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ABSTRACT

Maritime-grade stainless steel, such as Duplex 2205 and 316L, is widely utilized in
shipbuilding constructions, cargo tanks, offshore oil rig platforms, and many other maritime
sectors. Austenitic and duplex stainless steels are also widely used in a variety of manufacturing
industries and other domains. Because of its unique structural combination of ferrite and
austenite grains, it has various benefits like high strength, excellent toughness, and resistance
to pitting, crevice corrosion, and stress corrosion cracking. In the present study, shielded metal
arc welding is used to weld two dissimilar materials DSS 2205 and SS 316L of dimension 60
mm x 60 mm x 2 mm. Two different types of electrodes such as ER2209 and E316L-16 is used
to perform the welding, and also the current are varied from 80A to 100A at constant voltages
of 24V to investigate the weld quality characteristics. A detailed investigation was conducted
into the effects of electrodes and current on the mechanical characteristics and microstructure
of welded specimens. Furthermore, the weld deposition has been investigated by weighing the
welded sample before and after welding. The results shows that weld deposition initially
increases with an increase of welding current from up to 90A, and then it declines from 90 to
100A. Moreover, transient thermal analysis based on FEM is performed by using ANSYS
software, and simulated temperature of weld zone is obtained. Infrared thermal imager is used
to capture the actual temperature of weld zone. The actual temperature obtained from thermal
imager also validates the simulated temperature. Based on micrograph, martensite and austenite
formation has been observed in the duplex stainless steel region and ferrite and cementite has
been observed in 316L stainless steel region.

This thesis is divided into six chapters. The first chapter provides an overview of steel welding
and its applications across various fields, with a focus on the distinguishing features of SMAW
welded samples of DSS 2205 and 316L stainless steel. Chapter 2 reviews the literature on
various stainless steel processing techniques and the properties of DSS 2205 and 316L stainless
steel, including microstructural, mechanical, and thermal analyses using the Ansys software,
and their applications. Then, it identifies gaps in the existing literature and sets targets for
addressing problem identification. Chapter 3 details the materials and procedures used in this
study and discusses the various characterization strategies employed. Chapter 4 presents the
results and discussion of SMAW welded DSS 2205 and 316L stainless steel, including an in-
depth investigation into how changes in current and electrodes affect the mechanical properties
of these materials. Additionally, this chapter uses the Ansys software tool to study temperature
distribution and heat flux during the welding of DSS 2205 and 316L stainless steel. Finally,

viii



Chapter 5 provides a comprehensive summary of the study, along with an exploration of the
future scope and additional possibilities for ongoing research on SMAW welded DSS 2205 and
316L stainless steel.

Keywords: microstructure, mechanical properties, Duplex 2205, SS316-L, ER2209, electrode

material, shielded metal arc welding



CHAPTER 1
INTRODUCTION

Welding is defined as a joining process that produces fusion of materials by heating them to
the welding temperature, with or without the application of pressure alone, and with or without
the use of filler metal. "In simpler terms, a weld occurs when individual pieces of material are
joined together by heating them to a temperature that causes them to soften or melt and fuse
into a single unit." Welding is very important in the shipbuilding industry [1]. There are several
kinds of welding methods, such as friction welding, laser welding, arc welding, metal inert gas
(MIG) welding, Oxy acetylene welding, TIG welding, and Shielded metal arc welding
(SMAW), used in shipping industries. But SMAW is a simple and affordable welding
technique, it is also known as “stick welding” or manual metal arc welding mostly used in
shipping industries [20]. According to the American Welding Society, common applications
of welding include construction, pipelines, machinery structures, shipbuilding, job shop
fabrication, and repair work [19]. Dissimilar welding allows the joining of materials
characterized by good mechanical properties with another material but of lower quality without
altering the soundness of the joint, and it must meet the requirements of strength and safety of
the structure being joined [2]. Initially, the shipping industry was facing greater difficulty in
achieving the required weld strength after welding the two dissimilar base metals. Metal fillers
that are appropriate for the materials being joined are chosen to overcome this strength problem
[7]. Austenitic stainless steel is divided into the 200 series and the 300 series, which are its two
subgroups. Because the 200 series contains more manganese and less nickel, it has a higher
yield strength, which limits its use in a wider range of applications. The 300 series, which
includes types 304 and 316, are primarily alloyed with nickel, manganese and nitrogen are
commonly utilized to minimize the amount of nickel used. The "L" classification in 316L
denotes that, in comparison to ordinary 316 steel, this grade of steel has a lower carbon content,
which helps to minimize stress corrosion cracking [13]. Austenitic stainless steels remain the
most popular grades due to their unique combination of high weldability, strengthening ability,
ductility, and toughness even at extra-low temperatures. The good weldability of austenitic
stainless steel is affected by the hot cracking that occurs during the welding operation. This
defect is referred to the presence of a susceptible chemical composition (low-melting-point
constituents such as sulfur) and a high level of restraint or tensile stresses present in the weld

[6]. To overcome the problems associated with SS 316L weldment, several metallurgists have



investigated the welding behavior of duplex stainless steel 2205, which has excellent strength
relative to SS 316L. "Furthermore, welding duplex stainless steel to other steel types becomes
essential when building ship tanks for transporting chemicals because in the 1990s, austenitic
steel was the main material used for constructing tanks for chemical cargo carriers." (AlSI 316,
316L, and 316LN) [29] and it was not showing the better durability. DSS 2205 stainless steel
is not only stronger than conventional marine grade 316L but also has significantly greater
strength, because of the more content of nitrogen, nickel, chromium, and molybdenum in this
material [5]. DSS 2205 has nearly twice the strength of standard SS 316L. Because austenitic
and duplex stainless steels have approximately similar chemical composition and mechanical
properties, they are frequently joined in maritime applications to achieve superior durability
[8]. Application of DSS 2205 includes pipelines in pipes for offshore oil and gas as well as
desalination plants, petrochemical, paper, and pulp industries [3, 26-27]. Most tanks that are
constructed today are made of 2205 duplex steel [29]. Because of the several benefits than
316L such as exceptional mechanical properties like high strength, toughness, elasticity

modulus, and stress resistance [30].
There are some common welding techniques used in shipbuilding and marine industry [1].

Shielded metal arc welding (SMAW)

Submerged Arc Welding

Gas metal arc welding (GMAW)

Gas tungsten arc welding (GTAW)

Oxyacetylene Welding (OAW)

Flux Core- Flux-cored arc welding (FCAW)

7. High-energy welding processes such as Laser welding

1.1 Shielded metal arc welding (SMAW)

© o~ w DD -

The SMAW method of welding involves creating an electrical circuit with a ground cable that
has a clamp to secure it to the workpiece, a welding machine to generate the electricity, and a
welding cable with an electrode holder to hold the electrode. By contacting the electrode with
the workpiece, causing the electrode to melt, and creating a weld. The consumable electrode
provides gas protection to shield the arc and stop the molten filler metal from becoming
contaminated by the air, including components to alter the welded metal's mechanical

characteristics and stop excessive grain growth, improving the weld metal's mechanical



characteristics and surface cleanliness. Figure 1.1 presents the shielded metal arc welding

process.

Electrode Covering

Core Wire

Shielded Atmosphere
Weld Pool

Solidified Siag

..------..------~ 4454/ Penetration
A Weld Metal A\ i Depth

f Base Metal

-Metal And Slag
Droplets

Direction Of Welding ——————s

Figure 1.1: Welding of shielded metal arc process (SMAW) [34].

The maintenance and repair sector, the shipping industry, pipelines, offshore platforms, and
the building of steel structures, are the industries that use this welding technique. These
techniques have the following benefits [1], quick and extremely consistent production of high-
quality welds is possible, one machine can combine metals of different kinds and thicknesses,
The equipment is inexpensive, easy to use, adaptable, portable, and allows for positional
welding, fit for welding in an off-position. The following are drawbacks of this method [1],

limited efficiency due to high heat loss.
1.2 Submerged Arc Welding

In submerged arc welding, an electric current flowing between the welding wire and the
workpiece forms an arc, which produces the heat needed to fuse the metal. Submerged arc
welding flux is a coating of granulated mineral material that covers the workpiece, the arc, and
the tip of the welding wire. No visible arc, sparks, splatter, or smoke are present. The end of a
bare wire electrode is kept in contact with the work to sustain an arc. A regulated motor powers
a set of wheels that feed the melting electrode into the arc. The wire feed speed is automatically
adjusted to match the rate of electrode melting. Hence the name "submerged arc,” as the arc
functions beneath a layer of granular flux. Over the weld pool, some of the flux melts to form

a protective layer. As long as the residual flux is clean, dry, and not polluted, it can be retrieved

3



and utilized again. There is a semi-automatic variant that allows the user to operate a welding
gun that holds a tiny amount of flux in a hopper [1]. Figure 1.2 represents the submerged arc

welding process.

O
r

Wire

& 5

AC or DC

Current amet—— = lk

Weld Metal Molten pOOl Workpiece

Welding Flux

tl
B

Figure 1.2: Welding of submerged arc process [35].

This type of welding has the following benefits [1], it can produce consistently high-quality
welds with a minimum amount of operator skill, the lowest possible level of arc visibility and
welding smoke(radiation), Perfect for joining bulky parts together, suitable for low-alloy and
carbon steel welding, Comparatively high rates of metal deposition, this type of welding has
the following drawbacks[33], welding in a flat or horizontal position only, exercise caution to
maintain proper electrode alignment, a strong flux cover is present over the tip and weld pool.
thick steel plates are primarily welded using this technique in heavy industries including

shipbuilding, the production of large-diameter pipes, and boiler-making [1].

1.3 Gas Metal Arc Welding (GMAW)

Gas metal arc welding (GMAW) is an arc welding technique that heats metals by creating an
arc between the work and a filler metal electrode that is continually fed.
The molten weld pool is shielded during the procedure from an external gas supply. Gas

metal arc welding (GMAW) is a semi-automatic arc welding method in which shielding gas



and a continuous, consumable wire electrode are fed through a welding gun [1]. Figure 1.3

displays the gas metal arc welding process.
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Figure 1.3: Welding of gas metal arc process [36]

1.4 Gas tungsten arc welding (GTAW)

An electric arc is maintained between a non-consumable tungsten electrode and the item to be
welded during the gas tungsten arc welding (GTAW), also referred to as the TIG (tungsten
inert gas) welding method. A layer of inert gas is pumped through the GTAW torch to protect
the molten metal, the tungsten electrode, and the heat-affected zone from airborne pollution.
The purpose of the shielding gas is to envelop the weld and keep out the active ingredients in
the surrounding air. Argon and helium are inert gases that do not mix or react chemically with
other gases. Hydrogen gas may occasionally be supplied to increase travel speeds [1]. Figure

1.4 presents the gas tungsten arc welding process.

The following are GMAW’s benefits, welding can be done in any orientation, slag removal is
not necessary, and rapid rate of weld metal deposition. The following are the drawbacks of
GTAWSs , expensive and complicated equipment, equipment setup might be difficult and time-

consuming [1].
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Figure 1.4: Welding of gas tungsten arc process [37]

1.5 Oxyacetylene Welding (OAW)

Oxygen and acetylene gas are combined in the oxyacetylene welding process to create a high-
temperature flame. When combined in the proper ratios in a blowpipe or hand torch, a relatively
hot flame with a temperature of roughly 3,200 degrees celsius is created. The volume of oxygen
to acetylene ratio can be changed to modify the chemical action of the oxyacetylene flame.
Steel cylinders are used to hold ethylene and oxygen under pressure [1]. Figure 1.5 displays

the oxy-acetylene welding process.

The following are some benefits of oxyacetylene, it’s simple to learn compared to most other
types of the welding process, the equipment is less expensive. The following are some
oxyacetylene drawbacks, oxy-acetylene weld lines are significantly rougher than other types
of welds and require additional polishing if neatness is required, oxyacetylene is a manual
method that requires the welder to manually regulate the filler rod application and torch

movement.
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Figure 1.5: Welding of oxy-acetylene [38].

1.6 Flux Core- Flux-cored arc welding (FCAW)

In flux cored arc welding (FCAW), a flux-cored wire is utilized. The components found in the
tubular electrode’s core offer excellent welding performance in addition to improved weld zone
shielding. Gas-shielded FCAW is mostly employed for in-house fabrications, whereas self-
shielded FCAW is still utilized for field fabrication. The active gases react with silicon and
manganese alloys in the liquid weld metal under the heat of a welding arc, causing these
elements to be melt in the solidified weld. In addition to influencing the weld's characteristics,
the shielding gas also establishes the penetration pattern and shape. The welding wire and
shielding gas combine during the process to create a robust, corrosion-resistant weld. The
amount of hydrogen, nitrogen, and oxygen that are still dissolved in the weld metal is likewise
impacted by the shielding gas [39]. Figure 1.6 presents the gas-shielded, flux-cored arc welding

process.
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Figure 1.6: Welding of gas-shielded, flux-cored arc process (FCAW-G) [40]

Benefits of Flux-Cored Welding [40], high Welding Speed compared to some other welding
processes, flux-cored welding may reach greater deposition rates compared to conventional
welding techniques that depend on external shielding gas, the following are some drawbacks
of flux-cored welding [40], if the welding parameters are not set correctly, flux-cored welding
may result in porosity in the welds. Slag inclusion can occur when slag is lodged in the weld

metal as a result of inadequate removal during welding.
1.7 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 sheets. Laser welding
has several benefits, including smaller flange widths, greater structural strength, and automated
processing at rapid speeds. 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 2kW. This is particularly beneficial for robotic operations that call for leading the laser

beam around fixed components. [42]. Figure 1.7 displays the welding of the laser beam process.
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Figure 1.7: Welding of laser beam process [43]

1.8 Shielded Metal Arc Welding Parameter
1.8.1 Arc length

Arc length refers to the distance between the tip of the welding electrode and the surface of the
workpiece. This distance is critical because it directly impacts the welding process, including
the stability of the arc, the heat input, and the characteristics of the weld bead. Maintaining an
appropriate arc length is essential for achieving a stable arc, proper penetration, and a quality
weld. Too short an arc length can result in excessive spatter and poor bead shape, while too
long an arc length can cause a weak arc, insufficient penetration, and potential defects in the
weld [46].

