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Abstract

This work is focused on the similar and dissimilar joining of austenitic 316L stainless
steel (ASS 316L) and Inconel 625 (IN 625) by using micro plasma arc welding (MPAW).
The various aspects of joint metallurgy are evaluated and their effect on the formability of
the welded blanks are investigated. The welding experiments are performed with different
combination of process parameters to determine best parameter setting for superior strength
and formability. A post weld solution heat treatment is proposed to improve the formability
of Inconel 625 welded blanks. Dissimilar MPAW of 316L stainless steel and Inconel 625
are also conducted to study the metallurgical characterization of fusion zone and its effect
on the overall strength, and formability of the welded blanks with cause and location of

failure.

316L stainless steel is highly demanded in various industries due to good mechanical
strength, weldability, formability and high corrosion resistance properties. Hence, the
formability of thin austenitic 316L stainless steel welded blanks is studied in this thesis. In
this context, a small-scale stretch forming setup is designed and fabricated with a 30 mm
punch diameter. Three different types of welded blank are prepared by using different
welding process parameters settings namely, welding current, welding speed, stand-off
distance and nozzle diameter. The welded joint microstructure of various zones is evaluated
using metallographic procedure. X-ray diffraction and transmission electron microscopy
are used to determine phases present in the base material and fusion zone. Tensile,
microhardness and stretch forming tests are carried out to determine the mechanical
properties of the welded joints. The forming limit diagram and strain distribution are
calculated experimentally from the stretch forming tests. The fusion zone is found with
skeletal and columnar &-ferrite. Few secondary phases are also observed at the transition
zone through TEM analysis. The presence of the welded zones reduces the formability as
compared with the base material. However, good joint formability is achieved by using
MPAW. A uniform strain distribution is found on both sides of the pole in biaxial and

uniaxial strain path specimens.

The Inconel 625 is a solid solution strengthened alloy of nickel, which is mainly used in
gas turbines, aircraft engines, marine industries and chemical power plants due to its
superior properties. This thesis work also aims to comprehensively understand the

mechanical properties and deformation response of Inconel 625 micro plasma arc welded
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blanks (MPAWB), with specific attention to their formability. The welded blanks are
solution treated for potential alterations in their forming behavior. The joint metallurgy is
assessed through advanced techniques such as FESEM, TEM, XRD. The analysis reveals
that the fusion zone of the MPAWB predominantly comprises of nickel y-matrix along with
diverse dendritic structures, alongside some secondary phases like Laves phase, NbC, and
TiC. Following the solution treatment of the welded blanks, the dendritic structures
undergo melting and subsequent recrystallization, resulting in a more uniform
microstructure. The dissolution of secondary phases in the solution treated welded blank
(STWB) leads to a reduction in dislocation density compared to the MPAWB. Furthermore,
the hardness of the STWB decreases from 268.9 £ 9 HV to 252.16 + 6.75 HV, and a notable
increase in elongation by 12.39 %, compared to the MPAWAB. The forming limit diagrams
of as-received Inconel 625, MPAWB and STWB exhibit similar strain and thickness
distributions along the uniaxial-to-biaxial strain path. Notably, symmetric strain and

thickness distribution are detected on both sides of the pole for all the cases.

The dissimilar joint of Inconel 625 and 316L stainless steel is mainly used for the
fabrication of sub-scale boilers and oil-refinery converters where, the temperature can reach
more than thousand and the ambient is highly contaminated with oxygen and carbon
dioxide. Thus, this study focuses the effect of joint metallurgy on the mechanical properties
and formability of dissimilar 316L stainless steel and Inconel 625 weldments. The welded
blanks are stretched from uniaxial to biaxial by tensile test and limiting dome height test
(LDH) in order to measure the joint efficiency and formability, respectively. The
metallurgical investigation indicates that the fusion zone consists of a homogeneous
mixture of Nickel (yni) and iron-based austenite (yre) With different types of dendritic
structure interconnected with brittle Laves phase network and some secondary phases like
MC, MeC, and NbC. Due to the presence of such phases, the weld hardness is increased
and affected the formability of the welded blanks. The measured maximum elongation of
the welded blank is 30.50%, which is 100.4% of Inconel 625 and 52.58% of 316L stainless
steel. Moreover, the achieved joint strength of the welded blank is 643.7 MPa, which is
67% of Inconel 625 and 94% of 316L stainless steel base materials. The maximum LDHs
of the welded blank, 316L stainless steel and Inconel 625 are 6.7 mm, 12.3 mm and 9.7
mm, respectively, in dry condition. During the tensile and LDH tests the failure of the

welded blank is taken place from the week partially melted zone. The thickness distribution
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profile of the welded blank reports that the thickness reduction of 316L stainless steel side
is higher than the Inconel 625 side.

Keywords: Micro plasma arc welding, Limiting dome height test, FLD, Inconel 625,
stainless steel, AISI 316L, Formability, TEM, FESEM, Laves phase.
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Chapter 1

Introduction

1.1 General backgrounds

Welding is one of the most efficient joining technique to fabricate complex components.
Some welding processes can be accomplished by the application of heat only like
conventional fusion welding processes. Certain welding processes use both heat and
pressure for joining of metallic plates like diffusion welding. However, among all welding
processes, arc welding is the most versatile and widely used welding technique that joins
materials through the application of heat generated by an electric arc. This method involves
creating an electrical circuit between the workpiece and an electrode, forming an arc that
produces intense heat, which is more than the melting temperature of the material. The heat
generated melts the material and, if used, a consumable filler material, allowing them to
fuse and form a strong joint after welding. Different types of arc welding techniques are
available which encompasses various methods such as gas metal arc welding (GMAW),
submerged arc welding (SAW), manual metal arc welding (MMAW), tungsten inert gas
welding (TIG), flux-cored arc welding (FCAW), and plasma arc welding (PAW). Each
method has its specific applications, advantages, and limitations. These welding techniques
have extensive use in industries like construction, manufacturing, automotive, aerospace
etc. During arc welding, due to concentrated high heat input, localized melting and
solidification take place at the weld interface. This leads to development of three distinct
zones in the welding area namely, fusion zone (FZ), heat affected zone (HAZ) and the non-
affected base zone (BZ). Generally, mechanical failure is taken place from the HAZ due to
the variation of microstructure like grain growth. The arc power density refers to the
amount of heat input per unit area is an important factor in welding. When the power
density is high and when the others parameters like travel speed, material thickness, and
the dimensional nature of heat transfer are fixed, it leads to constricted arc, resulting in a
smaller HAZ. A reduced HAZ is often considered a highly desirable characteristic in
welding process. Thus, for any welding process heat input is an important criterion. Figure
1.1 describes the relationship between the heat input and power density of different types
of welding.

Micro welding is used to fabricate delicate products such as surgical instrument,

microelectronics parts, while it can also be used to joint thin mechanical components such
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as small size mechanical bellows, load cells, mechanical seals, etc. Among all the welding

processes laser beam welding (LBW), electron beam welding (EBW) and micro plasma arc

welding (MPAW) are widely acceptable for their superior welding quality for such

applications. MPAW has greater arc stability and power density, which can augment in the

production of deeper and narrower penetration with minimal residual stresses and distortion

of the weld joints. MPAW is an advancement of the TIG process with current ranging from

0.1to 15 A, which is suitable for thin sheet of titanium alloy, stainless steel, copper-nickel

superalloys etc. Figure 1.2 describes different applications of MPAW process.
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The similar and dissimilar joining of austenitic stainless steel 316L and Inconel 625
sheets have huge demand in different industries due to their superior mechanical properties,
corrosion resistivity form room temperature to elevated temperature. However, joining
these thin sheets is very difficult due to the formation of welding defects like distortion,
porosity, burn through, etc. MPAW is a good choice for the joining of such thin sheets due
to its precise controllable heat input and low setup cost. However, after welding loss of
ductility is an important concern for those fields where deformable similar and dissimilar
joint of 316L stainless steel and Inconel 625 are used.

The formability of sheet metal can be defined as the ability of a sheet metal to undergo
plastic deformation in a given shape without defects. The forming process gains attention
due to the large-scale production and with attractive quality of final product. Deformable
similar and dissimilar welded blanks of thin sheets are extensively used in automobile,
aviation, spacecraft and petrochemical industries. The formability of welded blanks can be
achieved by different types of formability tests like deep drawing, Erichsen cupping test
stretch forming, etc. Among the all formability tests, limiting dome height (LDH) test is
most popular technique. In LDH test, dome height, surface strain and thickness variation
are measured to predict formability. Mechanical properties like strain hardening index (n-
value), strain hardening coefficient (K-value), strain rate sensitivity and anisotropy (R-
value) of the blanks are the main influencing parameters for the formability of the material.
The values of these quality parameters are measured by doing uniaxial tensile test. In
conventional stretch forming test, the formability of the blanks can be achieved by
measuring the LDH, plotting forming limit diagram (FLD), strain distribution profile and
the thickness distribution profile.

1.2 Motivation

Thin sheets are used as a substitute for thick materials to enhance fuel efficiency, reduce
the detrimental emissions from the vehicle exhaust and cost. Hence, thin sheet materials
gained huge significance in the manufacturing industry. The welding of thin sheet is one of
the important research areas in these industries. The LBW and EBW are mainly used for
joining thin sheets. These welding techniques offer less weld distortion with high energy
efficiency. However, the higher operating cost of these welding methods is a major obstacle
for the manufacturing industry. Alternatively, MPAW can be used as a substitute for

minimizing the overall production costs. Moreover, MPAW can able to joint ultra-thin
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sheet up to 0.1 mm without leaving any defect due to high concentrated power density and
stable arc at a lower current of up to 0.1 A. Thus, MPAW is chosen in the present thesis.

The 316L stainless steel represent a group of stainless steel, which has higher tonnages
than any other group of steels (Lippold & Kotecki, 2005). The service temperature of this
austenitic stainless steel is from cryogenic to 760 °C. They are strengthened by cold
working process. The present work is motivated to investigate the weldability of austenitic
316L stainless steel due to its rigorous interest in various welding applications. The
principal composition of conventional austenitic stainless steel are 18% chromium and 8%
nickel, but it also contains some other alloying elements like molybdenum, titanium,
copper, and nitrogen. As they have excellent corrosion resistance, better creep rupture
strength at elevated temperature, and high toughness at low temperatures, austenitic
stainless steels are mostly used in structural material, petrochemical, and power engineering
and, sometimes in automobile and aircraft industries. However, welding of thin 316L
stainless steel sheets is a difficult task due to complication by different types of welding
defects, loss of ductility due to formation of secondary phases. Hence, this research work
is motivated to exploring the parameters range for good strength and formability of the
welded blanks (WBSs).

Similarly, Inconel 625 is a solid solution strengthened super alloy, has excellent
corrosion resistivity and strength from room temperature to elevated temperature. In this
alloy, Cr and Mo are act as the main solid solution strengthening elements, which are
generally dissolve into the Ni-austenitic (y) matrix and provide solid solution strength and
resistance against the oxidation and corrosion from the attack of various corrosive
environments. Nb, Ti and Al are the precipitate-strengthened elements that combined with
Ni and produced distributed y' [Ni3(Ti, Nb, Al)] and y" (NisNb) precipitates and increased
strength of the Inconel 625. Some carbides like Nb or Ti-based blocky MC carbide, Si, Ni,
and Cr-based MsC carbide and only Cr-based carbide M23Cs are also responsible for their
excellent mechanical strength. Because of such good properties, it has enormous
applications in petrochemical, power generation and aerospace. However, the main
challenging tasks encounter in welding of Inconel 625 are thermal cracking, loss of ductility
due to the formation of brittle Laves phase and carbide precipitation. Thus, the current study
is inspired to determine the microstructural changes after welding and tried to improve the
formability by doing solution treatment.

The dissimilar joint of austenitic stainless steel and nickel-based super alloy has
extensive applications in the field of nuclear industry, sub-size boilers, liquid rocket

4
TH-3533 176103115



components in association with gas turbines, and cryogenic engines. The dissimilar joining
of sheets is an important aspect. With the comparison of Inconel 625, 316L stainless steel
is less expensive with almost similar material properties. Thus, by doing dissimilar joining
of these two materials not only meets the operational requirements but also leads to
significant cost savings in different industries by reducing the overall materials cost.
However, welding of two dissimilar materials with different thermal properties like thermal
conductivity and melting temperatures is a difficult task. Moreover, dissimilar materials
may form some intermetallic compounds and secondary phases which have detrimental
effect on weld quality in the form of weld metallurgy and mechanical properties.
Therefore, the present research is motivated to dissimilar welding of Inconel 625 and

316L stainless steel by studying the effect joint metallurgy on the mechanical behavior of
the welded blanks.
1.3 Research objectives
Considering the gaps identified in prior research, the current study aims to achieve the
following objectives:

» Weldability and formability study of micro plasma arc welded austenitic 316L

stainless steel thin sheet joint.
» Improve the mechanical properties of plasma arc welded Inconel 625 blanks using
solution heat treatment.
» Study the influence of fusion zone metallurgy on the mechanical behavior of

dissimilar Inconel 625 and 316L stainless steel joint.
1.4 Contribution of the thesis

¢ In this work a detailed experimental investigation is carried out to measure the
formability of 316L stainless steel micro plasma arc welded blank by using
laboratory developed small scale LDH test setup. The metallurgical analysis is
carried out thoroughly to evaluate their effect on the mechanical properties of
MPAWB.

e This is the first attempt on the study of formability improvement for micro plasma

arc welded Inconel 625 welded blanks by solution treatment.

e This is the first investigation focusing on the study of formability of Inconel 625
and 316L stainless steel dissimilar welded blank joint by MPAW.
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1.5 Outline of the thesis
The thesis work focusses on the study of similar and dissimilar welding joint of
Inconel 625 and 316L stainless steel thin sheets. The effect of weld metallurgy on
mechanical properties like ultimate tensile strength, formability and the cause of failure
are evaluated thoroughly. This thesis also represents the formability improvement of
Inconel 625 by solution treatment after welding. The thesis is splitted into total seven

chapters as follows:
Chapter 1: represents the general background and motivation of the thesis. It also

contains short description about 316L stainless steel, Inconel 625 and requirement of

formability study.
Chapter 2: provides literature studies on similar and dissimilar joining of 316L stainless

steel and Inconel 625 by MPAW. It also describes the effect weld metallurgy on the
formability of welded blanks.

Chapter 3: describes the methods adopted for successful welding of similar and

dissimilar joint by using MPAW. It also describes a details experimental procedure for

measuring formability using the developed portable LDH test setup.

Chapter 4: presents the formability study of micro plasma arc welded 316L stainless
steel thin sheet joint.

Chapter 5: represents the characterization of mechanical behavior in solution treated
micro plasma arc welded blanks of Inconel 625.

Chapter 6: deals with the influence of fusion zone metallurgy on the mechanical
behavior of Ni based super alloy and austenitic stainless steel dissimilar joint.

Chapter 7: constitute with conclusions of the research work with future scope of the

present research work.

Finally, the thesis is ended with a comprehensive list of references.
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Chapter 2

Literature Review

2.1 Introduction

The arc welding process is the most popular joining technique which can weld similar
or dissimilar materials together by fusing them above their melting temperature. Which
make it differs from the other welding techniques like solid state welding, where two
parent materials are joint together with the help of mechanical pressure and heat (Mishra
& Ma, 2005). The solid state welding process is limited to join of softer materials such as
aluminium and copper. With high strength materials like steel and Inconel, the operational
expenses escalate due to tool wear during solid state welding (Raj & Biswas, 2023).
Consequently, fusion welding methods are extensively used in fabrication industries for
joining various combinations of materials, both similar and dissimilar, because of their
high efficiency in production and cost-effectiveness. The Plasma arc welding (PAW)
process is a type of arc welding process in which the plasma is used for welding. Plasma
is the fourth phase of matter where a portion of the gas becomes ionized, which has ability
to conduct electric current (Bittencourt, 2013). The PAW is an advancement of TIG
welding process wherein the materials coalescence together with the help of constricted
arc developed between non-consumable tungsten electrode and the workpiece. The PAW
differs from TIG welding in the fact that it uses both orifice and shielding gases. In TIG
welding, the electrode protrudes from the nozzle, whereas in PAW, it retracts into the
nozzle. Therefore, the chances of tungsten contamination or melting of electrode is very
less.

In PAW machine, the plasma torch, shielding gas, plasma gas, cooling water, and power
supply are connected to a single unit i.e. plasma control console (Fig. 2.1). A distinct
property of the PAW is pilot arc in PAW system. During the PAW the pilot arc is initiated
with the help of a HF generator between the tungsten electrode and the copper nozzle.
Hence during starting of the pilot arc it retains inside the nozzle. When the circuit is closed
the plasma start to jump to the workpiece and produces enormous heat and reaches
temperature above the melting point of the material. The PAW can be classified into two
basic categories i.e. transferred and non-transferred arc. In the transferred PAW the arc is
formed between the electrode (-ve) and the work piece (+ve). In other words, arc is

transferred from the electrode to the work piece. The transferred arc produces high power
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density and plasma jet velocity. Due to this reason it can be employed for cutting and

melting of metals as plasma cutter.

Tungsten Electrode

Water Cooled Copper Body

Plasma Gas (Ar) =>
Copper Nozzle Power
Shielding Gas (Ar) source
Plasma jet

Work Piece

Fig. 2.1 Schematic of MPAW torch

Alternatively, for the case of non-transferred type PAW, the arc is formed between the
electrode (-ve) and the nozzle (+ve). The plasma arc comes out through the nozzle as a
flame. At the initial the arc is independent of the work piece and the work piece does not
form a part of the electrical circuit. The arc can be moved easily from one place to another
and can be better controlled. The non-transferred type of PAW possesses relatively less
power density as compared to a transferred PAW process, thus it is employed for welding
applications. The PAW is also categorized into three distinct types based on current ranges
i.e., MPAW: 0.1-15 A, medium current PAW: 15-100 A and keyhole PAW: >100 A
(Lucas, 1990). The term MPAW has been coined due to its capability to sustain an
exceptionally stable arc, even when operating at welding currents as minimal as 0.1 A
(Tseng et al., 2003).

The main problem in any arc welding is abrupt metallurgical changes, particularly at the
fusion zone (FZ), represented in Fig. 2.2. Besides, the microstructure of heat affected zone
(HAZ) is also affected due to intense heat input during the welding. Because of these
metallurgical variations, weld bead exhibits varying mechanical characteristics, including
hardness, ductility, and residual stresses, which can affect the formability of welded blank
(Xia et al., 2008). More specifically loss of ductility, brittle behaviour of the FZ and less
joint strength are the major drawbacks that should be considered in an arc welding process.
Thus, the comprehensive aim of this literature study is to understand the details behaviour
of MPAW and its consequences on the weld metallurgy and mechanical properties in the

form of tensile strength, hardness and formability of similar and dissimilar welded blanks.
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This literature review has been divided into five sections such as, Section 2.2 describes
about overview of micro plasma arc welding, Section 2.3 discusses the weldability of 316L
stainless steel, Section 2.4 reviews the weldability of Inconel 625, Section 2.5 discusses the
fusibility of dissimilar joining of Inconel 625 and 316L stainless steel, Section 2.6 reviews

the formability of the welded blanks.

Fig. 2.2 Schematic view of the cross section of welded joint

2.2 Overview of micro plasma arc welding technique

MPAW is a non-consumable arc welding process, it can weld ferrous and non-ferrous
sheet materials without having any defects, because of stable heat input at very low current
range. It can also able to weld ultra-thin sheets by using narrow and needle like arc, which
can minimize weld distortion. Considering this feature of the MPAW, Wang et al. (\Wang
et al., 2012) had successfully join thin 0.05 mm titanium foil, which is generally used in
thin-walled titanium tubes, automobile parts by using MPAW. The MPAW system was
developed at Shanghai University of Engineering Science independently. They
successfully accomplished welding on one side, achieving formation on both sides and
attaining a well-executed welding formation. Due to such characteristics of MPAW, it is
used frequently in the field of automobile sector, food processing industries, aerospace,
filter assemblies, bellows manufacturing, etc. Many welding techniques are available for
the joining of thin sheets like electron beam welding (EBW) (Tomashchuk et al., 2011) and
LBW (Kumar et al., 2020). However, these welding techniques are limited by overall setup
cost and large working space. With the comparison of such sophisticated welding
techniques, MPAW is less expensive and it has ability to weld thin sheets without any
defects (Liu, 2015).

