

of A2, A3, B1, B2, and B3. From the table it has been observed that the welding sample (A1) 

reached its highest maximum temperature at 1637.5, taking 17.06 seconds to complete the 

weld. On the other hand, the lowest temperature for (A2) was 706.69, with a completion time 

of 10.74 seconds. Similarly, in the case of welding sample (B1), the maximum temperature was 

2121.3, and the completion time was 19.0 seconds. For welding sample (B3), the lowest 

maximum temperature recorded was 566.14 degrees Celsius, and the completion time was 9.75 

seconds. It can be observed from both specimens that as time decreases, the temperature also 

decreases. This correlation is reflected in the heat input, where a shorter duration of the arc 

generates less heat. Generally, a longer welding time allows for a higher heat input, resulting 

in a higher temperature. Conversely, a shorter welding time limits the heat input and can lead 

to a lower temperature [50]. 

4.4.6 Correlation of Welding Temperature with the Microstructure 

The temperature distribution from the centre region of the welded zone to base region of the 

welded sample using E316L-16 and E308L-16 and 80 A current is shown in Table 4.5.  

Specimen ID 

 (A) 

Time (sec) Maximum 

Temperature  

Minimum 

temperature 

A1 17.06 1636.7 34.803 

A2 13.74 1106.1 34.815 

A3 10.74 706.69 34.847 

B1 19.0 2121.3 34.837 

B2 14.62 1274.9 34.808 

B3 9.75 566.14 34.858 
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Table 4.5: The distance and temperature of the specimen at different locations. 

 

 

 

Figure 4.11: Temperature distribution of welded sample and microstructure at the respective distance 

using an electrode of E308L-16 and 80 A current.  

 

From the table it is observed that the temperature decreasing from centre of welded zone to 

base region for both the samples. The temperature is more for the welded sample using an 

electrode of E308L-16 and 80 A current. The correlation of welding temperature with the 

microstructure at the respective distance using an electrode of E308L-16 and 80 A current is 

shown in the Figure 4.11. The figure shows that the temperature is highest in the welded region. 

Since, the cooling rate is maximum at this position resulting the fine grain microstructure has 

been observed. As the temperature decreasing the microstructure shows relatively coarser 

grain. The microstructure at the distance of 5 mm shows the heat affected zone and the 

respective microstructure confirms coarser grain structure compared to the welded zone. 

Distance 

Location 

(mm) 

0.5 0.6 0.7 0.8 0.9 1 3 5 10 60 

A2 (Temp 

in ᵒC) 
989.51 988.84 986.95 983.84 979.51 973.96 744 579.18 300.16 34.997 

B2 (Temp 

in ᵒC) 
1143.2 1142.5 1140.4 1136.8 1131.9 1125.7 869.04 678.19 356.66 34.997 
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CHAPTER 5 

CONCLUSION AND FUTURE SCOPE 

 

5.1 Conclusion 

In the present study, SMAW welding process has been used to join SS316L using varying 

current (70 A to 90 A) and two different kinds of electrode (E316L-16 and E308L-16). The 

effect of process parameters on the microstructure, mechanical properties and temperature 

distribution in weldments with correlation with the microstructure has been studied. The 

following conclusions can be taken from the detailed analysis, and they are summarised below:  

1. The applied current, welding speed, heat input, and properties of electrode affect the 

weld penetration. As the welding current increases the wideness of the welded zone 

first increases from 70 A to 80 A, while further increases in the current, welded zone 

and the depth of penetration decreases. 

2. In the surface micrographs of all the samples, it was observed that by using an electrode 

of E316L-16 with an increased welding current, there was an increase in the width of 

the weld pool without any defects. However, when E308l-16 was used with a welding 

current of 80 A, a gap defect was identified which may attributed to presence of a gap 

and it depends on several factors such as incorrect or inconsistent electrode angle, 

leading to uneven heat distribution and inadequate fusion. 

3. The microstructure shows, the finer grain structure at the welded zone, and coarser grain 

at the heat affected zone compared to base. 

4. The hardness of weldment first increases with increasing in current from 70 A to 80 A 

due to finer grain structure; however, further increases in the current up to 90 A the 

hardness of the weldment decreases due to less higher welding speed and low 

intermixing. The microhardness test results revealed that both E316L-16 and E308L-

16 exhibited their highest hardness at 80 A, with values of 223 HV and 218 HV, 

respectively. 

5. The tensile test results show that the yield strength for E316L-16 electrode welded 

sample is decreasing from 253 N/mm2 to 232 N/mm2 and for E308L-16 electrode 

welded sample decreasing from 211 N/mm2 to 164 N/mm2 by increasing the welding 

current of 70 A to 90 A. However, the ultimate tensile strength of welded sample first 
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increased from 253 to 262 N/mm2 as welding current increased from 70 A to 80 A and 

further increased in current from 80 A to 90 A it decreasing to 233 N/mm2. 

6. The thermal analysis of SS316L revealed that as the welding current increased, the time 

required to complete the weld decreased in all samples. Additionally, the temperature 

of both electrode samples decreased as the welding time decreased, as indicated by the 

simulation results. The temperature distribution of the samples along the plate was also 

observed in different regions. 

7. The heat input and microstructure correlation confirm that the finer grain structure at 

near the welded zone (up to 1 mm distance from centre) and coarser at the heat affected 

zone (5 mm distance from centre). 

 

5.2 Future Scope of the Research 

In the present study though the SS316L weldment, characterization, and property evaluation 

has been made using varying current and electrodes; however, large numbers of studies need 

to be undertaken which was beyond the scope of the present investigation and may be 

summarized as follows: 

(1) Corrosion and wear study of weldments needed for the application in ship structures. 

(2) In future investigations, another marine grade material, welding technique, especially 

high energy beam welding will be incorporated along with the exploration of various 

parameters, including corrosion tests. 

(3) Comparison of the cost and parametric study of the weldment fabricated by different 

processing routes. 

(4) In upcoming experiments, advanced temperature measuring equipment such as K-type 

thermocouples, Fluke devices, and similar tools will be utilized for precise temperature 

measurement along the welded area and to evaluate its impact on the plate. 

(5) Furthermore, a more comprehensive thermal analysis will be conducted using the 

APDL (Ansys Parametric Design Language), which allows sophisticated engineering 

simulations based on the Finite Element Method (FEM). 
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