1.8.2 Welding speed

Welding speed refers to the rate at which the welding torch or electrode moves along the seam
of the workpiece during the welding process. It is usually measured in inches per minute (ipm)

or millimeters per second (mm/s). Welding speed is a critical parameter that influences the



quality, strength, and appearance of the weld. The impacts of welding speed are significant.
For penetration, too slow a welding speed can lead to excessive heat input, resulting in deep
penetration, which may cause burn-through or warping. Conversely, too fast a speed may result
in shallow penetration and weak welds. The speed also affects the shape and size of the weld
bead; slower speeds produce wider beads, while faster speeds produce narrower beads. The
extent of the Heat Affected Zone (HAZ) is also influenced by welding speed. Slower speeds
can enlarge the HAZ, potentially altering the properties of the base material. Moreover,
incorrect welding speed can lead to various weld defects such as undercut, porosity, and
incomplete fusion. Finding the optimal welding speed is essential for ensuring a strong, high-
quality weld [45].

The determined welding speeds are given in Table 1.1 according to the thickness of work piece
[45].

Table 1.1: Welding speed based on workpiece thickness.

Workpiece thickness (S) Welding speed (VK), Welding current (1)
mm/s
S<3 4.50 d x 40 ampere
S>3<8 4.00 dx40 ampere
S>8 3.50 dx40 ampere
Work piece thickness (S) | Welding speed(Vk), mm/s Welding current (I)
S<3 4.50 d x 40 ampere
S>3<8 4.00 dx40 ampere
S>8 3.50 dx40 ampere

1.8.3 Electrode advance 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 [44].

The ideal advance angle and tolerance values are given in Table 1.2 which depends on the

welding position. The advance angle values are given according to advance direction [44].
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Table 1.2: Values of ideal advance angle and tolerances depending on welding position.

Welding position Advance angle Tolerance (°)
Plain weld 80 +5
Cornice (overlap) weld 80 15
Vertical weld 105 +5
Overhead weld 80 +5

1.8.4 Determining welding current

Welding current is defined as current flowing against the working voltage during the welding
process, or when an arc forms. The poles of the welding machine are identified and it is
connected to the alternate current. After preparing the cable tips that connect the electrode
holders and ground one, the electrode is attached to the holders. When the electrode comes into
contact with the work piece, an arc forms, and as a result, a continuous current circle is created.
Before applying welding, welders set the welding current [47]. The welding current is not
altered while the welding is being applied. However, depending on the welding application,
the arc is trimmed or the current can be increased. | = d x 40 is the chosen welding current,
which is 40 times the electrode core diameter. This amount is subject to fluctuate by 10% based

on the thickness of materials and position.

1.8.5 Selection of electrode diameter

The electrodes utilized in shielded metal arc welding can be classified into main types, joining
electrodes and filler welding electrodes. 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 [48].
High strength, ductility, and toughness are desired qualities in an electrode material during
welding [49]. Table 1.3 displays the various workpiece thickness and their respective electrode

diameter.
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Table 1.3: Various work piece thickness and their respective electrodes.

Work piece thickness (s) | Electrode core diameter (d) | Unit

S<3 2.5 mm
3<S<20 3.25 mm
S>20 4.00 mm

1.9 Different Types of Currents

There are three distinct types of current used in welding, alternating current (AC), direct-

current electrode negative (DCEN), and direct current electrode positive (DCEP) [50].
1.9.1 DCEN ( Direct-Current Electrode Negative)

In direct-current electrode negative (DCEN) welding, the workpiece is positively charged
while the electrode is negatively charged. This setup causes electrons to travel from the
electrode to the metal surface across the arc. Consequently, the metal being welded absorbs
about two-thirds of the welding heat, while the electrode absorbs roughly one-third. This

distribution leads to a high melting rate of the electrode in DCEN welding [50].

1.9.2 DCEP (Direct-Current Electrode Positive)

In direct-current electrode positive (DCEP) welding, the workpiece is negatively charged while
the electrode is positively charged. This causes electrons to travel from the metal surface being
welded to the electrode across the arc. Consequently, the electrode absorbs about two-thirds of
the welding heat, while the remaining third goes into the metal being welded [50].

1.9.3 AC (Alternating Current)

In an alternating current (AC) setup, the direction of electron flow reverses every 1/120th of a
second, causing the electrode and the work piece to alternate between being the anode and the
cathode. The anode is the positive side of the arc, while the cathode is the negative side. This
rapid switching of current direction evenly distributes the welding heat, with half going to the
work piece and half to the electrode. As a result, the weld bead achieves a balance between

penetration and build up due to the consistent heating [50].

One of the numerical methods that can be used to accurately solve engineering problems that

are either simple or complex is the finite element method. The method was first used in 1956
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for aircraft structural problems analysis. Later, within a decade, the potentialities of the method
for the solution of various engineering and applied science problems were recognized. The
finite element technique has been so well established over the years that today it seems to be
one of the best methods for analyzing the efficiency of various practical problems. The basic
idea of the finite element method is actually to find the solution to a complicated problem by

replacing it with a simpler one [85].

Common FEA applications include mechanical/aerospace/civil/automotive engineering,
structural/stress analysis (static/dynamic, linear/nonlinear), fluid flow, heat transfer,
electromagnetic fields, soil mechanics, acoustics, biomechanics, etc. The growth of FEA for
functional design issues started with the introduction of the electronic computer system. That
is, the significance of FEA for design solutions is a collection of algebraic formulas developed
to addressed these problems efficiently, by making use of the electronic computer system.
Some of the advantages of FEA include, irregular boundaries, loading, materials types,
constraints, element size, modification, etc. FEM permits whole layouts to be built, fine-tuned
and also optimized prior to design. This effective tool has actually substantially enhanced both
the requirement of design styles as well as the method of the style procedure in numerous
commercial applications. Using FEM has actually considerably reduced the time needed from
idea to the assembly line. The finite element analysis typically includes 3 basic primary steps,
pre-processing, solution and post processing. In the pre-processing stage, the designer
constructs a design of the component to be assessed in which the geometry is split right into a
variety of distinct sub-regions, or "element"”, linked at distinct points called "nodes". The
designer specifies the geometric domain name, the element type to be utilized, the material
property of the components (product is specified by its material constants, every aspect needs
to be appointed a specific material), the geometric of the components, the element connection
(define a specific number of components in a details location, compel the mesh generator to
preserve a certain component dimension), boundary conditions and loading. The dataset
prepared by the pre-processor is utilized as input in the solution stage which constructs and
addresses a system of nonlinear or direct algebraic equations. The solution is derived by
collecting all defined information such as load application (that include pressure, moment,
force, rotations) after specifying the entire problem. With the postprocessor software you can
visualize the outcomes, for instance, the plot form of the geometry deformation or stress values
or anxieties using advanced regimens made use of for arranging, printing, and also outlining

results from a finite element solution. A variety of prominent finite element analysis brand are
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currently readily available. A few of the preferred bundles are STAAD-PRO, GT-STRUDEL,
ABAQUS, NASTRAN, NISA as well as ANSYS [86].

Ansys is one from many of the commonly utilized products in the market for FEA. Ansys, Inc.
develops a wide range of computer-aided engineering CAD products, however best recognized
for Ansys mechanical/multi physics. FEA tool Ansys is a self-contained analyzing tool, which
includes pre-processing, solver, and post-processing divisions. It can be pointed out that Ansys
is capable of user programming. The tool command language contains ten hundred command,
which can be used to program or modify mesh, geometry, boundary conditions, and many other
futures. Therefore, interactive and batch modes are used when dealing with FEA in ansys. The
batch mode needs commands to be inputted for the analysis to run and is used mainly by those
who are familiar with the Ansys command language. Consequently, the interactive mode refers
to visualization, where a graphical interface is used to input data, select options, etc [87].
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CHAPTER 2
LITERATURE REVIEW

2.1 Literature Review of Different Researchers

Numerous investigations on materials, microstructural and mechanical characteristics, and
thermal analysis using SMAW welding processes, among other techniques, have been carried

out. Diverse techniques including distinct welding parameters have been examined.

Jian Luo et al. [51] carried out a study on the submerged arc double-sided single-pass welding
of DSS 2205. This study explores the microstructural and mechanical changes in 2205 duplex
stainless steel (DSS) weldments. It is observed that the heat input from the subsequent weld
pass greatly affects the microstructure of the preceding weld pass, especially in the fusion zone.
Notably, there was an increase in the amount of sigma (o) phase in the fusion zone of the
primary weld side, transitioning from a scattered to a continuous distribution. This phase
transformation was accompanied by re-melting in the center of the weld transition zone, which
reduced the o phase content. In terms of micro hardness, the fusion zone of the primary weld
side exhibited higher values compared to the secondary side, with the weld transition zone
displaying the lowest micro hardness. The mechanical properties of the welded joints also
varied significantly. The average tensile strength was measured at 795 MPa with fractures
occurring predominantly in the fusion zone, where ¢ phase particles were present on the tensile
fracture surfaces. The study concludes that the subsequent welding pass acts as a heat treatment
on the initial pass, promoting the formation of the o phase in the fusion zone, which
significantly affects the ductility, toughness, and hardness of the welded joint. This highlights
the importance of precise heat input control in the DSSP-SAW of 2205 DSS to manage ¢ phase
formation and optimize joint properties. The findings offer valuable insights into the
microstructural evolution and mechanical behavior of these joints, suggesting that further
research could focus on optimizing welding parameters to minimize detrimental phase

formation while maintaining overall weld quality.

Mohammed et al. [52] reported a study on the effect of the welding process variables on the
mechanical, pitting, and microstructure behaviour of 2205 duplex stainless steel weldment.
Duplex stainless steels (DSS) is chosen as work material, because of extensive application in

various industries, including petrochemical, oil and gas, and paper and pulp. This study aims
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to compare the effects of conventional gas tungsten arc welding (GTAW) and activated GTAW
(A-GTAW) processes on 2205 DSS. DSS plates of 6 mm thickness were welded using both
GTAW and A-GTAW with SiO2 flux. This research involves a thorough examination of the
welds' macrostructure, microstructure, hardness, and tensile properties. Microstructural
analysis is conducted using optical microscopy and image analysis software. Mechanical
properties were assessed through hardness, tensile test. Key findings include a significant
difference in weld penetration between the two methods; A-GTAW achieved 52% deeper
penetration (5.4mm) compared to GTAW (2.8mm) in a single pass, along with an 11%
narrower weld bead width. The microstructure of the base metal shows fine grains of ferrite
and austenite. The GTAW weld zone contained grain boundary austenite, Widmanstatten
austenite, and intergranular austenite, whereas the A-GTAW weld zone shows grain boundary
and Widmanstétten austenite. Notably, the A-GTAW weld zone exhibited a lower ferrite
content (43%) compared to the GTAW weld zone (71%). In terms of mechanical properties, a
slight increase in hardness is observed in the weld zones relative to the base metal. While
GTAW welds demonstrated higher yield strength and tensile strength than A-GTAW, both
welding methods met the minimum tensile strength requirements. Regarding strength, A-
GTAW welds shows superior performance compared to GTAW and the base metal attributed
to the reduced galvanic interaction between austenite and ferrite phases. The study concludes
that the A-GTAW process offers advantages over conventional GTAW, particularly for
welding 2205 DSS plates. A-GTAW not only achieves deeper penetration but also produces
welds with comparable mechanical properties. These benefits are primarily due to the
microstructural changes induced by the activated flux and the arc constriction effect inherent
to the A-GTAW process.

R. selva et al. [53] studied the parametric effects of plasma arc welding of 2205 duplex stainless
steel. Duplex stainless steels contains both ferrite and austenite phases, giving them a unique
combination of high-strength. These properties make them particularly well-suited for
demanding applications such as pressure vessels and heat exchangers. However, welding of
duplex steels presents challenges, primarily due to potential microstructural changes and the
precipitation of secondary phases that can occur during the process. Plasma Arc Welding
(PAW) is a fusion welding technique known for its deep penetration capabilities and controlled
heat input, making it a promising method for welding duplex steels. Previous studies have
demonstrated the suitability of PAW for this application. The objectives of the study is to

optimize PAW parameters such as current, welding speed, and arc length to analyse their
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effects on weld bead geometry and microstructure. To optimize the welding process
parameters, the study employs a combination of advanced techniques, including the Taguchi
method, Analysis of Variance (ANOVA), Back Propagation Neural Network (BPNN), and
Genetic Algorithm (GA). These optimization methods have been previously utilized in
literature for refining welding parameters, and their use in this study aims to improve the quality
and properties of the welded joints. The review of existing literature provides an overview of
the microstructural changes that occur during the welding of duplex steels, including the
formation of ferrite, austenite, and secondary phases. It also highlights how these
microstructural changes can affect the mechanical properties of the weld. It emphasizes the
need to correlate welding process parameters with weld bead geometry and microstructure to

achieve optimal results.