2.2.1 Process parameters

The major MPAW parameters are welding current, welding speed, stand-off distance,
plasma and shielding gas flow rate and type, electrode material and geometry and nozzle
geometry. The proper selection of these process parameters enables best joint quality
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(Prasada et al., 2012). The process parameters should be carefully adjusted to maintain
appropriate arc stability and weld pool. Otherwise, various welding defects like distortion,
excessive or less penetration may encounter during the welding process.
2.2.1.1 Welding current

The welding current in MPAW plays a crucial role to maintain the weld quality by
providing proper arc temperature and pressure (Liu et al., 2014). It is observed that
excessive current is mainly responsible for wide weld bead both on the top and bottom
sides (Prasad et al., 2011). On the other hand, inadequate supply of current creates lack of
penetration. In contrast, high current input may undercut or burn through the target
material. It is also observed that too high current level damages the electrode during the
welding (Liu, 2015). Prasad et al. (Prasad et al., 2012b) optimized the FZ grain size and
hardness property in pulsed current MPAW by using Hooke and Jeeves algorithm. It was
found that the welding peak current and pulse current are the most important parameters
for the FZ grain size and hardness of the micro plasma arc welded joint.
2.2.1.2 Welding speed

Welding speed is another important process parameter that also control the weld bead
geometry (Ali et al., 2018). An improper selection of welding speed, may create different
types of welding defects like undercut, porosity, arc blow, uneven bead shape and cracking
(Rao et al., 2015). Figure 2.3 represents the variation of welding speed with respect to

welding current for 0.5 mm 316L stainless steel.
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Fig. 2.3 Influence of welding speed and current for 0.5 mm 316L stainless steel (Prasad et
al., 2020)
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Which predicts that the welding speed has wide range of variation if the welding current
is in acceptable range. It is obvious that if the welding speed is too high burn through of
the workpiece will occur at high current level (Baruah & Bag, 2017; S. Prasad et al., 2020).
On the other hand, if the welding speed is in adequate may burn through the workpiece at
higher current level. The depth of penetration is also controlled by welding speed, with
increasing welding speed the depth of penetration decreases and it increases when the
welding speed is low (Bharathi et al., 2018). However, this phenomenon directly depends
on the welding current.
2.2.1.3 Stand-off distance

The gap between the copper nozzle and workpiece is known as stand-off distance
(SOD). The SOD is generally considered as the most sensible parameter for the arc
stiffness. Jones et al. (Sam Infant Jones et al., 2022) observed that lower SOD created too
narrow weld bead and undercuts. Besides, higher SOD, above some optimum range, might
create incomplete weld penetration. As the MPAW operates in very low current range (<15
A), in this regard, the SOD plays a crucial role for achieving proper arc penetration.
However, some other researcher (Tseng et al., 2003) found that the SOD is less sensitive
in controlling weld bead width and penetration (Fig. 2.4.) Nevertheless, too small SOD may
lead to undercut and narrow weld. Thus, it is important to maintain a proper SOD for a

sound welded joint.
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Fig. 2.4 Effect of nozzle standoff distance on weld bead geometry (Tseng et al., 2003)
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2.2.1.4 Plasma and shielding gas

Commercially available argon or helium gas (99.8% pure) is generally used for the
plasma generation as well as for the shielding purpose. Sometimes, 2-5% H; gas is mixed
with the argon for welding of specific materials (Lucas, 1990). The composition and rate
of flow of the plasma gas has direct effect on the characteristics of the weld pool and
appearance of the weld (Martikainen & Moisio, 1993). The life of the nozzle used in
MPAW also depends on the flow rate of the plasma gas. The plasma gas flows through the
copper nozzle and creates an arc pressure, which mainly helps the arc for more deeper
penetration. Besides, the shielding gas passes through the space between outer surface of
the copper nozzle and inside of ceramic shielding cap and its main purpose is to protect the
molten weld pool from the oxidation.
2.2.1.5 Micro plasma nozzle and geometry

In MPAW the nozzle plays an important role for the formation of columnar shaped arc
by constricting the plasma. A copper nozzle is generally used due to its excellent thermal
conductivity. It is designed to constrict and focus the plasma arc to achieve high power
density. The power density mainly depends on the nozzle orifice diameter and thermal
pinched effect of the plasma gas passed through the copper nozzle. The power density can
be improved by reducing the copper nozzle bore diameter. However, there is some
limitation, when the orifice diameter is reduced the distance between the nozzle inner wall
and the hot plasma get reduced. As a result of this the nozzle may damage or the arc
becomes branched. Park et al. (Park & Hirata, 2017) conducted an experiment on the micro
plasma arc generation and power intensity by constricting the arc by high heat resistant
boron nitride submillimeter nozzle. They observed that with the reduction of nozzle
diameter the plasma became more constricted and produced high power density. They also
observed that with the nozzle diameter of 0.3 mm and discharge time of 5 ms melt spot,
ranging from 200 to 300 um, was formed at 1 A current.
2.2.1.6 Electrode material and geometry

Tungsten is generally used as the electrode material in MPAW. As tungsten has higher
melting temperature with comparison of others material, hence during the welding process
a less percentage of electrode melting or erosion takes place. Sometimes, 2% thoria is added
with tungsten to produce electrode. Due to the addition of thoria, the electron emission
capacity of the electrode gets improve. Thus, the electrode can emit electrons at very low
temperature (Wang et al., 2003). Depends on the electrode tip condition and shape the

formation of arc shape is varied. The contaminated or improper shape tip affect directly to
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weld bead profile. Hence, most of the time, the geometry of tip of the electrode is
maintained as vertex angle.
2.2.2 MPAW of thin sheets

The application of thin sheet materials gained huge significance in different
manufacturing industries to reduce overall weight of a system (Basak et al., 2019; Prasad
et al., 2020). The welding of thin sheet is one of the important research areas in these
industries. For the joining of thin sheets, MPAW is widely accepted welding technique.
However, for proper welding, the process parameters optimization is very crucial. Viewing
of such importance many research works had been carried out on the optimization of
process parameters of MPAW and their effects on the joint qualities like joint strength,
ductility and others mechanical properties. Some research works were also conducted on
the comparison study between the MPAW and others welding techniques to draw a remarks
on the exceptionality of MPAW from others.

Rahimi et al. (Rahimi et al., 2018) studied on the comparative study of pulsed and direct
current MPAW of alloy Ti-6Al-4V. The main motive of the work was to evaluate the
maximum tensile strength by doing parameters optimization. They observed that by
employing an optimal ratio of current and pulsed mode leads to a reduction in the FZ grain
size, thereby enhancing the hardness and tensile strength of the weldment. Baruah et al.
(Baruah & Bag, 2017) studied the joining of 304 stainless steel and low carbon steel
separately by using MPAW. They proposed a process window based on most influencing
parameters i.e., welding current and speed for a defect free join for both the steels. It was
observed that after welding 304 stainless steel produced a narrow HAZ due to slower heat
diffusion rate. On the other hand, the low carbon steel formed a wider HAZ because of high
thermal diffusion rate. Javidrad et al. (Javidrad et al., 2014) experimented on the MPAW
of thin (0.8 mm) Ti-3Al-2.5V sheets and explained the effect of MPAW on the mechanical
and microstructural properties. They concluded that the MPAW was more preferable
welding techniques for joining of this alloy within the optimised parameters ranges. Baruah
etal. (Baruah & Bag, 2016) performed MPAW of Ti6Al4V alloy sheet of 0.5 mm thickness
and evaluated the temperature distribution and weld distortion experimentally and
numerically. They observed that when the welding speed was 2—7 mm/s and current 8-13
A, produced a high-quality weld joint. It was also found that the residual stress was mainly
developed because of the longitudinal stress instead of transverse stress. Batool et al.
(Batool et al., 2016) conducted a comparison study between the MPAW and TIG welding
of SS 304. They found that the blanks joint by MPAW had more strength, higher ductility
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and narrow HAZ with the comparison of TIG welding due to low heat input in case of
MPAW.

The MPAW is mainly used for the joining of sophisticated and fine joining work like
mechanical below. The MPAW produces narrow welding seam which is very difficult to
control in real time welding for complicated shapes. In this regard Zhang (Zhang, 2005)
designed a special optical sensor. The application of that system enhanced both the welding
quality of the inner circle of metal bellows and the working conditions of the welder. More
precise and controllable heat input is the speciality of the MPAW, which help it to join
ultra-thin sheets of ferrous and nonferrous alloys without having any defects. Wang et al.
(Wang et al., 2012) tried to join thin 0.05 mm Titanium foil, which generally thin-walled
titanium tubes, automobile parts by MPAW system developed by Shanghai University of
Engineering Science independently. They had achieved one side welding both sides
formation and got good welding joint. They successfully accomplished welding on one

side, achieving formation on both sides and attaining a well-executed welding formation.
2.3 Weldability of austenitic stainless steel 316L

316L stainless steel is a low-cost structural material, and it is well known for its excellent
corrosion resistivity, weldability, and excellent mechanical properties (Sanchez-Tovar et
al., 2013). It is generally used in various industries like petrochemical, chemical, offshore
structure, etc. (Soares et al., 2019; Soltani & Tayebi, 2018). It has two major phases,
namely, austenite (y) and ferrite (6/a), which makes it unique from others austenitic
stainless steel. It contains less than 0.03 wt.% carbon, which minimizes sensitization at
grain boundaries and reduces the risk of intergranular corrosion. Additionally, the dominant
austenitic phase in this material prevents embrittlement, thereby eliminating the need for
post-weld annealing in most applications (Reza Tabrizi et al., 2021). Chromium, nickel,
and molybdenum are the three major elements, which improve its corrosion resistivity,
weldability (Landowski et al., 2020), fatigue strength (Saha & Pal, 2021), and formability
(Kannan et al., 2021). Similar and dissimilar joins of 316L stainless steel has huge
applications in different industries. Different types of welding techniques like LBW, TIG,
EBM, MMAW, MIG, etc. are frequently used for the joining of this steel. Depending upon
the welding technique microstructure of the FZ and HAZ varies. There are four different
mechanism of FZ solidification of 316L stainless steel, they are described in Table 2.1,

which is related to Fe-Cr-Ni phase diagram (Fig. 2.5).

14
TH-3533_176103115



The main problem during welding of austenitic stainless steel is the formation of
precipitated carbides which are generally deposited at grain boundaries and subsequently
reduce its corrosion resistivity (Gooch & Honeycombe, 1980). By providing a regulated
heat input, the complications arise during austenitic stainless steel welding can be
minimized. Thus, it is important to select proper welding technique for the joining of this

steel.

Table 2.1 Solidification types, reaction and resultant microstructure of 316L stainless steel

(Lippold & Kotecki, 2005)

Solidification . .
Reaction Microstructure
types
A L—-L+A—>A Fully austenitic, well-defined
solidification structure
AF L->L+tA—-L+A+(A+F)est— Ferrite at cell and dendrite boundaries
A+ Feut
FA L—L+ F— L+ F+ (F + A) pereut  Skeletal and/or lathy ferrite resulting
—F+A from ferrite-to-austenite
transformation
F L—L+F—>F->F+A Acicular ferrite or ferrite matrix with

grain  boundary austenite and
Widmanstatten side plates

A: Austenite; AF: Austenite-ferrite; F: Ferrite and FA: Ferrite-austenite

0.5 1.37 1.5 2.0 4.0

A [AF)| FA | F

L+ .
v Ferrite solvus

L+y+ 38

Fully
austenite

Austenite+
eutectic ferrit

Austenitic+” Austenitict Austenitic+ Ferrite+
skeletal ferrite lathy ferrite acicular ferrite Widmanstatten
austenitic

Fig. 2.5 Relationship of solidification type to the pseudobinary phase diagram (Feng et
al., 2015)
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TIG welding is generally used for the joining of 316L stainless steel. Dadfar et al.
(Dadfar et al., 2007) studied the corrosion behaviour of TIG welded 316L stainless steel
sheet (2 mm) joint. It was found that the corrosion behaviour of the welded blank was
improved with the comparison of base material (BM). As the secondary phases present in
the BM got dissolved during the welding process, the corrosion resistivity was improved.
Ramkumar et al. (T. Ramkumar et al., 2017) studied the mechanical relationship, corrosion
and structural behaviour of similar and dissimilar TIG welded joint of 316L stainless steel
and Inconel 718 with 4 mm sheet thickness. At the preliminary study they observed that
full penetration only possible by multi-pass welding. The corrosion test performed in NaCl
atmosphere, exhibited that the dissimilar joint of these two materials and similar joint of
Inconel 718 are having lower corrosion resistivity with the comparison 316L stainless steel
similar joint. The main limitation of TIG welding process is that it is limited to welding of
lower thickness materials.

Different types of activated flux like SiO», TiO2, Cr20: etc. are implemented in the TIG
welding to overcome this barrier, which is known as activated flux TIG welding (A-TIG).
The A-TIG welding works based on the reversed Marangoni convection effect, in which
the molten metal flows inward of the weld pool instead of outward. As result of this a high
penetration is achieved by using A-TIG welding (Heiple & Roper, 1981) process. Tseng
and Hsu (Kuang-hung Tseng & Hsu, 2011) evaluated the performance of A-TIG welding
of 316L stainless steel 6 mm plate. Total five types of activated flux i.e., MnO>, TiO,
MoOs3, SiO., and Al.Oz were used to determine their effect on the weld morphology, weld
hardness, amount of delta ferrite formation in the FZ and angular distortion of the welded
blank. It was observed that by using SiO> and MoO3 flux a high weld penetration was
achieved. They also observed that the ferrite percentage at the FZ increased after A-TIG
welding and this was happened due to the higher heat input per unit length. Kulkarni et al.
(Kulkarni et al., 2020) investigated the mechanical and microstructural behaviour of A-TIG
welded dissimilar joint of 316L stainless steel and stainless steel -alloy 800. It was found
that the metallurgical heterogeneity at the FZ affects the mechanical properties. Besides,
they observed that during the tensile testing a micro crack was developed at the grain
boundary of the FZ, which propagated form the HAZ of alloy 800. Sakthivel et al.
(Sakthivel et al., 2011) conducted a comparison study on creep rupture behaviour of single
pass A-TIG and multi pass TIG welded joint of 316L stainless steel. They observed that
welded joints had lower creep rupture behaviour than the as received BM. However, with
the comparison of multi pass TIG welded joint, A-TIG welded joint exhibited higher creep
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rupture resistance. It was also observed that the 8-phase transformed in o and Laves phase
due to the creep exposure. Nevertheless, by using Keyhole gas tungsten arc welding (K-
TIG) process, a deeper penetration can be achieved without using any activated flux. Feng
etal. (Feng et al., 2015) studied on the joining of 10 mm thick 316L stainless steel plate by
K-TIG welding technique. It was observed that the FZ had mainly two phases i.e., austenite
and o-ferrite. They also observed that the corrosion resistivity of the weld better than the
BM due to presence of higher percentage of Cr content ferrite.

Laser welding is another advanced welding technique which has ability to weld thin to
thick material with good weld quality but it is constrained in the reflectivity of laser due to
the polish surface of the workpiece (Cao et al., 2003). Soltani et al. (Soltani & Tayebi,
2018) performed a comparison study between TIG and Nd: YAG laser welding of 316L
stainless steel and 304L stainless steel sheets of 1 mm thickness. It was observed that the
tensile strength of the TIG welded sample with purging gas was higher than that of the laser
welded specimen. Moreover, the fusion zone of the laser welded blank became more brittle
due to rapid cooling. Zoeram et al. (Shojaei Zoeram et al., 2017) investigated the laser
welded dissimilar joint of Nitinol and 316L stainless steel of 1 mm sheets by implemented
a copper interlayer. It was observed that the thickness of the interlayer had great effect on
the metallurgical as well as mechanical behaviour of the FZ. However, due to the use of
copper interlayer some Cu-rich globules formation took place and their boundaries
provided the region of nucleation and propagation of cracks. Ragavendran and Vasudevan
(Ragavendran & Vasudevan, 2021) evaluated the effect of laser, TIG-laser and MIG- laser
hybrid welding processes on the residual stress and distortion behaviour of 316L stainless
steel plates of 5.6 mm thickness. They found marginal differences in residual stress among
these three types of welding processes. It was also found that the distortion levels within
the welded joint were typically minimal and demonstrate a direct relationship with the
volume of weld metal.

Thick 316L stainless steel blank has various applications in nuclear and petrochemical
industries but it is difficult to weld thicker material by using conventional arc welding
process. However, blessed for EBM which has ability to weld thick materials in a single
pass. Alali et al. (Alali et al., 2017) studied the microstructural and mechanical behaviour
of 20 mm thick 316L stainless steel plate. It was found the FZ consisted of equiaxed
dendritic ferrite and y-matrix. They observed that the hardness value at the HAZ was higher
than the FZ and BZ. This was attributed due to the higher temperature gradient at the HAZ
during the EBW, resulted in higher residual stress at the HAZ and increased the HAZ
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hardness. All tensile samples were failed from the FZ due to the week grain orientation at
the FZ. Both thick or thin sheets of 316L stainless steel can be joined with the help of EBW,
however, this welding technique has limited use due to its higher setup cost, more
workspace requirement, non-transferable and more precise sample preparation is required
(Huang, 2010). On the other hand, PAW is a low-cost welding technique which can able to
weld thin or thick materials with good joint quality. Chaudhary et al. (Chaudhary et al.,
2019) investigated the joining of 0.4 mm 316L stainless steel sheets by using transferred
type MPAW in pulsed mode. They found maximum yield strength of 553 MPa with the
help of optimum process parameters setting i.e., pulse-on time of 0.05 s, pulse-off time of
0.05 s, peak current of 3.5 A, and welding speed of 250 mm/min. It was also found that due
to the using of pulsed mode MPAW, less distortion and no porosity were occurred after
welding. Dwibedi et al. (Dwibedi et al., 2018) investigated MPAW of 316L stainless steel
sheets of different thicknesses TWB by different types of welding parameters. They
reported that a significant reduction in the width of HAZ was achieved by using MPAW.
It was also observed that the hardness of the FZ was highest with comparison of HAZ and
BM. Saha and Pal (Saha & Pal, 2021) investigated the metallurgical variation and fatigue
behaviour of MPAWB of 316L stainless steel thin (0.5 mm) sheet. It was found that the
presence of d-ferrite in the FZ was mainly responsible for the failure of welded blank during
the fatigue test. However, more than 90% joint efficiency was achieved by using MPAW.
Sanchez-Tovar et al. (Sanchez-Tovar et al., 2011) studied the microstructural and pitting
corrosion behaviour of 316L stainless steel micro plasma arc welded blank in LiBr
atmosphere. They used in their study 316L stainless steel wire as filler material. A
recrystallisation and grain growth was observed at the HAZ. As a result of this the HAZ
exhibited highest corrosion rate and lower ability to repassivation with the comparison of
BZ and FZ. Sahu and bag (Sahu & Bag, 2020) investigated dissimilar joining of 316L
stainless steel and Inconel 718 by using pulse mode micro plasma arc welding process.
They observed that due to the formation of intermetallic, weld quality reduced and
promoted to solidification cracking in the FZ. It was also observed that the FZ consisted
mainly two types of microstructures i.e., columnar and equiaxed dendritic structures, in
which the equiaxed dendritic structures contained less percentage of intermetallic. This was
attributed due to the using of pulse mode plasma arc welding, which reduced the
solidification parameter (G/R) where ‘G’ and ‘R’ stand for the temperature gradient and

solidification growth rate.
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2.4 Weldability of Inconel 625

Nickel based Inconel 625 is a super alloy, which is strengthened by molybdenum,
chromium, and niobium substitutional solid solution (DuPont et al., 2011), which provides
its high strength, creep, and corrosion resistivity from room temperature to elevated
temperature. In this alloy generally, higher percentage of Cr and Mo are used to provide
higher corrosion resistance as well as strength. Besides, Fe and Nb are added to enhance
the solid solution strengthening of the alloy. It is also known for its good weldability and
fabricability. Hence, it is used in aerospace, chemical, marine, and petrochemical industries
in a large scale (Lietal., 2011). This alloy is also used for the fabrication of heat-exchanger
tubes in ammonia plant (Shankar et al., 2001). The similar and dissimilar joining of this
alloy is a challenging task due to the segregation of alloying elements, formation of Cr-rich
carbide at the grain boundaries and different types of intermetallic phases like o, Laves and
P (Ogbornetal., 1995). Which, adversely effects mechanical properties of the welded blank
(L. Y. Xu et al.,, 2018). Hence, the study of weldability of Inconel 625 is important.
Different types of welding process are applied for the joining of this alloy, few of them are
laser welding, TIG welding, PAW. Caiazzo et al. (Caiazzo et al., 2017) studied the edge
joint of Inconel 625 sheets by using laser welding technique. This type of edge joint has
broad application in aerospace industries. It was observed that heat input was the main
parameter, which could control the formation of porosity. The chance of porosity formation
was increased with the increasing heat input. Niaraki et al. (Jelokhani-Niaraki et al., 2016)
optimized the process parameters of Nd: YAG LBW of Inconel 625 (0.5 mm thick) sheet.
They found that the weld strength was mainly influenced by the heat input. It was also
found that due to the higher heat input, the hardness value also increased because of the
formation of higher amount of Laves phase. Tlili et al. (Tlili et al., 2022) studied
experimental and numerical the flow of molten weld-pool and distribution of temperature
of fiber laser welded Inconel 625. They evaluated the effect of fiber laser welding
parameters on the temperature distribution, bead dimensions, microstructural changes. It
was found that the flow of liquid occurred due to the Marangoni stress and buoyancy force.
Besides, due to the intense heat input in LBW, coarse-grain formation was taken place at
the HAZ.

Sivakumar et al. (Sivakumar et al., 2021) evaluated the relationship between the
mechanical and microstructural properties of TIG and A-TIG welded joint of Inconel 625

(6.5 mm) plate. It was detected that due to the segregation of alloying elements like Nb and
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Mo, created microfissure. As a result of this the tensile strength of welded blanks got
reduced and this was more pronounced for the case of A-TIG welded blank. Because of the
similar reason, the solidification cracking in Inconel 625 welded blank is common
phenomena. However, due to the use of A-TIG welding, the chance of solidification
cracking was reduced drastically. As discussed earlier that the Inconel 625 has the ability
to resist extreme corrosive environment from room temperature to the elevated
temperature. Guo et al. (Guo et al., 2021) conducted an experiment on the microstructural
variation and corrosion resistance of pulse TIG deposited Inconel 625 on AISI 4130
stainless steel plate. It was observed that the sample positioned near and below the middle
surface of the second overlay exhibited significantly superior resistance to comprehensive
pitting corrosion compared to others. Moreover, extensive uniform corrosion was observed
on the specimen with a single layer of Inconel 625 overlay. No instances of pitting
corrosion were detected on the specimens situated within the second layer of the Inconel
625 overlay. Rao et al. (Rao et al., 2015) evaluated the effect of welding speed on the
microstructural behavior of pulse current micro plasma arc welded joint of Inconel 625
sheet. They observed that the weld hardness was increased with the increasing of certain
level welding speed and thereafter the hardness value started to decreased with the further
increase of welding speed. Prasad et al. (Prasad et al., 2012a) evaluated the effect of pulse
current on the ultimate tensile strength (UTS) and FZ grain size of MPAWB of Inconel
625. A central composite rotatable design matrix comprising four factors and five levels
was employed to streamline the number of experiments and a mathematical model were
constructed using response surface method. They observed that the peak current is the most
influencing parameter for the UTS and the FZ grain size. It was also observed that with the
increasing of peak current the FZ grain started to coarse. Due to the higher peak current the

heat input was increased, which reduced the cooling rate and coarsening the grains.

The welding of Inconel 625 is always a challenging task due to thermal cracking (Burger
et al., 2021), loss of ductility owing to the formation of laves phase and carbide
precipitation (Badiger et al., 2019; Su et al., 2021). Many researchers around the world are
concentrating their research work for improving the weld metallurgy of Inconel 625 by
exploring weld parameter optimization, post-weld heat treatment, choosing suitable filler
material, and venturing different welding techniques (Wang et al., 2022; Xing et al., 2014).
Aging and solution treatment (ST) are the important post welding heat treatment process,
which is generally designed for the restoration of weld strength by the modification of
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precipitation and reduction of residual stress generated after the welding process. Figure

2.6 represents time-temperature-transformation (TTT) diagram of Inconel 625.
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Fig. 2.6 TTT diagram of alloy Inconel 625 (Mostafaei et al., 2016)

The TTT diagram describes the formation of different type of carbides, precipitates and
intermetallic, which are depend on the elemental variations, time and temperature in
different types of heat treatment process. Zhang et al. (Zhang et al., 2022) studied the effect
of solid solution temperature on the mechanical and microstructural properties of plasma
arc welded blank (PAWB) of Inconel 625. The heat treatment was carried out by following
the temperature ranges from 950-1150 °C with 50 °C interval and 1 h holding time.
Thereafter, the heat-treated sample was cooled by air up to room temperature. It was
observed that when the heat treatment (HT) temperature was 950°C, the carbide presents in
the BM started to precipitated at the y boundary and when the heat treatment temperature
was 1050°C, the carbides completely melted and found distributed over the matrix. Besides,
the dendritic structures and Laves phases in the FZ were completely melted and formed
cellular crystal structures. As a result of this the failure of tensile specimen was taken place
from the BM as well as good tensile strength and percentage elongation were achieved at
this temperature. Hu et al. (Y. L. Hu et al., 2020) studied the effect of ST on the laser
deposited Inconel 625 powder and it was found that due to the ST, the dislocation density
and the size of Laves phase were reduced. The material elongation was also improved
drastically. Mostafaei et al. (Mostafaei et al., 2016) measured the effect of solutioning and
ageing on the mechanical and microstructural properties of binder jet printed Inconel 625.
They observed that due to the ageing treatment different types of intermetallic phases like
NisNb, Ni2(Cr, Mo) and carbides like NbC, Cr23Cs were formed. Due to the presence of
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such phases the joint strength and hardness were increased. Inversely, the overall ductility
of the solution treated specimen was reduced. Yang et al. (Yang et al., 2020) investigated
the effect of ST of hot rolled Inconel 625 plate in three different temperatures. They
observed that when the temperature range reached above the 1150 °C the carbide particle
started to dissolve near the grain boundaries and grain growth started rapidly. It was also
observed that the hardness and strength of the solution treated sample were reduced and
percentage of elongation was increased. Zhong et al. (Zhong et al., 2023) investigated the
effect of thermal ageing on the mechanical and micro structural properties of high-speed
laser deposited blanks. It was observed that when the ageing temperature was above 700
°C, the dendritic microstructure started to disappear gradually and formed MC type
carbides. It was also observed that with the increasing of ageing temperature (900 °C >)
elongation was increased but overall strength of the blank was reduced due to the formation
of carbides. Liu et al. (Liu et al., 2023) conducted an experiment on partially recrystallized
cold-rolled Inconel 625, subjecting to ST at various holding temperatures for 10 minutes.
The ST resulted in the attainment of favorable mechanical properties. The full
recrystallization of grains led to the formation of elongated equiaxed grains. These
elongated grains hindered the flow of dislocations, while the equiaxed grains facilitated
dislocation flow. Because of the combination of these two phenomena, mechanical

properties of the solution treated specimen was improved.

2.5 Feasibility of dissimilar joining of Inconel 625 and 316L stainless

steel

The joining of dissimilar materials is essential for cost reduction and enhancing system
flexibility across various industries. This research area holds significant importance, which
has high demand in different industries. However, welding of two dissimilar materials with
different thermal properties like thermal conductivity and melting temperatures is a difficult
task (Kou, 2003). Nickel based Inconel 625 is used in aerospace, chemical, marine, and
petrochemical industries on a large scale (Guo et al., 2011). This alloy is also used for the
fabrication of heat-exchanger tubes in ammonia plant (Li et al., 2017). On the other hand,
316L stainless steel is an inexpensive structural material. It has high corrosion resistivity
and superior mechanical properties. The 316L stainless steel is used in offshore plants,
chemical and food processing industry, automobile exhaust systems, nuclear power plants
and biomedical application (Kale et al., 2021; Masoud Sabzi & Dezfuli, 2018a). It contains
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less carbon percentage, which helps to control the formation of metal-carbides in welding.
The solidification cracking of the weld bead can also be improved by the presence of 6-
ferrite during welding of 316L stainless steel. The ductility and fracture toughness of this
steel are also improved by fine dendritic structure of the weld (T. Ramkumar et al., 2017).
The combination of these two materials offers a wide range of applications. Some
components that are fabricated from Inconel 625 can be joined together with parts made of
316L stainless steel, which possess similar properties. This approach can effectively reduce
both weight and cost.

The dissimilar joint of austenitic stainless steel and nickel-based super alloy has
extensive applications in the field of nuclear industry, sub-size boilers (Dreshfield et al.,
1992), etc. Thus, lots of researchers emphasizing their research work to fabricate these two

dissimilar materials using different type of welding techniques.

Dokme et al. (Dokme et al., 2018) experimented dissimilar joining of 316L stainless
steel and Inconel 625 by pulsed and continuous TIG process with two different types of
filler wire i.e., ERNICr-3, TIG 316L. It was observed that no grain growth was taken place
for the case of pulse TIG. With the using of pulse TIG the mechanical properties were
improved sharply. Kourdani et al. (Kourdani & Derakhshandeh-Haghighi, 2018) performed
a comparison study between the SMAW and TIG welded dissimilar joint of Inconel 625
and 316L stainless steel. They had two types of filler wire i.e., ERNiCrMo-3 and
ERSS316L and ENiCrMo-3 electrode. Table 2.2 represents the different of electrodes and
their composition. It was observed that during the solidification of ERNiCrMo-3 filler
metal, the Nb and Mo got segregated and deposited into the inter-dendritic grains. On the
other hand, with the using of ERSS316L filler metal, less elemental segregation was
observed. Hence, the chance of transformation from cellular to dendritic or equiaxed
structure of the FZ was reduced. It was also observed that a fine FZ microstructure and less
Nb segregation was observed for the case of TIG welding process. This phenomenon
mainly occurred due to the less heat input during the TIG welding process. Kumar et al.
(Kumar et al., 2015) investigated the metallurgical and mechanical characterization of
dissimilar TIG welded blank of Inconel 625 and 316L stainless steel with a thickness of 5
mm. Two distinct filler materials i.e., ER2209 and ER-NiCr-3 were used for the joining
purpose and the welding was carried out by continuous and pulse current mode. It was

found that the pulse current TIG was superior than the continuous current TIG in the
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formation of HAZ. The bimetallic tensile sample was predominantly failed from the weak

316L stainless steel parent material side.

Table 2.2 Chemical compositions of filler or electrode materials

Filler/Electrode C Cr Si Ni P Mn  Nb Mo Fe Others
ERNiCr-3 0.04 200 0.09 730 0.003 28 24 - 15 <05
ERNiCrMo-3 0.03 209 0.05 659 0.019 005 35 85 09 <0.15
ENiCrMo-3 0.05 216 046 634 0.002 001 321 94 16 <0.26
ERSS316L 0.02 188 044 114 0.017 171 - 22 65 <041

Ajabshiri et al. (Ajabshiri et al., 2022) studied the dissimilar transient liquid phase
bonding (TLP) of Inconel 625 and 316L stainless steel by using a Cu interlayer. The TLP
bonded samples were prepared by holding the specimen at 1100°C for 15, 20 and 30
minutes. The microstructural analysis showed that the interphase between the Cu interlayer
and Inconel 625 contained Mo and Nb rich MC types carbide. The bonded specimen
prepared for 30 minutes was exhibited maximum UTS value and the failure of the tensile
specimen was ductile in nature. Sasikumar et al. (Sasikumar et al., 2022) prepared a
functionally graded material (FGM) of 316L stainless steel and Inconel 625 by GMAW
which was based on arc additive manufacturing. The microstructural result reported that
the 316L stainless steel consisted of columnar and equiaxed dendritic structures and a
regular grain growth was observed in the interface between the 316L stainless steel and
Inconel 625. Besides, for the case of Inconel 625, Laves phase was found in the inter
dendritic region. The tensile sample prepared from interface of these two alloys, was failed
from the 316L stainless steel side due to lower strength with comparison of Inconel 625.
Liuetal. (Liu et al., 2023) fabricated a bimetallic structure of alloy 316L stainless steel and
Inconel 625 by cold metal arc additive manufacturing. The microstructural results reported
that the microstructure after multilayer deposition, the 316L stainless steel consist of two
major phases like austenite and ferrite. Besides, Inconel 625 consisted of primarily
austenite matrix and different types of precipitates at the interphase due to the segregation

of alloying elements like Nb and Mo.
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2.6 Formability of similar and dissimilar welded blanks

Two similar thickness but dissimilar materials or two dissimilar thickness but similar
materials when welded together they are known as tailored welded blank (TWB). It is
frequently used to reduce the weight of the whole setup, and overall cost without scarifying
the performance. These WBs are pressed or stamped into the necessary three-dimensional
forms, generating structural elements utilized in automotive, aerospace, marine, defence,
and various other industries. Figure 2.7 represents typical application of TWB. In
conventional practice, to make different types of sheet metal assembly, the sheets are
formed individually and thereafter they are joined together with the help of welding
technology. Alternatively, the similar and dissimilar sheets are seam welded together and
subsequently formed them. However, joining of dissimilar materials like steel with others
alloy is always a challenging task due to the dissimilarities in their mechanical and
thermophysical properties. Because of welding, a huge metallurgical variation is taken
place at the FZ, which affect the formability of welded blanks (Guzman-Aguilera et al.,
2018). The LBW, TIG, MIG, EBW, PAW, friction stir welding are the most popular joining
technology which are generally assigned for the preparation of different types of welded
blank in different industries. However, LBW and EBW are most popular welding
technology used for the production of welded blanks, which have the ability to produce fine
HAZ.

Narayanan et al. (Narayanan & Narasimhan, 2008) investigated the formability of laser
TWB blank of steel by considering the parameters such as welding conditions, weld
orientation, weld region and location of weld. They performed LDH test to measure the
formability of the welded blank. It was observed that the weld region had negligible effect
on the FLC when the weld region was kept in middle. Besides, when the weld region was
kept offset location from the center of the die, the limiting strain decreased with the
comparison of as received BM. Katiyar et al. (Katiyar et al., 2021) studied the crushing
behaviour of laser welded stretched dome. They used EDD steel sheets with three different
thicknesses i.e., 1 mm, 1.2 mm and 1.6 mm to fabricate similar and dissimilar welded
blanks. As in biaxial stretching condition the LDH can be improved by placing a lubricant
in the interphase of the punch and the blank, they stretched all specimens in lubricated
condition by maintaining 14.10 £ 0.15 mm LDH. Thereafter, the fabricated stretched domes

were crushed by pressing them between two flat plates. According to the energy absorption
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result they observed that laser welded blank and laser TWB were more efficient than the
EDD steel.
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Fig. 2.7 Application of TWB blank in car body (Kashani et al., 2015)

Bandyopadhyay et al. (Bandyopadhyay et al.) also conducted formability study on the
laser TWBs of dual phase steels (DP600, DP980) and interstitial free (IF) steel of 1.2 mm
sheets. The formability of the TWBs was measured by conducting Erichsen cupping, deep
drawing and double-stage forming tests. It was observed that the formability of DP600 laser
welded blank decreased by 28% with the comparison of BM due to the presence of weld
line. A weld line movement was observed due to dissimilar deformation behaviour of
materials. However, failure of the TWBs were taken place from the weaker side. Wu et al.
(Wu et al., 2022) evaluated the microstructural variation and dynamic mechanical
behaviour of laser welded dissimilar joint of QP1180 (1.2 mm) and TRIP780 (1.4 mm)
steels. They performed Erichsen cupping test to measure the formability of welded blank.
It was found that the formability of the dissimilar welded blank was mainly influenced by
the location of the weld line. The weld line at punch center, exhibited minimum Erichsen
value. On the other hand, when the line was offset from the punch center, maximum
Erichsen value was observed. This was happened due to the presence of martensite at the
FZ, which made it harder with comparison of two BM. Li et al. (Li et al., 2013) studied the
effect of weld line position and geometry on forming behaviour of high strength low alloy
steel (HSLA) and dual phase steel (DP600 and DP980) laser welded blank. They prepared
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two types welded blanks i.e., linear and curve linear and performed the LDH test by keeping
the weld center 0 mm, 15 mm and 30 mm offset distance which is represented in Fig. 2.8.
It was found that the weld line position and geometry and HAZ softening were the more
dominating parameters in the formability of the welded blank. It was also observed that
when the weld line located far from the blank center, maximum LDH was achieved.
Besides, when the weld geometry transformed linear to curve linear, increased the HAZ
and it had direct effect on the formability of the welded blank and this was more pronounced
for the case of DP600 steel.

Wei et al. (Wei et al., 2015) tried to improve the formability of dual phase DP780 and
DP980 steels laser welded blank by local cooling. In this regard they prepared a setup to
cool the softened HAZ to enhance the formability of the welded blank, the details of the
setup is described in Fig. 2.9. It was observed that due to local cooling the martensite
tempering was reduced. As a result of this the HAZ softening was reduced drastically up
to 50% for both the materials. Besides, due to the local cooling, the chance of failure from
the soft HAZ was reduced and good mechanical properties were achieved specially the
ductility of the welded blank. Hamada et al. (Hamada et al., 2022) performed a study on
the mechanical and forming behaviour of laser welded AISI 201 and Docol S355 blanks.
The laser welding was performed by varying the laser power, welding speed, focal position
level, specific point energy as welding parameters with four different values. Besides, the
formability was achieved by performing the Erichsen cupping test. It was observed that the
FZ mainly consist of martensitic microstructure. The stretch forming results reported that
the Erichsen cupping depth value of the welded blanks were lower with the comparison of
BM and during the cupping test the failure of the welded blanks were taken place from the
high strength Docol S355 side. Xia et al. (Xia et al., 2007) conducted a comparative study
on formability of DP980 and HSLA steels bead, welded by diode laser. It was observed
that the formability of the DP980 welded blank showed a significant reduction when
compared to the BM. The welding speed also had some impact on this decrease. In contrast,
the formability of the HSLA welded blank remained consistent with that of the BM
formability.
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Fig. 2.8 Failure locations in formed (a—c) linear and (d—f) curvilinear HSLA welded

blanks with weld line positions of 0 mm, 15 mm, and 30 mm from center. (Li et al., 2013)
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Fig. 2.9 (a) Schematic of laser welding and (b) cross section of LBW setup (Wei et al.,

2015)

A complex shape can be achieved easily by using hydraulic or pneumatic bulging
system. Which has high demand in different industries where high precession is required.
Wang et al. (Wang et al., 2016) evaluated the formability and microstructural behaviour of
laser welded TA15 (2 mm thick) tube by hot (800 °C) gas forming process. Before the
bulging test they heated the die and the pipe up to 800 °C by using an inductive coil.

Thereafter, the bulging process was taken place by providing pressure by pressurized gas.
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After the completion of bulging the bulged pipe was cooled by water into room
temperature. They obtained maximum 73.9% bulging ratio without failure. They also
observed that the weld seam hindered the deformation due to its higher strength and due to
this similar reason weld seam deformed little. Kumar et al. (Kumar et al., 2018) studied the
weld line displacement and maximum bulge height of laser TWB of interstitial free steel
with different thickness. A hydraulic bulging test had been carried out to measure the
maximum dome height and weld line movement. These effects were also analysed by using
fine element analysis. It was observed that with the increasing of thickness ratio the
maximum bulge height was reduced and the weld line shifted towards the thicker material
side. They also concluded that by using hydroforming process, a uniform bulge profile was
achieved. However, a small LDH variation was observed from the BM due to the presence
of FZ in TWBs.

The EBW is generally used for those materials which are affected by atmospheric
contaminations because this welding process is performed in vacuum. Thus, it gains huge
demand in different industries where such types of materials joining is required. Prakash et
al. (Lin Prakash et al., 2018) investigated the effect of weld line orientation on the
formability of electron beam welded different thickness (1 mm and 2 mm) TWB of CP-TI
grad 2. The TWBs were prepared by maintaining weld line parallel and perpendicular to
the rolling direction (RD). It was reported that lower ductility, UTS and LDH were
observed for the case of TWB, which had the weld line parallel to the RD. This indicated
that the weld line orientation to the rolling direction had significant effect on the mechanical
behaviour of the TWBs. Dinda et al. (Dinda et al., 2016) studied the microstructural and
mechanical behaviour of EB welded dissimilar joint of Fe—Al alloy and plain C-Steel.
Based on two distinct welding parameters i.e., with or without beam oscillation and higher
welding speed, three different types of TWBs were prepared. It was observed that the
welded blank prepared by using beam oscillation, had uniform FZ microstructure with the
comparison of without beam oscillation and higher speed welded blank. As a result of this
the Ericson cupping value of the welded blank prepared with beam oscillation had
maximum value. However, the EBW is limited in use due to its huge setup cost and
complexity in the fabrication of welded blank. Hence, many researchers chosen alternative
option such as TIG and PAW.

Attique et al. (Attique et al., 2024) performed single point incremental forming of AlSI
201 and DCO06 steels TWB, joined by TIG welding process. It was observed that due to
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huge strength and hardness differences between these two steels reduced the forming depth.
Wan et al. (Z. Wang et al., 2023) investigated the microstructural and deformation
behaviour of TIG welded joint of 7075-T6 aluminium alloy by partial hot rolling. A partial
hot rolling process was implemented in which the excess weld bead was hot rolled up to
the thickness of the BM and entire process is describe in Fig. 2.10. Because of this
thermomechanical heat treatment process, improved the inhomogeneity of the
microstructure at the FZ, HAZ, BZ and increased the Erichsen cupping value. Not only the
strength of the thermomechanical heat-treated welded blank had more than the solely post
weld heat treated specimen. Pramod et al. (Pramod et al., 2020) studied the formability of
duplex stainless steel 2205 thin sheet plasma arc welded blank by measuring the Erichsen
cupping value. It was observed that the ferrite percentage of the FZ was 55% which was
more than that of the BM (52%). As a result of this the Erichsen cupping value of the

welded blank was reduced.

(@ (b)

Filler wire

Fig. 2.10 Schematic diagram (a) welding process; (b) rolling process (Z. Wang et al.,
2023)

Friction stir welding is comparatively new joining technique which was developed
mainly to weld aluminium, magnesium and its alloys. This welding technique is a solid-
state joining process in which soft HAZ zone is not present. Thus, the demand of this
joining technique is increased where the HAZ behaviour is more crucial. Moayedi et al.
(Moayedi et al., 2020) investigated the effect weld orientation on the formability of similar
material and dissimilar thickness St14 friction stir TWB. In this regard they prepared three
friction stir welded blank, which had 0°, 45° and 90° weld orientation against the principal
stress direction. The different strain path specimens were prepared by following the
Nakazima stretch forming test. It was observed that the transverse weld orientation displays
the highest formability uniaxial tension condition, whereas the longitudinal weld
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orientation exhibits superior formability in the in-plane strain condition. However, for the
case of biaxial specimen had no effect of the weld orientation. Lee et al. (Lee et al., 2009)
conducted experimental and numerical study on the formability of friction TWB of 6111-
T4, 5083-H18, 5083-0 aluminium alloy, dual-phase steel (DP590) and AZ31 magnesium
alloy because of their high demand in automobile sector. To depict the mechanical
characteristics in the numerical examination, the Y1d2000-2d non-quadratic orthotropic
yield model was employed for the aluminium alloy and DP590 sheets. Simultaneously, the
AZ31 sheet utilized the Cazacu anisotropic/asymmetric yield model, considering distinct
hardening behaviours in tension and compression. They found that AA5083-H18, AA5083-
O and AZ31 TWB sheets welded blank had good formability with the comparison of BM.
However, all TWBs except AA5083-O were found with lower strength. They also
concluded that if the primary direction of major principal loading coincided with the weld
zone line, the ductility of the weld zone held greater significance. Contrarily, when the
major principal loading direction was perpendicular to the weld zone line, the strength of
the weld zone became more crucial. Karami et al. (Karami et al., 2021) made comparison
study between the TIG and friction stir TWBs of 316L stainless steel and St37 in their
formability. It was found that due to the grain growth at the HAZ of St37 steel in TIG
welding process, reduced the formability of the TWB blank. Besides, the friction stir TWB
exhibited 38% more formability with the comparison of TIG welding process due to the
absence of abrupt metallurgical variations. Similarly, Kannan et al. (Kannan et al., 2021)
evaluated the effect of weld line orientation on the formability of 316L stainless steel cold
metal transfer TWB. Two different types of TWBs were prepared i.e., weld line parallel
and another one was transverse to the rolling direction. It was found that The Erichsen cup
height of TWBs was lesser in comparison to BM. In all TWBs, the fracture location
commenced and extended away from the FZ, running parallel to the weld line. Xiaoyan et
al. (Yuetal., 2023) fabricated a FGM of 316L stainless steel and Inconel 625 by using dual
wire plasma arc welding. They observed that the interface region between the two metals
exhibited strong bonding and a microstructure devoid of any defects.

2.7 Major gaps in the literature

After an extensive review of the existing literature, several research gaps are emerged,
paving the way for a focused and comprehensive investigation. The gaps found from the

literature are stated as follows.
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e A number of researchers had conducted their investigations on the mechanical and
microstructure behaviour by optimizing process the parameters of micro plasma
arc welded 316L stainless steel joint. However, there is no literatures are found on
the formability of 316L stainless steel micro plasma arc welded joint.

e Lots of literature have found on the Inconel 625 welding and 3D printed deposition.
Most of them had performed solution and ageing post weld heat treatment to
improve either joint strength or ductility. However, no open literature has been
found on the impact of ST on the formability of MPAWB of Inconel 625.

o Different types of welding technologies were used for the bimetallic join of alloy
316L stainless steel and Inconel 625. However, no open literature has been found
that investigates the relationship between metallurgical variances and formability

of 316L stainless steel-Inconel 625 micro plasma arc welded bimetallic joints.
2.8 Objectives of the current work

In light of the existing research landscape, this study identifies certain gaps and
unexplored areas that prompt a more comprehensive investigation. the objectives of the
present work are delineated as follows.

= Evaluate the formability of the micro plasma arc welded blank of 316L stainless

steel sheets and its relation with metallurgical behaviour of the FZ.

= Determine the effect of solution treatment on the formability of nickel based super

alloy Inconel 625 welded blank, joined by MPAW.

= Analyse the influence of FZ metallurgy on the mechanical properties and

formability of 316L stainless steel-Inconel 625 dissimilar micro plasma arc welded
joint.
The experimental procedure adopted to fulfil the described objectives, observations and

summary of the present work are discussed in detail in the subsequent chapter of the thesis.
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Chapter 3

Experimental Procedure

3.1 Introduction

This chapter outlines a comprehensive exploration of the methodologies, technigues,
and procedures opted for the execution of welding experiments. It also presents the intricate
details of setup development and procedural intricacies involved in testing and analysing
the test specimens. Furthermore, it expounds upon the comprehensive pre-weld and post-
weld treatment procedures, encompassing the detailed preparations before and after
welding for different types of characterization. Additionally, the chapter outlines
specifications and details of instruments employed for varies metallurgical and mechanical
characterization purposes.