N.A. McPherson et al. [54] investigated the microstructural changes and mechanical properties
of a welded duplex stainless steel. The objective of this study is to evaluate the microstructure
and properties of duplex stainless steel (grade 2205) welds produced using different welding
processes commonly employed in shipbuilding. This study also aim to compare the effects of
high (250-350°C) and low (<150°C) interpass temperatures on these welds. Several welding
processes were utilized, including Submerged Arc Welding (SAW), Manual Metal Arc
Welding (MMAW), and Flux Cored Arc Welding (FCAW). ER 2209 electrodes were used as
a filler material for all welds. The evaluation of the welds' properties involved mechanical
testing, chemical analysis, optical microscopy, transmission electron microscopy (TEM), and
corrosion testing. It is found out that controlling the interpass temperature to below 150°C
increased the average ferrite content in both the heat-affected zone (HAZ) and the weld metal,
approaching 50%. However, this lower interpass temperature did not significantly affect the
mechanical properties of the welds. No intermetallic or carbide phases were found in the weld
metal across any of the welding processes. Although, some carbide phases were observed in
the HAZ. Lower interpass temperatures results in finer microstructures within the weld metal.
No secondary austenite was observed in any weld metal specimens. The HAZ exhibited high
dislocation density, deformation bands, twins, and stacking faults. The weld metal elongation
occasionally approached the minimum specification of 25%. The impact toughness at -60°C
was found to be lower for SAW compared to the other processes. It was also noted that the
toughness of the HAZ decreased as the ferrite content increased from 34% to 70%. The study
suggest that strain-affected regions in the HAZ might potentially enhance corrosion resistance.
The author reported that higher heat inputs did not negatively impact the properties of the
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welds, challenging traditional concerns. It was found that controlling the interpass temperature
had a more significant influence on the microstructure than on the mechanical properties. The
results suggest the potential for using higher heat input welding in applications involving
duplex stainless steel, provided that the HAZ properties are not adversely affected. The
research has practical implications for optimizing welding processes in shipbuilding and

similar applications using duplex stainless steels.

Xiaodong Hu et al. [55] carried out a study on the microstructure formation and its effect on
mechanical properties for duplex stainless steel 2205 plasma arc welded joint. This study
examines the microstructure development and mechanical properties of plasma arc welded
(PAW) joints in SAF2205 duplex stainless steel (DSS). However, maintaining a phase balance
of approximately 50% ferrite and 50% austenite during welding is challenging due to the rapid
thermal cycles involved. Various welding methods have been investigated to control this phase
balance, with mixed results. For instance, friction stir welding can refine grains but often
increases ferrite content and precipitates brittle phases. Tungsten inert gas welding typically
results in excess ferrite in the heat-affected zone, while laser beam welding can cause excess
ferrite due to nitrogen loss. Submerged arc welding, though capable of achieving phase
balance, may also lead to the formation of brittle phases. Plasma arc welding (PAW) offers
several advantages for DSS, including high energy density, low heat input, and strong
penetration, which can produce narrow, high-quality welds with a minimal heat-affected zone.
The addition of filler wire in PAW may also help achieve balanced phase ratios in DSS joints.
The cooling rate and time spent at temperatures between 800-1200°C significantly influence
the final phase ratios. Despite attempts to control the phase balance, issues such as grain
coarsening and distortion can still occur in DSS welds. The weld metal often exhibits higher
hardness compared to the base metal, while tensile strength may be comparable or slightly

reduced. Impact toughness generally decreases in the weld zone.

Jian Luoa et al. [56] reported a study on the microstructure of 2205 duplex stainless steel joint
in submerged arc welding by post-weld heat treatment. However, the welding process can lead
to the precipitation of problematic second phases that adversely affect the performance of
welded joints. Post-weld heat treatment (PWHT) is occasionally employed to address these
issues, but the effects of PWHT on the microstructure of 2205 DSS need further exploration.
In this study, submerged arc welding (SAW) was used to join plates of 2205 DSS. Some of the
welded joints were subsequently subjected to PWHT at 650°C for 0.5 hours. The

microstructure of the welded joints was analyzed using optical microscopy, X-ray diffraction
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(XRD), and microhardness testing to assess the impact of PWHT. In the absence of PWHT,
the o phase precipitated in the heat-affected zone (HAZ) and along the fusion edge.
Additionally, small amounts of y and y2 phases were observed in the weld center. This
microstructural configuration resulted in microhardness peaks in both the HAZ and the weld
center. PWHT is found to be effective to improve the microstructure in the HAZ by dissolving
the o phase. Nevertheless, it also promotes the segregation of phases in the weld center, leading
to changes in phase composition and associated microhardness variations. This study also
highlights that, although, PWHT offers some benefits, but it has also drawbacks concerning
phase segregation. The authors propose a mechanism to explain the phase transformations
occurring during welding and PWHT, providing valuable insights for optimizing welding

procedures and heat treatments for 2205 DSS joints.

N.A. McPherson et al [57] reported a comparative study on performance of submerged arc
welding and the laser welding of stainless steel. This paper explores submerged arc welding
(SAW) and laser welding of austenitic and duplex stainless steels. The authors aim to reassess
welding practices, particularly focusing on high dilution SAW, and compare these methods to
emerging laser welding techniques. The author performed experiments using high dilution
SAW on 316LN austenitic and 2205 duplex stainless steels with various weld preparations. It
is found out that single-pass, single-sided welds with square edge preparations yielded
acceptable properties, despite high heat inputs. The mechanical properties, corrosion
resistance, and microstructure were evaluated across different weld configurations.
Transmission electron microscopy (TEM) provided detailed examination of the weld
microstructures. In 316LN welds, small amounts of chi (y) phase and occasional sigma (o)
phase were observed, but these did not significantly affect the properties. In duplex 2205 welds,
there was minimal precipitation in the weld metal. This study also evaluated laser welding on
thinner plates (6-7.5 mm) of both steel types. The laser welds exhibited higher hardness
compared to SAW, and their microstructures differed, with some areas in 316LN appearing
fully austenitic. TEM analysis revealed higher dislocation densities and some unexpected
precipitates, including y phase and Cr2N, in the laser welds. The findings indicate that high
dilution SAW is viable for both 316LN and 2205 stainless steels. Laser welding showed
potential advantages, especially in reducing distortion, but raised concerns regarding ferrite
content and precipitation. The authors propose hybrid laser-MIG welding as a potential future
direction, combining the benefits of laser welding with improved fit-up tolerance. Overall, the
study demonstrates that high dilution SAW can be successfully applied to 316LN and 2205
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stainless steels, contrary to traditional beliefs. While laser welding offers promising benefits,
further investigation is needed, particularly regarding its microstructural effects and industrial
applicability. This paper contributes to the field by challenging established welding practices
for stainless steels and providing a comparative analysis of SAW and laser welding techniques.
It underscores the importance of detailed microstructural analysis in understanding weld

properties and suggests areas for future research in stainless steel welding.

Aswin et al. [58] investigated the microstructural, mechanical, and thermal analysis of SS316L
weldment for marine engineering applications. This paper presents a comprehensive study on
the microstructural, mechanical, and thermal analysis of SS316L weldments produced using
shielded metal arc welding (SMAW) for marine engineering applications. SS316L austenitic
stainless steel is chosen as the base material for its excellent corrosion resistance and
mechanical properties, which are particularly valuable in marine and shipbuilding industries.
Two types of electrodes, E316L-16 and E308L-16, were employed in the welding process. The
SMAW technique was utilized with varying welding currents of 70A, 80A, and 90A, all at a
constant voltage of 24V, and single pass butt joint welding was performed to minimize heat
input and distortion. The microstructural analysis was conducted using optical microscopy and
scanning electron microscopy (SEM), revealing that the fusion zone exhibited a microstructure
consisting of ferrite and austenite. Finer grain structures were observed near the weld zone,
while coarser grains were found in the heat-affected zone (HAZ). Mechanical properties were
evaluated through microhardness testing and tensile testing, showing that microhardness
increased in the fusion zone compared to the base material, with the highest hardness (223 HV)
observed in the sample welded with the E316L-16 electrode at 80A current. The tensile strength
of the welded joints varied from 190-262 N/mm?, which was lower than the base material's 565
N/mmz2, primarily due to HAZ softening. This study also examined the effect of increasing
welding current, which led to higher welding speeds and reduced heat input. It was noted that
the width of the welded zone increased with the current from 70A to 80A but decreased at 90A,
with optimal mechanical properties achieved at 80A current for both electrode types. Thermal
analysis and temperature distribution were simulated using ANSYS software, showing
temperature distribution across the weld with maximum temperatures ranging from 566°C to
2121°C depending on welding parameters. The simulations indicated that shorter welding
times resulted in lower temperatures, consistent with reduced heat input. The findings
demonstrate the significant influence of welding parameters and electrode choice on the

microstructure, mechanical properties, and thermal behavior of SS316L weldments. This study
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provides valuable insights for optimizing SMAW processes for marine engineering
applications using SS316L steel, highlighting the importance of careful selection of welding

parameters and materials to achieve desired properties in the weldments.

Santina et al. [59] conducted a research work on simulation of properties of dissimilar welded
joints of duplex 2205 and austenitic 316L stainless steel, and investigated the mechanical
properties of dissimilar welded joints between duplex 2205 stainless steel and austenitic 316L
stainless steel, by employing both experimental testing and computer simulation. This duplex
steel also offers superior durability compared to austenitic steels. In the welding process, four
types of butt joints were prepared using AVESTA P5 austenitic filler wire, including two-pass
and multi-pass welds with varying heat inputs. Charpy impact test and toughness tests is
conducted and also examine the microstructure. A finite element model of the welded joint was
created based on metallographic observations and mechanical test results, analysing stress and
strain distributions under axial loading conditions. The key findings indicated that a multi-pass
weld, exhibited the highest average fracture energy, while the heat-affected zone (HAZ) on the
316L side shows the highest toughness and the weld fusion zone displayed the lowest
toughness. Stress concentrations were observed in the HAZ of the 2205 steel side in the
simulations, with the precipitation of M23C6 carbides potentially contributing to fractures in
this region. The study also concluded that there is a negative correlation between heat input
during welding and joint toughness, identifying the 2205 HAZ as the most probable fracture
location. The authors observed that computer simulation results showed good agreement with
experimental observations, emphasizing the importance of using material parameters obtained
from real specimens to create reliable simulation models for predicting joint properties. This
study provides valuable insights into the mechanical behavior of dissimilar welded joints
between duplex and austenitic stainless steels, which is relevant for various industrial

applications requiring high strength.

Labanowski et al. [60] performed a research work on stress corrosion cracking at welded joints
between duplex and austenitic stainless steels and investigated that the stress corrosion
cracking behavior of dissimilar welded joints between duplex and austenitic stainless steel
combination increasingly common in chemical tanker construction. Duplex steels are
becoming more prevalent due to their strength but austenitic steels are still frequently used.
The authors highlight the use of submerged arc welding (SAW) for thick plate welding in
shipbuilding, citing its high efficiency. However, concerns arise with the high heat inputs

associated with SAW, as they can lead to excessive ferrite content in duplex steels and reduced
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ferrite in austenitic steels, potentially compromising corrosion resistance. In the study, 15 mm
thick plates of 2205 duplex steel and 316L austenitic steel were welded using Cr23Ni9Mo3
wire and flux. Three joint designs—Y, 2Y, and | groove preparations—were tested, with
welding parameters including linear energies ranging from 1.14-3.2 kJ/mm. Various tests,
including microstructure analysis, ferrite content measurement, mechanical testing, and slow
strain rate testing (SSRT) for stress corrosion in boiling MgCI2 and neutral glycerine, were
conducted. The weld metal exhibited dendritic austenite within a ferritic matrix, and narrow
heat-affected zones (HAZ) were observed on both sides of the steel. The ferrite content in the
duplex HAZ increased to 62-69% compared to the base metal, while no grain growth or
intercrystalline fractures were observed in the austenitic HAZ. All welded joints failed in the
316L base metal during tensile tests but passed bend tests with no cracking up to a 120° bend
angle. In neutral glycerine, specimens failed on the 316L side, whereas in MgCI2, failures
occurred in the duplex HAZ. In this study it has been also noted that a significant reduction in
ductility and strength in MgCI2 compared to glycerine, with cracking along ferrite/austenite
boundaries or through ferrite grains occurred. The different welding heat inputs did not
significantly affect the stress corrosion behavior, but the HAZ of the duplex steel side exhibited
reduced corrosion resistance in the MgCI2 environment. The authors conclude that the
microstructure of dissimilar austenitic-duplex joints significantly affects stress corrosion
behavior, identifying the duplex steel HAZ as the weak point. They also note that the range of
welding heat inputs tested (1.15-3.2 kJ/mm) did not materially impact corrosion resistance.
This study provides valuable insights into the stress corrosion behavior of dissimilar austenitic-
duplex welded joints, particularly relevant for chemical tanker construction and other
applications using these materials. The findings emphasize the importance of controlling the
HAZ microstructure in duplex steels to maintain corrosion resistance in aggressive

environments.