3.2 Sample preparation

The BM received from the vendor, is prepared by cutting into proper dimension using a
mechanical shearing machine. Thereafter, the edges to be joint are polished to maintain a
zero gap between them. Before the welding, oil, grease, dust particles and others
contamination, present on the surface of the workpiece are removed properly by using
acetone. The nozzle and the tungsten electrode are also cleaned to remove the oxides for

proper functioning.
3.3 Micro plasma arc welding

In the current study MPAW is adopted for similar and dissimilar joining of 316L
stainless steel and Inconel 625 sheet materials. The EWM-50 plasma welding machine is
used for welding, which has current and voltage ranges from 0.1 to 50 A and 25 to 27 V,
respectively, other specification are mentioned in Table 3.1. The mode of welding and
polarity of the electrode are melt-in-mode and direct current electrode negative (DCEN),
respectively. It can able to weld thin sheets without having any defects. Figure 3.1
represents the schematic view of the MPAW system and photograph of the experimental
setup is shown in Fig. 3.2. Plasma console is the main operating unit of the MPAW
machine. It also controls water supply for cooling of nozzle and shielding and plasma gas
flow rate. A copper fixture is prepared for holding the work piece.
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Fig. 3.1 Schematic of micro plasma arc welding setup

Table 3.1 The specification of EWM-50 micro plasma arc welding machine

Specifications

Value

Machine type

Micro plasma 50

Setting range for welding current 0.1Ato50 A
Setting range for welding voltage 25.0Vto27V
Pilot arc current 5A
Duty cycle 40 °C 50 A (100% DC)
Open circuit voltage 95V
Frequency 50/60 Hz
Ambient temperature -25 °C to +40 °C
Machine cooling Fan (AF)
Torch cooling Coolant

The blanks to be welded are fixed tightly on the copper fixer to reduce the chances of
weld distortion, which may occur due to heat accumulation at the time of welding. During
the experiment the plasma torch is kept above the workpiece and the workpiece is moved
with specific speed, operated by a semiautomatic bed. Before the welding operation, the
weld line between the two adjacent sheets is maintained at the center of the nozzle by
running the pilot arc. The major influencing parameters for sound weld quality are plasma
current, welding speed, stand-off distance, plasma and shielding gas flow rate, nozzle and
tungsten electrode diameter. The maximum strength without any defect are the main
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criterion to decide the optimize value of weld parameters. These optimum level of
parameters for all experiments are decided by conducting several bead-on-plate welding
and existing literature. A pure tungsten electrode with a 1.3 mm diameter is used in this
work. Commercially available pure argon gas is used as the plasma and shielding purpose.
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Fig. 3.2 Micro plasma arc welding setup used in this research work
3.4 Experimentation

Two different alloys i.e., 316L stainless steel and Inconel 625 are used in this research
work. Combination of these two materials are used to achieve similar and dissimilar
welding using MPAW. The experimental procedure of the current research work is divided
into three subgroups based on the material combination and processes adopted during the
welding. The following paragraphs discusses the details of these subgroups.

Case | represent the similar joining of 316L stainless steel, in which the formability of the
welded joint is evaluated by LDH test. In this case, three different types of MPAWAB:s are
prepared with the combination of three groups of process parameters.

Case Il in this study similar Inconel 625 sheets are joint together. After welding solution
treatment (ST) is carried out to study the effect of ST on the formability of the MPAWB.
In this case details metallurgical study is conducted to make a correlation between the

metallurgical variations with the mechanical properties.
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Case Il demonstrates the dissimilar joining of Inconel 625 and 316L stainless steel. The
formability of this dissimilar MPAWB is evaluated and compared with the parent materials.
The cause and location of failure and relationship between the formability of welded blank
and FZ metallurgy is also evaluated in details.

3.4.1 Case-l: Formability study of micro plasma arc welded AISI 316L

stainless steel thin sheet joint

Thin 316L stainless steel welded blanks are prepared by using a medium current MPAW
machine. The BM is received in rolled and annealed condition. The chemical composition
of the sheet is analysed by energy-dispersive X-ray (EDX) technique and is shown in Table
3.2. The sheets are prepared into pieces with a dimension of 200 mm x 60 mm x 0.5 mm
(length x breadth x thickness). Before welding, the oil and foreign particles are cleaned
from the sheet’s surfaces using acetone. Subsequently, the joining faces of the pieces are
prepared to obtain a square-butt joint. The welding is carried out along the rolling direction
of the sheets.

Table 3.2 Chemical composition of AISI 316L stainless steel (Wt. %)

Element Cr Ni Mn Mo Si Nb Co W S P Al Fe
Wit.% 17.2 99 2.0 18 04 04 03 03 02 01 01 673

Four welding parameters, namely, welding current, welding speed, stand-off distance
(SOD), and nozzle diameter, are varied. Three different types of MPAWABSs are prepared,
i.e.,, Type 1 (T1), Type 2 (T2), and Type 3 (T3), in this study. The parameter settings used
for joining the MPAWBS are shown in Table 3.3. The plasma and the shielding gas flow
rates are kept constant at 0.4 LPM and 6 LPM, respectively. The distance between the
workpiece and the nozzle opening, i.e., the SOD, is maintained using a filler gauge. Before
the welding, the weld line between the two sheets is maintained at the center of the nozzle
by running the pilot arc. At least three repeat tests have been carried out for each parameter

set to check the repeatability of the experimental results.

Six rectangular samples with 80 mm length and various widths viz; S1 (80 mm x 80
mm), S2 (80 mm x 64 mm), S3 (80 mm x 48 mm), S4 (80 mm x 32 mm), S5 (80 mm x 16
mm) and S6 (80 mm x 8 mm) are cut parallel to the weld line to study the limiting strain

for different strain paths. Similarly, six samples are cut parallel to the rolling direction to
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study the limiting strain of BM also. The dimension details of the LDH test specimens are

represented in Fig. 3.3.

Table 3.3 Welding parameter settings for different types of MPAWBs

Types of welded blanks ~ Current  Speed  Stand-off distance Nozzle diameter

(Amp) (mm/s) (mm) (mm)
T1 9.5 3.5 15 1.0
T2 10 4 1.7 1.2
T3 10.5 4.5 1.9 1.4

| 80 | | 64 | 48 32 16 8
- - - - = s |-
1 [ |
Weld line
o _—
0
Y |
Si S2 S3 S4 Ss  Se

Fig. 3.3 Schematic of LDH test specimens

3.4.2 Case-11 Characterization of mechanical behaviour in solution-
treated MPAWBS of Inconel 625

Thin 0.5 mm sheets of Inconel 625 are used in this case. The composition of the as-
received Inconel 625 sheets is assessed through EDX analysis and presented in Table 3.4.
The 0.5 mm Inconel 625 sheets are prepared with a dimension of 110 mm length and 60
mm width and subsequently they are butt joint together with the help of MPAW. The
welding parameters are decided by conducting several numbers of trials, the selected
welding parameters are: welding current — 11.5 amp; plasma gas flow rate — 0.5 LPM;
shielding gas flow rate — 6 LPM; welding speed — 3.5 mm/s; stand-off distance — 1.7 mm;

nozzle diameter — 1.2 mm; electrode diameter — 1.3 mm.

Table 3.4 Chemical composition of the as received Inconel 625 sheet (Wt. %)

Element Cr Nb Mo Ni Fe C Ti Al Si S
Wt. % 24.7 3.4 7.7 57.9 5.2 0.05 0.3 0.2 0.2 0.2
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To assess the impact of ST on the mechanical and microstructural properties of the
MPAWAB, the welded blanks are solution heat treated at a temperature of 1100 °C for a
duration of 60 minutes, followed by quenching in water. The duration of holding time for
the ST process is determined based on a preliminary study and relevant findings from prior
literature (Y. L. Hu et al., 2018; Mostafaei et al., 2016). In this regard, the MPAWAB:s are
solution treated in three different holding times: 30 min, 60 min, and 120 min. It is observed
from the preliminary study that with 60 min holding time, the solution treated welded blank
(STWB) exhibits better percentage of elongation with the comparison of other holding
times, which is represented in Fig. 3.4. Hence, the entire ST study is conducted at 1100 °C
temperature with holding time of 60 minutes. A schematic representation of the ST
procedure, used in this investigation, is illustrated in Fig. 3.5. Thereafter, the metallurgical
variation of the MPAWB and STWB are evaluated by different types metallurgical studies.
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Fig. 3.4 Elongation and UTS variation of STWBs at different holding times

The joint quality and forming behaviour of the MPAWB and STWB are measured by
performing micro hardness, tensile and LDH tests and compared with the as-received BM.
Six different width specimens are prepared to study the forming behavior of welded blanks,
STWB and BM from the biaxial to uniaxial strain path. Three strain path specimens S1,
S2, and S3 are prepared according to Nakazima, and remain three S4, S5, and S6 specimens
are prepared by following the Hasek standard to avoid premature failure of blanks at the
punch and die interface due to width reduction. The Fig. 3.6 represents the geometry and

dimension details of different strain path specimens. Finally, the cause of strength and
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formability variations for different specimens are evaluated systematically by doing a

corelative study between the mechanical and metallurgical behaviour.

Holding temperature (1100 °C)
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Fig. 3.5 Schematic of solution treatment procedure
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Fig. 3.6 Dimension details of different strain path specimens

3.4.3 Case-111 Influence of fusion zone metallurgy on the mechanical

behaviour of Inconel 625 and 316L stainless steel dissimilar joint

Nickel based super alloy Inconel 625 and 316L stainless steel of 0.5 mm sheets are used

for this case. In which the sheets are prepared with a dimension of 110 mm length, 60 mm
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width and 0.5 mm thickness. Thereafter, the sheets are butt welded together by MPAW for
the preparation of dissimilar welded blank. Similar to previous case the blanks to be welded
are fixed tightly on the copper fixer before the welding. The workpiece is moved at a
constant travel speed, powered by a semi-automatic bed, while the plasma torch is kept
stationary during the welding process. A welding current of 11 A, 3.5 mm/s travel speed,
and 1.5 mm stand-off distance are used. Pure (99.8%) argon gas is used as shielding
purpose and plasma generation with a flow rate of 6 LPM and 0.5 LPM, respectively. The
microstructural variation at FZ of this dissimilar welded blank is evaluated to characterized

metallurgical changes in details.

The formability tests are carried out similar to Case Il, in which six specimens with
different widths coded as S1, S2, S3, S4, S5, and S6 are prepared to study biaxial to uniaxial
strain paths. The maximum width specimens are stretched both in dry and lubricated
condition. The FLD is plotted by measuring the major and minor strains. The surface strain
is measured for the S1 and S6 specimens. Besides, the thickness distribution is measured
for S1 specimens of BM and MPAWABS to study the variation of thickness after the LDH

test.

3.5 Metallurgical investigation
3.5.1 Microstructural study

A small rectangular specimen is cut precisely using wire-cut EDM (WEDM), keeping
the weld line at the center for microstructural analysis of various weld zones. Figure 3.7
illustrates the extraction of different specimens for various characterization tests. The
specimens cut for microstructural study are mounted into a hot mold for further polishing
and examination. Subsequently, the samples are polished with different grades of emery
paper to remove scratches and finally the specimens are mirror polished by using a velvet
cloth with fine alumina powder (0.3 pum). The polished samples are etched by a chemical
etchant for the metallography study. The chemical etchants are selected based on the
materials used for different cases. For the case of 316L stainless steel similar welded joint,
samples are etched by using glyceregia (1:3:2: HNO3: HCI:C3HgO3). For Case Il, the
Inconel 625 similar welded joints are etched by an acid mixture of nitric acid, hydrochloric
acid, and acetic acid with a ratio of 1:3:2. However, for the dissimilar joint of 316L stainless
steel and Inconel 625 a special precaution are taken, the 316L stainless steel side is etched

by glyceregia, the FZ and Inconel 625 BM side are etched by an acid mixture of 15 ml HCI,
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10 ml CH3COOH and 5 ml HNOs. After etching successfully, the grain morphology and
composition analysis are carried out by an optical microscope (OM) (Make: Leica; Model:
LEICA ICC50 W) and field emission scanning electron microscope (FESEM) (Make:
Zeiss; Model: Sigma with integrated energy dispersive spectroscopy (EDS) (Make:

Oxford) which are mentioned in Fig. 3.8.
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Fig. 3.7 Schematic representation of the MPAW blank with different samples extraction

3.5.2 Transmitted electron microscopy (TEM) analysis

Transmitted electron microscopy (TEM) analysis is a powerful technique widely used
in various scientific and industrial fields due to its ability to provide detailed information
about the structure and composition of materials at the nanoscale. Hence, to fully
understand the microstructural changes of MPAWABSs and to find out the different types of
intermetallic and secondary phases, the TEM analysis is performed. The TEM microscope
(Make: JEOL; Model: 2100F) is operated at 200 kV, which is equipped with Oxford EDS
machine and the TEM microscope details is shown in Fig. 3.9 (a). The TEM specimens are
prepared by reducing the thickness of the specimen as 60 um foil by using emery paper and
velvet cloth. Thereafter, a small 3 mm disc is punched out from the foil and finally, the
samples are electropolished with the help of a twinjet polisher (Make: Fischione; Model:
110), represented in Fig. 3.9 (b). A mixture of ethanol and perchloric acid with a ratio of
9:1 is used for the electro polishing and during the process the ambient temperature is

maintained at -20 °C by using liquid nitrogen.
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Fig. 3.9 Photographs of (a) Transmission electron microscope and (b) Twin jet polisher

3.5.3 X-ray diffraction (XRD) analysis

The phases present at the FZ and BZ plays a crucial role for the joint metallurgy and
mechanical properties. X-ray diffraction (XRD) is a unique method for measuring
compound’s crystallinity. XRD is based on the principle of X-ray diffraction by crystals.
When X-rays are directed at a crystalline material, the X-rays are diffracted at specific
angles determined by the crystal lattice structure. The resulting diffraction pattern provides
information about the crystallographic structure of the material. Through XRD analysis,
one can identify and quantify various phases exists within a specimen. The intensity of
peaks within the XRD pattern serves to indicate the different phases and their compositions.
These peak intensities directly correlate with the atomic distribution within the lattice
structure. By comparing experimental XRD data with reference JCPDS files (01-082-8282,
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00-002-1031 and 00-1999, 023-0298 and 054-0331), one can determine the specific types
of phases present in the specimen. It's essential for the experimental results to encompass
all major peaks listed within the reference pattern. Detailed specifications of the XRD
instrument (Make: Rigaku; Model: Smartlab) depicted in Fig. 3.10 and more specification
details are mentioned in Table 3.6. The XRD analysis is carried out for both the BM and
FZ. As the MPAW produces a narrow width FZ, thus a small strip of the FZ is cut and
polished the surface properly before the XRD analysis.

//.S.E!‘E!: sLab

Fig. 3.10 X-ray diffraction analysis machine
3.6 Micro hardness test

The hardness value always plays a crucial role for the characterization of the FZ. Vickers
micro hardness is generally used for thin sample. In this test a diamond indenter is used to
make an impression in the form of a right pyramid with a square base and an angle of 136°.
Thereafter, the size of the impression left by the indenter is measured by an optical

microscope which are used in Equation 3.1 to calculate micro hardness (HV) value.

0
. 136
ZFSl'l’l—2

HV = — (3.1)

Where, HV is Vickers hardness, F is applied load in kgf and d is arithmetic mean of the
two diagonals, d1 and d2 in mm. The hardness values are measured at the cross section of
the welded blank by using Vickers micro hardness tester (Make: Omnitech) represented in

Fig. 3.11. The measurement is taken at 0.2 mm gap between the two indentations to avoid
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any possible effects of localised strain hardening because of nearby indentations. Figure
3.12 represents the schematic view of hardness impression with different locations. The
hardness variation is observed from BM to BM keeping the FZ at the center. For all the

cases the hardness is measured at 300 g load with 16 s dwell time.

Fig. 3.11 Photograph of Vickers micro hardness tester
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Fig. 3.12 Schematic view of the micro hardness measurement of a welded sample
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3.7 Tensile test

Tensile testing is a fundamental method in material science used to assess the
mechanical properties of materials under uniaxial loading condition. This test is crucial for
understanding how materials respond to forces and predicting their behaviour in various
applications. Industries use tensile tests to ensure the quality and consistency of materials,
especially in manufacturing processes. Hence, tensile testing is worldwide accepted test
method that provides the information about mechanical properties like ultimate tensile
strength (UTS), 0.2% yield strength, strain hardening exponent (n-value), strain hardening
coefficient (K-value) and percentage of elongation up to fracture. Besides, in welding
process, the tensile test plays an important role to make a comparison between the BM and
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welded blank in their mechanical properties. A hydraulic control universal tensile testing
machine (Make: Biss; MEDIAN 250) is used to perform the tensile test which is shown in
Fig. 3.13.

M _

Hydraullc actuators

UT-04-0250
MEDIAN 250

Fig. 3.13 Universal tensile testing machine

A sub size tensile specimen is prepared by following the ASTM E8 (ASTM Committee
on Mechanical Testing, 2013) standard, which has 25 mm gauge length and 6 mm width.
All dimension details of the tensile specimen are shown in Fig. 3.14. A 25 mm gauge length
extensometer is also mounted to measure accurate displacement data within the gauge
section. During the tensile test the cross head moves with a constant travel speed of 1
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mm/min. The obtained load displacement data from the tensile test is converted into true

and engineering stress-strain data to evaluate various mechanical properties.

All dimensions are in mm

30
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Fig. 3.14 Dimension details of tensile specimen (ASTM EB8)
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3.8 Formability test

Formability is an important sheet material property use by many industries like
automobiles where bulk sheet deformation is required without undergoing any failure.
Forming of complex welded parts in various applications are associated with a combination
of drawing and stretching operations. Limiting dome height test (LDH) is a well-accepted
forming experimental procedure, through which one can understand the formability of
sheet material and limit of failure. The FLD is most popular useful tool for the measurement
of formability of thin sheet materials. Figure 3.15 represents the schematic of FLD. The
primary characteristics of FLD is forming limit curve (FLC). The FLC is the boundary
between the uniform deformation and the start of plastic instability or diffuse necking,
ultimately leading to failure (Shen et al., 2022). Keeler and Backofen (Keeler, 1961) first
gave the concept of right side of FLD and Godwin (Goodwin, 1968) provided the extended
FLD i.e., left side of FLD in the year of 1960. The diagram consists of major strain, &;, and
minor strain, &,, obtained from the necking and the fracture point. The regions above and
below the FLC are considered as the failure and safe regions, respectively. The higher value

of FLC generally refers as higher formability of the blank.

In the current research work a sub-size laboratory scale forming setup is designed and
fabricated. The developed setup consists of a hemispherical punch of 30 mm diameter and
a 32 mm diameter die opening. A 64 mm diameter draw bead is used to restrict the slip of
the blank between the upper die and lower die. The design details of the different parts of

the forming setup are represented in Fig. 3.16, 3.17 and 3.18 for the top die, lower die and
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punch, respectively. The whole setup is attached with a universal tensile testing machine,
in which the punch is attached with the stationary cross-head and the die with the blank is
mounted with the moveable part of the machine (Fig. 3.19). The LDH test is conducted
both in dry and lubricated condition for maximum width specimen.

>

Uniaxial tension (p=-1/2)

Biaxial tension (B=1)

Failure region

Major strain (g; )

strain (BZO)

Strain paths <#—*

) ) Y (K4 ) : ;
Tension-compression region \:‘ 'I ,’ Tension-tension region
o
‘10
-

Minor strain (&, )

Fig. 3.15 Schematic representation of forming limit diagram

A total of six samples with different width are considered to study the formability from
biaxial to uniaxial strain path. Three strain path specimens S1, S2, and S3 are prepared
according to Nakazima, and remain three S4, S5, and S6 specimens are prepared by
following the Hasek standard to avoid premature failure of blanks at the punch and die
interface due to width reduction. Before the test, the specimens are marked with a circular
grid of 1.5 mm diameter (do) by electro chemical etching technique. Next, the marked
specimen is clamped between the upper and lower dies with proper blank holding force by
using a nut and bolt fastening system. The workpiece in the die moves upward at a constant
cross-head speed against the punch to deform the specimen. The specimen is being
deformed till the onset of necking/fracture, which is observed by falling of load monitored

by computer control system.