Jagesvar et al. [61] performed a comparative study on the effect of electrode on microstructure
and mechanical properties of dissimilar welds of 2205 austeno-ferritic and 316L austenitic
stainless steel. The study investigates that the weldability, microstructure, and mechanical
properties of dissimilar welds between 2205 duplex stainless steel (DSS) and 316L austenitic
stainless steel (ASS) using shielded metal arc welding (SMAW) with two different electrodes
- E2209 (duplex) and E309L (austenitic). A single pass SMAW process was employed in direct
current electrode positive (DCEP) mode. The microstructural analysis revealed that the E2209

weld solidified in a fully ferritic mode, featuring allotrophicmorphs, Widmanstatten austenite,
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and intragranular austenite, while the E309L weld solidified in a ferrite-austenite mode with
skeletal and lathy ferrite in an austenitic matrix. The ferrite content was measured to be 35-
38% in the E2209 weld and 18-22% in the E309L weld. In terms of hardness, the E2209 weld
exhibited a higher value of 237.5 HV compared to 198.8 HV for the E309L weld. Tensile
testing indicated that the E2209 weld had a tensile strength of 557 MPa, whereas the E309L
weld had a tensile strength of 532 MPa, with both welds fracturing in the 316L base metal,
demonstrating adequate weld strength. The impact toughness was approximately 72 J for the
E2209 weld and around 60 J for the E309L weld. This study concluded that the E2209 electrode
produced welds with superior overall properties compared to the E309L electrode for this
dissimilar joint combination. The enhanced properties of the E2209 welds were attributed to
the higher chromium and molybdenum content, the presence of nitrogen, a fully ferritic
solidification mode, and higher ferrite content. This study provides valuable insights into
electrode selection for dissimilar welding of duplex and austenitic stainless steels, underscoring
the benefits of using a duplex electrode (E2209) over an austenitic electrode (E309L) in terms

of microstructure and mechanical properties.

Shaogang et al. [62] performed a research on the characterization of microstructure, mechanical
properties, and corrosion resistance of dissimilar welded joint between 2205 duplex stainless
steel and 16MnR, and investigated that the duplex stainless steels (DSS) are known for their
excellent mechanical properties and corrosion resistance, primarily due to their balanced
austenite-ferrite microstructure. However, joining DSS with low alloy steels presents
significant challenges, stemming from differences in composition and thermal properties
between the two materials. Despite the importance of understanding these challenges, there is
limited research on the microstructure-property relationships for dissimilar welds involving
DSS and low alloy high-strength steels. This study explores the welding of 2205 DSS and
16MnR low alloy steel using gas tungsten arc welding (GTAW) and shielded metal arc welding
(SMAW), employing ER2209 filler wire for GTAW and E2209 electrode for SMAW. The
investigation includes detailed microstructural analysis using optical microscopy, scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and X-ray diffraction
(XRD), as well as mechanical property assessments through tensile testing, impact testing, and
hardness measurements. Corrosion resistance was evaluated using electrochemical testing in a
3.5% NaCl solution. The findings reveal the formation of an unmixed zone and a decarburized
layer at the 16 MnR-weld metal interface, with the weld metal primarily consisting of austenite

and acicular ferrite. No detrimental phases such as sigma or M23C6 carbides were detected.
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The tensile strength of the welds was found to be comparable to the 16MnR base metal, while
impact toughness varied, with the SMAW joint showing slightly higher toughness due to
greater heat input. Hardness peaked at the weld interface due to carbon migration, and corrosion
resistance was highest in the DSS base metal, followed by the GTAW and SMAW joints. The
study concludes that while both GTAW and SMAW produced acceptable joints, GTAW was
more suitable for these dissimilar metal welds, offering better corrosion resistance and
mechanical performance. This comprehensive analysis provides valuable insights for selecting
welding procedures for DSS-low alloy steel joints in practical applications.

Moteshakker et al. [64], conducted research to explore the characteristics hardness and tensile
properties of dissimilar welds joints between SAF 2205 and AISI 316L, and investigated that
stainless steels are widely utilized in various industries due to their excellent mechanical
properties and corrosion resistance. Welding, a critical fabrication technique, is commonly
used for joining stainless steels. Among the different types of stainless steels, austenitic
stainless steels like 316L are renowned for their outstanding corrosion resistance, ductility,
toughness, and weldability. Another important class, duplex stainless steels such as SAF 2205,
features a two-phase microstructure consisting of nearly equal parts ferrite and austenite, which
imparts higher strength and enhanced corrosion resistance compared to austenitic grades. In
many industrial applications, including the oil & gas and petrochemical sectors, dissimilar
metal welding between various stainless steels is often necessary. The selection of appropriate
filler metals is crucial for ensuring sound weld joints. In this study, the gas tungsten arc welding
(GTAW) process was employed, utilizing SAF 2205 duplex stainless steel and AISI 316L
austenitic stainless steel plates as base metals. The filler metals used were AWS ER 347, AWS
ER 316L, and AWS ER 309L welding wires. Pure argon was used as the shielding gas during
the GTAW process. The microstructure of the welds was examined using optical microscopy
and scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS). Additionally,
the mechanical properties were evaluated through microhardness testing and tensile testing.
The investigation revealed that the weld metals contained skeletal ferrite (dark regions) within
an austenite matrix (light regions). Ferrite was found to be enriched in chromium (Cr) and
molybdenum (Mo), while austenite was enriched in nickel (Ni). Notably, the ER 309L weld
metal exhibited a higher ferrite content due to its higher chromium content. Furthermore, the
presence of sigma phase and Nb-rich precipitates was observed in the ER 347 weld metal. The
hardness measurements indicated that the weld metals had hardness values between those of

the duplex and austenitic base metals. The ER 309L weld metal displayed the highest hardness,
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attributed to its higher ferrite content. In terms of mechanical performance, the ER 309L weld
metal demonstrated the highest strength and ductility. In contrast, the ER 347 weld metal
showed the lowest ductility, which was associated with the presence of brittle precipitates.
Fracture analysis revealed that failure occurred in the weld metal for ER 347, while for the
other filler metals, fracture occurred in the 316L base metal. Fractographic analysis showed
that the ER 347 exhibited a mixed ductile-brittle fracture with cleavage regions, whereas the
ER 316L and ER 309L weld metals exhibited fully ductile fractures characterized by dimpled
features. In conclusion, the ER 309L filler metal provided the best combination of strength,
ductility, and hardness for the dissimilar stainless steel joint. The presence of brittle sigma
phase and Nb-rich precipitates in the ER 347 weld metal contributed to reduced ductility and
premature failure. The higher ferrite content in the ER 309L weld metal played a significant
role in enhancing the strength and hardness of the welds. This paper provides a comprehensive
analysis of the microstructure-property relationships in dissimilar stainless steel welds,
highlighting the impact of filler metal composition on weld metal microstructure and

mechanical performance.

A.vinoth et al. [65] conducted a study on the structure-property relationship of the dissimilar
weld between austenitic stainless steel 316L and duplex stainless steel 2205. This study
demonstrates the Austenitic stainless steels like 316L have been widely used in marine
applications due to their strength. However, they can become susceptible to SCC in severe
chloride environments. Duplex stainless steels (DSS), such as 2205, are emerging as
alternatives because of their higher yield strength and excellent SCC resistance. Despite their
advantages, DSS can be more challenging to weld than austenitic grades. Joining DSS 2205 to
austenitic 316L using a DSS filler metal offers a promising solution for improving SCC
resistance in chloride environments. Gas tungsten arc welding (GTAW) was employed with
ER 2209 filler metal, with heat input controlled to 1.3 kJ/mm, and multi-pass welding was
performed. The resulting weld zone exhibited delta ferrite and austenite phases, with three
distinct austenite morphologies: grain boundary, Widmanstétten, and intragranular. The heat-
affected zone (HAZ) of the DSS showed coarse ferrite grains, while the HAZ of 316L displayed
ferrite stringers within an austenite matrix. The weld exhibited higher hardness compared to
the base metals, and its tensile properties were similar to those of the 316L base metal, though
the weld's impact toughness was lower than that of both base metals, with fractures occurring
on the 316L side during tensile testing. Electrochemical testing revealed that 316L had the best
strength, followed by the weld, and then DSS 2205. In SCC testing, DSS 2205 and the weld

25



demonstrated excellent resistance, whereas 316L developed surface cracks. Overall, the
dissimilar weld achieved good mechanical properties and excellent SCC resistance, with the
austenite phase proving more electrochemically stable than ferrite. The DSS microstructure
provided superior SCC resistance compared to the austenitic structure, indicating that the

welding process and filler metal selection were suitable for joining these dissimilar materials.
2.1.1 FEM Model for Predicting Thermal History

SepeRetal. [73] investigated welding process numerically using FEM thermal stress analysis.
The numerical thermal-mechanical analyses were carried out using an uncoupled technique
that comprised of two successive analyses: the first was used to compute the stress-strain fields
using the previously computed temperature field as input data, and the second was used to
predict the transient temperature field independently. Because it enables the decrease of the
computational effort required by a linked temperature-displacement approach, this is a standard
technique for these kinds of simulations. The element birth and death technique served as the
foundation for the weld bead creation simulation. It was desirable to have a complete 3D model

for the mesh.

Specifically, for the thermal analysis, 8-noded brick elements of type DC3D8 were chosen
from the ABAQUS collection. Analysis because each node's temperature was taken into
account as a distinct degree of freedom. Then, for the mechanical study, the C3D8 8-noded
brick finite elements, which have three translational degrees of freedom for each node, were
used instead of the DC3D8 while maintaining the same mesh size and shape. There was explicit
modeling of the two weld beads. The initial part of the analysis involved deactivating the weld
bead elements using the birth and death technique and then activating them in a way that
simulated the production of weld beads during the welding process. The bead elements were
eliminated from the analysis by applying a significant reduction factor to the element's stiffness
to initiate the deactivation process. These components were joined with 26 sets of components
that were gradually reactivated at certain intervals throughout the simulation. Reactivation was

accomplished by deducting the reduction factor from the welding speed.

Ismail et al. [88] developed a 3D finite element model specifically for Gas Metal Arc Welding
(GMAW) of aluminum alloy sheets. This model incorporates temperature-dependent
properties and a moving Gaussian heat source. They validated the model against experimental
measurements of weld bead profiles under different welding conditions, demonstrating its

effectiveness and accuracy. The key points from the literature review are: Welding simulation
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using finite element methods has been an active area of research since the 1970s, with
pioneering work by researchers who developed an important double ellipsoidal heat source
model for welding simulations that has been widely adopted. Numerical simulation has been
successfully applied to various welding processes, including arc welding, friction stir welding,
laser welding, and electron beam welding, to predict temperature fields and weld geometries.
Thermal analysis is critical for welding simulations, with key phenomena such as heat
conduction and convection losses needing to be modeled. Moving heat source models are
crucial for accurately representing the welding arc, and Gaussian distributions are commonly
used. To achieve accurate thermal modeling of welding, it is essential to incorporate
temperature-dependent material properties. Mesh refinement in the weld zone is important to
capture high-temperature gradients, and graded meshes are often used for this purpose.
Experimental validation is crucial, often involving the comparison of predicted and measured
weld bead geometries. Welding parameters like voltage, current, and speed significantly impact
the temperature distribution and weld pool shape. Three-dimensional transient thermal models
can provide insights into phenomena like through-thickness temperature gradients, which are
difficult to measure experimentally. Finite element models can be used to study the effects of
welding parameters and optimize processes. However, there are still challenges in accurately
predicting weld geometries, with errors often in the 10-20% range when compared to

experiments.

Pamnani et al. [89] conducted FEM simulations of the SMAW and A-GTAW processes for
DMR-249A steel. It validates the models through experimental measurements and compares
the residual stress profiles and mechanical properties of the two welding techniques. The aim
iS to establish A-GTAW as a viable alternative to SMAW for this particular steel, offering
potential improvements in welding performance and structural integrity. The key aspects
covered in the literature review are: DMR-249A is a low carbon high-strength low-alloy
(HSLA) steel, featuring micro-alloying additions of vanadium (V), niobium (Nb), and titanium
(Ti) for grain refinement. It possesses a microstructure characterized by fine equiaxed ferrite
with less than 10% pearlite, making it suitable for use in the construction of ship hulls. While
Shielded Metal Arc Welding (SMAW) is commonly employed for welding this material, it has
certain limitations. An alternative is Activated Gas Tungsten Arc Welding (A-GTAW), a
variant of GTAW that uses activated flux to increase penetration by up to 300% compared to
conventional GTAW. Residual stresses in welding arise from incompatible internal permanent

strains. Tensile residual stresses are detrimental as they facilitate crack propagation and fatigue
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failure, whereas compressive residual stresses can be beneficial in preventing fatigue cracks.
Numerical modeling, particularly finite element modeling (FEM), has been extensively used
to predict thermal cycles and residual stresses in welds. Software like SYSWELD has proven
effective for thermo-mechanical simulation of welding processes. In heat source modeling, the
double ellipsoidal heat source distribution model is frequently employed, though other models
such as semi-spherical and conical have been used depending on the specific welding process.
Residual stress profiles can be experimentally measured using techniques like X-ray diffraction
and ultrasonic methods. The welding thermal cycles induce various ferrite morphologies, such
as grain boundary ferrite, Widmanstatten ferrite, and acicular ferrite, with the volume fractions
of these phases influencing the final properties and residual stresses in the material. Key
mechanical properties evaluated in welded joints include tensile strength, impact toughness,
and hardness.