After stretching the specimen, the circular grids deform into ellipses (Fig.3.20). The
major (d,) and minor (d,) diameters of the ellipse are measured by using a stereo zoom

microscope (Make: Nikon; Model: SMZ25) in mm, represented in Fig. 3.21. Thereafter,
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the true major (&;) and minor (&,) strains are calculated from the d, and d, value. These &;
and &, values for all strain path specimens in safe and fracture locations are measured and
plotted in FLD. The LDH in forming represents the sretchability of the blank, higher LDH
implies that the specimen has more formability. The LDH value is measured by using a
height gauge (Make: Mitutoyo), represented in Fig. 3.22. The experimental load-
displacement (LD) data is plotted for the maximum and minimum width specimens and

compared them with the BM for different cases.
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Fig. 3.16 Dimension of the top die (all units are in mm)

The strain distribution profile signifies the distribution of strain on both sides of the
maximum height (pole) of the stretched dome. Hence, the variation of strains on both sides

of the pole are measured to evaluate the deformation characteristics of the material. The
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thickness distribution profile is plotted only for the maximum and minimum width

specimen.
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Fig. 3.17 Dimension of the bottom die (all units are in mm)

The thinning behaviour of the stretched dome has significant effect on material
utilization, minimizing waste and contributing to cost-effectiveness in large-scale
production. Maintaining a uniform thickness distribution contributes to structural integrity,
improves product functionality, and promises the production of high-quality components.
Thus, the thickness variation on both sides of the pole is measured by stereo zoom
microscope. In this regard, the stretched dome spacemen is cut into two symmetric sections

transverse to the weld line for the case of welded blanks. However, for the case of BM, the
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sample are cut along the pole. The thickness distribution profile is studied only for
maximum width specimen. A fractography analysis is carried on the fracture surface of the
stretched dome to evaluate the mode of failure at the LDH test. A small sample is cut from
the fracture location and put in the FESEM to detect different types of morphologies present

on the fracture surface.
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Fig. 3.18 Dimension of the punch (all units are in mm)
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Fig. 3.20 Transformation of grids from initial to final in LDH test
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Fig. 3.22 Height gauge for the measurement of LDH
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Table 3.6 Details specification of various machines used for testing welded specimens

Machine
name

Make & model

Specifications

Dynamic
UTM
machine

BISS, India
MEDIAN 250

Capacity: 250 kN, Actuator displacement: 0 to
80 mm

Hydraulic grips of 0-20 mm flat and 3 to 27 mm
round specimen

Tests: Tensile test, compression test, Fatigue, 3
& 4-point bending test, high temperature tensile
test

Control mode: Load rate, elongation rate, strain
rate, load hold

Testing method: Load mode, displacement
mode

Hardness
tester

Micro Vickers
hardness tester,
Omni Tech

Indenter force: 10 gf - 1000 gf
Dwell time: 1-99 Seconds
Indenter velocity: 5 y/s - 7 u/s

OoM

Leica, Leica
ICC50 W

Magnification: 5 X- 100 X
Table movement: 3-axis measuring system
Software: Leica LAS EZ (PC)

FESEM

Zeiss, Sigma

Specimen chamber: 330 mm inner dia, 270 mm
height

Specimen weight: Up to 0.5 kg tilted; up to 2 kg
not tilted

Movement: X/Y=125 mm, Z=50 mm, T=10° to
+ 90°, R=360° continuous

Specimen stage: 5-axis motorised cartesian
Chamber detectors: Inlense, SE-2, NEBSD
Magnification: 300 X to 1000 KX

TEM

JEOL,
2100F

Configuration: High resolution (HR)
Resolution: point, 0.23 nm and lattice: 0.1 nm
Acc. Voltage: 200 kV

Electron source emitter: ZrO/W (100) Schottky
0.5 nA for 1 nm probe

HR diffraction: 333 nm

XRD

Rigaku
Technologies,
Smartlab

Mode: Powder diffraction, thin film
Technology: Automated high-resolution 6-6
multipurpose X-ray diffractometer (XRD) with
Rigaku system Smartlab software

Core attributes: 3 kW sealed X-ray tube, CBO
optics, D/teX Ultra 250 silicon strip detector
Core: Photon Max high-flux 9 kW rotating
anode X-ray source, in-plane arm (5-axis
goniometer),  HyPix-3000 high  energy
resolution 2D HPAD detector, Johansson Ko
optics

Power: 3@, 200 V 50/60 Hz, 30 A (sealed tube)
or 60 A (rotating anode)

Software: SmartLab Studio Il software
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Chapter 4

Formability study of micro plasma arc welded 316L stainless

steel blanks

4.1 Introduction

Austenitic 316L stainless steel contains interstitial solid solution elements like C and N
and substitutional solid solution elements like Mo, Mn, Si etc (Sriba et al., 2018). This alloy
is very popular due to its workability in room temperature to elevated temperature and in
high corrosive atmosphere (Dai et al., 2022). Thus, it has high demand in different fields
like marine structure, gas storage tank, petrochemical industries, food processing
industries, nuclear power plant, etc. (Chen et al., 2022). Welded joint of 316L stainless steel
alloy sheet has huge scope in those industries, however welding of this alloy sheet is a
difficult task due to the formation of welding defects. Moreover, carbide precipitations are
formed after the welding at the grain boundaries. With the help of MPAW the formation of
such defects can be reduced. Deformable 316L stainless steel welded blank is also used in
automobile exhaust system and mechanical bellow manufacturing industries (Subramanian
et al., 2021), where high ductile joint is required. The temperature alternation during
welding induces microstructural changes in both the FZ and HAZ. These alterations may
negatively impact crucial mechanical properties such as formability, tensile strength,
hardness, and the alloy structure of the welded blank. Therefore, exploring the relationship
between microstructural modifications within different zones of the welded sample and
their influence on formability presents significant potential for enhancing the final product

quality.

This chapter is mainly focused on the weldability of 316L stainless steel similar joint
produced by MPAW process and formability study by LDH test. Total three types of
welded blanks, namely T1, T2 and T3 are prepared based on different process parameters
level. T1 has minimum current of 9.5 A, 3.5 mm/s speed, 1.5 mm SOD and 1 mm nozzle
diameter. T2 has medium current of 10 A, 4 mm/s speed, 1.7 mm SOD and 1.2 mm nozzle
diameter. Besides T3 has maximum current of 10.5 A, 4.5 mm/s speed, 1.9 mm SOD and
1.4 mm nozzle diameter. The formability of the MPAWBSs is compared with the BM
through FLD and strain distribution. Mechanical and metallurgical properties of the welded

joints are also examined.
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4.2 Microstructural characterization

The detailed microstructure of different regions of the welded specimens are observed
by using an optical microscope. The variation of top bead (TB) length, bottom bead (BB)
length, and bead height of the welded specimens are shown in Fig. 4.1. It is found that
sample T2 has maximum TB and BB lengths of 1.6 mm and 0.97 mm, respectively. Sample
T1 is found with minimum TB (1.32 mm) and BB (0.58 mm) lengths. Power density
(Watt/m?) in plasma arc welding can be increased by increasing welding current and
welding voltage or reducing the nozzle diameter. A more constricted arc is produced by
lowering the nozzle diameter (Park & Hirata, 2017). A 1 mm nozzle diameter is used to
prepare the T1 sample, which produces a more constricted arc than the others nozzles.

Hence, a narrow bead and higher bead height are formed for the case of T1 specimen.

1602.52 pm

200 um
—

Fig. 4.1 Top and bottom bead length and bead height of welded samples

The microstructural variation of all welded blanks is studied through optical and electron
microscope. The macro view of different zones, i.e., BZ, FZ, and HAZ and their
corresponding microstructure for specimens T1, T2, and T3 are depicted in Fig. 4.2. Figure
4.2 (a) shows that 316L stainless steel is primarily an austenitic (y) polycrystalline material
with an average grain size of ~12.9 um. At the BZ, the grain boundaries of austenite and 6-
ferrites are also observed. Two different types of microstructure are observed at the FZ,
Fig. 4.2 (b) and (c). At the center of the FZ, a skeletal 5-ferrite, and near the HAZ, a
columnar dendritic structure is observed. An epitaxial grain growth is at the interphase of
FZ and HAZ. The change from a columnar to an equiaxed grain structure in the FZ is a
result of the columnar-to-equiaxed transition (CET), which is primarily caused by

constitutional undercooling during solidification (Lampman, 1997). At the FZ, some
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chromium and silicon rich particles are observed through EDX analysis, which is shown in
Fig. 4.3 with their locations in FESEM image. These particles are mainly responsible for
making the welded joint brittle in nature. Similar microstructural variations are observed in
all types of welded specimens. In Fig. 4.2 (d), it can be easily visualized that a narrow zone
between the FZ and HAZ is present, referred to as the transition zone. The formation of
this zone takes place at the time of the solidification of the molten pool. The tempered HAZ
consists of austenite and d-ferrite. There is no grain growth observed at the HAZ.

o o e o B San W o
\ ):I;S Skeletal f'f
NN . B

e E d-ferrite 257

Fig. 4.2 Microstructure of different zones of the sample T1 (a) BZ (b) canter of FZ (c) FZ
near to HAZ (d) HAZ
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Fig. 4.3 EDX spectrum of a selected FZ region for the sample T1
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4.3 XRD analysis

The phases present in the BM and welded joint are explored by XRD analysis, shown in
Fig. 4.4. All peak angles (20) values are confirmed precisely from standard data (JCPDS
Card Nos. 023-0298 and 054-0331 with 3.6 and 2.8075 °A lattice size, respectively). The
XRD patterns for the BM and the welded specimens are found with sharp austenite peaks
at 43.47°, 50.56°, 74.67°, 90.68°, and 95.92° subsequently (111), (200), (220), (311) and
(222) planes, respectively. On the other hand, a few ferrite peaks are also found at 44.62°
and 82.18°angles in (110) and (211) planes. The peak intensity of ferrites at the FZ is higher
than the ferrite present in the BM. Generally, a small quantity of d-ferrite is required in

stainless steel to reduce the hot cracking during weldment solidification.
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Fig. 4.4 XRD patterns of the fusion zone and base material

Hence, a small peak of é-ferrite is observed in the BM. However, the intensity of the -
ferrite present at the FZ is quite higher than that of the BM. The XRD peak intensity
depends on stochiometric variation of phases, more periodicity and preferred crystal
orientation. Since the thickness of the workpiece is less, and the weld pool size is also
narrow, cooling of the weld pool takes place rapidly. During the solidification of the molten
weld pool, the primary d-ferrite gets solidified first, after that, 6 to y transformation takes
place (Dadfar et al., 2007). The diffusion process predominates during the & to vy
transformation. The rapid cooling of the FZ leads to insufficient time for the complete phase

transformation. Thus, a large amount of d-ferrite remains at the FZ. This incomplete phase
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transformation results in the presence of skeletal delta ferrite inside the austenite matrix at
the FZ. Hence, the ferrite peak intensity at the FZ is more than the ferrite peak at the BM

and similar phenomena was also observed by others (Sabzi et al., 2021; Sriba et al., 2018).

4.4 TEM analysis

The TEM bright field image of different location of the FZ is represented in Fig. 4.5. In
which Fig. 4.5 (a) represents the center of the FZ, the &-ferrite, with planes of (110) and
(211), are distributed in austenite matrix of (111), (220), (200), and (311) planes. It agrees
the XRD results shown in Fig. 4.4. Bands of grain boundary dislocation are observed in the

FZ, shown in Fig. 8(b-c).
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Fig. 4.5 (a) SAED pattern of the fusion zone, (b-c) bright-field image of dislocations, (d)
carbide precipitation at the transition zone, and (e) EDX spectrum of carbides
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The possible reasons behind the formation of dislocations can be differences in thermal
contraction between the & and y phases, solid-state transformation from & to vy, and
formation of precipitations in the FZ (Mataya et al., 2003; Sourmail, 2001). Few carbide
particles are observed at the transition zone i.e., the interface between the FZ and HAZ,
which is shown in Fig. 8 (d). The EDX analysis is conducted by using STEM to confirm
carbide precipitation in the transition zone, as shown in Fig. 4.5 (e). It is a metastable
chromium carbide (M23Cs), Which is generally found in austenitic steel during the early
stage of precipitation. During welding, the zones that are heated to a temperature near the
melting point of the BM, i.e., the solidus temperature of steel, observe the presence of
chromium carbides. The presence of such carbides degrades the steel welded joint quality.

Due to this reason, strength and ductility of the welded samples get affected.
4.5 Tensile test and hardness analysis

The engineering stress-strain curves for the BM and welded specimens are shown in Fig.
4.6 (a). It is observed that the ultimate tensile strength (UTS) and uniform elongation of the
BM are higher than the weld joint (Table 4.1). Heat input at the time of welding plays a
key role in getting good weld strength. It has been found (Fig. 4.4) that the quantity of
ferrite at the FZ is higher than the BM. The ferrite phase has more hardness as compared
with the dominating austenite phase (L. Q. Guo et al., 2013). Therefore, the FZ exhibits
more brittle characteristics than the other regions. Moreover, the presence of dendritic
structure and carbide phases weaken the weld strength. Hence, all the welded tensile

specimens fail at the FZ.

Table 4.1 Mechanical properties of the BM and MPAWBSs specimens

Specimen Yield stress (MPa)  UTS (MPa) K (MPa) n-value EIO#;;{%T(% )
BM 293+ 1 683 +2 1400 £ 7 0.39£0.03 57+04
T1 304 £ 17 646 £5 1239 £ 15 0.34 £0.04 44 + 12
T2 307+38 628 + 6 1163 £ 25 0.32 £ 0.002 33+8
T3 306 +5 620 £ 11 1145 + 28 0.31 £ 0.009 32+2
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Fig. 4.6 (a) Engineering and (b) true stress-strain plots for the base material and welded

specimens

The yield stress (0.2%), UTS, and percentage of elongation up to fracture of the BM and
MPAWABs are calculated from the engineering stress-strain plot. The load-displacement
data from the tensile test are converted to obtain the true stress (o) and strain (e1) values.
Thereafter, Hollomon strain hardening curves (Basak et al., 2019) are fitted in-between
(0.2%) yield stress and UTS. The hardening equations for the BM and MPAWABs are
represented in the true stress-strain diagram, Fig. 4.6 (b). All the mechanical properties of
the BM and welded samples are mentioned in Table 4.1. All the welded tensile samples are
found to exhibit more than 90% joint efficiency with respect to BM. Among them,
specimen T1 provides maximum UTS and elongation. The heat input is less for sample T3
due to the combined effects of higher welding current and speed. Moreover, larger bead
width and the lowest bead height is formed due to the higher nozzle diameter. Hence,

specimen T3 is found relatively weaker than the other samples.

The microhardness of different zones of the welded specimens are measured and shown
in Fig. 4.7. The error bar is measured from the standard deviation of three measured
hardness values along the thickness direction. Asymmetrical hardness distribution can be
observed. This is due to the variation of microstructure at different regions of the welded
joint. The fine dendritic structure has more hardness than the coarser equiaxed
microstructure, and this is the main dominating factor for higher hardness at the FZ.
Moreover, due to the presence of high dislocation density and ferrite percentage at the FZ,
the hardness values also increased sharply (Feng et al., 2015; Sabzi et al., 2022). The FZ
hardness of specimens T1, T2, and T3 are 182 + 2 HV, 186 + 3 HV, and 184 + 3 HV,
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respectively. This variation of hardness might be due to the differences in ferrite percentage

present in various samples (Sakthivel et al., 2011).
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Fig. 4.7 Hardness profile of welded samples

The hardness of HAZ for all the welded specimens is found to be higher than the parent
material. Due to the rapid cooling of the FZ, the HAZ does not get sufficient time for grain
growth. Moreover, some ferrite particles get deposited in this region because of tempering
near melting temperature. Hence, HAZ hardness increases a little more than the BM. Due
to the well-defined equiaxed microstructure at the BZ, a minimum hardness of 166 + 2 HV

is observed.
4.6 Formability analysis

4.6.1 Limiting dome height test

The LDH test is carried out for the BM and MPAWAB'S in dry and lubricated conditions.
The stretch forming test is carried out with a slow punch movement rate (1 mm/ min).
Figure 4.8 represents the stretch formed samples of BM and welded blanks in dry
conditions. It is observed that failure of the stretched welded blanks initiated from the soft
transition zone and propagated towards the weld line. This zone is weaker due to the
presence of transition lines and precipitations, which are discussed in section 3.1. The
formability results of the stretch forming test are represented in Table 4.2. It is found that
the LDH of the BM is more significant than that of the welded blanks in both dry and
lubricated conditions. This is due to the fact that BM has a higher strain hardening exponent
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(n) value and ductility, as discussed in the tensile test. A small reduction of the measured
LDH is observed as 4.22%, 9.53%, and 15.03% for the samples T1, T2, and T3,
respectively, in dry conditions. This occurs mainly for two reasons, i.e., higher friction
between the welded surface and punch interphase and the brittle nature of the FZ. It is found
that specimen T1 stretches biaxially more than the other two welded specimens. Because it
has a higher n value, ductility, and narrow FZ than the other specimens, on the other hand,

specimen T3 shows minimum LDH for its high hardness and less ductility.

Table 4.2 Limiting dome height of the base material and welded specimens

Limiting dome height (mm)

Specimen Dry Lubricated
Base 15.6 £ 0.55 18.9 £ 0.30
T1 149+0.31 15.3+0.25
T2 14.1+0.51 14.9 £ 0.32
T3 13.3+0.80 14.1+0.15
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Fig. 4.8 Stretch formed full-size dome of (a) base material (b) T1, (c) T2, (d) T3 samples

in dry condition
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In lubricated conditions, the LDH of the BM increases about 21.2% compared with the
dry state because of less friction between the die and punch. There is a negligible difference
in LDH for the welded specimens in dry and lubricated conditions. The samples T1, T2,
and T3 are stretched at 1.87%, 5.79%, and 6.17%, respectively, more than the dry
condition. This indicates that lubrication does not affect the LDH of welded blanks to a

large extent.

The experimental punch load and movement data are plotted in a load-displacement
diagram for the BM and MPAWBs of full size (80 mm x 80 mm) specimens in dry and
lubricated conditions and shown in Fig. 4.9. In both cases, up to necking, the pressure
increases significantly. The maximum load required to deform the specimen of BM is
higher as compared with the welded blanks. This happens due to the absence of FZ, which
led to an increase in the LDH of the BM. From Fig. 4.9 (a), it is observed that at dry
conditions, the load increases equally up to 20.6 kN for the samples T1 and T2. On the
other hand, the load increases equally for all the specimens in lubricated conditions. From
Fig. 4.9 (b), it is found that there is an increase of maximum load by 16.19%, 15.25%,
9.71%, and 9.28% for the BM, specimens T1, T2, and T3, respectively, in lubricated
conditions. The load variation depends on the amount of penetration of the punch into the
die. The punch penetration in the lubricated condition is higher than the dry condition
because of less friction between the punch and blank. Hence, the load is increased for

lubricated conditions.
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Fig. 4.9 Load variation during stretch forming with respect to punch displacement in (a)
dry and (b) lubricated condition of base material and MPAWBs
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4.6.2 Forming limit diagram

The experimental FLD is plotted by conducting stretch forming tests with different
strain paths in dry and lubricated conditions. Figure 4.10 represents all strain paths stretched
specimens of BM and MPAWABSs. The true major and minor strains are evaluated from the
elongated ellipses in safe, necking, and fractured zones of the BM and welded specimens
in the respective strain path. These measured strains are plotted and symbolized with

different shapes and colors, as mentioned in Fig. 4.11.
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Fig. 4.10 Different strain paths stretched specimens for (a) BM (b) T1 (c) T2 and (d) T3
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A distinguished curve is drawn between the necked and fractured points to form the

experimental FLD. It can be observed that a series of loading paths from the tension-tension

region to the tension-compression region could be achieved using the developed sub-size
stretch forming test setup. It is found that strain paths S1, S3, and S6 deform as biaxial,

near plane strain, and uniaxial tension, respectively. On the other hand, the 80 mm width

specimens (SL) are stretched near equi-biaxial deformation under lubricated conditions.

Table 4.3 depicts the major limiting strain (g;5) and strain ratio (&,) of individual strain
paths. From Fig. 4.11 and Table 4.3, it is evaluated that in the tension-tension region of the

FLD, the BM owns a maximum of 46.31% major and 27.78% minor limiting strains.
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Fig. 4.11 Failure prediction in stretch forming of (a) base material, (b) T1, (c) T2, and (d)
T3 specimens by FLD

Specimen T1 is found with 43.93% limiting major and 13.48% minor strains in the
tension-tension region. On the other hand, in the same region, the specimens T2 and T3

have 44.51% and 39.19% limiting major and 18.24% and 12.93% minor strains,
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respectively. This indicates that among all the MPAWBSs, specimen T1 has more

stretchability than the others welded specimens.

In plane-strain conditions, the BM has a maximum of 42.42% major strain and 0% minor
strain. Also, all welded specimens are found with 0% minor strain, and specimen T1 shows
a maximum limiting major strain of 40.88% among all the welded specimens in this region.
This limiting major strain is indicated as FLDo, which is the minimum intersection of the
forming limit curve with the major principal axis. The FLDg is important for the prediction
of fracture behavior of cold-formed parts. The n-value highly influences the FLDo, which
shifts upward with the increasing n-value. Because of this reason, the FLDgo of BM is found
higher than the welded blanks. Specimens T1 and T3 are having maximum and minimum

FLDo, respectively, among the welded samples.

Table 4.3 Limiting major strain and strain ratio in different strain paths

Welded specimen

Strain Strain BM T1 T2 T3

path condition (gr) €is (gr) €is (Sr) €is (Sr) s
(%) (%) (%) (%)

S1 Tension- 060 463 030 449 041 445 0.3 39.2
S2 tension 039 443 018 439 022 426 0.2 36.9

Plane
S3 _ 0.00 42 .4 0.0 40.9 0.00 39.9 0.00 34.1
strain

S4 Tension- -0.13 441 -021 457 -021 427 -010 36.6
S5 compressi  -048 498 -034 479 -045 465 -048 418
S6 on -0.55 546 -051 526 -0.61 50.2 -049 446

It is found that the limiting strain in the tension-compression region is relatively high
for the BM and welded specimen as compared with the tension-tension region. On the
tension-compression region, the BM has a maximum of 54.6% major strain and strain ratio
of -0.55. The welded specimens T1, T2, and T3 are having strain ratio of -0.51, -0.61 and

-0.49, respectively, which indicates that all welded specimens have enough drawability.
4.6.3 Strain distribution

The measured logarithmic major and minor strains of the BM and MPAWBSs of S1 and

S6 strain paths specimens are plotted with distance from the pole to evaluate the strain
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distribution profile, shown in Fig. 4.12. It is considered that the pole located at zero and
right side of the pole is positive, and left side is negative.

BM_S 1 . 0.51 2 —a— Magjor strain| [BM  S6 067 s —a— Major strain
= - -*= - Minor strain - 054 = A — -~ - Minor strain
.E a g \
0415 /‘ N\ 045 A
A 0.3
0.3 / \‘
\ //‘ 021 /
/ -
ﬁ‘\‘o_z ] . /‘ /A ]_Y o A -l\
-y Ay
T o r 4+
j * ,'*\ -5{)*-*\* -10 ’*’Q ‘*‘*\ ]0 *’t%
Ay B VE SN % 20,14 * -
+ T *
*= T~ S h A ’
Hekk” W *owe *, X 0.2 1 N 2
— 00 e ¥ ¥
-20 -15 -10 -5 0 5 10 15 20 -0.3

Distance from the pole (mm)

Distance f:r0;11 the pole (mm)
T1 S1 0'5';’5 —a— Major strain TI_SG 0.6
- = - = - Minor strain ’
0.44E 051
@ 0.4
0.3

0. —&— Major strain
o - * - Minor strain
" ‘ - T T w
o (a S0 20 0 LG el 20 A0
i | - o ek,
P Yt S* ok K *a
** Y -0.2
. : ——0:0 : - : 03]
-30 -20 -10 0 10 20 30 . e he pol
Distance from the pole (mm) Distance from the pole (mm)
T2 S1 041 T2 S6 Ny
0.5 1
—a— Major strain
= % — Minor strain
Ve 30, 20 <10 L 0 e W0 20 80
- ) ) e, *-**‘*:0‘]- bt [
—+— Major strain * o F Sex k
-0.14 . . -0.2 4 i
- == - Minor strain
T T T T T ] -0.3 1
-30 =20 -10 0 10 30 . .
Distance from the pole (mm) Distance from the pole (mm)
o= - 0.6~
T3_S 1 = —4— Major strain T3786 S
041% - =+ - Minor strain 0.51=
o« o
@ 0415
0.34
—a— Major strain
L - =~ - Minor strain
0 20 <10 A., 10 20 730
- - - 71 W, 1
\ 0.3 = !
\ K ' / e ‘\K ” *
M My en wax X 0.2 A
A
' ‘ - ‘ - ' -0.3
-30 -20 -10 0 10 20 30

Distance from the pole (mm)

Distance from the pole (mm)

Fig. 4.12 Strain distribution for S1 and S6 of BM and welded specimens
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It is observed that strain path Sz for all the cases deformed biaxially, and grids on both
sides of the pole deform equally (Fig. 4.12). Moreover, S; specimens break from the center
of the weld line, and no fracture points occur on the path of the strain distribution line.
Hence, the difference in peak height for S1 of all welded samples is near zero. Due to the
same reason, the maximum major strain value is comparatively lower than the LDH test
data. A similar pattern of strain distribution is also observed for the case of BM in the S;
strain path. It can be observed that minimum minor and major strains for Sy and Se are at
the pole. On the other hand, maximum major and minor strains are observed far from the
pole. The biaxial specimen (Se) of BM is found with a maximum major strain. In welded

samples, T1 and T2 are having maximum and minimum major strain, respectively.