M Sohel et al. [90] conducted research to explore the temperature distribution during shielded
metal arc welding (SMAW) of low carbon steel plates through both experimental
measurements and numerical simulation and investigated that the Welding is a crucial material
joining process, widely utilized in industry, with Shielded Metal Arc Welding (SMAW) being
a popular method. Low carbon steel plates, such as those made from SA 516 Gr. 70, are
commonly used for pressure vessels and other structural components due to their excellent
mechanical properties. The residual stresses resulting from welding are significantly influenced
by the heat distribution within the weldment, which can affect the integrity and performance
of the welded structures. Previous work in this area has been limited, with only a few
experimental studies focusing on the temperature distribution during multi-pass welding
processes. However, advances in finite element modeling (FEM) have greatly enhanced the
ability to analyze these temperature distributions. For instance, moving-mesh FEM has been
employed to simulate temperature fields generated by moving heat sources, while Friedman
developed thermo-mechanical FEM models specifically for welding applications. Additional
studies have explored iterative procedures for nonlinear heat transfer analysis and have
presented three-dimensional models of Gas Metal Arc (GMA) weld pools, including the effects
of free surfaces and droplet impacts. In this study, both experimental and numerical
methodologies were employed to investigate welding temperature fields. Experimentally, 8mm
thick SA 516 Gr. 70 low carbon steel plates were used to create 45° and 60° V-groove joints
with single and double pass welds. Temperatures were measured using thermocouples and a

data logger to capture the thermal profiles. Numerically, ANSYS software was utilized for
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three-dimensional nonlinear transient thermal FEM analysis, applying the Tsai heat source
model and incorporating temperature-dependent material properties. The key findings of the
study include the validation of numerical temperature predictions against experimental
measurements, as well as the examination of the effects of weld geometry on temperature
distributions. The transient temperature data obtained from this study can be instrumental in
calculating residual stresses, thereby providing valuable insights for optimizing welding
processes. Overall, this research contributes to the existing body of knowledge on welding
thermal analysis and simulation techniques, offering a comprehensive approach to

understanding and predicting welding-induced thermal behaviors.

Mr. Vodnala et al. [91] performed a design and transient thermal analysis of few welding using
conical tool and investigated the effects of friction stir welding process parameters, The quality
and properties of friction stir welds are significantly influenced by process parameters,
including tool rotational speed, welding speed, and axial force. Higher rotational speeds
typically result in increased peak temperatures and greater grain refinement. Optimizing these
parameters is essential for maximizing tensile strength and other desirable properties in the
weld. Tool Geometry Effects, The geometry of the FSW tool, particularly the pin profile and
shoulder diameter, plays a crucial role in determining material flow and weld quality. Different
pin profiles, such as cylindrical, threaded, and tapered, have distinct effects on the resulting
weld. Threaded and square pin profiles are often found to produce superior joint quality, while
the shoulder diameter affects the heat input and overall weld properties. Temperature
distribution: During friction stir welding, peak temperatures typically reach 80-90% of the
material's melting point. The temperature distribution is not uniform, it is generally higher on
the advancing side compared to the retreating side of the weld. Both experimental
measurements and Finite Element Analysis (FEA) modeling are commonly used to analyze the
thermal history of the weld. Microstructure and Mechanical Properties, The friction stir
welding (FSW) process results in the formation of fine, equiaxed grains in the stir zone through
dynamic recrystallization. The grain size and dislocation density in this region significantly
influence the mechanical properties of the weld, including tensile strength, hardness, and
fatigue resistance. These properties are evaluated for various alloys and process parameters.
Material Flow Behavior, The material flow around the FSW tool is complex and occurs in three
dimensions. This flow behavior is studied using markers, modeling, and microstructure
analysis. Proper material flow is critical to avoid defects, such as voids, and ensure a high-

quality weld. Finite Element Analysis (FEA) software, like ANSYS, is commonly used to
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predict temperature and stress distributions, while Computational Fluid Dynamics (CFD)
modeling helps analyze material flow. Optimization Methods, Design of experiments
approaches, such as the Taguchi method, are utilized to optimize FSW parameters. Analysis of
Variance (ANOVA) is often used to determine the significance of different factors affecting
weld quality. Emerging Research Areas, Recent research in FSW includes high-speed FSW,
welding of ultrathin sheets, in-situ temperature measurement and control, and the development
of hybrid and multi-pass FSW techniques. Key Conclusions, The literature review indicates
that FSW process parameters, particularly tool rotational speed, have a substantial impact on
weld quality and must be carefully optimized. The design of the tool geometry is also critical
for ensuring proper material flow and successful weld formation. Temperature distribution and
thermal history play significant roles in the evolution of microstructure and mechanical
properties. Both experimental studies and modeling/simulation approaches are vital for gaining
a comprehensive understanding of the FSW process and optimizing it for various applications.
This extensive review highlights the major research trends and findings related to the FSW of
aluminum alloys over the past decades, providing a strong foundation for further research and
development in this field.

Syukri et al. [92] conducted research to explore thermal simulation of different welding speed
and metal thickness for butt-joint welding with ANSY'S and investigated issues such as welding
deformation and residual stresses are critical, as they significantly impact the weld quality and
strength, particularly in shielded metal arc welding (SMAW). Various studies have utilized
finite element analysis (FEA) to explore the thermal effects and optimize welding parameters.
The uneven heating and cooling during the welding process induce complex thermal stresses
and strains, resulting in residual stresses and distortions, with the distribution of temperature
being influenced by parameters like welding speed, plate thickness, and electrode size.
Common deformations observed include longitudinal shrinkage, transverse shrinkage, angular
distortion, and bowing distortion. FEA software, such as ANSYS, plays a crucial role in
simulating these effects, allowing for precise calculation of distortions and residual stresses by
accurately modeling the geometry, material properties, heat input, and boundary conditions.
The simulations enable visualization of temperature distributions through contour plots on the
welded plate, providing insights into how higher welding speeds can mitigate residual stresses
and reduce the heat-affected zone, leading to narrower isotherms and shallower penetration.
Thicker plates, on the other hand, tend to absorb more energy, resulting in lower peak

temperatures and reduced overall residual stresses. The modeling of heat sources, often
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represented by a Gaussian distribution of heat flux, depends on variables such as welding
voltage, current, speed, and process efficiency. The simulation of moving heat sources is
achieved by altering the location of the heat flux over time. Ultimately, these thermal
simulations offer valuable insights into the optimization of welding parameters, aiming to
enhance weld quality and minimize experimental efforts, with potential extensions to different

joint configurations and welding processes in future research.

2.2 Problem Identification

Based on the literature survey, few research works have been conducted in the field of shielded
metal arc welding (SMAW) of dissimilar materials. As per author’s knowledge, none of the
research work has been performed on SMAW of duplex 2205 and 316L stainless steel.
Austenitic SS316L is primarily used in marine offshore oil rig platforms and ship construction.
Recently, Duplex stainless steel has also been used in the marine sector because of its higher
mechanical properties compared to austenitic stainless steel [2]. Therefore, welding of
austenitic stainless steel is necessary for repairing ship components or parts. Some authors
reported that SS 316L weldment exhibits lesser strength, durability, relative to duplex Stainless

steel weldments [1].

Furthermore, the literature lacks studies that establish connections between experimental and
computational fluid dynamics (CFD) simulation results, indicating an opportunity for
interdisciplinary investigation. Additionally, the significance of this research extends beyond
more experimental analysis. Transient thermal analysis based on the finite element method
(FEM) may provide a clear idea of temperature distribution around the fusion zone, which can
be validated with experimental results [91].

The marine environment presents unique challenges, such as high salinity, varying
temperatures, and pressure conditions, which can affect the performance and longevity of

welded joints. Strength, durability behavior are of prime importance in the marine industries
[71.

Determining the optimal welding parameters (e.g., current, voltage, welding speed) to achieve
high-quality welds with minimal defects and optimal mechanical properties. Understanding the

microstructural changes that occur during the welding process and how these changes affect

the overall performance of the welded joints in corrosive marine environments is necessary.
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2.3 Aim & Objectives

The aim of this study is to evaluate and optimize the Shielded Metal Arc Welding (SMAW)
process parameters for welding of Duplex Stainless Steel (DSS) 2205 and Austenitic Stainless
Steel (SS) 316L by using different filler electrodes ER2209 and E316L-16, focusing on their
suitability and performance in marine applications. The present research work seeks to enhance
the understanding of how welding parameters influence the mechanical properties, and
microstructural characteristics of these materials, to improve their durability and reliability in

harsh marine environments.

= To successfully weld the dissimilar materials, duplex stainless steel 2205 and austenitic
stainless steel 316L, using two different filler electrodes, ER2209 and E316L-16.

= To investigate the effects of process parameters, specifically welding current and
welding speed, on responses such as weld deposition rate, weld seam width, and tensile
strength.

= To examine the impact of different filler materials on the tensile behaviour, weld
quality, and weld deposition rate of the weldments.

= To analyse the microstructural changes in SS 316L and DSS 2205 weldments and
determine how various process parameters influence these changes.

= To identify the optimal shielded metal arc welding (SMAW) parameters, including
current, voltage, and welding speed, to produce high-quality welds with minimal
defects, and favorable mechanical properties.

= To compare the performance of DSS 2205 and SS 316L weldments in terms of
mechanical properties, weld quality, and microstructural analysis.
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CHAPTER 3
EXPERIMENTAL INVESTIGATIONS

This chapter discusses the welding techniques that involve using molten electrode metal to fill
the weld gap and join workpieces. For welding stainless steel, especially marine-grade types,
specialized electrodes that match the specific material are typically required. These electrodes
are formulated to match the chemical composition of the base metal, ensuring the welded joint
has the required mechanical properties. To ensure adequate heat input and prevent issues such
as excessive heat distortion, grain growth, and metallurgical problems, various welding
parameters are adjusted. The microstructure analysis involves examining the arrangement,
composition, and properties of the small components within the weld. It also involves
inspecting the present phases, the heat-affected zone, the grain structure, the solidification
pattern, and identifying any imperfections. Techniques such as the optical metallurgical
microscope are employed to examine these characteristics. The mechanical properties of the
base metal and the welded samples are assessed, focusing specifically on compressive strength,
and tensile strength. ANSYS software was used to conduct thermal analysis and explore

temperature variations in different areas of the plate.
3.1 Work Materials

The base metals (BM) used in this study are Duplex 2205 and 316L stainless steel, sourced
from special metals india and jaswant steel india. The filler materials used in the welding
process were E316L-16 and ER 2209, sourced from Excellent Weld-Aids in West Bengal,
India. The exact chemical composition of the base metals Duplex 2205 and AISI 316L is
detailed in Table 3.1, while the chemical composition of the filler materials, electrode E316L-
16, and ER 2209 is shown in Table 3.2. In addition to the welding materials, cutting-off wheels

and flap discs are also utilized.

Table 3.1: Chemical composition of base alloy of SS316L [58] & DSS 2205 [75].

Base | wt.% | wt.% | wt.% | wt.% | wt.% | wt.% | wt.% | wt.% | wt.% | wt.%
alloy C Mn P S Si Cr Ni Mo N Fe
SS316L | 0.03 | 2.0 |0.045| 0.03 | 0.75 | 16.0 | 10.0 | 2.0 0.1 Bal.
DSS |0.016 | 1.35 | 0.025 | 0.001 | 0.47 | 2242 | 5.71 | 3.15 | 0.17 | Bal.
2205
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Table 3.2: Chemical composition of filler materials E316L-16 [58] and ER 2209 [76].

Filler C Cu | Mo | Mn | Ni Cr Si P S Fe
materials
E316L-16 002 | 005| 28 | 06 |116| 186 | 0.61 | 0.03 | 0.01 | Bal.
ER 2209 0.023 | 0.10 | 3.02 | 1.57 | 8.65 | 23.02 | 0.56 | 0.022 | 0.001 | Bal.

3.2 Experimental Setup

Shielded Metal Arc Welding (SMAW), also known as stick welding, is a process that uses a

consumable electrode coated in flux to create the weld. An Essar arc welding machine was

employed to weld the base metal using various types of filler electrodes, and appropriate

personal protective equipment (PPE) was used throughout the experimentation.

Figure 3.1 below provides a pictorial view of the SMAW experimental setup, while Table 3.3

details the specifications of the arc welding machine.

Face Guard

Work piece

Bench vice

Figure 3.1: Pictorial view of SMAW welding setup
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Table 3.3: Specification of the SMAW machine

Welding Type Arc

Output Current 30-250 A
Input Power 6 - 12 kVA
Supply Voltage 230V
Phase Single Phase

Automation Grade Automatic

3.3 Welding Fixture

A welding fixture is a support or work-holding device used to precisely position and secure
materials in a specific location or orientation. For this present study, the fixture is designed to
hold the workpiece securely. Mild steel is used as a support for the base metal, which is secured
in place with stainless steel holding clips. Additionally, a bench vice is employed to fasten the

mild steel plate firmly. Figure 3.2 displays the pictorial view welding fixture.

Bench Vice

Duplex Steel 2205

Holding Clips

Stainless Steel 316L

Figure 3.2: Pictorial view of welding fixture

3.4 SMAW Procedure

Figure 3.3 illustrates the steps involved in setting up and operating an arc welding process. The
first step is to ensure that the main power supply is available and functioning, as welding
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equipment requires a stable power source to operate effectively. Next, the welding machine is
connected to the main power supply, ensuring all electrical connections are secure and correctly
set up. The work clamp, also known as the ground clamp, is then connected to the workpiece
to complete the electrical circuit required for welding. The appropriate electrode for the
welding job is selected, with the choice depending on factors like the type of material being
welded, the desired weld quality, and the specific welding process being used. The type and
diameter of the electrode are chosen based on the welding requirements, as the type influences
the properties of the weld, while the diameter affects the current needed and the deposition rate.
The welding machine's output settings are adjusted according to the selected electrode and
work piece, typically involving setting the voltage and amperage. The amperage is set to a level
appropriate for the electrode type and the thickness of the material being welded, as proper
amperage settings are crucial for achieving good weld penetration and quality. The selected
electrode is inserted into the electrode holder, which is then connected to the welding cable,
completing the setup. Finally, the welding arc is initiated by striking the electrode against the
work piece, generating intense heat that melts the electrode and the work piece to form the

weld.

MAIN POWER CONNECT
SUPPLY POWER SUPPLY

ADJUST (A)TYPE AND SELECT
OUTPUT (B)DIAMETER ELECTRODE

s

Figure 3.3: Flow chart of SMAW procedure
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3.5 Techniques Adopted for Welding of DSS 2205 & SS316L

Using a cut-off wheel, the stainless steel Duplex 2205 and SS316L are sliced into plates
measuring 60 mm by 60 mm with a thickness of 2 mm. Three sets of samples, each with
identical dimensions, were prepared to create welding specimens. Emery paper is employed to
smooth the edges of the steel plate, ensuring a clean surface before welding. Duplex 2205 and
SS316L stainless steel are welded using the SMAW method with different electrode filler
materials. In direct-current straight polarity, the workpiece is positively charged while the
electrode carries a negative charge.

The samples are welded using a single square groove weld with butt joints, performed in a
down-hand position at a 70-degree angle. A single pass is used to minimize the overall heat
input to the base material. This approach significantly reduces the risk of distortion and effects
in the heat-affected zone (HAZ). Welding safety measures ensured that PPE was properly
worn, adequate ventilation was provided, and safe work procedures were consistently followed
to minimize potential risks. Figure 3.4 provides a detailed illustration of the specific welding

technique.

Electrode Holder

Workpiece or Electrode

Base Metal Electrode

‘ Lead Cable
Plug to Power /
; Source

Welding Table

Workpiece
Connection (Clamp)

Workpiece Lead ‘
(Cable) SMAW Machine

Figure 3.4: Schematic of SMAW welding technique [77].
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The welding input by using an electrode of E316L-16 and ER2209 at various currents has been
given in Table 3.4.

Table 3.4: Welding input by using an electrode of E316L-16 and ER2209 at various current

Sample, | Welding Arc Weld Time, Travel Heat
ID current, | voltage, length, min speed, input,
A \Y/ mm mm/min | KJ/mm
Al 80 24 60 0.316 189.873 0.606
A2 90 24 60 0.278 215.827 0.600
A3 100 24 60 0.239 251.046 0.573
B1 80 24 60 0.347 172.910 0.666
B2 90 24 60 0.291 206.185 0.628
B3 100 24 60 0.259 231.660 0.621

Once the welding parameters have been successfully applied, the welded specimen is prepared
for further characterization. Figure 3.5 displays the sample of DSS 2205 & SS 316L plates
before welding, while Figures 3.6 and 3.7 show the plates after welding, using electrodes (a)
ER2209 and (b) E316L-16, respectively.

SS3U6L

DSS 2295

Before Joining 60 mm

-

Figure 3.5: Sample of DSS 2205 & SS 316L plate before welding
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Base Plate

Figure 3.6: Sample after welding by usingan  Figure 3.7: Sample after welding by using
electrode (a) ER2209 an electrode (b) E316L-16

To calculate the heat input in SMAW, it is essential to measure the amount of energy
transferred to the workpiece per unit length by the welding arc [78]. This can be achieved by
applying the following equation.

V x 1T x 60

1000 x S
Where, HI is heat input in (kJ/mm), V is Arc voltage in volts, A is welding current in ampere,

Heat input (HI) =

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

3.6 Methodology

The flow chart shown in figure 3.8 outlines the process of studying the welding characteristics
of dissimilar materials. This initial step involves choosing the materials that will be welded
togethers. The selection is critical as the properties of the materials, such as their melting points,
thermal conductivity, and mechanical properties, will influence the welding process and the
final outcome. After selecting the materials, the next step is to choose an appropriate welding
process. This decision is based on the types of materials, their thickness, and the desired
properties of the final weld. Common welding processes include MIG (Metal Inert Gas)

welding, TIG (Tungsten Inert Gas) welding, and arc welding, among others. Now the third
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steps involves the chosen materials are welded using the selected process. The welding
parameters, such as temperature, welding speed, and filler materials, are carefully controlled
to ensure a high-quality weld. In fourth steps once the welding is complete, the welded
materials are tested to evaluate their mechanical properties and welding characteristics. This
includes checking for strength, ductility, hardness, and any defects such as cracks or voids in
the weld. This is the fifth steps and it involves analyzing how well the different materials
bonded during the welding process. Dissimilar materials can present challenges due to
differences in their thermal expansion rates, melting points, and other properties. The study
aims to understand these challenges and how they affect the quality and durability of the weld.
Finally, the results from the mechanical testing and study of welding characteristics are
compiled and analyzed. Conclusions are drawn regarding the effectiveness of the welding
process for the selected materials, potential improvements, and the implications for practical
applications. This step is crucial for providing recommendations for future welding projects
and for optimizing welding processes. Overall, this flowchart provides a systematic approach
to studying and optimizing welding processes, particularly when dealing with dissimilar

materials.

WELD THE SELECTED
MATERIALS

STUDY THE WELDING

$

RESULT AND CONCLUSION

Figure 3.8: Flow chart showing methodology followed for the present work.
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3.7 Weld Deposition

The process of adding filler material to a junction while welding to form a weld bead is known
as "weld deposition. Weld deposition has been measured by the wensar high precision
electronic balance. The weight of both the base metal has been separately measured before
welding using this device and also the weight of the base metal has been measured after welding
using this device then the weld deposition has been calculated using the given below formula
and the final calculated weld deposition has been shown in the table 3.6. Figure 3.9 shows the
pictorial view of the electronic balance device and Table 3.5 shows the specification of the

wensar electronic balance device.

Figure 3.9: Pictorial view of electronic balance device

Table 3.5: Specification of wensar electronic balance

Type Electronic Balance
Temperature Range (°C) | 15t025

Power Supply AC 220V / 50-60 Hz
Weight 10 kg

Max. (Capacity) 520g

Min. (Capacity) 0.1g

Pan Size (mm) 80 mm @

The formula used to calculate the weld deposition:

. Weight after welding — Weight before welding
Weld Deposition(%) = Weight after welding X100
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Table 3.6: Weld deposition of specimen at various current.

Sample Welding current Arc voltage Weld deposition

(A) V) (%)

Al 80 24 2

A2 90 24 2.4

A3 100 24 1.5

Bl 80 24 1.8

B2 90 24 2.2

B3 100 24 2.1

3.8 Characterization Techniques

After successfully welding DSS 2205 and SS 316L stainless steel, the impact of varying current
and electrode types on the microstructure and mechanical properties of the welded specimen
has been analyzed. Before any characterization is performed, the welded samples are visually
inspected for surface flaws, cracks, or irregularities. After the visual inspection, the prepared

samples underwent a series of characterization procedures.
3.8.1 Microstructural Evolution

The Optical microscopic analysis are conducted to examine the overall morphology of the
welded samples. Each welded specimen has been prepared according to ASTM E407 standards
for microstructure analysis. The samples' surfaces and cross-sections are mounted with epoxy
resin and polished to a mirror finish using various grades of emery paper, cloth, and diamond
polishing. The polished samples were etched with Kelling's reagent (5 grams of CuCl2, 40 ml
of HCI, and 40 ml of alcohol) following standard metallographic procedures. It is used to
examine the fusion zone (FZ), heat-affected zone (HAZ), and any surface imperfections, aiding

in the identification of features such as inclusions, surface cracks, or weld defects.
3.8.2 Tensile Test

Transverse tensile specimens (with length perpendicular to the welding direction) are prepared
using electrical discharge machining (EDM) and evaluated according to the ASTM E8 standard
for tensile tests at room temperature. The dimensions and design of the samples for tensile tests
are carried out at room temperature. A cross-head speed (displacement rate) of 1 mm/min was
selected for the tensile test. The tensile tests at room temperature are performed using a 50 kN,
Instron 8862 tensile testing machine. Figure 3.10 displays the dimensions required for

preparing a tensile specimen.
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Figure 3.10: Dimension of a tensile welded specimen prepared by WEDM

3.9 Infrared Thermal Imager

Figure 3.11 represents a thermal imaging camera, specifically a Fluke brand thermal imager.

This type of device is commonly used in various fields, including electrical and mechanical
inspections, building diagnostics, and preventive maintenance, to detect heat patterns and
temperature variations in objects and environments. The camera has a screen that displays the
thermal image or infrared data captured by the device. The image shows some fingerprints or
smudges on the screen, which is common with touchscreens or devices used frequently in the
field. Below the display, there are several buttons for navigating the camera's menu and
settings. These buttons are used to adjust parameters, switch between modes, and manage saved
data.

Thermal imaging cameras are used to visualize temperature differences across surfaces. They
are valuable in detecting issues like overheating components, insulation gaps, leaks, and more.
The thermal data can help identify problems that are not visible to the naked eye, making these
devices essential tools in maintenance, inspection, and diagnostic tasks. Table 3.7, displays the

specification of fluke ti450 thermal imager camera.
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Figure 3.11: Pictorial view of fluke ti450 thermal imager camera

Table 3.7: Specification of fluke ti450 thermal imager camera

Temperature -10 °C to +50 °C
AC Operation 110 V ac to 220 V ac, 50/60 Hz
Infrared spectral band 7.5 um to 14 pm (long wave)
IR-Fusion Technology 100 %, 75 %, 50 %, 25 % IR plus full visible
on camera
Standard Infrared Lens 1.31 mRad
Spatial Resolution (IFOV)
Visual (Visible Light) Industrial performance 5.0 MP
Camera, Type

3.10 Transient Thermal Analysis

A finite element model of the object under examination and the temperature distribution over
time are the two steps in the transient thermal analysis procedure in ANSYS. This process
consists of the following key steps: (a) creating the geometry; (b) meshing; (c) assigning
materials; (d) defining the boundary conditions; and (e) computing the solution. These
procedures result in the generation of a finite element model, which makes it possible to acquire

the temperature distribution over time and analyze transient thermal behavior. The thermal
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analysis conducted in this study included all necessary analyses within the transient thermal
domain and was conducted using the student edition of ANSYS 2024 R1.

3.10.1 Finite Element Modelling for DSS 2205 and SS 316L.

In transient thermal analysis, the temperature field (T) of a welded plate depends on time (t),
and thermal conduction will occur in the metal. The governing partial differential equation for
three-dimensional transient heat conduction with internal heat generation during welding is

described by the thermal equilibrium equation provided in [79].

6(K 6T>+6(K 6T>+6<K 6T>+ B <6T> (3.1)
xS ax) Toy B ) T a7 \Ke gz ) T2 = Pl

Where T represent the temperature (°C), K stand for thermal conductivity (W/m °C), ¢ denotes
the specific heat (J/kg °C), q represents the density (kg/m3), t represents the time (min), Q
represents the rate of heat generation per unit volume (W/m3). Boundary conditions, the
specific heat flow acting over the surface will be that of surface convection and radiation is
given by [79].

oT

3.2
(Kn %) = k(T — Tf) + eo(Tys — T#) (32

Where h is the heat transfer coefficient at the model surface, Tw is the temperature of the model
surface, Ty is the temperature of the surrounding, e is the radiation coefficient of the black bodly,
and r 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 [80].

V x1IX 60 (3.3)

Heat input (HI) = 1000 xS

Where HI is heat Input (kJ/mm), V is Arc voltage in volts, A is Welding Current in ampere,
and S is Travel speed (mm/min). The heat Flux Equation can be calculated using this equation

Heat Flux(q)=H/SxL (3.4)
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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.

46



CHAPTER 4
RESULT AND DISCUSSION

This chapter details the experimental findings from metallurgical studies, as well as mechanical
and weld tests conducted under both welded and thermal conditions. Both tabular and graphical
results are provided, along with a discussion of the findings for welds with different joint

designs.

4.1 Weld Deposition

In shielded metal arc welding the process of adding filler material to a junction while welding
to form a weld bead is known as "weld deposition.” Figure 4.1 shows the relationship between
welding current (A) and weld deposition (%) for two different types of electrodes ER2209 and
E316L-16.

3
2.5 A2
= Al
S B2 B3
- 2
= Bl
GSJ_ 15 A3
&)
2 1
D
=
0.5
0
80 85 90 95 100 105
Welding Current (Amp)
ER2209 ER316L

Figure 4.1: Weld deposition versus current (A) for two different types of electrode

Graph illustrates the relationship between current (in amperes) and weld deposition (%) for
two filler metals ER2209 and ER316L. The x-axis indicates the current, ranging from 80 to
100 amps, while the y-axis shows the weld deposition. The weld deposition begins at

approximately 2% at 80 amps. This is likely due to an increase in the heat input (HI), which
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promotes better melting and deposition of the filler material. Using equations 3.3 & 3.4, as the
current (1) increases, HI increases (assuming voltage V and speed S remain constant), resulting
in higher heat input and thus more weld deposition. Table 4.1 displays the weld deposition of

specimen at various currents.

Table 4.1: Weld deposition of specimen at various currents.

Sample Welding Arc voltage, Weld
current, (A) V) deposition (%o)

Al 80 24 2

A2 90 24 2.4
A3 100 24 1.5
Bl 80 24 1.8
B2 90 24 2.2
B3 100 24 2.1

At 90A, the weld deposition reaches its peak (about 2.5%). This is due to an optimal current
where the heat input is sufficient to maximize deposition without causing issues like excessive
heat or instability. Beyond 90A, the deposition decreases significantly due to excessive heat
causing weld pool instability or increased arc blow, leading to a less efficient deposition
process. Similarly for E316L-16, the deposition reaches up to 1.9% at 80 amps. As the current
rises to 90 amps, the deposition increases to about 2.2% and at 100 amps it decreases to 2.1%.
ER2209 shows a sharper increase and decrease in deposition with changes in current,
suggesting it's more sensitive to heat input variations. Whereas ER316L exhibits a more
gradual change, indicating it might tolerate a wider range of heat input without significant loss
in deposition efficiency. For both materials, optimal deposition occurs where heat flux is
balanced enough to melt filler material effectively but not so high as to cause defects.