The peak difference between the left hand and right-hand sides of the pole of the tension-
compression specimen (Sg) is near zero. The major strain and minor strain of strain path Se
for all the specimens are above and below the displacement axis, respectively. This
indicates that the Se strain path samples deform in tension-compression mode. However, it
is observed that the BM has a maximum major and maximum negative minor strain in the

Sestrain path. Among all the welded specimens, T1 is found with a maximum major strain.
4.6.4 Fracture surface analysis of the stretched specimen

The fracture surface of the biaxial stretched specimen, tested in dry condition, is
investigated to evaluate the failure mechanism. The SEM images of the center of the
fracture surface of the BM and specimens T1, T2, and T3, are shown in Fig 4.13. In Fig.
4.13 (a) a large number of regular distributed shallow dimples confirms that the mode of
failure in the BM is ductile in nature. Since austenitic 316L stainless steel is a soft, low-
hardness material, the fracture occurs relatively slowly following a significant plastic
deformation during a stretch forming test. As a result of this, fine cavities and voids like
structures are formed (Masoud Sabzi & Dezfuli, 2018b). The MPAWBsS are also found with
large dimples and voids. The decohesion at the interphase of austenite and ferrite in the FZ
occurs due to the difference in plastic properties between austenite and ferrite. As discussed
earlier, a large quantity of o-ferrite at the FZ increases the weld hardness compared with
the BM, which is another reason for the failure at the FZ. After the welding, the ferrite to
another phase transformation occurs very fast, which breaks the 3-network. As a result,
some carbide precipitates at the austenite-ferrite interphase as an intermetallic compound,

loosening the joint strength and leading to joint failure. However, lots of voids and dimples
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are witnessed on the fracture surface of MPAWBS, which indicates that the failure mode

of all types of welded MPAWBsS is ductile in nature.
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Fig. 4.13 SEM images of the fracture surfaces of (a) base material, (b) T1, (c) T2, and (d)

T3 specimens
4.7 Summary

Three different types of welded blanks are prepared successfully by using a different
combination of parameter settings in MPAW process. The FZ, BM, and HAZ of the welded
samples are discussed through microstructural analysis to correlate the forming behaviour
of the welded joint. The BM consists of well oriented coarse grain structure upon which &-
ferrite and annealing twins are distributed. Whereas, the FZ consists of two different types
of microstructure, namely, skeletal 3-ferrite at the center and columnar dendritic structure
near the transition zone. The XRD study reveals that the quantity of ferrite at the FZ is
higher than that of the BM. Besides, TEM analysis confirms that the FZ and transition zone
consist of austenite, ferrite, and some secondary phases of Cr and Si carbides. These phases
are mainly responsible for embrittling the FZ. More than 90% joint efficiency is achieved
in all the MPAWABS. Failure of the welded tensile samples takes place from the FZ. The
hardness of the FZ is highest, and HAZ hardness is comparatively larger than the BZ. The
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limiting dome height of the welded blanks is compared with the parent material in dry and
lubricating conditions. It is found that the LDH of the BM is larger than that of the welded
specimens in both the conditions. Failure of the welded biaxial specimens occurs across the
weld line due to higher friction between the punch and welded surfaces. FLD is developed
successfully by using an inhouse developed sub-size micro forming setup. All welded
specimens own good ductility, particularly T1 specimen possesses better formability. A
uniform strain distribution profile is observed for the S1 and S6 strain path specimens on
both sides of the pole. BM shows a higher peak than the welded specimen for both the
strain paths. Many dimples and micro voids are found on the fracture surface of the biaxial

stretched samples, which evidence ductile failure mode.
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Chapter 5

Mechanical behavior of solution-treated micro plasma arc
welded Inconel 625 blank

5.1 Introduction

Nickel based super alloy Inconel 625 is mostly used in gas turbine, aerospace,
petrochemical and marine industries due to its excellent corrosion resistivity and high
performance at elevated temperature (Y. L. Hu et al., 2020). It exhibits a favorable mixture
of yield strength, tensile strength, creep resistance, and robust resistance to high-
temperature corrosion when subjected to prolonged exposure in harsh environments (Xu et
al., 2013). These mechanical properties of Inconel 625 are mainly influenced by presence
of alloying elements like niobium, molybdenum in the nickel primary matrix. Besides this
alloy has excellent weldability and fabricability, thus it gains major attraction in different
industries (Ramkumar et al., 2021). The main challenging tasks encounter in welding of
Inconel 625 are thermal cracking, loss of ductility owing to the formation of laves phase
and carbide precipitation. Ageing or ST is generally recommended for Inconel 625 based
on application, whether high strength or ductility is required. It is observed by author
Marchese et al. (Marchese et al., 2018) that due to ageing the strength of the Inconel 625
improved drastically and reduced the total elongation significantly. Besides, due to ST the
ductility of this alloy improved in large extent because of dissolution of dendritic structures.

This chapter is concentrated on the improvement of formability of Inconel 625
MPAWSABES after the ST. In this regard welded samples are solution treated at 1100 °C for 1
Hr. A detailed metallurgical analysis is carried out to understand the effect of solution
treatment on the formability of the welded blanks.
5.2 Effect of solution treatment on the microstructural variation

Figure 5.1 shows the FESEM image of the as-received and solution treated BM
microstructure. The as-received BM (Fig. 5.1 (a)) exhibits equiaxed grains with a minimum
size of approximately 36.0 um, a maximum size of around 93.22 um, and an average size
of approximately 60.7 um. Additionally, some annealing twins are evident, this may be due

to prior hot rolling operations. On the other hand, due to ST, a grain coarsen is observed in
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the solution treated BM sample. The average grain size of ST sample (Fig. 5.1 (b)) is 71.4

pm with maximum size of approximately 117.9 pm.
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Fig. 5.1 Microstructure of (a) as received BM and (b) solution treated BM

The Inconel 625 is mainly composed of nickel-based austenite (y) matrix in which
some secondary phases like Nb rich NisNb (y") and blocky carbide are distributed. Which
is responsible for good mechanical properties in different working temperature. An EDX
point analysis and mapping are carried out to evaluate the elements of the secondary phases,
represented in Fig. 5.2. The EDX analysis confirms that the main constituent element of
these secondary phases is Nb. During the ST, these phases tend to dissolve and get
elongated. However, complete melting of these phases is very difficult. Thus, after the ST,

few of these secondary phases remain in the solution treated BM.
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Fig. 5.2 EDX (a) point analysis and (b) mapping of the Inconel 625 BM

Figure 5.3 presents a microscopic view of the weld cross-section, highlighting distinct
regions within the FZ, designated as FZ center, FZ near the HAZ, and HAZ, labeled as A,
B, and C, respectively. The entire FZ exhibits dendritic structure. Notably, the center of
FZ, i.e, zone A, is found to have an equiaxed cellular dendritic structure, whereas zone B
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displays an elongated columnar dendritic structure. An image analysis is carried out to
quantify the areas of dendritic grain for the zones A and B, shown in Fig. 5.4. The average
grain area of zone A is 29.9 um? with a maximum of 165.44 pm?2. However, zone B is
found with an average of 32.36 pm? and a maximum of 247.01 pm? grains. In this zone,
two distinct types of microstructure are observed, i.e., the long identical growth direction
grains and fine alternately appeared grains. The formation of different dendritic
morphology in the FZ of Inconel 625 is influenced by several parameters like, heat flow
and cooling direction, different types of constituent alloying elements and types of welding
process (Badiger et al., 2021). The FCC nickel has less diffusion rate with the substitutional
alloyoing elements like Nb and Mo (Kourdani & Derakhshandeh-Haghighi, 2018),
specially when a fastest cooling is taken plase like welding operation. As a result of this
severe microsegregation occurs during the welding of Inconel 625 and produces different
types of dendritic microstructures and phases. These microstructures and phases sometimes
help for better mechanical properties namely, toughness and strength. However, the
columnar grains may have anisotropic properties along their growth direction, which can
affect the joint strength and ductility.

Macro view of the FZ
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Fig. 5.3 Fusion zone microstructure of the welded blank
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The zone C represents the microstructure of the interface of FZ and HAZ. An epitaxial
type gain growth is observed in the direction of the FZ to the HAZ. However, no grain
growth is occured at the HAZ due to constricted heat input at the time of MPAW. Moreover,
it is already mentioned that the as-received BM has large grains, and this is another reason
for no grain enlargement at the HAZ (DuPont et al., 2011). During the MPAW, the HAZ
experiences a steep temperature gradient from the high-temperature weld pool to the
relatively cooler BM. This temperature gradient can result in localized melting of some
grains while adjacent grains remain solid. As a result of this some partially melted grains
are found adjacent to the FZ.
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Fig. 5.4 Distribution of grain areas at the (a) center of FZ and (b) FZ near to the HAZ
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Some secondary precipitates are found distributed over the grains and grain boundaries
in the FZ microstructure, enlarge view of these phases are shown in Fig. 5.5. With the help
of EDX point analysis (Table 5.1) and TEM analysis (Fig. 5.6), it is confirmed that the
precipitates are carbides and laves phase. The formation of secondary phases is predicted
by the pseudo ternary equilibrium phase diagram of Inconel 625, presented in Fig. 5.7. The
C and Nb ratio (C/Nb) influence the formation of these phases, the higher ratio of C/Nb
produces y + NbC phases, indicated in Path I. On the other hand, low C/Nb ratio, indicated

in path II1, leads to the formation of y + Laves without any NbC. However, in the present

investigation, the FZ microstructure consists with the combination of y + Laves + NbC
phases (Floreen et al., 1994). Which indicates that the trend of solidification followed the
path II.
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Fig. 5.5 Different types of secondary phases at the FZ microstructure

Table 5.1 Chemical composition of secondary phases in the FZ as welded Inconel 625

sample
Phases Nb Mo Ti Cr Fe Ni
NbC 80.0 3.8 4.6 3.8 - 7.4
Laves 26.8 12.3 0.9 18.5 3.5 37.8
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It is observed from Fig. 5.6 (a) that the Laves phase has hexagonal closed packed
structure with lattice parameter: a=b=0.20 nm, ¢=0.23 nm and c/a=1.15. The presence of
carbides and Laves phase can lead to reduce ductility and increase hardness of the FZ. The
Laves phase can also generate anisotropy in mechanical properties (Hu et al., 2021). The
crack initiation and propagation can occur form the Laves phase boundaries, leading to
premature failure.
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Fig. 5.6 TEM bright field image of as welded Inconel 625 sample (a) Laves phase and (b)
NbC
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Fig. 5.7 Schematic view of pseudo ternary phase diagram of Inconel 625
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Figure 5.8 represents FESEM images of the FZ after ST at 1100 °C with holding time
of 1 h. A significant microstructural variation is observed at the FZ after the ST. Due the
ST the existing dendritic structure of the as-welded sample completely dissolves and
produces a large equiaxed grains throughout the FZ. However, some secondary phases are
also found distributed over the grains. The EDX analysis (Fig. 5.9) revels that the phases
are enriched with high percentage of Nb and Ni. The composition analysis and TEM
analysis confirm that the phases are Laves and MC type carbides. Due to the ST at 1100
°C, the Laves phase gets dissolute in the y-matrix. Consequently, the volume of Laves phase
reduces after the ST. However, complete dissolution of Laves phase at this temperature is
not possible, thus some small granular like Laves phases are found in scatter manner on the
grains and grain boundaries after the ST, a similar trend was also observed by Hu et al.
(Mostafaei et al., 2016). With increasing solution temperature, the Laves phases reduces
and elongation improves but the strength of the welded blank reduces drastically due to the

dissolution of carbides and grain coarsening (Sukumaran et al., 2017).
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Figure 5.8 (b) represents the enlarge view of grain boundary of the STWB. Which revels
that grain boundaries consist of small chain like particles of ~ 175 nm width. The TEM
bright field image and SAED pattern of this particle confirm as the NbC (Fig. 5.8 (c-d)).
During ST, the Laves phases dissolve and release a significant amount of Nb. This excess
Nb subsequently facilities the formation of MC type carbides (Sahu & Bag, 2021).
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Fig. 5.9 EDX point analysis of (a) NbC (b) TiC (c) Laves and (d) summary of elemental
composition

The XRD analysis is performed to investigate the crystallographic characteristics of the
BM, FZ of the welded blank and the FZ of STWB. Figure 5.10 (a) displays the XRD
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patterns of all the cases. The peaks of different phases are identified by using standard
JCPDS files (01-082-8282, 00-002-1031 and 00-1999). The prominent diffraction peaks of
the as-received BM, at 20 angles, are approximately 44.5°, 51.9°, 76.4°, 92.91° and 98.4°
correspond to the (111), (200), (220), (311) and (222) planes of the FCC- vy phase. It is
found that the width of the diffraction peak in STWB is smaller than the MPAWB, which
indicates that the residual stress in MPAWB sample is decreased after ST. An extra NbC
peak is also observed in the sample of STWB at 70.68° in (311) plane, which has good
agreement with the FESEM and TEM analysis.
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Fig. 5.10 (a) XRD pattern of as-received BM, FZ of as welded sample and FZ of STWB,
(b) the peak broadening Pcosf as a function of 4sinf, where the slope of the linear fit
represents the value of micro strain, (¢) TEM brightfield image showing dislocation density

of as welded sample and (d) TEM image showing dislocation density of STWB.

The micro strain and dislocation density of the BM, as-welded MPAWB and STWB are
calculated by Williamson—Hall method, as per Egs. (1-2), from the XRD data.
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Pcosl = %l + 4esinf Q)

8 = 2v/3¢/(Db) (2)

Where, B is the combined peak broadening of the Bragg’s peak, A= 0.15406 A is the
wavelength of Cu K-a radiation, k= 0.9 is the coefficient, D is the size of micro crystalline,
b is the Burgers vector (0.2 nm), 0 is the Bragg’s angle of XRD profile. The lattice strain
(e) is calculated by linear fitting of the Eq. (1). The dislocation density (8) is measured from
Eq. (2). The lattice strain is maximum for the case of MPAWB, and the STWB has lowest
amount of lattice strain. This indicates that during the ST, recrystallization takes place,
which reduces the lattice strain. ST also helps to relieve thermal stresses developed during
the welding process within the material, which can contribute to low lattice strain. It is
observed that MPAWB has maximum dislocation density with the comparison of STWB
(Fig. 5.10 (b)). The main reason behind the lower dislocation density of the STWB is the
dissolution of the intermetallic phases during the ST. The TEM analysis of the FZ of
MPAWAB and STWB also reveals that the MPAWB has dense dislocation density (Fig. 5.10
(c-d)). The high dislocation density may resist against the deformation and exhibit higher
flow stress (Gashti et al., 2016).

5.3 Micro hardness and tensile test

The hardness behaviour of the MPAWB and STWB is represented in the Fig. 5.11. The
hardness profile revels that the hardness of the FZ of MPAWB is higher (268.9 = 9 HV)
than that of the as-received BM (200 £ 5.2 HV). The hardness value of the MPAWB
gradually increases from the BZ to FZ. During MPAW, the FZ experiences a rapid heating
and cooling cycle. The rate of cooling in the FZ is generally much higher than the other
zones of the WB. This is because of the localized concentrated heat input during the
MPAW. The faster cooling can lead to the formation of hard and brittle phases as well as
trapping of dislocations. Both of these increase the hardness of the FZ. It is already
discussed that the FZ of the welded blank consists of secondary phase like Laves and
carbides, which are harder than the BM. Moreover, during the solidification of weld pool,
the constitutional alloying elements of Inconel 625 segregate and deposit near the dendritic
grain boundaries and increase the hardness value. A significant hardness variation is also
observed between the MPAWB and STWB. Due to the ST, the hardness values of the BZ
and FZ of the STWB are reduced. The maximum FZ hardness of the STWB is found as
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252.16 + 6.73 HV and maximum BZ hardness is 119.43 + 7.12 HV. The main reason behind
the reduction of microhardness values of the STWB is the dissolution of Laves phase.
Moreover, due to the ST, the dendritic microstructures are melted and formed a
homogeneous microstructure. Thus, the hardness of the STWB is found lower with

comparison of MPAWB.
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Fig. 5.11 Hardness profile of the MPAWB and STWB

The tensile tests are performed for the as-received Inconel 625 BM, MPAWB and
STWB. The engineering stress-strain data is presented in Fig. 5.12 (a), along with the
corresponding fracture locations (Fig. 5.12 (b)). The Inconel 625 base material exhibits
impressive mechanical properties, 53.80% elongation and UTS of 846.51 MPa. The UTS
of MPAWB is 841.45 MPa, i.e., joint efficiency of 99.4%. Microstructural analysis
(Section 3.1) indicated that the FZ of the welded blank contains brittle dendritic structures
resulting from the segregation of alloying elements and the formation of intermetallic Laves
phases and carbide particles. Consequently, the FZ exhibits a brittle nature, which is
reflected in the mechanical behaviour. As a result of this, the overall elongation of the
MPAWSB is found with 40.02%.
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The STWB shows 44.98% elongation, which is 12.39% more than the MPAWB.
The microstructural analysis of the STWB reveled (Section 3.1) equiaxed grains in the FZ.
This type of micristructure is preferable than the dendritic structure for ductility
improvement of Inconel 625. Generally, during the deformation of MPAWB the secondary
phases like carbides and Laves hindrance the flow of dilocations. However, in the case of
STWHB, there is few secondary phases remain on the matrix to produce obstracle against

the flow of dislocations. Thus, a good ductility is achieved after the ST.
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Fig. 5.12 (a) Engineering stress-strain plot and (b) photograph of fractured tensile

specimens

The true stress-strain are evaluated from the load-displacement data to obtain the n-
value, and K-value. In this regard the logarithmic true stress-strain values, in the hardening
region, is fitted following the Hollomon hardening law, shown in Eq. (2). The measured
mechanical properties are presented in Table 5.2. Figure 5.13 represents the true stress-
strain and strain hardening diagrams. It is observed that STWB has higher n-value (~ 0.36)
than MPAWB (~ 0.34). Generally, the strain hardening exponent is significantly influenced
by the grain size, presence of secondary phases, and dislocation density. In metallic
materials, there exists an inverse relation between the vyield strength and n-value.
Specifically, the materials with lower yield strength tend to exhibit higher n-value. The
yield strength of the MPAWB is reduced following the ST, leading to an increase in the n-
value. Furthermore, the phenomenon of strain hardening is a consequence of dislocation
multiplication. A higher initial dislocation density tends to slow down the dislocation

multiplication, resulting in a lower n-value. The XRD analysis has already been reveled
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that the dislocation density of the MPAWB is higher than the STWB. Materials with a
higher n-value can undergose more plastic deformation, which is a preferable characteristic

for sheet metal forming.
o=Ke" 2

Table 5.2 Mechanical properties obtained from tensile test

Sample UTS YS Elongation K-value n-value
(MPa) (MPa) (%)
BM 846 +12.2 365+9.8 53.8+5.0 1642 +12.3  0.37+0.02
MPAWB 841 +£4.2 409 £8.2 40.0£4.2 1618 +11.2 0.34+0.01
STWB 837 +5.5 396 +6.2 44.9+4.2 1598 + 8.2 0.36 £ 0.05
(a) |——BM (b) |——BM
12004—— MPAWB 0 ——MPAWB
_ |7—STvwB TITTSTWB s 1742.8960
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Fig. 5.13 (a) True stress-strain and (b) Strain hardening curve

It is observed from the Fig. 5.12 (b) that all MPAWB fails from the FZ center. The
microsegregation during the welding of Inconel 625 produces a concentration variation of
alloying elements at the FZ. Such variations can lead to localize weaknesses, making the
center of the FZ more susceptible to failure. Moreover, Inconel 625 is prone to the
formation of intermetallics, which are often brittle in nature and weaken the material. It is
also observed that all the STWBs fail from the BM which is far from the FZ. The Inconel
625 is a solid solution strengthen alloy which is strenthened by different types of alloying
elements like Co, Cr, Fe and Mo. These elements combine with the y matrix and provides
strength. However, due to the ST most of the secondary phases like blocky carbide chains
presence in the as-received BM break down, and average grain size also increases. These
causes weaken the BM after ST. Thus, the failure of the STWB is taken from the BZ instead
of FZ.
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5.4 Formability analysis

The formability of the as-received BM, MPAWB, and STWB are measured by LDH
tests. Figure 5.14 represents the stretched specimens from the biaxial to uniaxial strain
paths. The highest point of stretched dome is marked as the pole, illustrated in Fig. 5.15. It
is found that the BM in lubricated condition is failed from the the pole. During the LDH
test under lubricated condition, the friction between the interface of punch and blank is less
with the comparison of dry condition. The reduction in friction allows for easier stretching
of the blank, which leads to necking and thinning of the specimen at the pole. Due to the
similar reason the MPAWB and STWAB, in lubricated conditon, also fail near the pole,
which is parallel to the weld line. However, in dry condition the S1 specimen of BM fails
away from the pole. Similarrly, the S1 specimen of MPAWB fails far from the pole and the
failure is initiated from the center of the FZ and propagates towards to the BM. The
microstructural and microhardness analysis showed that the FZ consists of dendritic
structure with brittle secondary phases. The S1 to S6 specimens of the STWB fail
predominantly from the BZ. As discussed earlier, due to the ST, the microstructure of the
FZ becomes homogeneous. Moreover, the dissolution of the laves phase improves the FZ
ductility. Because of these reasons, the STWB does not fail at the FZ. The BM after ST
loses its strength due to the dissolution of secondary phases like metastable y". Thus, all the

STWB specimens fail from the BZ.