4.2 \WWeld Seam Width

Weld seam width is critical for understanding the quality of a weld. It helps in identifying
potential issues like improper fusion, excessive heat input, or the presence of harmful phases
that could compromise the weld's strength. This analysis ensures that the weld meets the
required specifications and standards for the intended application. The width of the fusion zone
(the distance between the boundaries where the base materials have melted and fused) is
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measured. This is often done using optical microscope image analysis software that can
precisely measure the dimensions of weld width. figure 4.2 and table 4.2 represents the weld

seam width of all the specimens at different current.

6817.677 um . 2
? 8441.754 pm

8207.668 pm

6915.969 ym

5

5931.266 pm

Figure 4.2: Weld seam width of all the specimens at different current
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Table 4.2: Weld seam width of all the specimens at different current

Sample Weld seam width (um) Current (A)
Al 7075.914 80
A2 8527.791 90
A3 6466.575 100
B1 6097.354 80
B2 8161.701 90
B3 7647.982 100

Graph represents the relationship between the welding current (A) and the weld seam width
(um) for two different electrodes ER2209 and E316L-16.

9000
8500 ="
\E% 8000 B2
=
.'CE’ 7500 B3
£ 7000 A%
3
= 6500
= A3
6000
Bl
5500
80 85 90 95 100
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Figure 4.3: Weld seam width of all the specimens at different current

Graph illustrates the variation in weld seam width with welding current for two types of
electrodes, ER2209 and E316L-16. For ER2209, the weld seam width increases from 7000 pm
to a peak of 8500 um as the current rises from 80A to 90A, then decreases to 6000 pum at 100A.
Similarly, for E316L-16, the weld seam width increases from 6000 um to a peak of 8000 pm
as the current rises from 80A to 90A, then decreases to 7000 um at 100A. As the welding
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current increases from 80A to 90A, both electrodes show an increase in weld seam width,
indicating higher heat input leading to a wider seam. However, as the welding current increases
from 90A to 100A, both electrodes exhibit a decrease in weld seam width. This decrease may
be due to an increase in welding speed (S) at higher currents, which reduces the heat input per
unit length and consequently the weld seam width. ER2209 shows a more pronounced peak
and drop in weld seam width, indicating it is more sensitive to changes in welding current,
while E316L-16 exhibits a steadier increase and decrease, indicating more consistent behavior

with varying currents.
4.3 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 4.4. Each curve represents the stress-strain
behavior of a specific sample under certain conditions. The x-axis represents the tensile strain,
which is the deformation or elongation of the material as a percentage of its original length.

The y-axis represents the tensile stress, which is the force per unit area applied to the material.

After the initial linear portion of each curve (elastic region), as the stress increases, the material
reaches the yield point and the curves exhibit a nonlinear behavior indicating plastic
deformation. 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 keeps
undergoing plastic deformation, and the strain increases at a relatively steady rate. This is the
permanent deformation that occurs when the material is subjected to stress beyond its elastic
limit. As we know the ultimate tensile strength (UTS) is the maximum stress that a material
can withstand. Figure 4.4 represents the curve for A2, which shows higher ultimate stress than
the remaining respective specimens indicating that this material is better strength compared to
others. After reaching the ultimate tensile stress (UTS) point, stress starts to decrease while the
strain continues to increase, indicating the onset of necking and eventual fracture. The sharp

drop in each curve after the peak indicates the point of fracture. Ductility is determined by the
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Figure 4.4: Tensile stress versus strain graph of welded sample at different current

strain at fracture, which represents the maximum strain the material can endure before failing.
It indicates how much a material can stretch before breaking. It has been observed that the
curve for A3 shows high ductility, stretching to around 55% strain. Additionally, the area under
each curve represents the strain energy, which is the amount of energy the material absorbs
before it fails. It indicates the material's toughness, materials with larger areas under their
curves can absorb more energy before breaking, suggesting higher toughness. It has been
observed that the A2 is showing higher area compared to others means it is showing higher
strain energy compared to others so it has better toughness than the other respective specimens.
The detailed tensile results, including yield strength, ultimate tensile strength, and elongation

percentage, are presented in Table 4.3.

The tensile test results show that the ultimate tensile strength of ER 2209 welded sample
initially increases from to 485 N/mm2 to 626 N/mm? as the welding current increases from 80
A to 90 A. However, with a further increase in current from 90 A to 100 A, the ultimate tensile
strength decreases from 626 N/mm? to 566 N/mm2. The ultimate tensile strength of ER 316 L
welded materials initially increases from 416 N/mm?2 to 558 N/mm?2 as the current increases

from 80 A to 90 A, but then decreases from 558 N/mm2 to 509 N/mm?2 as the current rises from
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90 A to 100 A. It has been observe that as the welding current increases from 80 A to 90 A, the
heat input to the weld increases, leading to deeper weld penetration. This is because higher
current generates more heat, which melts more of the base metal, allowing the weld pool to
penetrate deeper into the material. The initial increase in ultimate tensile strength (UTS)
observed in both ER2209 and ER316L samples suggests that the increased penetration at these
currents leads to better fusion and a more robust weld, which can handle higher loads before

failing.

Furthermore, when the current is further increased from 90 A to 100 A, the weld penetration
depth can continue to increase initially due to the higher heat input. However, there is a point
beyond which additional current can lead to issues such as excessive heat input, resulting in
problems like excessive dilution, or excessive reinforcement, which might not contribute
positively to the mechanical properties. The observed decrease in UTS from 90 A to 100 A for
both ER2209 and ER316L may indicate that while penetration depth could still be increasing,
other factors are negatively affecting the mechanical properties. These includes excessive
welding current can lead to overheating and grain growth, which weakens the weld, as well as
increased defects and porosity due to higher evaporation of alloying elements, reducing the
weld's overall strength. Therefore, while the weld penetration depth generally increases with
an increase in welding current, the relationship is not linear beyond a certain point. The optimal
penetration depth that contributes positively to weld strength and quality is typically achieved
at an intermediate current level (in this case, around 90 A), beyond which further increases in
current may not be beneficial and can even be detrimental due to the negative effects of
excessive heat input. The increase in UTS from 80 A to 90 A can be attributed to improved
fusion and microstructure refinement. However, the subsequent decrease from 90 A to 100 A
is likely due to overheating, grain growth, potential phase transformations, and increased
residual stresses, which can all contribute to a reduction in tensile strength. This pattern is
observed for both ER2209 and ER316L, indicating that these materials have optimal welding
conditions that maximize their tensile strength, beyond which the properties degrade. It has
been investigated that the ER2209 materials (A-series) generally show higher tensile strength
and ductility compared to 316L-16 (B-series), as indicated by the higher and more extended
curves. Figure 4.4 shows the tensile stress versus strain graph of welded sample at different
current and Table 4.3 displays the Ultimate tensile, yield stress, and elongation of all specimens
at different currents.
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Table 4.3: Ultimate tensile, yield stress, and elongation of all specimens at different currents

Sample Yield stress Elongation Ultimate Tensile
(N/mm?) (%) stress (N/mm?2)
Al 620 30.6 626
A2 485 23.2 485
A3 544 32.6 566
Bl 555 23.4 558
B2 416 12.57 416
B3 509 19.05 509

4.4 Measurement of Temperature Using Infrared Thermal Imager

Figure 4.5 illustrates the thermal profile recorded during welding with an ER2209 filler at a
current of 80A. The highest temperature observed is 2936.6°C, while the lowest is 23.3°C. The
thermal image emphasizes the heat-affected zone (HAZ), with a central hot spot representing
the weld pool. The color scale, ranging from dark blue (cooler areas) to red (hottest areas),
displays the heat distribution. Figure 4.6 presents the thermal profile for welding with ER2209
at 90A. The highest recorded temperature is 2280.2°C, while the lowest is 23.3°C. Although
the heat distribution pattern is similar to that in Figure 4.5, the maximum temperature is lower,

suggesting potential variations in thermal conductivity or heat dissipation.

Figure 4.7 displays the temperature distribution for welding with ER2209 at 100A. The highest
temperature recorded is 1906.4°C, while the lowest is 24.3°C. The peak temperature appears
lower than in previous images, which could indicate variations in heat input or potential
measurement variations. Figure 4.8 presents the thermal profile for welding with E316L-16
filler at 80A. The maximum temperature achieved is 3056.2°C, while the minimum is 25.2°C.
Although the thermal distribution is similar to that in previous figures, it features a distinct
color pattern and a higher peak temperature, suggesting variations in thermal behavior between
the ER2209 and E316L-16 fillers.

Figure 4.9 displays the temperature range indicated by the color scale on the right, which spans
from a minimum of 22.9°C to a maximum of 2386°C. The welding process is performed at a
current of 90A. The image reveals a concentrated heat zone, with the hottest area marked by a
cross labeled "HI." The color gradient transitions from white/red (indicating the hottest areas)

to blue (indicating cooler areas), illustrating the temperature gradient.
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Figure 4.5: Temperature at 80A welded by  Figure 4.6: Temperature at 90A welded by
ER2209 ER2209

Auto3 1169.6 Auto3 1169.6

Figure 4.7: Temperature at 100A welded Figure 4.8: Temperature at 80A welded by
by ER2209 E316L-16

Auto3 1169.6 Auto3 1169.6

Figure 4.9: Temperature at 90A welded by  Figure 4.10: Temperature at 100A welded
E316L-16 by E316L-16

Figure 4.10 displays a slightly different temperature range, with a minimum of 24.5°C and a
maximum of 2024.6°C, and a welding current of 100A. Similar to the previous image, this one
also displays a heat concentration with a marked "HI" point indicating the hottest color. The
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thermal images use a color gradient to represent temperature variations, with red representing
the hottest areas and blue the cooler areas. The central hot spot corresponds to the weld pool,

with heat dissipating outward.

4.5 Methodology of Thermal Analysis

The thermal study of the welded zone was conducted using the student edition of ANSYS 2024
R1. All necessary analyses for thermal assessment have been carried out within the transient

temperature range.
4.5.1 Geometry Creation

ANSYS design modeler is a versatile and user-friendly tool that plays a crucial role in the
simulation workflow, from initial geometry creation to preparing models for analysis. Its
comprehensive feature set allows engineers to efficiently develop accurate and detailed models,
which are essential for reliable simulation results. For this present study, the entire model
geometry was constructed in ANSYS using its design modeler. The investigation utilized

dissimilar plates of the same size for both electrodes.
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Figure 4.11: Initial geometry of welded specimen
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Figure 4.12: Geometric area of welded specimen

The initial setup, illustrated in figure 4.11 featured two plates, each measuring 60 mm by 60
mm by 2 mm, joined using SMAW techniques. A half-circle with a 1 mm diameter was
incorporated into the models to indicate the welding area, with the welded zone having a

penetration depth of 2 mm. Figure 4.12 shows the geometric area of welded specimen.
4.5.2 Meshing

Meshing in ANSYS involves subdividing a geometry into smaller, finite elements to enable
numerical analysis in simulations, a procedure known as finite element meshing. This process
is a fundamental component of the finite element analysis (FEA) workflow. Essentially,
meshing transforms the geometry into simpler, discrete pieces called elements, which are
interconnected at points known as nodes. The elements can vary in type 1D elements are used
for line structures like beams, 2D elements for planar structures like shells, and 3D elements
for solid structures, which can include tetrahedral, hexahedral, or other shapes. In the current
study, two plates, each 60 mm by 60 mm and 2 mm thick, are used, with the welding area
depicted as a half-circle with a 1 mm diameter. For meshing, an element size of approximately
1 mm was chosen for the plates, while a finer element size of 0.1 mm was used for the welding
area to achieve greater detail. After generating the mesh, its quality was assessed by reviewing
mesh statistics and parameters such as aspect ratio, skewness, and element quality to ensure it
meets the required accuracy standards. Figure 4.13 displays meshing of the welded specimen
and figure 4.14 shows skewness meshing of the welded specimen.
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Figure 4.13: Meshing of the welded specimen

Figure 4.14: Skewness meshing of the welded specimen

4.5.3 Material Assignment and Boundary Conditions

SMAW techniques were employed to weld DSS 2205 and 316L stainless steel materials. The
thermal and mechanical properties of these base materials, listed in Table 4.4 [81], were entered
into ANSY'S engineering data for the analysis of both the plate geometry and the welded region.
For the simulation, the plates and the welded region were modeled with the same properties for

DSS 2205 and SS316L, capturing the melting and joint formation that occur during welding.
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In transient thermal analysis using ANSYS, boundary conditions are crucial for defining how
heat is applied, removed, or distributed within the model over time. These conditions include
specifying a temperature at points or surfaces, which can be either constant or vary with time,
to set initial temperatures or apply specific thermal conditions. The boundary condition for the
transient thermal analysis was set at an ambient temperature of 33 °C. A convection heat
coefficient, or film coefficient, of 5.0 W/ (m?+°C) was applied to the plate body geometry for
steel. The heat flux, determined from experimental measurements of the welding time, was

applied to the welded area.

Table 4.4: Thermal properties of base Metal of SS316L & DSS 2205 [81, 83, and 84]

i . . - Th I .
UItlmfate Yield Modulus Vickers |Specific Heat erm_a_ Density
Base | Tensile Strength of Hardness |Capacity(J/g- Conductivity (Kg/m3)
Metal |Strength (MPg) Elasticity HyY P OC)y g (W/(m-K) g
(MPa) (GPa)
SS316L| 515 205 193 155 0.500 14.0-15.9 7817
DSS
655 450 200 293 0.500 15.0 7800
2205
4.5.4 Solution

Two types of electrodes, E316L-16 and ER 2209, were used in the welding process. These
electrodes facilitated the welding of SS316L and DSS 2205 materials using the SMAW
method. The heat input and heat flux were calculated using Equations 3.3 and 3.4, along with

the welding parameters. The results of this analysis are presented in Table 4.5.