Lub. S1 S2 S3 S4 S5 S6

Fig. 5.14 LDH test specimens in different strain paths of the as-received BM, MPAWB

and STWB, the red arrows indicate failure locations
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Fig. 5.15 Cross section view of S1 stretched specimen

The measured LDH in lubricated condition, and three different srain paths, i.e., S1, S4
and S6 for the BM, MPAWB and STWB are presented in Table 5.3. It is observed that the
as-received Inconel 625 BM has maximum LDH. The LDH of S1 specimen for STWB is
12% higher than the MPAWB. Besides, the specimens in strain path S4 exhibit minimum
LDH for all the cases. This could be attributed to the possibility of the S4 specimens closely
approach to the plane strain condition. The minimum width strain path specimens i.e., S6,
are found with maximum LDH for all the cases. This may be happened because the S6
specimen stretched following the uniaxial strain path. The LDHs of S6 specimens for
MPAWB and STWB are 13.7 mm and 14.89 mm, respectively.

Table 5.3 Experimental measured limiting dome height in various strain paths

) Specimen
Strain path
BM MPAWB STWB
Lubricated 11.7+£0.21 10.2+0.89 11.4+0.22
S1 106+£052 9.1+0.77 10.2 £0.25
S4 10.2+£0.10 8.2+0.66 9.8+ 0.50
S6 156+041 13.7+0.63 14.8+0.87

Figure 5.16 represents the load-displacement (LD) plots for the specimens S1 and S6,
which are having maximum (80 mm) and minimum (10 mm) widths, respectively. It can
be observed that the load required for the BM in S1 and S6 strain paths are highest as
~26.85 kN and ~12.05 kN, respectively. More displacement indicates more punch
movement inside the workpiece, and high displacement requires more force.
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Fig. 5.16 Load-displacement diagram for (a) S1 and (b) S6 specimens

The S1 specimen of STWB is found with higher displcement of 10.89 mm than the
MPAWSB as 10.04 mm. The slopes of the LD curves of MPAWB are higher than the BM
and STWB for both the strain paths. It is observed from the hradness test that the FZ is
more harder compared to other regions due to the presence of secondary phases and
dendritic structures. Thus, during the bulk deformation in LDH test, the MPAWB produces
larger resistance against the deformation and behaves as more brittle than the other

specimens.

In LDH test, specimens are stretched from biaxial to uniaxial, as a result the etched
circular grids printed on the surface of the workpiece get elongated and transforming into
ellipses. Following the Eqg. (3) and using the data obtained from both the fractured and non-
fractured grids true major strain (&) and minor strain (&,) are computed. These strain
values are subsequently depicted in the FLD, as illustrated in Fig. 5.17. The boundary that
distinguishes the fracture zone from the safe zone is mentioned as the FLC, the zone
situated just below the FLC represents the necking zone. The strain ratio [a= (e,/¢;)] IS
calculated for all samples and represented in Table 5.4. The full dimension specimen (80
mm x 80 mm) in lubricated condition for all the cases are stretched biaxially as the a value
is near to unity. Furthermore, the strain ratios of S1, S2, and S3 specimens are also remained
within the tension-tension region. In contrast, the specimens S4, for all the cases, exhibit
stretching behavior as plane strain path, characterized by o value close to zero. The

specimens with the narrowest width, denoted as S6, exhibit a a value close to -1/2,
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indicating that these specimens are stretched according to a tension-compression strain
path.

d
e =In () 3)
Where, ¢, is true strain, d,, is initial grid diameter and d is final diameter after stretching.

Table 5.4 Variation of strain ratio in different strain paths specimens

a=(g,/e1)
Specimen  Lub. S1 S2 S3 S4 S5 S6
BM 1.06 0.58 0.57 0.09 0.04 -0.18 -0.52
MPAWB 1.04 0.74 0.54 0.01 0.02 -0.21 -0.57

STWB 1.01 0.63 0.48 0.056 0.001 -0.26 -0.49
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Fig. 5.17 (a) FLD of Inconel 625 BM (b) FLD of MPAWB (c) FLD of STWB and (d)

comparison of forming limit curve
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The inter-section of the FLC and major strain axis is considered as FLDo. A comparison
of FLCs of BM, STWB and MPAWB is shown in Fig. 5.17 (d). The FLDg of the BM is
0.32 (Fig. 5.17 (d)), which is highest among all the cases. The FLDg of the MPAWS and
STWB are 0.23 and 0.26, respectively. Due to the dissolution of secondary phases during
ST, the obstacle of dislocations movement is reduced. Thus, the STWB could stretch more

than the as-welded sample without fracture.

The surface strain distribution of the S1 specimens are calculated for the BM, MPAWB
and STWB to draw a comparison among them. Figure 5.18 represents the surface strain
distribution profile of one side of the pole, due to symmetrical shape of the stretched dome
other side is not considered. The maximum stretching is occurred far from the pole and
minimum near to the draw bead. The BM, MPAWB and STWB have 0.26, 0.20 and 0.15
major strains, respectively, at the pole. On the other hand, at the pole they have 0.09, 0.07
and 0.03 minor strains. The maximum major strains for the BM, MPAWB and STWB are
found as 0.41, 0.28 and 0.23, respectively. As both the minor and major strains are positive,

the strain path of the S1 specimens is considered as tension-tension.

0.5

—A— Major strain (BM) +++&++ Minor strain (BM) —@— Major strain (MPAWB)
1:*+ @+ Minor strain (MPAWB) —*— Major strain (STWB)++-*-- Minor strain (STWB)
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Distance (mm)

Fig. 5.18 Surface strain distribution profiles of S1 specimens for BM, MPAWB and
STWB

90
TH-3533_176103115



The thickness distribution of S1 specimen is measured from an extreme end of the dome
to the pole. Figure 5.19 (a) depicts the cross section of the dome and Figure 5.19 (b) shows
the thickness distribution profiles of the BM, MPAWB and STWB. It is found that the thick
distribution profile is not uniform across different locations of the stretched dome. This
occurs due to the generation of varying stress and strain conditions across different sections
of the stretched dome. It is observed that the maximum thinning is occurred far from the
pole. As maximum stretching occurs with the BM, thus more thinning (42%) is observed
in this case. Besides, the MPAWB and STWB are found with 33% and 38% thickness
reduction after stretching.
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Fig. 5.19 (a) Cross section view of a stretched dome and (b) thickness distribution of S1

specimens

The fracture surfaces of the S1 specimen for the MPAWB and STWB are charcterized
to study the mode of failure in biaxial loading condition. Figure 5.20 represents the fracture
surfaces of the MPAWB and STWB. It is observed that the MPAWB consits of shallow
and large dimples with honeycomb structures and some voids, generated due to the
plucking of materials during the LDH test. Which confirms ductile mode of failure. The
fracture surface of the STWB consists of fine honeycomb structure, voids and dimples. The
STWB fails from the BZ instead of the FZ. The LDH test as well as tensile test both confirm
that the STWB is more ductility with the comparison of MPAWB.
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Fig. 5.20 Fracture surface morphology of (a) as-welded Inconel 625 sample and (b)
STWB

5.5 Summary

MPAW is used to join thin nickel based super alloy Inconel 625. Subsequently, the WBs
are solution treated at 1100 °C to study the formability of them. The joint metallurgy is
studied to make a correlation among the FZ metallurgy and mechanical properties like
tensile strength, maximum elongation and formability of the MPAWB. It is observed that
the FZ of the MPAWB consists of long cellular and equiaxed cellular dendritic structure.
The dendritic boundaries are comprised with Laves network, with some distributed NbC
over the y matrix. Because of these secondary phases, the hardness and yield strength
become higher than the BM and STWB. A massive change is observed in metallurgy at the
FZ after the ST. After solution treatment, an equiaxed homogeneous microstructure is
achieved in the FZ of the welded blank due to dissolution of irregular dendritic structures.
Because of this, 12.39% higher elongation is achieved for the STWB with comparison of
MPAWAB. The FLDs are established successfully through the experimental tests results
involving deformation along six different strain paths. The solution treatment improves the
formability of the STWB by dissolution of intermetallic and secondary phases. The surface
strain and thickness distribution profile of S1 specimens are measured experimentally for
the as-received BM, MPAWB and STWB. More thinning is witnessed far from the pole for
all the three cases. Maximum 42% thinning is found for the case of BM, 33% for the
MPAWSB and 38% for the STWB.
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Chapter 6

Influence of fusion zone metallurgy on the mechanical

behaviour of Inconel 625 and 316L stainless steel dissimilar joint

6.1 Introduction

Dissimilar joining of material not only full fill the service requirement but also results
in huge cost reduction due to the replacement of expensive materials by relatively cheaper
one. Inconel 625 has the ability to retain mechanical properties and corrosion resistivity
from room temperature to elevated temperature. Thus, it gains huge demand in different
industries like aerospace, nuclear power plant, gas turbine etc. (Hu et al., 2021). Besides,
316L stainless steel is a low-cost structural material which has excellent corrosion
resistivity, good mechanical properties, better thermal conductivity etc. (Yao et al., 2023).
Hence, this material has large applications in high corrosive atmosphere, medical devices,
chemical pipe lines, marine equipment etc. (Guo et al., 2023). By dissimilar joining of alloy
Inconel 625 and 316L stainless steel, the overall cost can be reduced without affecting the
functionality of the whole system. The dissimilar joining is commonly used in the field of
nuclear industry, sub-size boilers, liquid rocket components in association with gas
turbines, and cryogenic engines. Recently, NASA (Dreshfield et al., 1992) has developed
a small scale boiler with the combination of this two alloys. Besides, this dissimilar sheet
welded joint is used in different industries. However, the chance of formation of
intermetallic compound increases in dissimilar joining of Inconel 625 and 316L stainless
steel, which has direct effect on the formability of the welded blanks. Therefore, achieving
desired three-dimensional shape with uniform strain distribution across the surface of
dissimilar welded blanks using a rigid tool, devoid of issues such as wrinkling and

breakage, presents a considerable challenge.

This chapter is solely focused on the successfully joining of alloys Inconel 625 and 316L
stainless steel by using MPAW. Thereafter, the formability of the welded blank is measured
by LDH test and compared with the as received parent materials. The cause and location of

failure of the MPAWB are analyzed thoroughly by metallurgical study.
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6.2 Microstructural analysis

The microstructures of as received BMs are evaluated in Fig. 6.1. It is observed that both
the BMs, (i.e., 316L stainless steel and Inconel 625) incorporate with equiaxed grains and
some annealing twins, which may have formed at the time of rolling operation. It is clear
from Fig. 6.1 (a) that a homogenecous distribution of d-ferrite is evident on the y-matrix in
the BM of 316L stainless steel with an average 12 um grain size. Whereas, an average of
45 um large grains are observed in Inconel 625 BM. In which some Nb rich secondary
phases are found distributed over the primary y-matrix is represented in Fig. 6.1 (b), which
is confirmed by EDX point analysis.

Fig. 6.1 Optical images of (a) 316L stainless steel and (b) Inconel 625 base materials

The macro view of the weld region is shown in Fig. 6.2 (a). The macrograph reveals
three discrete zones, namely BM zone, HAZ, and FZ. A higher magnification view of the
FZ and the interface of FZ-BMs are analysed separately by FESEM and shown in Figs. 6.2
(b-e). In Fig. 6.2 (b), it can be easily visualized that the FZ and the HAZ of the 316L
stainless steel is separated by a narrow partially melted zone named as transition zone. An
epitaxial grain growth is occurred during the solidification of the transition zone. This is
happened due to the presence of more than one phases inside the material. However, a
different kind microstructural structures are evident at the FZ, located near to the Inconel
625 BM. These differences are attributed to the effect of asymmetric Marangoni
convection, where variations in surface tension between the base metals create uneven flow
patterns in the molten pool (Bahrami et al., 2015). As result of this asymmetric FZ
morphology is observed at the interface of 316L stainless steel-FZ and Inconel 625-FZ. A
grain refinement can be observed at the HAZ due to faster cooling of the welded blank.

04
TH-3533 176103115



Figures 6.2 (c-e) shows different types of microstructure present at the FZ. The
microstructure consists of different types of dendritic structure at different locations of the
FZ. Mo and Nb have a low equilibrium distribution coefficient (Hardy et al., 2020), which
is the main reason for the formation of severe segregation during the solidification of weld
metal. Due to a similar reason, these elements have a higher tendency to solute
redistribution in the time of solidification (Lippold et al., 2005). Because of solute
redistribution, the temperature gradient in solid and liquid interface gets reduced, which
promotes the constitutional super cooling. Consequently, the mode of solidification

changes from cellular to dendritic or equiaxed.
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Fig. 6.2 (a) Macro view of Weld cross section, Microstructure (b) at the 316L stainless
steel-FZ interphase (c) near the TZ (d) FZ center and (e) FZ-Inconel 625 interphase
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Figure 6.2 (c) shows an FESEM image of the FZ near the transition zone, which
has columnar and fine cellular dendritic structure. However, the solidification mode is
varied from equiaxed to dendritic when moving from weld center to the fusion boundary.
Dendritic morphology changes at the FZ are controlled by the temperature gradient (G) and
solidification rate (R) ratio (G/R). Kou (Kou, 2003) addressed that this ratio is minimum at
the center of FZ and maximum near the transition zone at a constant temperature gradient
because of the higher solidification rate. Hence, the G/R ratio at the weld center is relatively
smaller than the fusion boundary, which stimulates constitutional supercooling. As a result,
the mode of solidification switches from dendritic to equiaxed dendritic. Three types of
grain boundaries namely, solidification subgrain boundaries (SSGBs), solidification grain
boundaries (SGBs), and migrated grain boundaries (MGBS), are observed at the weld center
(Fig. 6.2 (d)). Fine honeycomb like cell structure and small dendrites are found at the weld
center, and they are separated from each other by SSGBs. Because of their compositional
differences from the bulk microstructure, these boundaries are visible in the microstructure
(Lippold et al., 2011). The long SGBs are observed at the center of the FZ, which separates
different groups of SSGBs. The formation of solidification grain boundaries (SGBs) is
caused by the meeting of subgrains packets that compete with each other for growth at the
end of the weld pool. As each group of grains has a distinct growth direction and
orientation, their intersection creates a boundary with significant angular misalignment,
which is generally referred to as a "high angle"” grain boundary. The angular mis-orientation
between SGB and SSGB is mainly responsible for the formation of dislocation network at
the center of FZ. Some MGBs are also observed at this particular location, and it is formed
due to the migration of crystallographic components of SGBs. Few small size (1.6 um)
secondary phases are also observed in interdendritic regions. The FZ microstructure
adjacent to the Inconel 625 base zone differs from the microstructure near the 316L BZ and
no unmixed regions are observed at this location (Fig. 6.2 (e)). Bright long primary and
secondary dendritic arms with dark dendritic core is observed in this region. It is observed
by many authors that the thermal conductivity of Nickel based alloy is higher than the
thermal conductivity of austenitic steel at elevated temperatures (Shakil et al., 2014).
Therefore, Inconel 625 side of the weldment would have a much steeper temperature
gradient than the 316L stainless steel side. Extreme solute redistribution and concentration

gradient variation may be responsible for the formation of such microstructure.
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Figure 6.3 (a-c) represents the EDX point analysis of different locations of the FZ and
Table 6.1 lists the average composition at the 316L stainless steel BM, 316L/FZ interface,
FZ, FZ/ Inconel 625 interface, and Inconel 625 BM. The Table 6.1 shows that the Wt.% of
Cr, Nb, and Mo in the FZ center are much higher than the 316L stainless steel BM.

However, a uniform distribution of these alloying elements is observed throughout the FZ.
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Fig. 6.3 EDX point analysis of (a) 316L-FZ interface (b) FZ center and (c) FZ-Inconel

625 interface

The magnified FESEM images of the FZ region reveals that there are many irregular

shaped phases deposited throughout the interdendritic region. These phases are identified
as A2B (A: Ni, Cr, Fe; B: Mo, Ti, Nb) type secondary Laves phases, which is confirmed by
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EDX point analysis (Xu et al., 2013). It is well known that Nb and Mo have a larger atomic
radius than the other constituent elements. Hence, these elements are segregated at the grain
boundaries during solidification and stimulate the formation of Laves phases (Sayyar et al.,
2020). Moreover, due to the dissimilar joining of 316L stainless steel and Inconel 625 the
percentage of iron at the FZ is increased and the chance of Laves formation is increased
(Floreen et al., 1994). The Laves phase is generally brittle in nature, which leads to

reduction in ductility, fatigue, and creep rupture properties of the joint.

Table 6.1 Average Wt.% of alloying elements in different locations of the welded joint

Location Fe Ni Cr Mo Nb Ti Al Si S
316L (BM) 686 89 177 2.1 _ i 0.1 04 0.1
316L/FZ
_ 326 29.7 179 109 3.3 _ [ _ _
interface
FZ center 316 300 184 101 3.7 0.42 2.0
FZ/Inconel 625 184 38.0 199 132 4.9 0.38
Inconel 625

38 632 229 6.6 2.6 0.3 0.2 02 0.2
(BM)

An EDS line scan (Fig. 6.4) is also performed along the cross section of the weld bead
by covering the two BMs and the FZ. A remarkable variation of Fe and Ni are observed at
the interfaces of 316L/FZ and FZ/Inconel. Fe and Ni have a small atomic radius compared
to other alloying elements, which helps them to diffuse easily in the molten weld pool.

Moreover, an asymmetric Marangoni convection creates uniform of Ni and Fe at the FZ is.

@ L
| MoL
e | it g T CrK
ik ' w @ Fex
B ~ik

399 799 1199 1599 1999

Distance (um)

Fig. 6.4 EDX line analysis along the cross section of weld joint by covering FZ and two
BMs
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6.3 X-ray diffraction analysis

The phases present in the base metals of 316L stainless steel and Inconel 625 and the
FZ are determined by XRD analysis and confirmed by using standard JCPDS card numbers
(00-23-0298, 00-54-0331, 01-081-6808, 049-1427, 01-071-9888, 01-071-9886), shown in
Fig. 6.5. There are two major phases detected in the XRD pattern of 316L stainless steel
I.e., FCC austenite (yre) matrix and BCC ferrite (6re) in (111) and (110) planes. The Inconel
625 has FCC Ni (yni) matrix in (111), (200), (220), (311) and (220) preferred crystal
orientation and there are also lots of small peaks are present, which indicates the presence
some secondary phases like y"-NisNb and carbide precipitates (NbC). It is also observed
that the XRD pattern of the FZ is almost similar to the XRD pattern of Inconel 625 BM.
However, a small peak of é-ferrite (dre) in the (110) plane is found at the FZ. The FZ is
formed by the joining of two dissimilar materials i.e., 316L stainless steel and Inconel 625
and the dre and austenite is the two major phases in 316L stainless steel. Thus, this extra
dre comes from the 316L stainless steel after welding. According to the XRD results, there
is no evidence for the formation of any intermetallic phases in the FZ. During the MPAW,
the weld bead cools down very fast and also adequate quantity of shielding inert gas is used.
As a result, most solid solution strengthening elements like Mo and Nb stay in the solid

solution of the yni matrix, and chances of intermetallic phase formation is reduced.
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20 (Degree)

Fig. 6.5 XRD pattern of Inconel 625, 316L stainless steel base materials and FZ
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6.4 TEM analysis

The complete information on the structural properties is ascertained using TEM analysis,
which also identifies the various particles present in the FZ. A high-resolution TEM is used
to examine the presence of different phases. It is observed from Fig. 6.6 (a) that many
phases like CrzC (201), NbC (200), and NizNb (y" in (220) plane) are distributed over the
y-matrix, which is confirmed by selected area diffraction (SAED) analysis. Dynamic
recrystallization is also observed at the FZ, shown in Fig. 6.6 (b). To prevent static
recrystallization resulting from high cycle temperature, some parallel band-like structures
are visualized at the FZ (Ganka Zlateva and Zlatanka Martinova, 2008).

(200) *
' «(210)
(210)

.
(200)

.aves phase

Fig. 6.6 (a) The HRTEM micrograph of the highlighted region (b) evident of dynamic
recrystallization and (c)-(d) particles present at the FZ
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An irregular shape precipitate is observed in Fig. 6.6 (c), confirmed as Laves phase
(Ni2Nb) by SAED analysis. It has complex crystal structures in (210) and (200) planes.
These Nb-enriched Laves are interconnected with each other inside the dendritic structure.
Presence of such phases the weld joint becomes more brittle and harder than other part of
the welded blank. Which, has severe effect on the formability of the welded blank and
chance of failure may be triggered from these phases. During the welding operation the
workpiece experienced with first heating and cooling thermal cycle. As a result of this many
dislocation lines (dislocation tangles) are accumulated at the boundary of the cellular
structure, as mentioned in Fig. 6.6 (d). This type of crystal defect provides an obstacle

against the crack propagation inside the grain of the FZ (Chen et al., 2020).

Figure 6.7 (a-c) represents the bright field images of different types of spherical and
needle-like carbide particles at the FZ, their corresponding EDX spectrographs are shown
in Fig. 6.7 (a'-c").

Element  Weight% Atomic%
C K 1.24 5.74

0.85 176
0.12 0.13

Element  Weight% Atomic%

CK 512 2080

TiK 006 006

< crk 2025 1838

K FeK 2067 2592

MeC NiK %2 2928

NbK 165 087
L Mo K 805 409

Dislocations

Element  Weight% _ Atomicd)
CK 253 6.61
0.66 1.46

0.72 1.53]

0.27

19.34

1.10]

23.69)

32.04

6.59

7.37

Fig. 6.7 (a-c) Bright field image of precipitates and (a'-c') corresponding EDX spectrums
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The EDX results confirmed that these particles are MC, MsC, and NbC types of carbide.
These types of carbides are generally formed due to the eutectic reaction with the y matrix
at the end of solidification after welding. Most of the precipitates are enriched with Cr, Mo,
and Nb hard alloying elements. A larger size (~130 nm) MC carbide is found near the
epitaxial grain boundaries, and a small size (~30.7) MeC carbide is at the FZ center. These

larger size carbides are sometimes responsible for failure.
6.5 Micro hardness analysis

A Vickers micro hardness tester is employed to measure the hardness and its distribution
through the thickness of the weld cross section. Figure 6.8 depicts the micro hardness trend

of the weld bead encompassing BMs and the FZ.

Hardness
(HV)
] ! ] ] 320.5
1 I I |
3204 SS 3161, : ~HAZ : FZ :HAZIIN 625 299.8
| |
: : I - 279.0
o 280- i ! |
2 : j : : L 258.3
—g | I | 1
& S | ! ! ! ! L 2375
g, T240 ] !
§ : : : : - 216.8
e 1 1 ! 1
200+ ! ! ! ! L 196.0
|
| 1
1 1 1 175.3
| I ! I
160 I I I I
T . T 'l T * l ®, T L T l‘ T l' T 154'5
0 1 2 3 4 5 6 7
2 = 0.24 SUBR. HIL I -
) E T 51 ~ "
<<  00; , , . n :
0 1 2 3 4 5

Measured distance (mm)

Fig. 6.8 Micro hardness profile along the cross section and through thickness of welded
blank

The FZ displayed a higher hardness value of 214.92 £ 3 HV compared to the 316L
stainless steel hardness value of 182.21 £ 5 HV. In Inconel 625 side, a significantly higher
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hardness was observed in the HAZ and BM zones. The average hardness value of Inconel
625 was 309.05 + 5.7 HV, the highest in comparison to other regions. This is because
hardness of parent Inconel 625 material is much higher than the 316L stainless steel, and
thus a sharp hardness peak difference (~126.84 HV) is observed between 316L stainless
steel and Inconel 625. The percentage of nickel at the FZ is higher than the BM of 316L
stainless steel, but not more than that of Inconel 625, and it also contains few solid solution
strengthening alloying elements and precipitations. As a result, the FZ hardness was found
higher than the 316L stainless steel. However, the hardness inside the FZ is inconsistent,
which may be related to convection phenomena in the weld pool and the variations in the
supersaturation of strengthening elements like Nb and Mo in the y-matrix. The width of the

FZ is found as 2.5 mm from the hardness profile of the welded blank.
6.6 Tensile test and fractography analysis

The engineering and true stress-strain curves of the BMs, and welded blank are
compared in Fig. 6.9 (a-b), and the averaged tensile properties are tabulated in Table 6.2.
The obtained UTS of the welded blank is 67% of Inconel 625 and 94% of 316L stainless
steel. It is observed from the elongated grids printed on the test samples, that the 316L
stainless steel side elongated more than the Inconel 625 side during the tensile test of the
welded blank. The welded blank elongation is obtained 30%, which is almost equal to the
Inconel 625 elongation. However, The FZ does not behave as weakest zone of the welded
tensile specimen. Presence of different types of precipitates and uniform mixing of different
alloying elements like Nb, Mo and Cr, the FZ become stronger and increased the hardness
value which is discussed earlier. As a result of this failure location is shifted away from the
FZ and toward the transition zone of 316L stainless steel side (Fig. 6.10 (a)). The EDX
analysis shows that there is a remarkable element variation in the partially melted zone.
Because of the non-homogeneity of alloying elements, transition zone on the 316L stainless
steel side become the weakest zone as compared with the other zones. As a result, all

welded tensile specimens are failed in this zone.
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Fig. 6.9 (a) Engineering and (b)True stress-strain curves for BMs and WB

The true stress-strain data within the plastic region is fitted according to Hollomon’s
strain hardening law, and the hardening equations of BMs and the welded blank are
evaluated and represented in Fig. 6.9 (b). It is found that 316L stainless steel and Inconel
625 have maximum and minimum strain hardening exponent (n) values, respectively, and
the welded blank has a medium n-value. It is to be noted that a higher n-value is preferable

for sheet metal forming.

Table 6.2 Experimental results of uniaxial properties of the BMs and welded specimen

Sample YS (MPa) UTS (MPa)  Elongation (%) K-value n-value
316L 293 +7 682 + 2 58+ 4 1353 +10.2 0.37+0.02
Inconel
7185 949+ 6 3041 1481 £5.5 0.16 £ 0.01
625
MPAWB 295+ 1 643+ 11 305+5 1239+ 1.8 0.30 £ 0.05

A detailed fractography analysis is carried out on the fracture surface of the tensile
specimen of welded blank. Figure 6.10 (b) represents the fracture surface morphology
which consists of multiple voids and deep dimples, it indicates that the joint has good
ductility. The EDX report of different locations on the fracture surface is mentioned in Fig.
6.10 (c). The particles inside the voids are found as Cr rich particles. This observation
indicates that the cohesive force between the y-matrix and the solid solution strengthening
elements (Cr, Mo, Ti) at the transition zone is less. Because of this reason, different

precipitates separate easily from the primary matrix at the time of deformation.
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Fig. 6.10 (a) Enlarge view of the fracture location (b) Fractography and (c) EDX point
analysis of the tensile fracture specimen

The elemental mapping of the fracture surface is shown in Fig. 6.11, which indicates the
presence of a higher amount of Fe and Cr. As discussed earlier that the higher quantity of
Fe helps to form Laves phase. Hence, the TZ, located near the 316L stainless steel BM is
found with a comparatively higher amount of Laves phase. These Laves phases play a key
role in fracture initiation by providing preferable sites for micro voids creation. Thus, the

failure of the welded blank is taken place from the TZ.
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Fig. 6.11 EDX mapping of the tensile fracture surface of the welded blank
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6.7 Formability study
6.7.1 Limiting dome height and fracture comparison

The limiting dome height (LDH) test is carried out using a laboratory scale stretch
forming setup. The LDH of the BMs and welded blanks of full size S1 (80 mm x 80 mm)
specimen is measured in both the dry and lubricated condition by using a height gauge
vernier (0.001 mm least count) and mentioned in Table 6.3. A significant difference in LDH
is observed among the BMs and welded blank. The LDH of the welded blank is drastically
reduced by 45.77% compared to 316L stainless steel and 30.92% compared to Inconel 625
in dry condition. Due to rapid cooling, the microstructure of the FZ modified from equiaxed
to fine dendritic structure which may be responsible for the increase of hardness. Moreover,
as found in the TEM analysis, precipitation of NbC, MC, and M6C within the FZ also
increases hardness. The increase of hardness is mainly responsible for the reduction of LDH
in the welded blank. However, in lubricated conditions, approximately 6.8% LDH
improvement is achieved for the welded blank. Due to the presence of lubrication, a less
frictional force is exerted between the punch and blank during the forming operation. As a
result of this, the LDH of the BMs and welded blank are increased as compared with the
dry condition.

Table 6.3 Limiting dome height of BMs and welded blanks in dry and lubricated

condition
Specimen Dry (mm) Lubricated (mm)
316L 12.3+£0.09 16.3+0.05
Inconel 625 9.7+0.05 11.54 +0.02
Welded blank 6.7 +£0.47 716 +£0.1

The measured experimental load and punch movement data of S1 specimens are
plotted as a load-displacement (L-D) curve (Fig. 6.12) to make a comparison between the
BMs and welded blank. A similar trend is observed for all the specimens in the L-D curve.
However, the slope of the L-D curve of the welded blank is found higher than the 316L
stainless steel in both the dry and lubricated condition. As the welded blank has lesser n-
value and higher yield point than the 316L stainless steel, the welded blank can resist more
stress than the 316L stainless steel. Thus, the slope of welded blank is shifted above the
316L stainless steel BM during the LDH test. On the other hand, the load required for
Inconel 625 is higher than the 316L stainless steel and welded blank in both dry and
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lubricated conditions due to similar reason. Moreover, solid solution strengthen Inconel
625 has higher strength and hardness values than the stainless steel and welded blank, hence

load required for this specimen is maximum.
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Fig. 6.12 Experimental load-displacement curve for the BMs and welded blank (a) dry
and (b) lubricated condition

The maximum load required in lubricated condition is more than the dry condition for
all the specimens. As in lubricating condition, the punch penetrates more into the blank,
hence higher force is required for larger deformation. It is found that the punch movement
for welded blank is approximately 8 mm and the force required to stretch the sample is
41.35% of Inconel 625 and 50.45% of 316L stainless steel in lubricated condition

The fracture locations of the welded blank and the BMs are evaluated and shown in Figs.
(6.13-6.14). There is a significant difference in fracture location. The uppermost point of
the dome is marked as pole. Figure 6.13 represents the fractured domes of tension-
compression (S6) specimens. It is observed that S6 specimen of the BMs are failed near the
pole because of reduction in cross section at that particular location. On the other hand, the
welded blank failed from the week partially melted zone in 316L stainless steel side, which
is located exactly at the pole. EDX analysis indicated a notable disparity in the distribution
of elements within the partially melted zone. This non-uniformity of alloying elements
renders this zone the weakest in comparison to others. Consequently, during the LDH test,

the specimen fails from this transition zone.
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Fig. 6.13 Stretched tension-compression specimen for the BMs and welded blank with

their magnified view of fracture location

The failure location of biaxial stretched specimen (S1) for BMs and welded blank are
represented in Fig. 6.14. Both the BMs are failed far from the pole and the fracture direction
is transverse to the rolling direction (RD). However, the failure of S1 specimen of the
welded blank follows similar trend as S6 specimen, i.e., parallel to the welding direction

and from the week TZ.
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Fig. 6.14 Stretched tension-tension specimens for the BMs and welded blank with

magnified view of their fracture location
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A weld line shift is observed for the case of biaxial stretched S1 specimen. As the
strength of Inconel 625 is more than the 316L stainless steel, the 316L stainless steel region
is stretched higher than the Inconel 625 region during the LDH test of dissimilar welded
blank. Hence, a few millimeters (~1.2 mm) weld line shift is observed towards the Inconel
625 side.

6.7.2 Forming limit diagram

The circles printed on the workpiece get elongated and become an ellipse after LDH
test. The true major (&;) and minor (&,) strains are measured from the elongated ellipses on
both sides of the fracture location of different strain path specimens and plotted as FLD in
Fig. 6.15. This diagram is extremely useful for determining the global formability of sheet
metal stampings. The grids near the fracture line are elongated more, considered as necking
points. On the other hand, below and above of necking point is considered a safe point. A
forming limit curve (FLC) is fitted between the safe and necking points to measure the limit
of formability. Any strain points located above the FLC are considered at risk for failure,
and below the FLC is considered safe. The measured strain ratios (f) from the elongated
grids vary from the biaxial stretching region (B=1) to the uniaxial tension region (=0.5).
It is observed that the lubricated specimen (S') and S6 specimen are stretched as biaxially
and uniaxially, respectively, for all the cases, and the S3 specimen is stretched near to plane
strain (=0) condition. The intersection of FLC and major strain axis is known as FLDO,
and the value of FLDO of 316L stainless steel, Inconel 625, and MPAWB are 0.44, 0.33,
and 0.22, respectively. This indicates that the weld joint has comparatively less forming
ability due to the presence of hard FZ. The FLCs of 316L stainless steel, Inconel 625 and
welded blank are represented separately in Fig. 6.15 (d) to make a proper comparison
among their formability. It can be observed that the FLC of 316L stainless steel is higher
among all specimens, and the welded blank has a minimum FLC. The presence of
molybdenum and low percentage of carbon in 316L stainless steel provide better ductility,
which is beneficial for the forming processes. The FZ consists of hard Laves phase and
metal carbides which reduces its ductility. The strength of Inconel 625 is higher than the
316L stainless steel as it is a solid-solution strengthened and precipitate hardened alloy
consist of various intermetallic compounds like y" (NisNb) y' (NizAl or NisTi) with the
nickel matrix. Thus, maximum FLC is found with 316L stainless steel base metal.
However, the difference of FLCs between Inconel 625 and welded blank is comparatively

less.
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Fig. 6.15 FLD for (a) 316L stainless steel (b) Inconel 625 (c) welded blank and (d)
comparison of FLC among the BMs and welded blank

6.7.3 Surface strain and thickness distribution

The logarithmic strains (&, &,) are measured across the pole for the welded blank and
BMs to obtain the surface strain distribution. The strain distribution profiles for the tension-

tension (S1) and tension-compression (S6) specimens are shown in Fig. 6.16.
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Fig. 6.16 Strain distribution profiles of 316L stainless steel, Inconel 625 and welded
blank (a-c) for S1 and (a'-c’) for S6 strain path specimens

Figure 6.16 (a) and (b) represents the strain distribution profile of the 316L stainless
steel and Inconel 625 BMs for S1 strain path. A symmetric strain distribution profile is
observed for both the BMs in which two mains sharp &; peaks are observed on both side of
the pole. The strain is maximum near the pole and gradually decreases far from the pole.
However, a small peak height difference of +0.08 and +0.03 for 316L stainless steel and

Inconel 625, respectively, are observed between the two peaks due to the presence of a
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fracture point on the locus of the strain path. It is also noticed that the center of the pole has
minimum &; and &, strain. Figure 6.16 (2') and (b") are the strain distribution profiles of
tension-compression (S6) stretched specimen of the BMs. A similar pattern is also observed
in this case. However, maximum &; peaks are shifted away from the pole for both the parent
materials. As the S6 specimens are stretched with tension and compression, the &, is found
with a negative value and minimum occurs adjacent to the pole. Figure 6.16 (c) and (c')
represent the strain distribution profiles of the welded blank of S1 and S6 specimens. The
graph reveals that in both the S1 and S6 specimens the maximum strain occurred at the
316L stainless steel side (right side of the graph) of the welded blank. There is a strain
difference of +0.10 and +0.30 in major direction for S1 and S6 specimens, respectively.
This is because 316L stainless steel is more ductile than the FZ and Inconel 625. Regarding
&,, the S1 sample shows the highest strain value near the pole, while the S6 sample displays

the lowest strain value at the pole due to the tension-compression effect.

The stretched dome (S1) of 316L stainless steel, Inconel 625 and welded blank are cut
across the fracture line and the variation of thickness, both on side of the pole, is measured
by a stereo zoom microscope. The thickness distribution is compared among the BMs and

welded blank and shown in Fig. 6.17.
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Fig. 6.17 Thickness distribution and cross-sectional view of 316L stainless steel, Inconel

625 and welded blank for S1 specimen

An un symmetric thickness distribution profile is obtained for the case of welded blank

in consequence of non-uniform deformation at the time of LDH test. As a result of this the
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weaker 316L stainless steel side is stretched more and pushed the weld line toward the
strong Inconel 625 side. Because of this reason the overall LDH of the welded blank gets
reduced. On the other hand, the thickness distribution profiles of the BMs are found with
symmetric on both side of the pole.

6.8 Summary

The dissimilar joining of sheets is always a challenging task due to their differences in
melting temperature, thermal expansion of coefficient and thermo-mechanical properties.
However, with the help of MPAW technique two dissimilar alloy sheets i.e., Inconel 625
and 316L stainless steel are joint together without any defects due to the controllable heat
input at very low current range. The FZ microstructure revels that it has a homogeneous
mixture of yre and yni matrices in which Mo, Nb, and Cr are distributed uniformly. The FZ
exhibits greater hardness compared to the 316L stainless steel because of the existence of
diverse precipitates. Substantial differences in the distribution of these alloying elements
occur at the interfaces between the FZ and HAZ. The dendritic structures at the FZ contain
Nb enriched brittle Laves phase, which is confirmed by EDX and TEM analysis. The MC,
MeC, and NbC carbides are also distributed inside the FZ. Because of such intermetallic
phases the hardness of the FZ increases drastically. With the comparison of as received
parent materials, the welded blank blank has almost 94.4% of 316L stainless steel and
67.86% of Inconel 625 joint efficiency. The MPAWB is found with 30% elongation which
is 99.5% of the Inconel 625 BM. The tensile sample is predominantly failed from the
interphase of FZ and HAZ due to the variation of alloying elements in large extent. The
measured LDH of the 316L stainless steel, Inconel 625 and MPAWB are 16.3 mm, 11.54
mm and 7.16 mm, respectively. This reduction of LDH of the MPAWB is mainly
influenced by the brittle behavior of FZ due to the presence of different types of secondary
phases. 316L stainless steel is more ductile than the Inconel 625, thus during the LDH test
the weld line is shifted (1.2 mm) towards the stronger Inconel 625. The failure of the
stretched dome is mainly initiated from the laves phase, which is present in high percentage
at the transition zone i.e., interphase of FZ and HAZ. The FLC comparison revels that the
316L stainless steel has maximum and MPAWB has minimum formability. The welded
blank exhibits a non-symmetric strain distribution profile due to larger stretching of high
ductile 316L stainless steel side. Whereas, both 316L stainless steel and Inconel 625 base

materials exhibit symmetric strain distribution on both sides of the pole.
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Chapter 7

Conclusions and future scope of the work

7.1 Conclusion of the present work

Fusion welding is the most commonly used joining technology which has wide working
range from thin to thick materials. This technology has high demand in different industries
like automobile, railway, shipbuilding, aerospace etc. MPAW is a most economic and
trusted arc welding process for the joining of thin sheets. However, the joint quality in
MPAW process mainly depends on the process parameters settings like welding current,
welding speed, shielding and plasma gas flow rate, nozzle diameter, stand-off distance etc.
Alloys 316 stainless steel and Inconel 625 are the most used materials in different industries
due to their superior properties like high corrosion resistance form room temperature to
elevated temperature and excellent mechanical properties. Similar and dissimilar joints of
these materials also have huge applications. However, during welding a massive
metallurgical variation takes place in the FZ. As a result of this the mechanical properties
such as formability, hardness and tensile strength are affected. By using different types post

welding heat treatment, the joint quality can be improved.

In this thesis a detailed study has been carried out on the similar and dissimilar MPAWB
of 316L stainless steel and Inconel 625 sheets. The initial study is based on the similar
joining of 316L stainless steel. In which three different types of welded samples are
prepared successfully by using different combination of parameter settings. The FZ, BM,
and HAZ of the welded samples are discussed through microstructural analysis to correlate
the forming behavior of the welded joint. Furthermore, LDH test is carried out to
differentiate the formability among the BM and MPAWBSs. The second study is based on
the joining of Inconel 625 using MPAW process and effect of solution treatment on the
forming behaviour of the WB. The last study is based on the dissimilar joining of 316L
stainless steel and Inconel 625. A detailed microstructural study is carried out to find
different structures and phases present at the FZ. The LDH tests of the welded blank and
BMs are also successfully conducted, and measured FLCs are compared among them. The
findings derived from the current research endeavour yield several noteworthy conclusions,

outlined as follows:

e The 316L stainless steel BM consists of well oriented coarse grain structure upon

which &-ferrite and annealing twins are distributed. Whereas, the FZ consists of two
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different types of microstructure, namely, skeletal o-ferrite at the center and
columnar dendritic structure near the transition zone.

e The XRD study reveals that the quantity of ferrite at the FZ is higher than that of
the 316L stainless steel BM. TEM analysis confirms that the FZ and transition zone
consist of austenite, ferrite, and some secondary phases of Cr and Si carbides. These
phases are mainly responsible for embrittling the FZ.

e The LDH of 316L stainless steel is larger than that of the welded specimens in both
dry and lubricated conditions. The welded biaxial specimens fail across the weld
line due to higher friction between the punch and welded surfaces.

e A uniform strain distribution profile develops during formability test of S1 and S6
strain path specimens on both sides of the pole. 316L stainless steel BM shows a
higher peak than the welded specimen for both the strain path specimens. The
biaxial stretched samples are failed in ductile mode, which is evident by many
dimples and micro voids on the fracture surface.

e The FZ of the Inconel 625 welded blank consists of long cellular and equiaxed
cellular dendritic structure. The dendritic boundaries are comprised with Laves
network, with some distributed NbC over the y matrix. Because of these secondary
phases, the hardness and yield strength become higher than the Inconel 625 BM and
STWB.

e After solution treatment, an equiaxed homogeneous microstructure is achieved in
the FZ of the Inconel 625 welded blank due to dissolution of the irregular dendritic
structures. A 12.39 % higher elongation is achieved for the STWB with comparison
of MPAWB.

e The Inconel 625 welded blank is having higher dislocation density than the STWB.
It has direct effect on the formability of the specimens.

e The FLDs are established successfully through the experimental tests results
involving deformation along six different strain paths. The solution treatment
improves the formability of the welded blanks by dissolution of intermetallic and
secondary phases.

e The surface strain and thickness distribution profile of S1 specimen are measured
experimentally for the as-received Inconel 625 BM, MPAWB and STWB. More
thinning is witnessed far from the pole for all the three cases. Maximum 42 %
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thinning is found for the case of Inconel 625 BM, 33 % for the MPAWB and 38 %
for the STWB.

e In dissimilar welding, the FZ consists of homogeneous mixture of yre and yni
matrices in which Mo, Nb, and Cr are distributed uniformly. The hardness of FZ is
higher than the 316L stainless steel base material, due to the presence of
precipitates. A large variation of these alloying elements is at the interphases
between the FZ and HAZs. The dendritic structures at the FZ contain Nb enriched
brittle Laves phase, which is confirmed by EDX and TEM analysis. MC, MsC, and
NbC carbides are also distributed inside the FZ. The presence of such particles
sharply increases the hardness of the FZ.

e The joint efficiency of the dissimilar welded blank is 94.4% and 67.86% compared
to 316L stainless steel and Inconel 625 base materials, respectively, with 30%
elongation. The tensile samples fail from the interphase of FZ and HAZ of 316L
stainless steel base material side in ductile mode of failure due to variation of
constituent elements.

e The LDH of the Inconel 625 is significantly decreased by 30.92% in the welded
stretched specimen. This is due to harder and less ductile fusion zone and also
presence of various secondary phases. 316L stainless steel has the highest LDH
compared to Inconel 625 and welded blank. The welded blanks fracture from the
transition zone, which is parallel to the joint line. FLC of the welded blank is
situated beneath the FLC of all BMs due to less forming ability of the welded blank.

e Thedissimilar welded blank exhibits a non-symmetric strain distribution profile due
to larger stretching of high ductile 316L stainless steel BM side. Whereas, both the
316L stainless steel and Inconel 625 base materials exhibit symmetric strain

distribution on both sides of the pole.

7.2 Future scope

Based on the current work, the following areas are suggested for future scope.

e It has been observed that due to welding a large metallurgical variation takes place
in the FZ which may affect the corrosion behaviour of the joint. Thus, a further
investigation is needed on the corrosion behaviour of the joint.

e In dissimilar welding different intermetallic are formed, which directly affects the
mechanical behaviour of the joint. With the application of third material as
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interlayer, this problem can be minimised. Hence, there is a great opportunity in this
direction.

e Itwas found that the formability of the WBs are reduced by the friction between the
metallic punch and the blank. The formability of the welded blanks can be improved
by hydraulic or pneumatic system instead of the metallic punch. Thus, further
investigation can be performed on this area.

e Deformed Inconel 625 joint can be used in cryogenic applications due to its good
mechanical properties. Therefore, further investigation can be conducted in

cryogenic environment.
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