Table 4.5: Utilization of electrodes ER 2209 and E316L-16

Specimens | Current | Voltage Welding Heat input, | Heat flux,

(A) (V) speed (kJ/mm) | (W/mm?)
(mm/min)

Al 80 24 189.873 0.606 3.192

A2 90 24 215.827 0.600 2.787

A3 100 24 251.046 0.573 2.282

B1 80 24 172.910 0.666 3.855

B2 90 24 206.185 0.628 3.046

B3 100 24 231.660 0.621 2.687
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Observations reveal that for all A specimens, an increase in welding current is linked to a higher
welding speed when using electrode ER2209. This suggests reduced heat input, as the electrode
remains in contact with the base metal for a shorter period. For example, specimen Al, with an
80A current and a welding speed of 189.873 mm/min, exhibited the highest heat input value
(0.606 KJ/mm) among all A samples using electrode ER2209. However, when the welding
speed was increased to 215.827 mm/min at 90A, the heat input decreased to 0.600 KJ/mm. As
observed in the macrostructure of all A samples, this can reduce the size of the total heat-
affected zone (HAZ), potentially minimizing distortion and heat-related issues in the weldment.
Additionally, the deposited weld metal cools more rapidly because of the increased welding
speed. As evident from the microstructure of sample A, this rapid cooling can affect the
microstructure, resulting in a finer grain structure. This finer grain structure enhances the weld's
mechanical properties, such as strength and toughness. Additionally, as observed, increasing
the welding speed may reduce weld penetration. The macrostructure of all A samples shows
some penetration. This is due to the limited weld penetration depth into the joint caused by the
shorter duration of the arc's contact with the base metal. Increased welding speeds often lead
to longer and narrower weld beads, which can alter the overall appearance of the weld. Similar
results were observed when electrode E316L-16 was used in specimen samples B. Increasing
both the welding speed and current led to a reduction in heat input. When welded at a speed of
172.910 mm/min and with an 80A current, specimen B1 using electrode 316L-16 exhibited the
highest heat input value among all B samples, measuring 0.666 KJ/mm. However, when the
welding speed increased to 206.185 mm/min at 90 A, the heat input value decreased to 0.628

KJ/mm, as shown in Table 4.5.
4.5.5 Temperature Distribution

Specimen Al was analyzed to assess the temperature distribution and pinpoint the maximum
and minimum temperatures on the welding plate. Further data regarding welding parameters
and equations were gathered and incorporated into ANSYS's transient thermal analysis. Figures
4.15 and 4.16 represents the temperature distribution on specimen Al and B1, welded with
electrode ER2209 and E316L-16 at an 80A current, at various time period. Figure displays the
temperature distribution using a color map, with lower temperatures represented by blue or
green, transitioning through intermediate colors like yellow or orange, and higher temperatures

shown in red, indicating warmer temperatures. Additionally, the figure illustrates that along the
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plate, the temperature decreases from the red-colored welded zone to the blue-colored region.
A heat flux of 3.192 W/mm?2 is applied to the welded region of specimen Al.

Figure 4.15: Temperature distribution on the specimen (A1) at current 80A

The welding process takes 18.96 seconds to complete. According to the analysis results, the
highest temperature in the welding region, indicated by its red color, is 2936.6 °C. However,
the plate's blue color indicates that the lowest temperature is 23.3°C. Table 4.6 presents the
highest and lowest temperatures in the welded samples, analyzed using electrodes ER2209 and
E316L-16 for specimens Al and the other samples A2, A3, B1, B2, and B3. The welding of
sample Al took 18.96 seconds to complete, and the table indicates that it reached a maximum
temperature of 2936.6 °C. In contrast, sample A2 had a lowest recorded temperature of 2280.2
°C and took 16.72 seconds to complete. Similarly, sample B1 reached a maximum temperature
of 3056.2 °C and required 20.84 seconds to complete. Sample B3 was finished in 15.58 seconds
and had the lowest maximum temperature reported at 2024.6 °C. This indicates that, for both
specimens, the temperature decreases as the welding time shortens. A shorter arc length
produces less heat, which aligns with the observed correlation in heat input. Longer welding
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Figure 4.15: Temperature distribution on the specimen (B1) at current 80A

Table 4.6: Maximum and minimum temperature of welded specimens

Specimen | Time | Maximum Minimum
(sec) | temperature | temperature
(°C) Q)
Al 18.96 | 2936.6 23.3
A2 16.72 | 2280.2 23.3
A3 14.34 | 1906.4 24.3
Bl 20.84 | 3056.2 25.2
B2 17.46 | 2386.5 22.9
B3 1558 | 2024.6 24.5

4.5.6 Heat Flux Analysis

Figure 4.17: Heat flux distribution on the specimen (A1) at current 80A
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Figure 4.18: Heat flux distribution in the vector form on the specimen (A1) at current 80A

Figure 4.17 displays the heat flux distribution on the specimen (A1) at current 80A and figure

4.18 shows the heat flux distribution in the vector form on the specimen (A1) at current 80A.

The below mention graph represents the relationship between current (Amperes) and heat flux

(W/mm?) for two different types of electrodes: ER2209 and ER316L.

4.5
4
3.5
3
2.5
2

| Heat Flux (w/mm?)|

1.5
1
0.5
0

Bl
Al B2
B3
A2
A3
80 85 90 95 100

Welding current (Amp)
——ER2209 —e—E316L-16

Figure 4.19: Heat flux versus current (A) for two different types of electrode
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Graph illustrates the relationship between welding current (Amperes) and heat flux (W/mm?2)
for two types of electrodes, ER2209 and E316L-16. As the welding current increases from 80A
to 100A, both electrodes exhibit a decrease in heat flux. Specifically, the heat flux for ER2209
decreases from 3.1 W/mm? to 2.5 W/mm?, while for E316L-16, it decreases from 3.9 W/mm?
to 2.8 W/mm2. According to the equations 3 and 4 provided, heat input is directly proportional
to welding current (1) when voltage (V) and welding speed (S) are held constant, suggesting
that heat input should theoretically increase with increasing current. Heat flux, which measures
the distribution of heat input over the weld area, decreases as welding speed (S) or the length
of the weld bead (L) increases. Therefore, if welding speed (S) increases with welding current,
the heat input per unit length decreases, resulting in lower heat flux. Higher welding speeds
cause the weld to move faster, reducing the amount of heat deposited in a specific area and
leading to lower heat flux. E316L-16 consistently shows higher heat flux than ER2209 at
similar currents, indicating it transfers heat more efficiently due to differences in material

properties, thermal conductivity, or deposition rates of the electrodes.

4.6 Microstructural Analysis

As shown in figure 4.20 to 4.25, it illustrate the optical microstructures of DSS 2205 and 316L
stainless steel weldments at different magnifications, revealing various phases and grain
structures. In specimen A, the microstructures of SS316L and DSS 2205 are depicted at 200
pm and 500 pum magnifications. These images distinctly show phases such as martensite,
cementite, and pearlite, highlighting different regions within the weldment. Notably,
martensite, which is typically hard and brittle, is observed. Additionally, the 500 pm
magnification images focus on the weld bead cross-section where SS316L and DSS 2205 have
melted and blended during welding, significantly impacting the weld's mechanical properties.
In specimen B, also magnified at 500 um, the microstructure displays fine grain structures. The
uniformity and size of these grains offer insights into the thermal history and cooling rates
during welding. Martensite is observed, indicating areas of higher hardness and potential
brittleness. When comparing specimens A and B, the presence of martensite is a consistent
feature in the weldments, affecting toughness and hardness. The fusion zones in both specimens
demonstrate successful melting and mixing of the base materials, 316L and DSS 2205. These
microstructures are essential for evaluating weld quality, with fine grain structures suggesting

effective welding and uniform cooling rates.
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Figure 4.21: Optical microstructure of A2 at 200pum and 500pum
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Figure 4.24: Optical microstructure of B2 at 200pm and 500pm
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Figure 4.25: Optical microstructure of B3 at 200um and 500um

316L Stainless Steel is an austenitic stainless steel primarily made up of austenite (y-Fe) with
a face-centered cubic (FCC) structure. Ferrite is usually minimal in 316L due to its austenitic
nature, although it may appear as a light phase if present, usually resulting from specific
solidification conditions or heat treatments. Cementite is also minimal in 316L due to its low
carbon content and high levels of chromium and nickel, which stabilize the austenite phase.
Pearlite, typically formed in carbon steels during cooling, is absent in 316L. Martensite, a hard
phase resulting from rapid cooling of austenite, is generally not found in 316L under normal
conditions but may appear as a dark phase under extreme conditions or specific heat treatments.
In contrast, Duplex 2205 Stainless Steel is a duplex stainless steel that features a microstructure
with both ferrite (a-Fe) and austenite (y-Fe) phases. Ferrite makes up approximately 40-50%
of the microstructure and appears as a light or white phase in optical micrographs due to its
body-centered cubic (BCC) structure, which enhances the steel's strength and toughness. While
cementite is not a major phase under normal conditions, it may form in small amounts during
prolonged exposure to high temperatures, appearing as a dark phase. Like 316L, Duplex 2205
typically lacks pearlite, as its formation is characteristic of carbon steels. Martensite is not a
primary phase in Duplex 2205 but may form in small amounts during specific heat treatments
or welding processes, potentially appearing as a dark, hard phase that can influence local
mechanical properties.

Overall, optical microscopy of these microstructures provides valuable insights into the phases
formed during welding, the quality of the welds, and the potential mechanical properties of the
joints. The presence of ferrite, cementite, and pearlite further aids in understanding the complex
interactions and transformations occurring during welding. 316L stainless steel predominantly
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consists of austenite, with minimal ferrite, cementite, pearlite, or martensite. Duplex 2205
stainless steel features a balanced combination of ferrite and austenite, with possible minor
phases of cementite and martensite depending on processing conditions, while pearlite is
generally absent. Understanding these phases and their formation is crucial for optimizing the

mechanical properties and performance of these stainless steels in various applications.
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CHAPTER 5

CONCLUSION AND FUTURE SCOPE

5.1 Conclusion

In the current research work, the shielded metal arc welding is employed to join two dissimilar

materials, duplex stainless steel 2205 and austenitic stainless steel 316L, by using varying
currents (80 A to 100 A) and two different types of electrodes (ER2209 and E316L-16). The

study examined the effects of these process parameters on mechanical properties, weld

deposition, fusion zone, microstructure, heat flux, and temperature distribution in the

weldments, and their correlation with the microstructure. The finding can be withdrawn from

the present study as given below:

1.

It is observed from the experimentation that weld deposition initially increases with an
increase of welding current up to 90 A, and thereafter, it declines as welding current
increases by using both electrodes ER 2209 and ER 316L. ER 2209 electrode shows

higher weld deposition rate as compared to ER 316 L electrode.

Weld seam width increases with an increase of welding current up to 90 A, followed
by declines in weld seam width as welding current further increases. This behaviour is
shown by using both electrode ER 2209 and ER 316L.

ER 2209 electrode welded sample exhibits higher fusion zone width relative to ER
316L welded material, due to differences in their metallurgical and chemical properties,

affecting their melting and solidification behaviours during the welding process.

Ultimate tensile strength of ER 2209 welded sample initially increases from 485 N/mm?
to 626 N/mm2 as the welding current increases from 80 A to 90 A. However, with a
further increase in current from 90 A to 100 A, the ultimate tensile strength decreases
from 626 N/mm?2 to 566 N/mm2. The ultimate tensile strength of ER 316 L welded
materials initially increases from 416 N/mm? to 558 N/mm? as the current increases
from 80 A to 90 A, but then decreases from 558 N/mm?2 to 509 N/mm? as the current
rises from 90 A to 100 A. This also signifies that ER 2209 welded sample gives better
strength compared to ER 316L electrode. The yield strength also shows the same

behaviour.

69



5. Transient thermal analysis based on finite element method is performed using ANSY'S
software, and temperate of fusion zone is calculated, and the same is validated with

experimental results, as captured by the infrared thermal image.

6. The thermal analysis of duplex stainless steel 2205 and austenitic stainless steel 316L
reveals that as the welding current increases, the time required to complete the weld
decreases in all samples. Additionally, the temperature of both electrode samples
decreases as the welding time decreases, as indicated by the simulation results. The
temperature distribution of the samples along the plate was also observed in different

regions.

7. The optimal combination of welding parameters resulted in weldments with a balanced

microstructure, minimal defects, and favorable mechanical properties.
5.2 Future Scope of the Research

Although DSS 2205 and 316L weldment, characterization, and property evaluation have been
made in the current study utilizing current and electrodes, many more studies need to be
conducted, which was outside the purview of the investigation. These studies can be summed
up as follows:

1. Strength and corrosion analysis of the weldment required for use in ship construction.

2. In subsequent research, more marine-grade materials and welding techniques -
particularly high-energy beam welding - will be included in addition to the examination
of other factors, such as corrosion tests.

3. A comparison of the weldment parametric study and cost across several processing

routes.

4. To precisely measure the temperature along the welded area and assess its effect on the
plate, future tests will make use of sophisticated temperature measuring instruments

including K-type thermocouples, Fluke devices, and comparable tools.

5. In addition, the APDL (Ansys Parametric Design Language), which enables complex
engineering simulations based on the Finite Element Method (FEM), will be used to do
a more thorough thermal analysis.
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